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Abstract
A new method for real-time measurements of potassium and sodium containing aerosol
particles is described and verified. The method is based on surface ionization technique and may
be used to explore the alkali chemistry related to high temperature chemistry processes. The
measurement device is a further development of the simple and cost-effective surface ionization
detector previously used for online alkali measurements in combustion and gasification
research. The discrimination between sodium and potassium is possible due to differences in
their surface desorption kinetics and facilitated by rapidly reversing the field potential between
the ion source and the nearby collector. The instrument is evaluated in a series of laboratory
experiments using size-selected alkali salt particles containing KCl, NaCl, K2SO4, Na2SO4,
KNO3 and NaNO3. The filament temperature was found to be a key influencing factor in order
to optimize the strength and Na–K deviation of the observed ion current. The ability to
simultaneously report absolute concentrations of Na and K makes the instrument attractive for
solid fuel conversion of alkali-rich fuels such as low-grade biomass and to explore behavior
deviations of Na and K in high temperature processes.

Keywords: alkali, aerosols, ionization, combustion, corrosion

(Some figures may appear in colour only in the online journal)

1. Introduction

The use of biogenic fuels in combined heat and power
generation is an efficient CO2 mitigation option and the
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Original content from this work may be used under the
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further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

interest in alternative energy sources, such as biomass and
waste-based fuels, has increased drastically in recent years [1].
The two main subcategories of biomass that are commonly
used as fuel for heat and power generation purposes are forest-
derived and agriculture-derived biomass. The composition of
different types of biomass will differ considerably regarding
moisture, reactivity and ash composition. However, in gen-
eral, there are even larger differences in the composition of
biomass compared to other solid fuels such as coal. In partic-
ular, the high alkali content, sodium and potassium, is con-
sidered problematic when using biomass fuels. Alkali matter
is transformed in the combustion process and forms corrosive
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salts, salts that may deposit on heat transfer surfaces and cause
high-temperature corrosion (HTC).

Compounds that contain alkali metals and chlorine are
among the most aggressive agents, which is why HTC is
primarily a problem for power plants that are fired with bio-
mass rather than coal [2–4]. To counteract HTC in biomass-
fired power plants, the steam temperature in the boiler is often
lowered, which leads to a decreased electrical efficiency [5].
The risk for alkali-related HTC can be reduced by the co-
combustion of coal and biomass (relative to the combustion
of biomass alone) owing to the relatively high levels of fuel-
bound sulfur in coal, which favors the formation of the less-
corrosive sulfates over chlorides [6–8].

The key inorganic elements related to HTC are sulfur,
chlorine, potassium and sodium, which is released during
combustion and devolatilization. Their relative rates of release
and in which form they are released are, however, highly
dependent upon the overall fuel composition and temperat-
ure. Sodium and potassium will mainly be released as chlor-
ides (NaCl/KCl) in the presence of Cl, in their atomic form
(Na/K) or as hydroxides (NaOH/KOH) [9–12]. In general, the
transformation and specific reactions of Na and K species are
assumed similar in combustion atmospheres. In the work of
Glarborg and Marshall [13] the platform for the existing gas-
phase alkali sulfation mechanism is established and it is worth
noting that only a few reactions betweenNa andK species with
Cl and S compounds were based on direct measurements. In
fact, due to the lack of experimental data, the recombination
reactions between Na/K and SO2 are the only sulfation reac-
tions that are based on direct measurements in the mechanism.
Thus, there is a need for new experimental approaches that can
provide Na and K release rates in the combustion process in
order to establish improved knowledge on the sulfation and
chlorination sequences critical to HTC.

Several alkali measurement techniques have been applied
in combustion chemistry research [14–19]. In-situ optical
measurements provide comprehensive molecular data with
satisfactory time and space resolution to study the detailed
combustion chemistry. Reported techniques include, but are
not limited to; absorption spectroscopy, light scattering, and
fluorescence. A recent summary can be found in [20]. While
some optical diagnostic tools required conditional informa-
tion to deliver absolute concentration, others, such as tune-
able laser absorption spectroscopy rely on the reduced trans-
mitted intensity. However, application of optical techniques
in industrial settings may be hindered by the optical density
in the sample flow and the harsh external environment (i.e.
temperature fluctuations, vibrations and contaminations) asso-
ciated with high temperature process plants. Consequently,
extractive methods that relies on particle collection and sub-
sequent chemical analysis are still widely used. Other applied
techniques rely on continuous extraction, where the sample
gas is conditioned, diluted and continuously fed to the ana-
lyzer, typically a mass spectrometer with various ionization
methods. So called soft ionization techniques dissolve the
aerosols, enabling detection of individual chemical constitu-
ents, however, this type of ion-formation may increase uncer-
tainties coupled to stability of the ion signal [21, 22]. Other

high intensity ionization processes, such as plasma technique,
provide a stable ion signal while losing the detailed molecular
information [23]. However, limited portability, large invest-
ment cost and the need of a qualified operator compose limit-
ations for implementing such measurement techniques.

A simple and low-cost alternative is the surface ionization
detector (SID) based on surface ionization (SI) to measure the
total alkali concentration (K+Na). The method lends itself to
be used in particle-laden systems such as biomass combustion
and have previously been applied in combustion and gasifica-
tion research [24–28]. However, without the ability to distin-
guish between Na and K, thus reporting only the combined
alkali concentration.

We herein describe a new field reversal SID (FR-SID) that
may be used to determine the mass concentration per volume
of potassium and sodium separately. Rapid reversal of the
electric field outside the hot Pt filament in the SID allows
us to distinguish between Na and K based on differences in
their desorption kinetics. The work builds on previous stud-
ies using the field reversal technique for alkali atom desorp-
tion from metal surfaces [29–31], with the aim to develop a
low-cost alkali detector able to report absolute mass concen-
trations (g m−3). The estimated cost for this type of instrument
is ∼15 k USD (based on year 2020 buying power). Results
from laboratory studies with size-selected alkali salt particles
are presented, including KCl, NaCl, K2SO4, Na2SO4, KNO3

and NaNO3.

2. Methods

2.1. SI

SI is a naturally occurring phenomenon in which adsorbed
atoms ormolecules are ionized during thermal desorption [32].
The ratio between the desorbing fluxes in ionic and neutral
form can be predicted by the Saha–Langmuir equation [32, 33]
were the degree of ionization (α) is

α=
n+
n0

=
g+ (1− r+)
g0 (1− r0)

exp

[
e(ϕ− IP)
kBT

]
, (1)

where n+ is the number of positive ions leaving the surface
area per second and n0 is the number of neutral atoms emitted
from the same surface element in the same time. g0/g+ denotes
the statistical sum ratio of neutral atoms and ions (g0/g+ = 2
for alkali metals) and eIP, eϕ, kB and T are the ionization
potential of the desorbing species (eV), surface work function
(eV), Boltzmann’s constant (eV K−1) and surface temperature
(K), respectively. The reflection coefficients r0 and r+ are in
general close to zero. The ionization probability (β) of a spe-
cies is obtained by

β = α/(α+ 1) . (2)

For most atoms and molecules IP > ϕ and the emission of
neutral species from the surface is strongly favored over ion
desorption. However, ion emission is favored when IP < ϕ,
which is often the case for alkali metals. Figure 1 shows ion-
ization probabilities for a few selected elements on a 1500 K
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Figure 1. Surface ionization probability versus ionization potential for selected elements according to equation (2). The ionizing surface
was assumed to have a work function ϕ= 530 kJ mol−1 (corresponding to polycrystalline platinum) and a surface temperature T = 1500 K.
The solid line represents elements with the statistical sum ratio of neutral atoms and ions g0/g+ = 2.

platinum surface with ϕ = 530 kJ mol−1 [34]. The valence
electron of the alkali atoms preferably remain on the metal
surface during the thermal desorption process, and the ion-
ization probabilities of Na (89%) and K (>99%) are high.
Other alkali metals are also easily ionized, however, concen-
trations are usually low compared to the abundant sodium and
potassium. Alkaline earth elements may also desorb in ionic
form, although their binding energy to platinum is substan-
tially higher than for the alkali metals and their desorption rate
is negligible at temperatures below 1500 K [35].

In an SID, the SI process is used to achieve selective detec-
tion of alkali metals. An SID consists of a metal filament on
which alkali metals are ionized and a nearby metal plate that
acts as an ion collector [29, 36]. These are situated in parallel
a few millimeters apart and are enclosed in the measurement
cell. The filament is resistively heated to high temperature and
is kept at a positive potential of a few hundred volts while the
nearby ion collector is grounded. As an alkali-containing aer-
osol flows through the cell some particles interact with the hot
filament. This causes salt particles to dissociate and the formed
atoms adsorb on the surface. A large fraction of the adsorbed
alkali metal atoms subsequently desorb as ions, while anions
either create bonds with the surface or form volatile com-
pounds that evaporate. The alkali ions are carried by the elec-
tric field to the nearby ion collector and give rise to an electron
pulse that is amplified and measured [37].

2.2. The field reversal method

Earlier work has shown that rapid electric field reversal (FR)
outside an ionizing metal surface may be used to investigate
the desorption kinetics of alkali ions on surfaces under atmo-
spheric pressure [29, 37], which drastically reduce the com-
plexity and costs compared to vacuum systems. The main idea
of the FR method is to periodically block the ionic desorption
channel by changing the direction of the electric field outside
the surface. If a retarding field is applied, desorbed ions will
be forced to the filament surface.

The basic principle of the FR technique is illustrated in
figure 2, where a constant flux of alkali is assumed to reach
the surface at all times, i.e. flue gas from alkali containing
fuels. During the retarding phase when a negative potential is
applied to the ionizing filament, the surface concentration of
alkali atoms increases since the desorption is limited to neutral
alkali atoms. As the electrical field is switched to the acceler-
ating phase the surface concentration decreases due to desorp-
tion of both neutrals and ions, until a steady state is reached
where the constant flux to the surface is balanced by the con-
stant flux of emitted alkali ions and atoms.

The rate equations that describe the surface concentra-
tions during the accelerating and retarding phases can be
described by [38]

dcs(t)
dt

= f− (k+ + k0)cs(t) accelerating phase (3)

dcs(t)
dt

= f− k0cs(t) retarding phase (4)

where cs(t) is the surface concentration (number of adsorbed
atoms per area), f is the incoming flux of alkali metal atoms
(s−1), and k+ and k0 are the ionic and neutral rate constants for
desorption (s−1), respectively. The solutions of the differential
equations are

cs(t) =
f

k+ + k0
−
(

f
k+ + k0

− c ′s(0)

)
× exp [−(k + + k0)t] accelerating phase (5)

cs(t) =
f
k0

−
(
f
k0

− c ′ ′s (0)

)
exp [−k0t] retarding phase

(6)
where c ′s(0) and c

′ ′
s (0) are the initial surface concentrations

during the accelerating and retarding phase, respectively. The
desorbing flux is at all times proportional to the surface
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Figure 2. Basic principle of the FR technique. The figure shows an
example of the time variation of the surface potential, the surface
concentration of alkali atoms (in arbitrary units), and the measured
SID current. A constant incident flow of alkali is assumed to reach
the ionizing surface at all times.

concentration, and k+ and k0 can be determined from the
time-dependence of the signal due to desorbing species.

The FR method has previously been used to study desorp-
tion kinetics from metal and metal oxide surfaces in vacuum
and in air [29, 37, 38]. More recently, the desorption rate
constants of Na+, K+ and Cs+ have been determined for
metal surfaces in air [29, 37]. The general trend is that
kNa+ < kK+ < kCs+, meaning that Na+ desorbs slower than
both K+ and Cs+ at a specific surface temperature. These
differences in desorption kinetics open up the possibility to
differentiate between Na+ and K+ based on differences in
desorption rate, and this option is evaluated as an option
for discrete measurements of Na and K concentrations in a
sample gas.

2.3. Instruments, materials and experimental procedure

The FR-SID used in the present study is illustrated in figure 3,
and a schematic view of the electrical control and data acquis-
ition system is shown in figure 4. The SI detector consists of a
resistively heated platinum filament (diameter 0.35 mm, pur-
ity 99.997%) and an stainless steel ion collector plate at a dis-
tance of 3 mm. Earlier studies have shown that polycrystalline
platinum may remain stable under oxidized conditions [29],
depending on surface temperature and oxygen pressure. The
filament and the collector are housed in a cylindrical stainless
steel cell with a length of 70 mm and a diameter of 70 mm.
The cell is equipped with a quartz window in order to enable

optical temperature readings with a pyrometer, and the heating
current is calibrated against the pyrometer in order to control
the filament temperature. Joule heating is determined by the
square of the current and can therefore be controlled with high
precision, assuming that the reference point is accurate. Sim-
ilar technique has been used in previous investigations and
appears to be adequate. The detector plate is connected to a
current amplifier (Model 427, Keithley Inc.) and the signal is
registered by an oscilloscope and logged by computer. A func-
tion generator coupled to a switch circuit is used to alternate
the field strength and direction at the filament surface, and the
time period is set to 1 s for both the retarding and the accelerat-
ing phase, resulting in 0.5 Hz sampling frequency. A constant
gas flow rate through the FR-SID, limited by a critical orifice,
is maintained by an external pump during the experiments. The
flow rate was verified before and after each experiment with a
mass flow meter. The standard FR-SID operating parameters
used in this study are listed in table 1.

For all evaluation experiments a constant output atomizer
(Model 3076, TSI Inc.), operated in re-circulation mode, fol-
lowed by a diffusion dryer was used to generate a stable flow
of submicron alkali salt particles. Similar setup has been used
in previous investigations of alkali salt particles with satis-
factory purity and robustness [39]. The synthesized aerosols
were produced from dissolved salts used as received from
Merck & Co., Inc. with the following purity: KCl (>99.9%),
NaCl (99.9%), KNO3 (99%), NaNO3 (99%), K2SO4 (99.9%)
Na2SO4 (99.9%). For the aerosol verification a set of com-
mercial aerosol instruments were used. A scanning mobility
particle sizer (SMPS) was used to determine particle size dis-
tributions in the range 10–500 nm and to pre-select particles of
a given size during laboratory evaluation of the FR-SID when
a monodisperse aerosol was used. The SMPS consists of a
differential mobility analyzer (DMA) (Model 3081, TSI Inc.)
and a condensation particle counter (Model 3775, TSI Inc.). In
addition, the size distribution and concentrations of particles
were analyzed using an optical spectrometer (Model 1.108,
GRIMM Aerosol Technik GmbH), which detects particles in
the size range from 0.3 to 20 µm.

3. Results and discussion

Figure 5 shows typical ion emission curves for K+ ions at
eight different filament temperatures. Potassium was admitted
to the FR-SID in the form of a monodisperse KCl aerosol, and
all parameters (except temperature) were set to the standard
conditions listed in table 1. The rapid change in filament
voltage from −10 to +300 V at time zero induces a current
peak in the ion collector plate. The induced transient current
disturbs ion measurements on the time scale shorter than a
few ms, but can largely be discriminated by adjusting the rise
time of the amplifier and becomes insignificant at longer times.
The amplifier is also initially saturated at the highest temper-
atures due to the combined effect of the induced current peak
and ions reaching the collector. The ion emission affects the
surface potassium population, which decreases to a new and
lower steady state level according to equation (5). The decay
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Figure 3. Left: Photo of the FR-SID measurement cell. Associated electronics can be seen in the background. Right: Close-up on the
Pt-filament, heated to 1500 K, observed from the sample inlet. Aerosol particles will melt and ionize upon impaction on the hot surface and
collected by the detector plate (not visible).

Figure 4. Schematic view of the FR-SID setup: 1. Pt filament, 2. filament current control; 3. wave generator; 4. collector plate; 5. ion
current monitor; 6. pump.

in ion emission proceeds more rapidly when the filament tem-
perature is raised from 1240 to 1490 K, which indicates that
the rate constant for ion desorption increases with increasing
temperature.

Figure 6 shows a comparison between the desorption kin-
etics of Na+ and K+ at a filament surface temperature of
1460 K. Both salts were individually admitted to the FR-SID
as pure alkali chloride particles and the experimental condi-
tions were otherwise identical. The potassium ion desorption
is considerably faster than sodium ion desorption reflecting a
lower stability of potassium on the surface. Least square fits
of the decay curves using equation (5) result in desorption rate
constants of 10 and 97 s−1 for Na+ and K+, respectively, and
the desorption rates thus differ by approximately a factor of
ten at this temperature.

Measurements on KCl and NaCl particles were performed
at filament temperatures between 1230 K and 1500 K with
all other parameters set to standard conditions. The decay
curves can in general be described by an exponential func-
tion and the data have been fitted by equation (5) to determ-
ine rate constants for desorption. The desorption rate constants

Table 1. Standard conditions and instrument parameters used
during the FR-SID measurements.

Filament voltage during ion acceleration (Uacc) +300 V
Filament voltage during ion retardation (Uret) −10 V
Length of accelerating and retarding phases 1 s
Filament temperature 1490 K
SID pump flow 0.7 l min−1

Salt solution and concentration KCl, 1 mM
Diameter of monodisperse particles (dp) 200 nm

are presented as an Arrhenius plot in figure 7. For KCl the
rate constants ranged between 2 and 117 s−1 in the temper-
ature range from 1230 to 1480 K, and for NaCl rate constants
between 3 and 22 s−1 were determined in the range from 1400
to 1500 K.

In general, the temperature range where rate constants
could be determined was smaller for Na salts than for K
salts. At low temperatures the slow Na+ decay decreased the
intensity, and noise made it impossible to fit an exponen-
tial equation to the decay on a time scale of 1 s. Below a
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Figure 5. SID currents obtained from FR measurements on KCl
particles at eight different filament temperatures during the first
200 ms of the 1000 ms accelerating phase.

Figure 6. SID currents obtained from FR measurements on KCl
and NaCl particles at filament temperature of 1460 K. The
difference in desorption kinetics are used to discriminate between
respective Na and K signals.

filament temperature of approximately 1400 K the observed
rate constant for Na started to shift towards the K rate constant
and are considered as not applicable. This indicates that a
background level of K was present in the FR-SID, and at a

certain filament temperature the Na+ desorption rate became
too slow and a background signal due to K+ desorption
exceeded the Na+ signal. The background level of K may
have originated from the filament itself, which contains minor
inorganic inclusions from the metal production and emits
some alkali metal ions during the first period of usage. The
received NaCl used for the aerosol generation may contain up
to 5 ppm of K, which constitutes another potential source of
contamination. It is, however, also likely that some potassium
remained in the FR-SID from prior laboratory experiments
with potassium salts.

As seen in figure 7, the temperature dependence of the rate
constants is linear in a wide range, which indicates that desorp-
tion of Na and K can be described by the Arrhenius equation:

k= Ae−Ea/(kbT), (7)

where A is a frequency factor and Ea is the activation energy
(eV) for the desorption process. By fitting linear equations to
the data in figure 7 the desorption energy (frequency factor) of
K+ and Na+ were determined to 2.60 eV (8.8× 1010 s−1) and
3.51 eV (1.2 × 1013 s−1), respectively.

In an earlier study Hagström et al [29] studied K+ desorp-
tion from platinum in air and reported desorption rate con-
stants that were typically about three orders of magnitude
higher than observed here. Arrhenius parameters agreed favor-
ably with earlier studies of K–Pt interactions in vacuum [37],
and the results were consistent with ordinary alkali ion desorp-
tion from the Pt crystal plane. We therefore performed addi-
tional experiments aiming at the identification of the fast
desorption process characterized by Hagström et al [29], and
concluded that it can be observed under experimental con-
ditions that are similar to the ones used in the earlier study.
In particular, the use of a high alkali mass concentration to
the FR-SID is an important factor for the fast desorption to
be visible with the simplified design used within this work.
However, the interest in a low-cost alternative, with simplified
deployed electronics, sought to improve our understanding of
the setup used in the current study, where only the slow desorp-
tion is detectable.

Grain boundaries and irregularities are common on poly-
crystalline surfaces andmay provide binding sites where alkali
atoms are more strongly bound compared to sites available
on a perfect crystalline surface. The slow desorption kinetics
observed in the present study are consistent with the descrip-
tion that alkali atoms populate strongly bound states on the
platinum surface, and the desorption from these sites is likely
to go through an intermediate step where alkali atoms or bound
to the crystal plane. The desorption kinetics for systems that
involve multiple surface states are complex and known to
produce Arrhenius parameters that deviate substantially from
those found in ordinary desorption [40].

To assess the response for internally mixed aerosols,
FR-SID measurements were carried out with internally mixed
NaCl:KCl particles using a 50:50 molar mixture. The ion
desorption curves were in general well described by a lin-
ear combination of two exponential functions describing the
independent desorption of K and Na:

6
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Figure 7. Arrhenius plot of desorption rate constants obtained in experiments with KCl and NaCl aerosol particles. Arrhenius parameters
calculated from least-square fits of the data are listed in table 2. The linear region where the Arrhenius equation is valid are indicated with
trend lines. At temperatures <1400 K the Na+ desorption becomes slow and the signal shift towards K+ desorption due to contamination.

Figure 8. Arrhenius plot of desorption rate constants k1 and k2 obtained by fitting equation (8) to desorption data for internally mixed
NaCl:KCl particles. The straight lines obtained from pure KCl and NaCl particles (see figure 7) are added as comparison.

I(t) = I01 e
−k1t + I02 e

−k2t+C, (8)

where I01 (A) and I02 (A) are the initial currents measured by
the FR-SID at time zero, were k1 (s−1) and k2 (s−1) are desorp-
tion rate constants and C (A) is an added constant to improve
the fit. The obtained rate constants were found to resemble
the results for pure NaCl and pure KCl (figure 7). As seen
in figure 8, k2 describes the Na+ desorption down to a fil-
ament temperature of 1400 K and at lower temperatures the
constants shift towards the K values. For pure NaCl particles
the shift towards K values started at a similar temperature
(figure 7). At lower temperatures k1 also starts to deviate from
the pure KCl data. It is likely that k1 and k2 at low temperatures

describe different K+ desorption processes, which again can
be explained by the presence of different binding sites on the
filament surface.

Concerning the use of the FR-SID approach to distinguish
between Na and K in mixtures of different alkali salts, the fila-
ment temperature range 1400–1500 K seems to be optimal. In
this range sodium desorption is fast enough to be detected and
the rate constants of the two species deviate by approximately
a factor of ten, which is large enough to make the contributions
from Na and K separable.

The data for mixed NaCl/KCl particles was further ana-
lyzed to extract information about the relative content of the
alkali metals in the particles. Integrals for the time range 0–1 s
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Figure 9. Arrhenius plot of desorption rate constants obtained in experiments with KCl, K2SO4, KNO3, NaCl, Na2SO4 and NaNO3 aerosol
particles.

Table 2. Calculated Arrhenius parameters for alkali desorption from
a polycrystalline platinum surface in air presented with standard
deviation. Alkali salt particles with a diameter of 200 nm where
continuously lead through the FR-SID during the experiments.

Salt Ea (eV) A (s−1)

KCl 2.55 ± 0.26 10(10.8 ± 1.0)

NaCl 3.51 ± 0.21 10(13.1 ± 0.7)

K2SO4 2.96 ± 0.49 10(12.3 ± 1.8)

Na2SO4 — —
KNO3 2.60 ± 0.20 10(10.8 ± 0.7)

NaNO3 3.38 ± 0.45 10(12.4 ± 1.6)

were calculated for each component in equation (8) using the
following equation:

tˆ

0

I0·exp(−k · t) dt= I0

[
exp(−k · t)

−k

]t
0

=
I0
k

(
1− e−k·t) ,

(9)

where k and I0 correspond to the derived values for each com-
ponent and t = 1 s. Obtained values were corrected for the
lower β for Na compared to K (see equation (2)). The ratio
between the calculated integrals was close to 1 in the fila-
ment temperature range 1400–1500 K, which shows that sim-
ilar concentrations of Na and K have been detected in that
interval. Since the original composition of Na and K atoms
was 50:50, the results indicate that FR-SID can be applied to
determine the relative mass concentrations of the two alkali
species. At filament temperatures <1350 K the ratio deviated
strongly from 1, which is expected since sodium is no longer
efficiently detected at low temperatures.

FR-SID measurements were also performed using alkali
sulfate and alkali nitrate particles. The decay curves were well
described by the exponential function given in equation (5) and
the obtained rate constant are summarized in figure 9, together
with the previously presented alkali chloride data. Calculated
Arrhenius parameters for the different systems are listed in
table 2. The obtained rate constants and intensities for KNO3

and NaNO3 correlate well with the data for KCl and NaCl. The
obtained rate constants for K2SO4 were found to correlate with
the data obtained for KCl, while the rate constants for Na2SO4

started to shift towards the K values at a high filament temper-
ature. The signal intensities for the sulfates were also lower
than for the other salts and disappeared at a filament temper-
ature of 1330 K (to be compared with 1230 K for KCl). Thus,
the corresponding Na2SO4 ion signal may be difficult to detect
with the proposed technique. The lower sensitivity to sulfates
is believed to be associated with the high thermal stability of
alkali sulphates. To circumvent uncertainties induced by vari-
ations in alkali speciation a thermal preconditioning step may
be suitable, discussed in further detail below.

The presented results suggest that Na and K concentrations
(g m−3) can be derived using a FR-SID powered by a simple
electronic support system and operating under atmospheric
pressure. Future work should include statistical analysis of
measurement uncertainties. Comparative measurements with
laser instruments may also be beneficial to further explore
solid-gas phase transition where the techniques potentially
overlap. Regarding uncertainties, the surface temperature of
the filament has a strong influence on the ion current amp-
litude and thereby also the obtained desorption coefficients.
In the proposed application it is kept constant to ensure con-
sistency and repeatability. The influence of possible oxidation
and contamination of the platinum surface has been discussed
in the literature and may influence the desorption kinetics
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Figure 10. Measured integrated FR-SID signal as a function of mass concentration of K (µg m−3) based on KCl particles observed by
conventional aerosol diagnostics. A linear least square calibration curve is fitted from the measurement points and the error bars represent
the standard deviation of three consecutive measurements.

[29, 34, 35, 41]. However, throughout this work no appar-
ent intensity reduction was observed between the initial and
final measurements. The influence of particle diameter has
also been studied and investigations with SI technique showed
consistently decreased signals for larger particles, while the
result for particle diameters <50 nm is somewhat ambiguous
[36, 42]. Thus, further assessment of particle size effects is
needed.

In a first attempt to quantify the ion current the integ-
rated desorption signal of K+ generated by KCl test aerosols,
was compared with observed mass concentrations of conven-
tional aerosol diagnostics (SMPS and optical spectrometry).
At sufficient loadings ([K] >0.2 µg m−3) a linear relation was
observed with reasonable signal variance, shown in figure 10.
At lower concentrations the signal-to-noise ratio becomes too
low and disturbs the possibility to accurately report absolute
concentrations for the simplified FR-SID unit described in this
work. Note that the reference uncertainty, mainly refractive
index, shape and density [43], are not considered. A similar
calibration procedure has been used in previous research using
continuously operated SI based diagnostics with acceptable
deviations [24, 25, 44]. Recently, Gogolev et al found the SI
instrument drift to be up to 1.5% per hour, omitting reference
uncertainties [44]. To our knowledge, systematic uncertainties
has not yet been reported in the literature and is a topic worthy
of further investigations.

The results from the measurements with different alkali
metal salts show that the FR-SIDmay be applied to distinguish
between signals originating from Na and K, with the excep-
tion of Na2SO4, and thus serve as a valuable tool to address
the accuracy of the similarity assumption for Na/K reactions
with Cl and S-species. Other possible applications are investig-
ations coupled to evaporation patterns from solid fuels and the
Na/K vapor pressure in high temperature environments. Fur-
thermore, techniques to distinguish between salts with differ-
ent counter ions may also be worthy of further development.
For example, a possible way to separate the more thermally
stable sulfates from chlorides and nitrates could be by thermal

treatment of the inbound sample flow. Alkali chloride and
nitrate particles would evaporate at a lower temperature and
intact sulfate particles could hence be separated and passed on
into the SID.

4. Conclusions

Laboratory experiments have been performed to evaluate
a new FR-SID instrument for real-time characterization of
sodium and potassium containing aerosol particles. The com-
bined FR and SI techniques is shown to allow differentiation
between sodium and potassium based on their differences in
desorption kinetics from a hot Pt surface.

Alkali desorption rate constants can be determined from
ion signals that decay on the time scale of tens to hundreds
of milliseconds, in contrast to earlier studies where the meas-
ured current has been observed to decay during a few mil-
liseconds or faster [29]. The longer time scales simplify the
experiments and the electronics required to operate the instru-
ment. A filament temperature between 1400 K and 1500 K
is concluded to be optimal for separation of signals due to
Na and K. The observed differences in desorption kinetics
for Na and K appears to be independent of counter ion for
alkali chlorides and nitrates, whereas sulphate analysis was
inhibited by the thermal stability of Na2SO4. Alkali chlor-
ides and nitrates have similar detection efficiencies while
the sensitivity to sulfates is lower, in agreement with earlier
work [29]. Future methods to separate sulfates from other
alkali salts may rely on differences in thermal stability of
the compounds. Additional developments may also include
the possibility to interchangeably carry out both particle
mass and number concentration measurements with the same
instrument.

This study hereby demonstrates proof-of-concept of the
FR-SID technique and its applicability for discrete meas-
urement of Na and K. A more thoroughly assessment of
how particle morphology, size and chemical composition

9
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influence the integrated desorption signal may be performed
in connection to future field measurements.
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[33] Zandberg É Y and Ionov N 1959 Surface ionization Usp. Fiz.
Nauk 57 581–623

[34] Möller K and Holmlid L 1985 Desorption of cesium from
pyrolytic graphite basal surfaces with strongly
non-equilibrium behaviour Surf. Sci. 163 L635–40

10

https://orcid.org/0000-0003-3130-8377
https://orcid.org/0000-0003-3130-8377
https://doi.org/10.1016/0360-1285(90)90048-8
https://doi.org/10.1016/0360-1285(90)90048-8
https://doi.org/10.1016/j.fuproc.2012.06.009
https://doi.org/10.1016/j.fuproc.2012.06.009
https://doi.org/10.1021/ef0503919
https://doi.org/10.1021/ef0503919
https://doi.org/10.1016/j.fuproc.2011.05.020
https://doi.org/10.1016/j.fuproc.2011.05.020
https://doi.org/10.1016/j.fuproc.2011.06.025
https://doi.org/10.1016/j.fuproc.2011.06.025
https://doi.org/10.1007/978-3-642-02682-9_140
https://doi.org/10.1021/ef201098n
https://doi.org/10.1021/ef201098n
https://doi.org/10.1016/j.proci.2006.08.119
https://doi.org/10.1016/j.proci.2006.08.119
https://doi.org/10.1016/S0961-9534(03)00036-9
https://doi.org/10.1016/S0961-9534(03)00036-9
https://doi.org/10.1021/ef049944q
https://doi.org/10.1021/ef049944q
https://doi.org/10.1016/j.combustflame.2004.08.014
https://doi.org/10.1016/j.combustflame.2004.08.014
https://doi.org/10.1016/S0360-1285(02)00006-0
https://doi.org/10.1016/S0360-1285(02)00006-0
https://doi.org/10.1063/1.3081015
https://doi.org/10.1063/1.3081015
https://doi.org/10.1364/OL.400614
https://doi.org/10.1364/OL.400614
https://doi.org/10.1016/0961-9534(94)00074-4
https://doi.org/10.1016/0961-9534(94)00074-4
https://doi.org/10.1016/j.proci.2020.08.011
https://doi.org/10.1021/acs.analchem.9b00203
https://doi.org/10.1021/acs.analchem.9b00203
https://doi.org/10.1021/es049493o
https://doi.org/10.1021/es049493o
https://doi.org/10.1002/mas.20115
https://doi.org/10.1002/mas.20115
https://doi.org/10.1021/acs.energyfuels.5b02766
https://doi.org/10.1021/acs.energyfuels.5b02766
https://doi.org/10.1021/acs.energyfuels.7b03135
https://doi.org/10.1021/acs.energyfuels.7b03135
https://doi.org/10.1021/ef020020h
https://doi.org/10.1021/ef020020h
https://doi.org/10.1016/j.ijggc.2019.06.020
https://doi.org/10.1016/j.ijggc.2019.06.020
https://doi.org/10.1021/acs.energyfuels.8b00159
https://doi.org/10.1021/acs.energyfuels.8b00159
https://doi.org/10.1021/ef200811q
https://doi.org/10.1021/ef200811q
https://doi.org/10.1016/S0169-4332(00)00315-9
https://doi.org/10.1016/S0169-4332(00)00315-9
https://doi.org/10.1016/0039-6028(77)90370-3
https://doi.org/10.1016/0039-6028(77)90370-3
https://doi.org/10.1063/1.1134793
https://doi.org/10.1063/1.1134793
https://doi.org/10.1103/PhysRev.21.408
https://doi.org/10.1103/PhysRev.21.408
https://doi.org/10.3367/UFNr.0067.195904b.0581
https://doi.org/10.3367/UFNr.0067.195904b.0581
https://doi.org/10.1016/0039-6028(85)90837-4
https://doi.org/10.1016/0039-6028(85)90837-4


Meas. Sci. Technol. 32 (2021) 075802 D Gall et al

[35] Stienkemeier F, Wewer M, Meier F and Lutz H O 2000
Langmuir–Taylor surface ionization of alkali (Li, Na, K)
and alkaline earth (Ca, Sr, Ba) atoms attached to helium
droplets Rev. Sci. Instrum. 71 3480–4

[36] Jäglid U, Olsson J G and Pettersson J B C 1996 Detection of
sodium and potassium salt particles using surface ionization
at atmospheric pressure J. Aerosol. Sci. 27 967–77

[37] Hagström M, Engvall K and Pettersson J B C 2000 Desorption
kinetics at atmospheric pressure: alkali metal ion emission
from hot platinum surfaces J. Phys. Chem. B 104 4457–62

[38] Möller K and Holmlid L 1988 Rate constants for cesium bulk
diffusion and neutral desorption on pyrolytic graphite basal
surfaces: a field reversal kinetic study Surf. Sci. 204 98–112

[39] Gall D, Pushp M, Davidsson K O and Pettersson J B C 2017
Online measurements of alkali and heavy tar

components in biomass gasification Energy Fuels 31
8152–61

[40] Nordholm S 1985 Transition state analysis of preexponential
factors in thermal desorption Chem. Phys. 98 367–79

[41] Kaminsky M 1965 Atomic and ionic impact phenomena on
metal surfaces (http://doi.org/10.1007/978-3-642-46025-8)

[42] Kowalski T, Ludwig C and Wokaun A 2007 Qualitative
evaluation of alkali release during the pyrolysis of biomass
Energy Fuels 21 3017–22

[43] McMurry P H 2000 A review of atmospheric aerosol
measurements Atmos. Environ. 34 1959–99

[44] Gogolev I, Soleimanisalim A H, Linderholm C and Lyngfelt A
2021 Commissioning, performance benchmarking, and
investigation of alkali emissions in a 10 kWth solid fuel
chemical looping combustion pilot Fuel 287 119530

11

https://doi.org/10.1063/1.1287750
https://doi.org/10.1063/1.1287750
https://doi.org/10.1016/0021-8502(96)00025-0
https://doi.org/10.1016/0021-8502(96)00025-0
https://doi.org/10.1021/jp000311w
https://doi.org/10.1021/jp000311w
https://doi.org/10.1016/0039-6028(88)90270-1
https://doi.org/10.1016/0039-6028(88)90270-1
https://doi.org/10.1021/acs.energyfuels.7b00474
https://doi.org/10.1021/acs.energyfuels.7b00474
https://doi.org/10.1016/0301-0104(85)87093-2
https://doi.org/10.1016/0301-0104(85)87093-2
http://doi.org/10.1007/978-3-642-46025-8
https://doi.org/10.1021/ef070094z
https://doi.org/10.1021/ef070094z
https://doi.org/10.1016/S1352-2310(99)00455-0
https://doi.org/10.1016/S1352-2310(99)00455-0
https://doi.org/10.1016/j.fuel.2020.119530
https://doi.org/10.1016/j.fuel.2020.119530

	A new technique for real-time measurements of potassium and sodium aerosols based on field-reversal surface ionization
	1. Introduction
	2. Methods
	2.1. SI
	2.2. The field reversal method
	2.3. Instruments, materials and experimental procedure

	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References


