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Abstract

An optical sensor was developed for simultaneous detection of sulfur dioxide (SO,) and sulfur trioxide (SO;) at elevated
temperatures using a quantum cascade laser (QCL) spectrometer. The SO,/SO; concentrations and the SO, conversions were
measured during the heterogeneous catalytic reaction with S-101 intermediate-temperature vanadium catalysts at pressures
of 3-20 kPa and temperatures of 550-1000 K. The SO, spectra in the v5 band and the SO5 spectra in the v;+ v, band near
7.16 um at elevated temperatures were well resolved in the strongly overlapping spectra by measuring the SO, and SO,
high-temperature individual absorption spectra that were extended from room-temperature spectra in the HITRAN database.
A S0O,/SO; separation unit was designed to extract and measure the remaining SO, after conversion at room temperature,
with the results comparing well with the optically measured concentrations in the high-temperature catalytic reactions. The
system was then used to investigate the pressure and temperature dependencies of the heterogeneous conversions of SO,.
SO; was first detected at temperatures higher than 590 K with the SO, conversion increasing to 92% at 797 K and then
decreasing to less than 3% at 1014 K. The measured conversions show a logarithmic growth with increasing pressures at
each temperature. The difference between the measured heterogeneous conversion and the theoretical conversion calculated

using a thermodynamic model was also analyzed.

1 Introduction

Sulfur dioxide (SO,) and sulfur trioxide (SO;), collectively
known as SO,, are both major pollutants associated with
emissions from combustion of sulfur-containing fuels which
require significant air pollution treatment [1]. SO, is pro-
duced in various processes, such as the burning of fossil
fuels (coal and oil) [2—4], thermal decomposition of sulfates
[5] and mineral and soil analyses [6]. SO, also known as
H,SO, or sulfuric acid mist, is virtually nonexistent in nature
and is always formed together with SO, via homogeneous
gas-phase reactions or heterogeneous reactions in the pres-
ence of catalysts at elevated temperatures [7-9]. SO, and
SO; pose health hazards to humans and animals, particu-
larly to respiratory systems and eyes due to their corrosivity
and acidity. SO5 can also lead to low-temperature corrosion
by increasing the flue gas dew point, which can damage
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equipment in coal-fired power plants. In addition, SO; is
the main component of acid rain, which can cause deforesta-
tion, damage aquatic life and corrode building materials and
paints [10, 11]. Thus, simultaneous measurements of SO,
and SOj; in gas mixtures containing these sulfur oxides are
often required for pollution control.

Many techniques have been developed to measure SO,
concentrations for industrial emission controls and occu-
pational health. Electrochemical SO, gas sensors [12] have
been commonly used in industry due to their low cost but
they have the disadvantages of slow response times, poor
sensitivity, complex operation and continuous mainte-
nance. In contrast to many conventional techniques, opti-
cal techniques offer the advantages of fast response times,
high sensitivities and continuous monitoring. Optical
techniques include tunable laser absorption spectroscopy
(TLAS) [13-16], differential optical absorption spectros-
copy (DOAS) [17-21], Laser-induced fluorescence (LIF)
[22] and correlation spectroscopy (COSPEC) [23].

SO; measurements are more challenging than SO,
measurements since the gaseous SO; reacts with water
vapor (H,0) to form gaseous sulfuric acid when the tem-
perature drops below 500 ‘C. In addition, SOy is a liquid at
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room temperature and a solid at standard conditions. Thus,
SO, gas is difficult to measure directly and SO; measure-
ments are often based on measurements of vapor or lig-
uid H,SO, [24]. Current techniques for monitoring SO,
depend mainly on chemical sensors due to its high reactive
nature, such as the controlled condensation method [25],
the isopropanol absorption method [26, 27], the acid dew
point meter [28] and the salt method [29]. However, real-
time monitoring is difficult with chemical methods and
the losses of SO5/H,SO, during sampling often lead to
errors between the measured concentrations and those in
the target areas. In addition, the interference from SO, at
high concentrations is a key problem for chemical sensors,
especially for all the isopropanol methods [26]. Optical
sensors have also been developed to measure SO; based
on the absorption spectroscopy. Fourier transform infrared
(FTIR) spectroscopy [30, 31] and ultraviolet absorption
spectroscopy [32, 33] have both been used to measure SO,
concentrations. However, the absorption characteristics of
SO; are needed for the reference spectrum which is dif-
ficult due to the challenging problem of producing SO, gas
with known concentrations [26], so these methods may not
provide reliable quantitative measurements. The spectro-
scopic structure of SO; with a large number of transitions
has a nearly continuous spectrum even at low pressures
which overlaps significantly with the SO, spectrum, so
the individual SO, spectral lines in gaseous mixtures can-
not easily be identified with limited resolution. A high
resolution FTIR apparatus is then not practical due to its
large expense, large size and its susceptibility to vibra-
tions. In addition, the SO, and SOj; transitions are strongly
overlapped for a long path-length and a wide wavelength
scan range, which makes a FTIR with a limited resolution
difficult to resolve the spectra of the two molecules and
measure the gas properties accurately.

The use of laser absorption spectroscopy (LAS) for quan-
titative SO; measurements has also been both theoretically
[34, 35] and experimentally [36—40] investigated. A QCLs
based spectrometer operated at 7-8 pm has been developed
to measure SO, and SO; concentrations in the lab [36-38]
and combustor exhaust streams [39]. However, drift in the
zero-absorbance baseline resulting from equipment vibra-
tions and pollutants limits the accuracy of SO; absorbance
measurements. Most importantly, the lack of the SO; high-
temperature spectroscopic parameters in spectral databases
(e.g. HITRAN) prevented the authors from simultaneously
obtaining the corrected baseline and the SO; absorbance in
the significantly overlapping spectra of the gaseous mix-
tures. The use of the 4 pm band SO; absorption lines for
in situ SO; measurements has been investigated using a mid-
infrared laser source based on difference frequency genera-
tion [40]. Despite less interference from H,0, CO, and other
combustion flue gases, the absorption in the v; +v; band at
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4 pm is much weaker than the v;+v, band at 7 pm with a
lower detection limit.

This paper describes simultaneous detection of SO, and
SO; using a QCL sensor operated at 7.16 pm using absorp-
tion spectroscopy. SO; was simultaneously produced and
measured using heterogeneous catalytic oxidation of SO, at
various temperatures and pressures. High-temperature SO,
and SO; absorbance were measured and a semi-empirical
model was developed based on the HITRAN database and
the high-T absorbance so that the SO, and SO; absorption
spectra could be accurately resolved in the overlapping spec-
tra of the gaseous mixtures in the measurements. In addi-
tion, a SO,/SO; gas separation unit was designed to extract
and measure the remaining SO, at room temperature after
the catalytic reaction to further validate the measurement
accuracy from the heterogeneous conversions at elevated
temperatures. The dependencies of the conversions on tem-
perature and pressure were then investigated and compared
with the theoretical results from a thermodynamic model.

2 Spectral window selection

Figure 1 shows the room-temperature (296 K) line strengths
of SO,, SO; and H,O, obtained from the HITRAN database
[41] for wavelengths of 1-23 pm. The absorption line strengths
of SO, in the v; band and SO; in the v;+ v, band are both
strongest in the 7.0-7.7 pm region compared with other com-
bination-overtone bands in the 3.0-4.0 pm region. Although
SO; also has strong fundamental bands (v, and vs) in the far-
infrared region, access to these bands is difficult due to the
limited availability of lasers and detectors operating at such

Wavenumber (cm™)
5000 2500 1667 1250 1000 833 714 625 556 500 455

1 L T T T il T T T T T T T ]
Vv, SO,
~ 0lf ¢! ]
g Vitys
&
IE 00] 1 1 1 1 1 1 1 1 1
= 1E |3ty Vs V2 5051
< |
@ o1k ‘ 4
o +
5 o0k 2v,+2v, ]
g I
=1 1 1 1 1 1 1 1
3 0.001 L )
L v,/vy ) -
Vitys
£/ vty -
= 2v2 -
L 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20 22
Wavelength (xm)

Fig. 1 Absorption line strengths (HITRAN 2020) of the infrared SO,,
SO; and H,O spectrum at 296 K
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long wavelengths. Thus, a QCL operating at 7.16 pm with a
scan wavelength range from 1393 to 1399 cm™' was selected
to simultaneously measure SO, and SO;.The H,O interference
from both the ambient air (room-temperature) and the target
gaseous mixtures (high-temperature) are the main problems in
the SO, and SO; measurements. Figure 2a shows the simulated
spectra of the three molecules at 600 K and 1 atm from 1300
to 1400 cm™! with the laser tuning range indicated in the yel-
low square region. Although the SO; has stronger absorption
around 1398 cm™" as shown in Fig. 2, the H,O interference
is significant, especially with high H,O concentrations and a
long path length exposed to the atmosphere. Thus, the spec-
tral window between 1396.5 and 1397.4 cm™" with no H,O
interference was selected for simultaneous measurements of
SO, and SO;.

3 Theory of absorption spectroscopy
The transmission, z(v), of monochromatic light at frequency,

v, through a uniform absorbing gas medium is expressed by
the Beer-Lambert law [42]:

I
T(v) = <i> = exp[—a(v)] (D

where /, and /; are the incident and transmitted light intensi-
ties and a(v) is the spectral absorbance which, in the vicinity
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Fig.2 Simulated infrared spectra of SO,, SO; and H,O calculated at
T=600 K and P=1 atm with the select spectral window shown in
the lower panel where the interference from the H,O in air also pre-
sented. The targeted spectral region is outlined in yellow. The spectral
line parameters were taken from the HITRAN/HITEMP database

of a single transition, is related to the thermophysical gas
properties through:

a(v) = PS(T)p(v) L )

where S(T) [cm~2 atm™!] is the transition linestrength. P
[atm] is the gas pressure, y is the mole fraction of the absorb-
ing species, L [cm] is the light path length and ¢(v) [cm™]
is the lineshape function.

The individual spectral lineshapes of SO, and SO;, p(v),
are modeled here by the Voigt profile, a convolution of Lor-
entzian and Gaussian profiles accounting for collisional and
Doppler broadening that is given by [43]:

+00 2
y exp(—1-)
F =AZ -
v (V) 7 [oo x—0%2+y2

where A=+/In2/z/Av,, x= \/E(v —vo)/Avp ,
y= \/111_2Avc /Avp, vy [em™'] is the transition linecenter,
and Avp, [em™!] is the Doppler half width at half maximum
(HWHM), given by:

Avp =1(3.5812x 1077)4 /% “

where M [g-mol~!] is the molecular weight of the absorb-
ing species. The collisional width scales with the collision
frequency of the absorbing molecule, A, and is modeled as
the product of the pressure and the sum of the mole fraction
weighted collisional broadening coefficients of each perturb-
ing species, B [43]:

3

Ave =P Z X8Ya-p(T) 3)
B

where y,_» (T) [cm™! atm™!] is the transition-dependent col-
lisional broadening coefficient at temperature 7.

4 Experimental details
4.1 Experimental apparatus

The schematic in Fig. 3 shows the experimental apparatus
for the SO, measurements which consists of two gas cells,
an inlet gas manifold for mixing the gases and an outlet line
to the vacuum pump to facilitate the gas flow. A high tem-
perature optical gas cell was used to simultaneously produce
SO; and measure the SO,/SO; at temperatures from 550
to 1000 K and pressures from 3 to 20 kPa. The cell body
was housed in a tube furnace (Kejia Furnace, KJ-200827 T)
with two 20 cm BaF, rods as optical windows that could
withstand the thermal gradient in the furnace and allow
optical access to the 11.43 cm long test section. The water
cooling channels at both ends maintained the caps at low
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Fig.3 Schematic of the experi-
mental apparatus for simultane-
ous measurements of SO,/SO;
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temperatures so that they could be sealed by fluoro-rubber
O rings [44, 45]. The gas pressure within the cell was moni-
tored by a pressure transducer (Inficon, CDG025D) for
measurements below 1000 Torr with an accuracy of 0.25%.
The cell temperature was monitored by multiple K-type
thermocouples (Omega, TI80-CAXL-116U) attached to
the wall of the test region with an accuracy of 0.75%. The
gas temperature was determined by the averaging the three
values. At the highest test temperature of 1014 K, the aver-
age temperature uniformity is+5 K with an uncertainty of
0.62% and the inherent uncertainty in each thermocouple
(0.75%) exceeds the non-uniformities at all the experimental
temperatures. Thus, the measured temperature uncertainty in
the experiments can be always regarded as 0.75%.

A catalytic cavity full of vanadium catalysts (Sanfeng
Catalyst, S101 intermediate-temperature catalyst) and an
empty cavity were mounted symmetrically alongside the
test section with both connected to the heated cell inside the
furnace. The S-101 catalysts have an average bulk density of
0.635 kg/L and the length and the diameter of each catalyst
particle are both 5 mm. The total mass and free surface area
of the catalysts in the catalytic cavity were 41 g and 100 cm?.
The catalytic cavity was used as a heterogeneous reactor
and the empty cavity can be used to measure the absorption
signals before the catalytic reactions at each experimental
temperature and pressure. The catalytic reactor and the
heated optical gas cell were designed as an integrated unit
placed in one furnace. Compared with the separate appa-
ratus in previous studies [32, 49], the SOj; loss in the gas
transmission from the catalytic reactor to the measurement
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system can be avoided in our design. The empty cavity could
also play a role as a homogeneous reactor to be compared
with the heterogeneous reaction although the homogeneous
conversions did not occur in our experimental temperature
ranges (600-1000 K), which will be further discussed in
Sect. 5.3. Two needle valves were used to switch between the
catalytic and empty cavities that were connected to a local
gas delivery manifold leading to source gas bottles, mass
flow controllers (MFC, Sevenstar, CS200D) and a mixing
tank with Teflon beads used to prepare the gas mixtures of
S0, (99.9%) /N, (99.9%) /0, (99.9%) (Jinghui Gas) for the
experimental measurements.

The gas mixtures with a total flow of 400 mL/min first
flowed through the catalytic cavity where the SO, catalytic
oxidation occurs with SO; produced at high temperatures.
Then, the gases flowed into the heated optical gas cell for the
measurements. The gas mixtures were subsequently cooled
by a condenser with the liquefied SO; absorbed in a quartz
cell full of silica wool. The remaining SO, flowed into the
room-T gas cell where the concentration was measured. The
temperature of the remaining SO, was measured by another
thermocouple placed on the room-T gas cell with temper-
atures displayed around 18-20 °C (room-T: 19 “C) in the
experiments. There were no high-temperature lines observed
in the SO, spectra measured in the room-7 gas cell, which
also validated the accuracy of the measured temperature of
the gas mixtures after being cooled. The residual SO, was
finally reacted with a NaOH solution and exhausted by a
vacuum pump. The residence time (3.9 s) during the flow
through the catalytic cavity can be calculated by using the
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total flow (400 mL/min) divided by volume (26 mL) of the
cavity. The residence time from 0.23 to 3.7 s for the SO,
catalytic oxidation reaction has been investigated in the ref-
erences [46, 47] where a residence time of 3.7 s was dem-
onstrated long enough for this reaction. Thus, a residence
time of 3.9 s in our work is long enough compared to the
chemical reaction time. In addition, the gas flow maintains
constant in our experiments and the conversion is independ-
ent on the flow rate.

A tunable quantum cascade laser (HAMAMATSU,
LE0981QCL) operating near 7.16 um was used for the high
spectral resolution investigation of SO, and SO;. The QCL
was tunable from 1393 to 1399 cm™! and had a nominal
output power of 50 mW at 1397 cm™! working at a cur-
rent of 0.84 A and temperature of 24.5 °C driven by a laser
current controller (QCL1500 LAB, Wavelength) and a tem-
perature controller (TC10 LAB, Wavelength). A 1 kHz saw-
tooth waveform injection current generated by the signal
generator (Keysight, 33510B) was used to tune the QCL
across a 1 cm™' range to resolve the SO, and SO; spectra.
The laser beam was split using a ZnSe beam splitter with
the two beams then propagated through the heated gas cell
and the room-temperature gas cell. The laser beams then
passed through an optical iris and a bandpass spectral filter
(Spectrogon, NB-7230-180 nm) to minimize thermal emis-
sions before being focused onto thermo-electrically cooled
photovoltaic (PV) detectors (VIGO System PVI-4TE-10.6).
The relative frequency of the laser light was measured by
placing a germanium etalon with a free spectral range of
0.0164 cm™! in the path of the beam using an optical flip-
mount. The visible light coinciding with the QCL light was
used to help adjust the light path. The regions of the optical
path outside the furnace were purged by pure N, to prevent
the detectable absorbance in the ambient.

4.2 Experimental procedure

The experiments were performed at various temperatures
from 550 to 1000 K using an experimental procedure having
four steps at each temperature: (i) The valve to the catalytic
cavity was closed and that to the empty cavity was opened.
The SO, spectrum for the initial concentration was measured
in both the heated gas cell and the room-T gas cell before
the catalytic oxidation at various pressures from 3 to 20 kPa.
The pressure was adjusted by changing the needle valve in
front of the vacuum pump to adjust the pump capacity so
that the pressure could be adjusted to the expected value and
maintained stable during the data acquisition. (ii) The valve
to the empty cavity was closed and that to the catalytic cavity
was opened. SO; was produced via the heterogeneous cata-
lytic reaction of SO, with the combined SO,/SO; spectrum
then measured in the heated gas cell. The remaining SO, was
extracted and measured in the room-7 gas cell at the same

pressures as in step (i). (iii) The valves to the two cavities
were both closed and the gas source was shut off. The SO,
was exhausted from the heated gas cell but SO; could still be
observed for some time due to its continued evolution from
the catalyst surface. The signals were recorded as only the
SOj; absorption with no SO, interference after the SO, was
no longer observed in the room-T gas cell. However, the SO,
absorption was difficult to measure at temperatures higher
than 850 K using this method due to the lower conversions
with larger uncertainties. (iv) The experimental apparatus
was treated with a flow of dry air to remove any traces of
absorbed H,0, SO, and SOj; for 3-5 h in the entire system,
especially the gas cells and the catalytic cavity. The back-
ground signals were measured until no SO, absorption was
observed.

Figure 4 shows the data processing flow chart. The SO,
spectra for the initial gas before the catalytic reactions were
measured in step (i) to give the relationship between the SO,
absorbance and the gas properties (i.e. temperature, pres-
sure and concentration) for the subsequent measurements.
The SO,/SO; spectra and the corresponding concentrations
were simultaneously measured in the heated gas cell by the
operations in step (ii) to determine the temperature and pres-
sure dependencies of the SO, conversions. The conversions
were also determined by measuring the SO, concentrations
before and after the catalytic reaction in the room-T gas cell,
which provided well-defined initial concentrations in the
simultaneous fit of the SO,/SO; absorbance and validated
the measurement accuracy at high temperatures. The SO,
concentrations measured in the room-7 gas cell were cor-
rected since the gas compositions changed with the loss of
all the SO; and part of the O, from the gas compositions in
the heated gas cell.

5 Results and discussion
5.1 SO, absorption spectra

In the experiments using direct absorption spectroscopy,
the transmitted light intensity, /,, is directly measurable, but
the incident light intensity baseline, /,, must be accurately
inferred to determine the measured absorbance and the gas
properties of interest. However, the baseline is difficult to
accurately estimate in these experiments due to the time and
wavelength dependent intensity distortions, thermal emis-
sions and, most importantly, the baseline distortion resulting
from pollution and refractive index variations of the opti-
cal windows during the chemical reactions. The offset and
distortion of /;, can be seen in Fig. 5. In addition, the target
absorption features between 1396.5 and 1397.4 cm™! are
an unresolved grouping of strong lines sitting atop a quasi-
continuum of weaker lines with no zero-absorbance regions
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Fig.4 Flow chart for measuring Empty cavity Catalytic cavity
the SO, conversion by simulta- Before E '
neous measurements of the SO,/ (BSIbe Bxp) (After Exp)
SO, spectra | |
Heated gas cell room-T gas cell Heated gas cell room-7 gas cell

SO, spectra (high 7)
before reaction

SO, spectra (room 7)
before reaction

SO;+S0, spectra (high 7)
after reaction

SO, spectra (room 7)
after reaction

i Absorbance [oc concentration

i Concentration correction i

|

Apparent SO,—SO;

conversion rate

Simultaneous fit of SO,/SO; absorbance

Initial values in the fit

Resolved SO, and SO,
spectra and concentrations
at high T after reaction

SO2 4 02 Catalyst SO3

Dependence of the conversion rate
on temperatures and pressures

0.8 T T T T
I, (Re.actlon) Reactive gas (SO, + SO,) T
—_L(Tail) T=797K P=10kP 7
------- I, TN
0.6 /,/ i
y
E: Tail gas (SO,) P L
= 041 720K P=977kPa /-/
& p
%)
0.2+ 1
0.0 -
0.0 0.2 0.4 0.6 0.8 1.0
Time (ms)

Fig.5 Example wavelength detector signals in both the inflow gas
cell (blue) and the room-T gas cell (red)

observed at higher pressures. Moreover, there is no spectro-
scopic parameters for the high-7" SO; spectral lines in either
the spectroscopic databases or previous studies and some
SO, spectral lines at high temperatures are also not included
in the HITRAN databases. The measured overlapped spectra
are difficult to be resolved without knowledge of the indi-
vidual absorbance of each gas species, especially at higher
pressures with no non-absorption zones to determine the
baseline accurately. Thus, accurate SO, and SO; individual
absorbance must be both measured at high temperatures.
With knowledge of the spectral models of the two molecules,
the absorbance and the corrected baseline were obtained
simultaneously from the measured transmitted intensity, /,,
the measured incident intensity, /,, and the SO,/SO; high-T
spectral model. The baseline, /), was measured in the step
(iv) and a 3" order polynomial was used to correct the base-
line in the fitting procedure considering the baseline drift.

@ Springer

However, the sensor itself is still subject to zero-baseline
shift if applied to in-situ measurement applications. The
effects of different types of baseline shifts on the measured
absorbance and gas properties were analyzed in our previ-
ous work [48]. The direct absorption spectroscopy (DAS) is
most sensitive to the horizontal shifting of the baseline (time
synchronization) so that the measurement accuracy will be
reduced when the sensor running out of synchronization in a
long-time running. However, the DAS is insensitive to a ver-
tical shifting (offsets) and the slope shifting of the baseline
commonly associated with dynamic background radiation
in the in-situ measurements and these shifts can be easily
corrected by using a polynomial.

The individual SO, absorbance can be obtained when the
gas mixtures flow through the empty cavity where only the
SO, spectrum diluted in N,/O, is present. The measured
SO, absorbance (blue dashed line) at 1014 K and 3.44 kPa is
shown in Fig. 6 in which the green and the black absorbance
are calculated from the spectroscopic parameters of the tran-
sitions from HITRAN2016 and HITRAN2020. It is observed
that some high-temperature spectral lines from the hot band
emerge in the measured SO, absorbance compared with the
HITRAN2016 prediction while the calculated absorbance
from the recently updated HITRAN2020 is more consistent
with the measured values, especially for the high-T transi-
tions although there are still several measured weak lines
not covered by the HITRAN2020. The absorption increase
of these high-T transitions with increasing temperature was
also exactly observed in our experimental temperature range.
The Voigt profile described in Sect. 3 was used to calculate
all the transitions with the best-fit spectra shown in red in
Fig. 6a. At high temperatures and moderate pressures with
Ave /Avp around 1 [42], the collisional narrowing effect
should be taken into account but the congested spectral
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(red) alongside the HITRAN prediction (black). The stem plots indi-
cate the transitions included in HITRAN

structures and limited signal to-noise ratio (SNR) preclude
the use of more advanced lineshapes than the Voigt. The
lower panel in Fig. 6 shows the best-fit residuals scaled by
the peak absorbance with a peak residual less than 7.5% and
the standard deviation of 8.02x 1072 at the peak absorbance
of 0.88.

Since the high-T" SO; spectrum is much more congested
than that of SO,, the individual lines can only be partially
resolved at much lower pressures with much smaller col-
lisional widths of the spectral lines. Thus, the individual
SO; spectra were derived in step (iii) at a pressure of only
0.75 kPa as shown in Fig. 7 in which only several lines were
consistent with those in HITRAN and most of the transitions
were observed for the first time at high temperatures. There
were no spectra of other interfering species (H,0, H,SO,)
in the measured wavelength range [50]. The gas source
of SO, has been shut off and SO, was exhausted from the
heated gas cell as described in step (iii) so that only SO;
was present. These measured new SO; lines were called

“equivalent lines” here and the positions of these “equiva-
lent lines” were approximately determined at such a low
pressure. The linestrength and broadening coefficients of the
high-T “equivalent lines” for the Voigt profile were derived
by fitting the measured SO, spectra at known temperatures
and pressures. The collisional broadening coefficients for
all the “equivalent lines” are constrained to the same value
to reduce the degrees of freedom in the fitting procedure.
In this way, a semi-empirical model based on the HITRAN
database combined with these “equivalent lines” was devel-
oped to describe the high-T" SO; absorbance. The best-fit
SOj; residuals in the lower panel give a similar peak value as
that of SO,. The semi-empirical model was also validated by
using the low-P absorbance to predict the measured high-P
absorbance with the residuals within 10%.

5.2 Calibration and measurements

In each case, the SO, absorbance was measured while the
SO, flowed through the empty cavity before the catalytic
oxidation of SO, to determine the temperature and pres-
sure dependencies of the peak absorbance at 1397.16 cm™,
which are shown in Fig. 8a, to calibrate the SO, absorb-
ance for the subsequent SO, and SO; measurements. The
SO, absorbance increases almost linearly with increasing
pressure but falls with increasing temperature as shown in
Fig. 8b, ¢ which show the absorbance at three pressures and
three temperatures to illustrate the absorbance variations.
The catalytic cavity was then opened with SO; produced
in the heterogeneous catalytic reaction and the SO,/SO;
spectra simultaneously measured in the heated gas cell at
various temperatures and pressures. No SO; spectra were
observed at temperatures lower than 590 K which indicates
that the catalytic oxidation cannot occur at such low temper-
atures. Figure 9 shows the measured overlapping spectra of
SO, and SO; at temperatures from 633 to 1014 K and pres-
sures around 3.35 kPa. The individual SO, and SOj; spectra
are well resolved as shown by the orange and green curves
in Fig. 9 based on the semi-empirical models described in
Sect. 5.1. The SO; spectra show continuous absorption over
the scanned wavelength region from 1396.5 to 1397.4 cm™!
while the SO, spectra are less congested with much weaker
absorption around 1396.52 and 1397.32 cm™! so these
two wavelengths are the best choices for the SO; measure-
ments with minimum interference by SO,. The SO; spec-
trum accounts for the largest proportion in the overlapping
spectra at 742 K, which can be seen at the wavenumber of
1397.16 cm™! and it indicates that the heterogeneous conver-
sion of SO, is likely largest at this temperature. The propor-
tion of the SO, spectra in the total SO, spectra decreased
from 633 to 742 K then increased from 742 to 1014 K with
increasing temperatures and the strongest SO, absorption
and weakest SO; absorption were obtained at 1014 K. It
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Fig.8 a Dependence of the measured SO, absorbance at
1397.16 cm™! (Peak) on temperature and pressure in 50% O, and
47.5% N,. b Pressure dependence of the SO, peak absorbance at
T=633 K, 852 K and 1014 K taken from (a). ¢ Temperature depend-
ence of the SO, peak absorbance at P=4.89 kPa, 12.5 kPa and
20 kPa taken from (a). The dashed lines were polynomial fits of the
data shown in (b) and (c)

indicates that the SO, conversion increases then decreases
with increasing temperatures.

To validate the SO, measurement accuracy from the
overlapping spectra in the high-T gas cell, the remaining
SO, concentrations after the catalytic reaction were also
measured in the room-T gas cell by extracting the SO, from
the SO, mixtures to determine the nominal remaining SO,
concentrations. The absorption line near 1397.16 cm™!
was applied to determine the SO, concentrations in both
the high-T and room-T gas cell. A variety of the SO, con-
centrations were obtained due to the different conversions
at different experimental temperatures and pressures.
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The concentrations from 0.6 to 2.3% measured by both
approaches are plotted in Fig. 10 in which the red circles
indicate the measured concentrations in the high-7 gas cell
and the black line represents the ideal response (y=x) of
the measured concentrations in the room-7 gas cell with
the relative deviations shown in the lower panel. The meas-
ured SO, concentrations at high temperatures compare well
with the concentrations measured at room temperature with
uncertainties of less than 7% and with most of the concentra-
tions measured at room-7 being less than those at high-T.
The loss of SO, due to the slight adsorption on the tube
walls and dissolution in a small amount of liquefied H,O
when gas mixtures flowing through the cooling system and
the silica-wool cell mainly lead to the difference between
the concentrations measured in two cells. In addition, the
uncertainties (~2%) of the optical path-length of the high-
T and room-T cell also lead to the difference of the two
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Fig. 10 Measured SO, concentrations in the SO,/SO; mixtures at
high T versus the residual SO, concentrations measured at room 7'

measured SO, concentrations, especially for the path-length
uncertainty of the high-T cell since there will be changes in
the path-length at elevated temperatures due to the thermal
expansion of the stainless steel and the BaF, rods, which
leads to larger uncertainties (~5%) of the path length and
the measured concentrations.

The dependencies of the heterogeneous conversions of
SO, on pressure and temperature were both investigated. The
conversion calculation was based on the SO, concentrations
measured simultaneously in the high-T cell. The pressure
dependence of the conversion is shown in Fig. 11a for pres-
sures from 3 to 20 kPa at 797 K in which the measured SO,
concentrations (green) and SO, conversions (red) show a
logarithmic growth rate with increasing pressure. The SO,
concentrations measured in both the heated gas cell (blue)
and the room-T7 gas cell (orange) are also shown with a high
degree of consistency. The temperature dependence of the
conversions from 600 to 1000 K at 17.5 kPa are shown in
Fig. 11b where the SO, conversions first increase to a peak
of 90% at around 800 K and then decrease to lower than
70% at around 1000 K. The measured SO concentrations
have larger uncertainties than those in Fig. 11a, especially at
around 700 K due to the adsorption of SO; and SO, on the
catalysts which could not be completely removed by flow-
ing dry air even after several hours, which leads to a small
amount of SO; appearing from the oxidation of the SO, from
the last experimental case when increasing temperature.

The measured SO, conversions are plotted as contours for
all the investigated temperatures and pressures in Fig. 12a
in which the largest conversions are concentrated around
750-800 K and 20 kPa. The pressure and temperature
dependencies of all the measured conversions are consist-
ent with the representative cases shown in Fig. 11. The SO,
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Fig. 11 a Measured SO, (blue) /SO; (green) concentrations and
SO, conversions (red) after the high-7 catalytic oxidation reac-
tion at 7=797 K and various pressures from 3 to 20 kPa. The yel-
low data represents the residual SO, concentrations measured in the
room-T" gas cell as reference. b Measured SO,/SO; concentrations
and SO, conversions for various temperatures from 600 to 1000 K at
P=17.5kPa

conversions were also measured at two additional experi-
mental conditions of 742 K, 4.89 kPa and 908 K, 15.0 kPa
and are shown as the hollow symbols in Fig. 12b, c to verify
the correlations (dotted lines) that are based only on the
data represented by the solid symbols taken from Fig. 12a.
These additional measured data points agree well with the
correlations to further validate the measurement accuracy.

5.3 Comparison with thermodynamic model

The SO, conversions were also calculated theoretically
based on a thermodynamic model for the same tempera-
tures and pressures as those used in the experiments with
the predictions in Fig. 13a for comparison with the meas-
ured results. The thermodynamic SO, conversion can be
calculated from the chemical equilibrium constant with
the known gas (SO,, O,, N,) composition and equilibrium
temperature based on equilibrium thermodynamics and S/O
mass balances [51, 52]. The chemical equilibrium constant
for the catalytic reaction SO, (g) +0.50, (g) — SO; (g) was
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Fig. 12 a Dependence of the measured catalytic conversions on tem-
perature and pressure for 2.5% SO,, 50% O, and 47.5% N,. b The
pressure dependence of the conversions at 7=742 K and 908 K. The
dotted lines are correlations of the data represented by the solid sym-
bols while the hollow symbols are two additional measured conver-
sions that verify the correlation. ¢ The temperature dependence of the
conversions at P=4.89 kPa and 15.0 kPa

calculated from the Gibbs free energy change for SO, oxida-
tion at a desired equilibrium temperature.

In comparison between the experimental conversions
and the thermodynamic conversions, the assumptions and
preconditions of the two conversions should be noted. First,
the experimental conversions were measured from a hetero-
geneous (gas and solid) chemical reaction with vanadium
catalysts involved. However, thermodynamic conversions
were calculated only from the thermodynamic proper-
ties (entropy and enthalpy) of SO,(g) and O,(g) based on
the Gibbs free energy in a homogeneous reaction without
catalysts involved. Second, the reaction time-scale in the
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Fig. 13 a Predicted dependence of the conversions of the SO, cata-
lytic oxidation reaction on pressure and temperature based on a
thermodynamic model. b Comparison of the pressure dependence
between the measured and calculated conversions at 907 K. ¢ Com-
parison of the temperature dependence between the measured and
calculated conversions at 4.89 kPa

experimental measurements was in seconds or minutes while
the time-scale in the thermodynamic model is infinite since
it is assumed that all the chemical reactions must go to equi-
librium in the thermodynamic equations even if the chemical
reaction rate is so slow that it will take infinite time to reach
equilibrium.

For the temperature dependence of the two conversions,
the thermodynamic conversion is always decreasing with
increasing temperature with an initial value approaching
100% at around 600 K while the measured heterogeneous
conversion first increases from 600 to 800 K with a peak of
around 92% and then decreases to the lowest value of only
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3% at 1000 K. The thermodynamic conversions (blue) in
Fig. 13c show the similar temperature dependence to the
results presented in [7]. Although the reaction rate is very
slow at lower temperatures from 600 to 800 K, the ther-
modynamic model shows high conversions since the model
demonstrates the results when reaching chemical equilib-
rium even if it takes infinite time, which likely cannot be
achieved in reality. It also explains why there was no SO,
produced when SO,/O, mixtures flowed through the empty
cavity with no catalysts inside in our experiments. How-
ever, the heterogeneous conversions can occur due to the
vanadium catalysts which can improve the SO, formation
rates compared with the cases in the empty cavity. As tem-
perature increases from 600 to 800 K, the heterogeneous
reaction rates and the conversions increase but with a short
residence time [7, 53] in a gas mixture (SO,/N,/O,) flow rate
of 400 mL/min. In addition, the temperature dependence
of the adsorption capacity of the catalysts [55] may also
contribute to the SO, conversions since the heterogeneous
reactions occurs on the catalytic surface.

The experimental and thermodynamic conversions show
the similar temperature dependence and values from 800 to
1000 K as shown in Fig. 13c likely due to the following two
reasons. First, since the reaction rate increases with increas-
ing temperature, it is easier to reach chemical equilibrium
with the help of the catalysts so that the deviations between
the measured values and the thermodynamic values reduced
at higher temperatures. Second, the reaction SO, (g) +0.50,
(g) — SO; (g) is an exothermic reversible reaction with the
equilibrium shifting to SO, formation with increasing tem-
peratures, which accounts for the reduction of the conver-
sion at higher temperatures in both the thermodynamic and
heterogeneous conversions.

For the pressure dependence of the heterogeneous and
thermodynamic conversions, they both increase logarithmi-
cally with increasing pressures as shown in Fig. 13b since
the collision frequency of the molecules (SO,/O,) increases
with increasing pressures and the reaction equilibrium shifts
to SO, formation at higher pressures based on the law of
chemical equilibrium. However, the heterogeneous conver-
sions grow faster than the thermodynamic conversions at the
same pressure range mainly because the adsorption capac-
ity of the catalyst enhances with increasing pressure so that
larger amount of SO, reacted with O, on the catalytic surface
at higher pressures.

The SO; formation from SO, in heterogeneous catalytic
reactions has also been investigated in previous studies [7,
53] in which the conversion was negligible at 773 K and
maximum conversion was reached at around 973 K before
falling until 1173 K, which is similar to the temperature-
dependent trend of the measured conversions in our work.
The heterogeneous conversions of SO, were also measured
in [27] by using an infrared multi-gas analyzer to measure

the inlet and outlet SO, concentration but only at tempera-
tures lower than 723 K. Their conversions increased with
increasing temperature to a peak around 100% at 723 K,
which is similar to the trend measured in the same tempera-
ture range in our work.

SO; can also be formed from a homogeneous gas-phase
reaction but the homogeneous SO, conversion to SO; was
not observed when the gas mixtures flowed through the
empty cavity at temperatures lower than 1000 K in our work.
The homogeneous conversions of SO, to SO; were previ-
ously studied by [7, 8, 56] in which a conversion increase
was noted (less than 6%) when the temperature increased
above 973 K and temperatures above 1173 K were required
for obvious SO; formation with a residence time of 1 s. In
addition, the homogeneous conversions increased exponen-
tially in the temperature range from 973 to 1273 K in [7].
Thus, it is reasonable for no SO; formation in the empty
cavity (homogeneous reactor) in our work and higher tem-
peratures are required to convert SO, to SO; in homogene-
ous gas-phase reactions.

6 Conclusion

This work demonstrated the feasibility of using 7.16 um
QCL absorption spectroscopy to simultaneously measure
both SO, and SO; concentrations during heterogeneous cata-
lytic oxidation of SO, at elevated temperatures. High-tem-
perature individual SO, and SO; absorbance were measured
and the overlapped spectra of the gas mixtures were resolved
by combining the measured high-temperature spectra with
the room-temperature spectra in the HITRAN database. The
heterogeneous conversions were determined not only from
the simultaneous detection of SO, and SO; concentrations
at high temperatures but also by measuring the inlet and out-
let SO, concentrations at room temperature. The measured
conversions from these two methods agreed well with each
other within 7% uncertainties with the differences mainly
due to the adsorption of SO, in the tubing. The temperature
and pressure dependence of the heterogeneous conversions
were investigated at pressures of 3—20 kPa and temperatures
of 600-1000 K and were also compared with the theoretical
conversions calculated using a thermodynamic model. The
heterogeneous and thermodynamic conversions both show
logarithmic growths with increasing pressure. In addition,
the heterogeneous conversions initially increase to about
92% at 800 K and then decrease to the conversion less than
3% at 1014 K, which differs from the continual decrease of
the conversions with increasing temperature predicted by the
thermodynamic model.
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