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ABSTRACT: Nitrogen dioxide (NO2) absorption in aqueous
sulfite solutions has recently gained more attention to reduce NOx
emissions. The NO2 removal efficiency is strongly influenced by
the competing reactions of NO2 absorption and sulfite oxidation.
The present study investigates the role of sulfite oxidation in NO2
absorption at neutral pH. The effects of sulfite concentration,
thiosulfate, pH, NO2 inlet concentration, oxygen concentration on
NO2 absorption efficiency, and sulfite oxidation rates were
investigated under well-controlled conditions at 25 °C in a
laboratory-scale wet scrubbing system. NO2 absorption rates
showed a strong dependence on the sulfite concentration and
increased linearly with increasing NO2 inlet concentrations
between 25 and 150 ppm. At the highest investigated sulfite
concentration, 20 mM, the NO2 removal efficiency was around 80%. Oxidation rates of sulfite during NO2 absorption in the
presence of 5 vol % O2 increased with increasing sulfite concentrations in the scrubbing solution and ranged from 20 mg·L−1·min−1

with 1 mM sulfite to 200 mg·L−1·min−1 with 20 mM sulfite. The oxidation rate decreased significantly when thiosulfate was added,
while the oxidation rates were independent of the oxygen concentration between 2−10 vol % O2. The NO2 absorption rate
decreased with decreasing pH between pH 6 and 8 proportionally to the sulfite concentration as predicted by the sulfite−bisulfite
equilibrium. The implication from these results is that significantly less sulfite feeding is needed in industrial NO2 absorption if the
pH can be maintained at neutral pH, instead of lower pH such as in simultaneous SO2 and NO2 scrubbing.

1. INTRODUCTION

NOx emissions resulting from thermal conversion of solid and
liquid fuels, and also from other industrial processes, continue
to be a major challenge for environmental reasons and due to
increasingly strict emission limits. In the last 50 years,
numerous studies investigated the formation and chemistry
of NOx emissions experimentally, computationally, and at an
industrial scale.1−8 NOx emissions can be reduced by selective
noncatalytic reduction (SNCR)9−11 and selective catalytic
reduction (SCR).12,13 In the SNCR process, NO and NO2 are
reduced to N2 by injecting ammonia (NH3) or urea
(CO(NH2)2) in the presence of oxygen. The main
disadvantages of SNCR are the ammonia slip, that there
should be little or no hydrocarbons or CO present, and the
narrow temperature range (900−1050 °C when using urea) for
its maximum efficiency.9 In SCR, the ammonia is chemisorbed
on a catalyst and reacts with NO or NO2 from the gas phase,
enabling operation at lower temperatures, usually between 250
and 400 °C,11 but the SCR technique is limited due to
poisoning of the catalyst, particularly, in flue gases containing
high amounts of fly ash or dust.
One alternative NOx reduction strategy is based on

absorption in aqueous solutions.14,15 The solubility of NO in

water is low, but various additives have been investigated to
improve the solubility and removal of NO.16−20 Alternatively,
to the direct absorption of NO, NO can be selectively oxidized
to NO2, which has a higher solubility in water.16,21,22 NO can
be selectively oxidized to NO2 by, e.g., ClO2, NaClO, NaClO2,
NaClO3, O3, etc.

23−27 However, even with the higher solubility
of NO2, NO2 absorption rates may be too low. Various
chemical compounds have been investigated as additives to
further improve the absorption rates of NO2. One possible
additive that has been investigated for that purpose is sodium
sulfide (Na2S), which has also been demonstrated on the
industrial scale.28−30 Sulfide reacts with NO2(aq) forming
sulfate (SO4

2−) and nitrogen (N2). Shen and Rochelle showed
that >95% of the initial NO2 could be removed in a stirred cell
contactor with sulfide concentrations of 0.1 M and higher for
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NO2 inlet concentrations between 20 and 500 ppm.29 One
drawback of using sulfide is that a high pH is required since
H2S is formed if the pH is below 9, which is typical for a range
of processes.
Sulfite (SO3

2−) as an additive to improve NO2 absorption
has been studied extensively. The sulfite ion improves the NO2
absorption rates significantly and can also be used at lower pH
as compared to sulfide.22,31−33 Similar to the experiments with
sulfide,29 Shen and Rochelle investigated the absorption of
NO2 in a stirred cell contactor with concentrations of 1−100
mM sulfite.22 At pH > 7.5, the NO2 removal efficiency
increased linearly with the sulfite concentration, and at 10 mM
sulfite, more than 80% of NO2 was absorbed.
The absorption of NO2 depends on a complex series of

chemical and diffusion steps, where the first two steps are (i)
diffusion of NO2 to and through the gas−liquid film and (ii)
NO2(g) ↔ NO2 (aq). The rapid reactions occurring in the
liquid phase (in the presence of sulfite) decrease the distance
through which the NO2 must diffuse in the liquid before it is
transformed into ions.
The mechanism of the reaction between NO2 and aqueous

sulfite is complex (see, for e.g., refs 22 and 34). The reaction
likely involves charge transfer reactions in a free-radical chain
mechanism.34 Three irreversible parallel reactions, depending
on the pH, may occur in the boundary layer and enhance NO2
absorption, following Nash34

NO (aq) SO NO SO2 3
2

2 3+ → +− − ·−
(R1)

NO (aq) HSO NO HSO2 3 2 3+ → +− − ·
(R2)

2 NO (aq) H O NO NO 2 H2 2 2 3+ → + +− − +
(R3)

In the presence of oxygen, the sulfite radical (SO3
·−) that is

formed according to R1 can undergo radical chain reactions
R4−R7, oxidizing the sulfite to sulfate.21,35,36 The oxidation to
sulfate is not desired, as sulfate has no positive effect on NO2
absorption.

SO O (aq) SO3 2 5+ →· − ·−
(R4)

SO SO SO SO5 3
2

4 4
2+ → +·− − ·− −

(R5)

SO SO SO SO3
2

4 3 4
2+ → +− ·− ·− −

(R6)

2 SO S O3 2 6
2→·− −

(R7)

SO S O SO S O5 2 3
2

5
2

2 3+ → +·− − − ·−
(R8)

SO SO 2 SO5
2

3
2

4
2+ →− − −

(R9)

2 S O S O2 3 4 6
2→·− −

(R10)

The decrease of NO2 absorption rates due to sulfite oxidation
by O2(aq) has been studied only to a limited extent, e.g., refs
21 and 37. To prevent oxidation of sulfite to sulfate, free-
radical scavengers, such as thiosulfate, can be added to
terminate the chain reactions R8−R10.21,38 Other additives
that may be used to inhibit the oxidation of sulfite to sulfate
are, e.g., hydroquinone, thiourea, ascorbic acid, p-phenylenedi-
amine, and tert-butylhydroquinone.39

Several previous studies have investigated the chemistry of
simultaneous absorption of SO2 and NO2.

24,40−46 Li et al.42

investigated the NO2 absorption in a Na2CO3 solution with
SO2 gas concentrations between 500 and 2000 ppm. With 500

ppm SO2, the NO2 concentration decreased from 300 to 150
ppm, while with 2000 ppm SO2, the NO2 concentration
decreased from 300 to 100 ppm. Gaseous SO2, which forms
sulfite ions when absorbed in water, does not only influence
the NO2 absorption but also affects the pH of scrubbing
solutions, which is usually around pH 4−6 for the
simultaneous removal of SO2 and NO2. A range of fuels,
such as coals, have high contents of sulfur forming SO2
influencing NO2 absorption. On the other hand, many
biomass- and waste-derived fuels have almost no or very low
contents of sulfur, and, thus, thermal conversion of such fuels
does not generate high amounts of SO2.

47 As a result, the pH
can be maintained at a higher level (such as pH 6−8) in the
scrubber solution in NO2 absorption under such conditions.
Additionally, higher sulfite additions might be required due to
the lack of SO2. Johansson et al. performed technoeconomic
evaluations for the simultaneous absorption of SOx and NOx
from various industrial processes.46 The presented case of a
recovery boiler required the highest sulfite addition as was the
case with the lowest SO2 concentration. In such cases, it is
crucial to understand the consumption of sulfite by NO2 and
SO2 to reduce the overall consumption of chemicals.46

Johansson et al.45 investigated the simultaneous absorption
of NOx and SOx from flue gases from a 100 kW gas-fired
furnace. The results from experimental measurements were
compared to modeling results. Tests were performed with 0−
500 ppm SO2 and 70−350 ppm NOx in the flue gas and 0−1
g/L Na2SO3 in the scrubber solution. The modeled NO2
removal efficiency was generally in good agreement with the
experimental results. In the cases with sulfite addition, the
model slightly overpredicted the NOx absorption, which was
attributed to the high rate of sulfite oxidation, which is not yet
fully understood.
The present study investigates the role of sulfite oxidation in

absorption of NO2 in aqueous sulfite solutions at neutral pH.
Various parameters such as sulfite concentration, the pH of the
scrubber solution, and NO2 inlet concentrations were
investigated. NO2 absorption experiments were performed
with and without oxygen in the atmosphere to investigate the
role of sulfite oxidation in the overall sulfite consumption and
how sulfite oxidation can be prevented by the addition of
thiosulfate to the scrubber solution.

2. EXPERIMENTAL METHODS
Figure 1 shows the experimental setup for the NO2 absorption
experiments. The setup consists of a mixing unit for the gas mixtures,
a gas washing bottle, and a NO/NO2 analyzer. Experiments were
performed with inlet concentrations of 25−150 ppm NO2 and 0% O2
and 50 ppm NO2 and 2−10% O2. The balance gas was N2. The
chosen NO2 concentrations correspond to NOx concentrations
typically found in flue gases from thermal conversion of biomass.
The total flow rate was 2 Nl/min at ambient temperature. The gas
was bubbled through a sintered glass filter into the scrubber solution
to achieve a good contact area between the gas and the liquid. A
magnetic agitator in the solution provided continuous stirring at a rate
of 300 rpm to minimize concentration gradients within the washing
solution. After passing through the scrubber, the gas mixture was
analyzed for NO2. NO2 concentrations were determined in the
following way: NO2 was converted to NO (SCC-K analyzer), and the
NO concentrations were determined using a chemiluminescence
analyzer. The setup was also tested without the NO2 to NO
conversion to check whether NO was formed during the experiments,
which was not the case.

For the preparation of the aqueous scrubber solutions, sodium
sulfite (Na2SO3) was dissolved in ultrapure water in concentrations
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between 0 and 20 mM. The scrubbing solution in the tests with
thiosulfate contained 6 mM sodium thiosulfate (Na2S2O3) and 10
mM sulfite. All solutions were buffered with a phosphate buffer
(NaHPO4·2H2O + KH2PO4), and different pH values were obtained
by varying the ratios between the weak acid and the conjugate base.
Additional absorption tests were performed with pure water and the
buffer solution without sulfite to confirm that the buffer did not
interfere with the NO2 reactions (results not shown here).
Some of the solutions were analyzed after the absorption

experiments with ion chromatography to quantify nitrite (NO2
−)

and nitrate (NO3
−) in the solutions. For these analyses, a Metrosep A

SUPP 4 column from Metrohm was used with a carbonate/
bicarbonate eluent.

3. RESULTS
Figure 2 shows the NO2 concentrations after the absorption
for sulfite concentrations between 0 and 20 mM at pH 8. Table
1 lists the corresponding initial NO2 absorption rates for each
concentration. With 0 mM sulfite, the NO2 concentration
decreased from 50 to 43 ppm. This NO2 absorption
corresponds to previously published values on NO2 absorption
in pure water.33 The measured NO2 concentration was almost
constant throughout the experiment (30 min). With 0.5 mM
sulfite, the NO2 concentration decreased initially from 50 to 35
ppm. This corresponds to an initial NO2 absorption rate of
25.4 μmol·L−1min−1. With the highest investigated sulfite

concentration, i.e., 20 mM, the NO2 concentration initially
decreased from 50 to 8 ppm and the initial NO2 absorption
rate increased to 75.6 μmol·L−1min−1. Thus, higher sulfite
concentrations resulted in better NO2 absorption, as expected.
The results show that the highest investigated sulfite
concentration of 20 mM already gives more than 80% removal
efficiency of the NO2 inlet of 50 ppm.
From Figure 2, it can be seen that the NO2 concentrations

increased with time when sulfite was initially present, i.e., less
NO2 was absorbed as the sulfite was oxidized to sulfate. With
0.5 mM sulfite, the NO2 concentration reached the same value
as in the test with 0 mM sulfite at 1200 s; hence, it can be
assumed that all sulfites were consumed at this point and NO2
only reacted with water. With increasing sulfite concentration,
this effect (NO2 absorption rates decreasing with time) was
less significant. With 1 mM sulfite, the NO2 concentration
increased from the initial 30 ppm to around 38 ppm after 30
min. With 20 mM sulfite, the NO2 concentration remained
almost constant for the entire test. This can be explained by
the fact that only a fraction of the sulfite was consumed due to
the high initial amounts of sulfite.
Table 2 lists the concentrations of ions for selected tests

based on the results from the gas analysis and ion
chromatography of the solutions after the test. In general,
the mass balances are good. With 1 and 10 mM sulfite, the
concentration of the nitrogen-containing ions as determined
with IC is slightly higher than what is expected based on the
measurements from the continuous gas analyzer. This can be
explained by various experimental uncertainties, for e.g., in
controlling the gas flow. With 0 mM sulfite, NO2 only reacted
with water, and approximately equal amounts of nitrite
(NO2

−) and nitrate (NO3
−) were formed, validating reaction

R2. With 1 mM sulfite, mostly, nitrite was formed. Small
amounts of nitrate were also formed, indicating that reactions
R1 and R2 can take place simultaneously when the sulfite
concentration was sufficiently low due to the consumption of
NO2. In the case with 10 mM, only nitrite was formed, which
can be explained by the fact that the sulfite concentration was
sufficiently high throughout the experiment (reaction R1).
Figure 3 shows NO2 concentrations (a) and NO2 absorption

rates (b) for the tests with varying NO2 inlet concentrations
between 25 and 150 ppm, and 5 mM sulfite in the scrubber

Figure 1. Experimental setup for NO2 absorption experiments. MFC,
mass flow controller.

Figure 2. NO2 concentrations during oxygen-free scrubbing tests with varying sulfite concentrations in 50 mL of buffered solution (pH 8); initial
concentration, 50 ppm NO2/N2; flow rate, 2 Nl/min.
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solution. With 25, 50, and 100 ppm NO2, the measured NO2
concentrations were almost constant throughout the experi-
ment. With 125 and 150 ppm, the NO2 concentrations
increased slightly with time. This can be explained by
increasing sulfite consumption due to the higher NO2
concentrations. Nevertheless, initially, the ratio NO2,out/
NO2,in was 0.37 (63% NO2 absorption) independent of the
NO2 inlet concentration, i.e., the initial NO2 absorption rate
increased linearly with increasing NO2 inlet concentration.
As discussed above, the pH is also an important factor that

may influence the NO2 absorption. Sulfite can be present as
SO3

2− or HSO3
− (bisulfite), depending on the pH.48 Figure 4

shows the molar ratio of sulfite and bisulfite based on chemical
equilibrium as a function of pH together with the normalized
NO2 absorption efficiency of a sulfite solution between pH 6
and 8. The normalized value of 100% for the relative NO2
absorption efficiency represents the highest absorption rates at
pH 8, i.e., almost all dissolved sulfur is present as sulfite. It can
be seen that with decreasing pH, the absorption rates decrease.
At pH 6, the molar ratio of sulfite is around 0.7, and also, the
normalized absorption rate has been decreased to 70%,
implying that sulfite is a significantly more active agent than
bisulfite in the reaction with NO2. This is in agreement with
the results by Takeuchi31 and Shen,22 reporting roughly 40
times higher rate constants for the reaction between sulfite and
NO2 as compared to the reaction of bisulfite with NO2. These
results explain why significantly more sulfite is needed to
obtain similar NO2 absorption rates at lower pH, say 4, as
compared to neutral pH. The positive effect of a higher pH on
NO2 absorption with sulfite has also been demonstrated on a

large scale, showing a sharp increase in NO2 absorption
efficiency when the pH is increased from below 7 to above 8.45

Figure 5 shows the NO2 concentrations from absorption
tests with 50 ppm NO2 and 5% O2 and varying sulfite
concentrations. Similar to the test with 0% O2 (see Figure 2), it
can be seen that the absorption rate improves with increasing
sulfite concentration. However, in the presence of O2, the NO2
concentrations increased rapidly with time and approached the
level representing absorption in pure water (∼34 ppm). In the
test with 1 mM sulfite and 5% O2, the NO2 absorption rate was
the same as in pure water already after 100 s. In the test with
sulfite and 0% O2, this level was not reached even after 30 min.
With 20 mM sulfite and O2, the level representing the
absorption in water was reached after 520 s.
From the absorption tests under different conditions, it is

possible to estimate the sulfite concentration in the solution at
any given time point. For instance, when the used gas mixture
has an inlet concentration of 50 ppm NO2 and the
concentration is 20 ppm after the scrubber (at pH 8), it can
be estimated that the sulfite concentration in the scrubber
solution is roughly 3 mM (compare to Figure 3). Based on the
increase of the NO2 concentration during the tests, the sulfite
concentration can be estimated and, hence, also the sulfite
consumption rates. The consumption of sulfite by NO2 in the
absence of oxygen can be calculated using reaction R1. The
difference between the sulfite consumption by NO2 and the
total sulfite consumption from the experiments with O2 can
then be assumed to be the share of sulfite that is oxidized
following the radical chain mechanism due to the presence of
oxygen. Figure 6 shows the sulfite oxidation rate versus sulfite
concentration in the scrubber solution. The error bars
represent the deviation between several experimental tests
that have been used for the calculations of the oxidation rates.
Interestingly, the sulfite oxidation rates show a nearly linear
dependence on the sulfite concentration. This shows that
sulfite consumption in the presence of oxygen will be much
higher using higher sulfite concentrations for the NO2
absorption. Similar observations were also presented by
Sapkota et al, showing that the ratio of oxidized SO3

2− to
absorbed NO2 increased linearly with the sulfite concentration
between 7 and 135 mM sulfite.21

Table 1. NO2 Absorption Rates

sulfite concentration [mM] 0 0.5 1 2 5 10 20
NO2 absorption rate [μmol·L−1·min−1] 11.3 25.4 35.7 44.7 56.7 63.2 75.6

Table 2. Mass Balance for NO2, NO2
−, and NO3

−

SO3
2−

[mM]
NO2 in
[μmol]

NO2 out
[μmol]

NO2 abs.
[μmol]a

NO2
−

[μmol]
NO3

−

[μmol]
mass

balance

0 81.7b 63.1 18.6 9.3 8.3 0.95
1 122.6 82.1 40.4 45 4 1.2
10 122.6 35.6 87 107 <1 1.2

aBy difference. bLower NO2 due to the shorter reaction time in the
test, where the sample was produced.

Figure 3. NO2 concentrations after the laboratory scrubber (a) and initial NO2 absorption rates (b) with varying NO2 inlet concentrations (25−
150 ppm) in 50 mL of buffered sulfite solution (5 mM sulfite, pH 8); flow rate, 2 NL/min.
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Figure 7 shows the NO2 concentrations for the absorption
tests with 10 mM sulfite and 6 mM thiosulfate, and 2, 5, or
10% oxygen. It can clearly be seen that the NO2 absorption

rate remains higher with the addition of thiosulfate as
compared to the rate in the tests with O2 and without
thiosulfate (see Figure 6). With thiosulfate, the absorption rate

Figure 4. pH dependence of a molar ratio of sulfite species (SO3
2− and HSO3

−) and NO2 absorption efficiency (50 ppm NO2/N2, flow rate 2 Nl/
min, 50 mL of sulfite solution). NO2 absorption is given relative to absorption at pH 8.

Figure 5. NO2 concentrations during scrubbing tests with oxygen and varying sulfite concentrations in 50 mL of buffered solution (pH 8); initial
concentration, 50 ppm NO2/N2 + 5% O2; flow rate, 2 Nl/min at room temperature.

Figure 6. Oxidation rate of sulfite during the NO2 scrubbing test with oxygen vs sulfite concentration in scrubbing solution; gas inlet 50 ppm NO2/
N2 + 5% O2, 2 Nl/min, 50 mL of scrubbing solution.
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is high even after 30 min, resulting in a sulfite oxidation rate of
about 19 mg·L−1·min−1, which is more than 7 times lower than
the sulfite oxidation rate in the test without thiosulfate.
Interestingly, with 2, 5, or 10% O2, the NO2 absorption rate is
almost identical, implying that the sulfite oxidation rate (in the
presence of thiosulfate) is the same regardless of whether there
is 2, 5, or 10% O2. Thus, the reaction order of the sulfite
oxidation with respect to O2 is zero for these tests.

4. CONCLUSIONS
In the present study, the absorption of NO2 in aqueous sulfite
solutions and the role of sulfite oxidation during NO2 removal
were investigated. Various parameters such as sulfite
concentration, the pH of the scrubber solution, and NO2
inlet concentrations were investigated. NO2 absorption
experiments were performed with and without oxygen in the
atmosphere to investigate the role of sulfite oxidation in the
overall sulfite consumption and how sulfite oxidation can be
prevented by the addition of thiosulfate to the scrubber
solution. The following conclusions can be drawn.
The NO2 removal efficiency increased with increased sulfite

concentration. With 20 mM sulfite and 50 ppm NO2 inlet
concentration, the NO2 removal efficiency was 80%. The NO2
absorption rates increased linearly with the NO2 inlet
concentration. The NO2 absorption rates increased with pH.
Between pH 6 and pH 8, the absorption rate was proportional
to the ratio SO3

2−/HSO3
−.

Sulfite oxidation rates increased linearly with the sulfite
concentration in the scrubber solution during NO2 absorption
in the presence of oxygen. Sulfite oxidation rates decreased
when thiosulfate was added. The sulfite oxidation rates were
independent of the oxygen concentration in the range of 2−
10% O2. This has a major implication for industrial NO2
absorption processes: higher thiosulfate concentrations are not
needed as the oxygen concentrations increase under conditions
similar to the investigated ones.
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