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Abstract

Due to the important contribution of nitrous acid (HONO) to OH radicals in the
atmosphere, various technologies have been developed to measure HONO. Among
them, wet denuder/ion chromatography (WD/IC) is a widely used measurement
method. Here, we found interferences with HONO measurements by WD/IC based on
a comparison study of concurrent observations of HONO concentrations using a
WD/IC instrument (Monitorfor AeRosols and Gases in ambient Air, MARGA) and
long-path absorption photometer (LOPAP) at the Station for Observing Regional
Processes of the Earth System (SORPES) in eastern China. The measurement
deviation of the HONO concentration by the MARGA instrument, as a typical
instrument of WD/IC, is affected by two factors. One is the change in denuder pH
influenced by acidic and alkaline gases in the ambient atmosphere, which can affect
the absorption efficiency of HONO by the wet denuder to underestimate the HONO
concentration up to 200% in lowest pH. The other is the reaction of NO2 oxidizing
SO; to form HONO in the denuder solution to overestimate the HONO concentration,
which can be improved up to 400% in denuder solutions with highest pH values due

to ambient NHs. These processes are in particulate important in polluted east China,
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where is suffered from the high concentrations of SOz, NHsz and NO. The
overestimation induced by the reaction of NO2 and SO is expected to be growing
important with the potentially increased denuder pH due to the decrease of SO,. We
further established a method to correct the HONO data measured by a WD/IC
instrument such as the MARGA. In case a large amount WD/IC techniques based
instruments are deployed with the main target to monitor the water soluble
composition of PM>, our study can help to obtain a long-term multi-sites database of
HONO to assess the role of HONO in atmospheric chemistry and air pollution in east

China.

1. Introduction

Since the first detection of nitrous acid (HONO) in the atmosphere in 1979 (Perner
and Platt, 1979), HONO has drawn much attention due to its important contribution to
OH radicals, which are the primary oxidants in the atmosphere (Kleffmann, 2007). It
has been realized that the photolysis of HONO is the most significant OH source in
the morning when other OH sources, such as the photolysis reactions of Oz and
formaldehyde, are still weak (Kleffmann, 2007; Platt et al., 1980). In addition,
unexpectedly high HONO concentrations have been observed in the daytime and are
believed to be a major OH source even during the daytime (Kleffmann et al., 2005;
Michoud et al., 2013; Sorgel et al., 2011). Currently, the source of daytime HONO is

still a challenging topic under discussion.

Because of the important role of HONO in atmospheric chemistry and the knowledge
gap with regards to its sources, various techniques have been developed to detect the
HONO concentration in ambient air or in a smog chamber. Generally, on-line HONO
analyzers can be divided into chemical methods and optical methods. The chemical
methods include wet denuder-ion chromatography (WD/IC) (Acker et al., 2004; Febo
et al., 1993), long-path absorption photometer (LOPAP) analysis (Heland et al., 2001),
chemical ionization mass spectrometry (CIMS) (Leliévre et al., 2004) and stripping

coil-ion chromatograph (Cheng et al., 2013; Xue et al., 2019). The optical methods
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include differential optical absorption spectroscopy (DOAS) (Perner and Platt, 1979)
and incoherent broadband cavity absorption spectroscopy (IBBCEAS) (Wu et al.,
2014).

WD/IC is a widely used measurement method due to its simple design, low price, and
high sensitivity (Zhou, 2013). In a WD/IC instrument, HONO is absorbed by the
solution, converted into nitrite by the denuder and then quantified by ion
chromatography. The ambient HONO concentration is calculated from the
concentration of nitrite and volumes of the sampled air and absorption solution. Using
this method, a large number of studies have been performed to study the variation in
HONO and its sources in the atmosphere. For example, Trebs et al. (2004) reported
the HONO diurnal variation in the Amazon Basin and found relatively high HONO
concentrations during the daytime. Using WD/IC, Su et al. (2008a; 2008b) reported
the variation characteristics of HONO in the Pearl River Delta and found that the
heterogeneous reaction of NO2 on the ground surface is the major HONO source. Nie
et al. (2015) evaluated the enhanced HONO formation from the biomass burning
plumes observed in June, which is the intense biomass burning season in the Yangtze
River Delta (YRD) in China. Makkonen et al. (2014) reported a one-year HONO
variation pattern at the Station for Measuring Ecosystem-Atmosphere Relations
(SMEAR) IlI, a forest station in Finland. Recently, abundant ambient particulate
nitrite levels were also measured by WD/IC (VandenBoer et al., 2014).

However, many studies found that the HONO sampling procedures may have
introduced unintended artifacts due to NO and other atmospheric components will
generate a series of chemical reactions in the sampling tube to generate HONO
(Heland et al., 2001; Kleffmann and Wiesen, 2008). For example, NO2 will
heterogeneously react with H>O on the sampling tube wall to produce HONO (Heland
et al., 2001; Zhou et al., 2002). This interference may be related to the length of the
sampling tube and the relative humidity in the atmosphere (Su et al., 2008a). Recent
studies have shown that NO; reacts with atmospheric aerosols such as black carbon,

sand and hydrocarbons under certain conditions to produce HONO (Gutzwiller et al.,
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2002; Monge et al., 2010; Nie et al., 2015; Su et al., 2008a). Therefore, in the
presence of high concentrations of aerosols, this reaction may lead to an enhancement
of measurement interferences for the WD/IC system. In addition, when an alkaline
solution, such as sodium carbonate, was used as the wet-denuder absorbing liquid for
sampling HONO, artifact nitrous acid will be produced by the reaction between NO-
and SOz. (Jongejan et al., 1997; Spindler et al., 2003). Spindler et al. (Spindler et al.,
2003) quantified the artifact HONO on an alkaline K.CO3 surface with a pH of 9.7 in
laboratory experiments. However, their results were only applicable for concentrated
alkaline striping solution (ImM K>CO3), which limited the application for quantifying
the artifact HONO by the other WD/IC instrument with different denuder solution
(Spindler et al., 2003; Su et al., 2008a). As an alternative, Genfa et al. (2003) used
H20, as the absorption liquid to absorb HONO. Since H,O> can rapidly oxidize the
produced S(IV) to sulfate, and interrupt the reaction pathway of NO; and SO; to form

NO>", which will eliminate the measurement error.

Though many efforts was conducted on the interferences of WD/IC, an
intercomparison between WD/IC and a technology with less interference is still
needed in the field observation(Zhou, 2013). Only limited studies have been
conducted on field comparisons between WD/IC and other reliable technologies.
Moreover, the performance of WD/IC for HONO measurement is quite different
under different environmental conditions. For example, Acker et al. (2006) showed a
suitable correlation between WD/IC and coil sampling/HPLC during a HONO
intercomparison campaign in an urban area of Rome (r>=0.81, slope=0.83). Su et al.
(2008b) found that WD/IC, on average, overestimated the HONO concentration by
1.2 times compared to the LOPAP measurement. However, when the same system
was used for comparative observations in Beijing, the HONO concentration from the
WD/IC measurement was overestimated by approximately 2 times (Lu et al., 2010).
This phenomenon also indicates that the performance of WD/IC in the measurement

of HONO is environmentally dependent.

To solve the complex atmospheric pollution problem in eastern China, a large number
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of two-channel WD/IC instruments represented by Monitor for AeRosols and Gases
in ambient Air, MARGA) instruments was widely used to obtain aerosol composition
information, as well as acid trace gas levels, including HONO (Stieger et al., 2018).
Those database will greatly improve the understanding of air pollution in China.
However, the application of HONO data was limited because of the measurement
uncertainty. Therefore, the major purpose of this study is to try to evaluate the
measurement uncertainty of WD/IC and increase reliability of HONO database
obtained by MARGA or similar instruments. For the purpose, a MARGA and more
accurate equipment (LOPAP) were used to simultaneously measure the HONO
concentration at the Station for Observing Regional Processes of the Earth System
(SORPEYS) in the YRD of East China. We evaluated the performance of the WD/IC
instrument in measuring HONO concentrations and analyzed the source of
measurement inference based on the atmospheric composition data from SORPES.
Based on the understanding of the interference factors, a correction function was

given to correct the HONO data measured by MARGA.

2. Experiment

2.1 Observation site
The field-intensive campaign was conducted from December 2015 to January 2016 at

the SORPES station in the Xianlin campus of Nanjing University (Ding et al., 2013c).
SORPES station is a regional background site located on top of a hill (118°57'10" E
and 32°07'14" N; 40 m a.s.l.), eastern suburb, approximately 20 km from downtown
Nanjing. The station is an ideal receptor for air masses from the YRD with little
influence from local emissions and urban pollution from Nanjing. Detailed

information about SORPES can be found in Ding et al. (2016).

2.1 Instrumentation
The fine particulate matter (PM..s) and trace gas (SO2, O3, NOx, and NOy) levels were
measured by a set of Thermo Fisher analyzers (TEI,5030i, 43i, 49i, 42i, and 42iy).

The MoO convertor of NOy analyzer was replaced by a blue light convertor to avoid
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the NO2 measurement interference (Xu et al., 2013). The water soluble ions of PM2s
were determined by MARGA. For details on these instruments, please refer to Ding et

al. (2016). The following section will focus on the measurement of HONO.

The WD/IC instrument for the HONO measurement used in our study was a Monitor
for AeRosols and Gases in ambient Air for ambient air (Metrohm, Switzerland,
MARGA) (Xie et al., 2015). MARGA was located in the top floor of the laboratory
building with the sampling inlet of 3m. The sampling system of the MARGA
instrument comprised two parts: a wet rotating denuder for gases and a steam jet
aerosol collector (SJAC) for aerosols, which worked at an air flow rate of 1 m* h.
The trace gases, including SO., NHz, HONO, HCI, and HNO3, were absorbed by the
H>0> denuder solution with a concentration of 1mM. Subsequently, the ambient
particles were collected in the SJAC. Hourly samples were collected in syringes, and
analyzed with a Metrohm cation and anion chromatograph using an internal standard

(LiBr). In our experiments, the flow rate of the absorption solution was 25 ml/hour.

As the intercomparison technology, HONO was also observed by a LOPAP (QUMA,
Germany) with a 1-2 cm sample inlet before the sample box. The ambient air was
sampled in two similar temperature-controlled stripping coils in series using a mixture
reagent of 100 g sulfanilamide and 1 L HCI (37% volume fraction) in 9 L pure water.
In the first stripping coil, almost all of the HONO and a fraction of the interfering
substances were absorbed in the solution named R1. In the second stripping coil, the
remaining HONO and most of the interfering species were absorbed in the solution
named R2. After adding 0.8 g N-naphtylethylenediamine-dihydrochloride reagent in 9
L pure water to both coils, a colored azo dye was formed in the solutions of R1 and
R2, which were then separately detected via long-path absorption in special Teflon
tubing. The interference-free HONO signal was the difference between the signals in
the two channels. The method was believed to be an interference-free method for

HONO measurement.



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

3. Results and discussion

3.1 Performance of MARGA for measuring atmospheric HONO

During the observation period, the HONO concentration measured by LOPAP
(HONOiopap) varied from 0.01 to 4.8 ppbv with an average value of 1.1+0.77 ppbv,
and the HONO concentration measured by the MARGA instrument (HONOmarga) Was
0.01- 9.6 ppbv, with an average value of 1.52+1.21 ppbv. The comparison between
HONOiopap and HONOmarga Values is shown in Figure 1. The ratio of HONOmarga t0
HONOiopap Vvaried from 0.25 to 5, but HONOmarga Was higher than HONOjopap during
most of the observation period (>70%). The average diurnal variations of HONO
marga and HONO lopap, as shown Figure 1b, HONO marga /HONO lopap ratios
were higher at night, and especially in the morning, which were different from the
results of Muller et al. (1999) who found the remarkable overestimation of HONO by
WD/IC usually occurred during daytime. Meanwhile, the correlation between the
HONO concentrations measured by WD/IC and by another techniques varied in
different studies. The slope of HONO lopap to HONO marga measured by this study
was approximately 0.57 (with a correlation coefficient of r2=0.3) which was within
the large range of 0.32-0.87 reported by the limited comparison investigations on
HONO measurements using a WD/IC instrument and LOPAP at four sampling sites
including SORPES of a suburban site in YRD (this work), YUFA of a rural site in
southern Beijing, PKU of a unban site in Beijing (Lu et al., 2010) and Easter Bush of
a forest site in south of Edinburgh (Ramsay et al., 2018). Such large variation of the
slopes at the different sampling sites may indicate that the performance of WD/IC in

the measurement of HONO is environmental dependent.

Here, the relationship between the measurement deviations and atmospheric
compositions, including aerosols and major trace gases, during the observation was
further analyzed, as shown in Figure 2. As the major precursor of HONO, the
heterogeneous reaction of NO2 on the sampling tube or aerosol may introduce the

artificial HONO (Kleffmann et al., 2006; Gutzwiller et al., 2002; Liu et al., 2014; Xu
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et al., 2015). In our study, the results showed that the correlation between the
deviations of HONOmarga With regards to NO2 and PM:5 is weak, thereby indicating
that the hydrolysis of NO> on the tube surface or in PM2s is not the major contributor
resulting in the measurement deviation of HONO. However, the measurement
deviation was notably affected by the ambient SO, (Figure 2c) and NHz (Figure 2d).
Compared to HONO\opap, HONOmarga Was significantly higher at a high concentration
of SO, and had the opposite trend at a high concentration of ammonia. A reasonable
extrapolation was that SO, and NHzs, as the main acid gas and alkaline gas in the
atmosphere, were absorbed by the denuder solution in the process of sampling HONO.
This process will impact the pH of the denuder solution and further change the
absorption efficiency of HONO (Zellweger et al., 1999). In a real atmosphere,
ambient SO> will be rapidly oxidized to sulfuric acid by H2O> in the denuder solution
(Kunen et al., 1983), thereby lowering the pH. Similar to SOz, ammonia in the
atmosphere is hydrolyzed to NHs* and OH-, which increases the pH of the denuder
solution. The variation in the pH of the denuder solution caused by atmospheric
composition, specifically the condition of a high SO2 concentration, will ultimately

affect the absorption efficiency of HONO by the denuder.
3.2 The influence of the denuder pH on HONO measurement by MARGA

According to previous studies by Zellweger et al. (1999), the absorption efficiency of
the denuder for HONO is mainly affected by the pH of the denuder solution, the flow
rate of the absorbing liquid, the gas flow rate and the effective Henry coefficient of
HONO, as shown by formulas 1 and 2.

_ fa
&= fg/Heff+fa (qu)

Heff = H(]. +%) (Eq2)

where H is the Henry constant of HONO, Hes is the effective Henry constant, Ka is
the dissociation constant, and fa and fg are the flow rates (ml min™) of the aqueous

and gaseous phase, respectively.

The absorption efficiency of the MARGA (g) instrument for HONO as calculated
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according to Eqg.1 and Eq.2 is shown in Figure 3a. The absorption efficiency was
sensitive to the pH of the denuder solution. Therefore, estimating the pH of the
denuder solution was the first step and the key issue to evaluate the measurement

deviation of HONO by WD/IC.

Here, we attempted to use the ion concentration of the denuder solution (S04, NOs,
NOz, CI, Mg?*, Ca®", NH4*, Na*, and K*) measured by MARGA to inversely derive
the pH of the denuder solution. The calculation of the pH was conducted with
Curtipot, which is a simple software program that provides a fast pH calculation of
any aqueous solution of acids, bases and salts, including buffers, zwitterionic amino
acids, from single components to complex mixtures (http://www.iq.
usp.br/gutz/Curtipot_.html). As input of the model, SO4>, NOs", NO2", and NH4* ions,
which accounted for more than 98% of the total ions, were used. To verify the
reliability of the calculation, a pH detector (Metrohm, 826 PH) was used to measure
the pH of the denuder solution, which was collected in a clean glass bottle when the
denuder solution was injected into the IC instrument. In order to adjust the pH of
denuder solution, SO with concentration of 0, 5, 10, 20, 40, 80 and 100 ppbv were
injected into the sampling line with the NH3 concentration around 10-15 ppbv. During
the test, 13 samples were collected, and the pH results are shown in Figure 3b. When
the pH value was lower than 5.6, the calculated pH (pH_a was close to the measured
value (pH_c), but when the value was higher than 7, pH_a was notably higher than
pH_c. These results should be attributed to the buffering effect of carbonic acid in the
denuder solution, which was exposed to the atmosphere. When the equilibrium
between the CO. and the carbonic acid in the denuder solution was reached, a
carbonic acid buffer solution with a pH of 5.6 formed in the denuder solution with a
dissolved CO, concentration of 1.24*10° M (Seinfeld and Pandis, 2016; Stieger et al.,
2018). Additionally, when the NH4" concentration was higher than the total anion
concentration in the denuder solution (S04%, NO*, NO", and CI"), more CO would
be dissolved in the denuder solution, and the excess dissolved CO> could be equal to

the excess NH4*. After including the buffering solution of carbonic acid and excess
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COg, the calculation of the pH values denoted as pH_b, and pH_b was in good
agreement with the actual measurement results (pH_c), which confirmed the
feasibility of Curtipot to calculate the pH of the denuder solution. Therefore, the pH
of the denuder solution during the observation period was calculated by the above

method.

Under ideal conditions, the pH of the denuder absorption solution in MARGA (1mM
H>0>) was approximately 6.97, and the absorption efficiency of MARGA for HONO
should be 98% or higher under clear conditions. However, during the observation
period, the calculated pH of the denuder solution varied from 4 to 7 due to the
ambient SO, and NHz3 (Figure 4). Therefore, HONOmarga Was underestimated due to
the low absorption efficiency caused by the low pH. In other words, the
HONOmarga/HONO)pap ratio will increase with decreasing pH. Assuming that the
measurement deviation of HONOmarga Was only impacted by the collection efficiency,
the HONO opap/HONOmarga ratio should be 1/ (or HONOmarga/HONO opap=€). However,
most of the observed HONOiopap/HONOmarga ratios were lower than 1/e (Figure 4),
thus indicating that HONOmarga had still been overestimated even when the deviation

of HONO caused by the variation in the denuder pH was corrected.

3.3 The artifact HONO due to NO:2 oxidizing SO2

To further analyze the MARGA measurement deviation of HONO, we first eliminated
the influence of the denuder absorption efficiency on the measurement deviation

according to the below correction formula.

MARGAint =HONOwargs-HONOLopap*s(pH)  (Eq.3)

where MARGA:n. is the additional HONO produced during the sampling process.

In previous studies, the interference of HONO in the denuder solution mainly came
from the NO- hydrolysis reaction and the reaction between NO, and SO (Febo et al.,
1993; Spindler et al., 2003). In the study by Spindler et al. (2003), approximately
0.058% of NO, was hydrolyzed to HONO that indicate NO2 hydrolysis reaction
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contributed little to the artificial HONO in the denuder solution. In this study, a
similar ratio (0.060%) was found at a low PH (<4.5) when the level of artifact NO>
from the reaction between NO, and SO, was low (this part is discussed in the below
section). However, the oxidation of SO; with NO2 may have contributed to
MARGAIn. in the basic or slightly acidic denuder solution (Jongejan et al., 1997,
Spindler et al., 2003; Xue et al., 2019). In this study, the correlation between
MARGAInt. and SO2*NO- is shown in Figure 5(b). Compared to the study by Spindler
et al. (2003), where the correlation with SO2*NO> was linear in an alkaline solution,
the relationship between MARGAI. and SO>*NO, was dependent on the pH of the
denuder solution. The generation rate of HONO by SO,*NO, was low when the pH
was <5, but would significantly increase with the pH. This discrepancy with the study
of Spindler et al. (2003) should be due to the additional H2O, in MARGA's denuder

solution competitive oxidizing SO..

The competition of SO, oxidation by H202 and NO: in the atmosphere has been well
studied (Hoffmann and Calvert, 1985; Seinfeld and Pandis, 2016). Due to the
presence of H2O- in the denuder solution, the similar competition oxidation process of
SO will also occur in the denuder solution. First, ambient SO, undergoes a hydrolysis
reaction when it is absorbed by the denuder solution. The reaction is shown in R1, and
the fraction of the three components (aH2S0s3, aHSOs", and aSOs?) is affected by the
denuder pH (Figure 7a). After that, HSOs and SOs* are simultaneously oxidized by
H202 and NO> (Seinfeld and Pandis, 2016).

SO2+H20—H,S03+HSO5 +S03* R1
HSO3+H20,—S0s*+H*+H,0 R2
HSO3+NO2,—NO, +SO3+H"* R3
SOs*+NO2— NO2+S03" R4

Here, the reaction ratios of SO, oxidized by H202 (PH202+s) and NO2 (Pno2+s) in the
denuder solution are shown in Figure 6b. The concentration of H202 ([H202(aq)]) is

1mM, the concentration of ambient NOz ([NO2]) and SO ([SO2]) was assume as 1
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ppbv, respectively. Because of the low solubility of NO-, the aqueous NO2 [NO2(aq)]

in the denuder solution is balanced with [NO2] in Henry's law.
[NO2(aq)]=[NO2]*Hno2 (Eq.4)

Compared to the gas and aqueous phase equilibrium of SO2(g) and S(IV)(aq) in the
ambient air or cloud, almost all the SO, was absorbed by the denuder solution of
1mM H20, (Rosman et al., 2001; Rumsey et al., 2014), therefore the concentration of
[S(IV)] (HSO3, SOs*,H,S0s) in the denuder solution was determined by [SO;],
sampling flow and the flow of denuder liquid. For example, [S(IV)] should be
8.34*10° M for the air flow of 16.67 L/min, liquid flow of 0.08 ml/min and 1 ppb
SO;. Thereby the [HSOs'(aq)] and [SOs*(aq)]was determined by the pH and [S(IV)]
at the beginning of the oxidation reaction by H>O. or NO..

[S(IV)]= [SO2]* fg/fa (Eq.5)
[HSO3 (aq)]= [S(IV)]* aHSOs™ (Eq.6)
[SOs%(ag)]= [S(IV)]* aSOs>  (Eq.7)

The result is as shown in Figure 6. In the case of a lower pH, more HSO3™ would be
present in the solution. At this point, the oxidation of SO in the solution was mainly
due to H20,. With the increase in pH, the HSOs  concentration of the solution
decreased, while the SOz concentration of the solution increased. The role of NO in
the oxidation of SO gradually increased, and the ratio of Pno2+s/Psqv) rose rapidly
and remained at nearly 100% at a pH of 8, which indicated that almost all SO> was
oxidized by NO at this point.

Now, the question was whether the observed MARGA.nt. could be explained by the
reaction between SO, and NO2. This question could be answered by comparing
MARGAInt/(SO2*NO2) and Pnoz+s/Psqv) because NO2~ was formed in the denuder
solution only when SO, was oxidized by NO.. Here, the correlation between the
MARGAInt. production rate and SO2, NOz and the denuder pH is also shown in Figure
7(a). MARGAIn/(SO2*NO2) was in good agreement with the theoretically calculated

Pno2+s/Psqv), thereby confirming that the chemical reaction between SO, and NO> did
lead to the additional HONO production, which then resulted in the MARGA
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overestimations of the HONO measurements. Additionally, under the condition of 1
ppb NO: concentration, as well as a range of the denuder pH of 4 to 7, only
approximately 10% of the SO, was oxidized by NO-, which indicated that MARGAnt.
was low. However, during our observation, there was up to 50 ppbv NO-. Under these
conditions, the oxidation of SO, by NO, was greatly elevated. As shown in Figure 7b,
the high NO2 concentrations of the ambient air (circle dots) were consistent with the
Pno2+s/Psqvy values calculated from ambient air NO2 concentrations (black squares),
which also confirmed the results.

In the reaction of SO, and NOg, pH is the limiting factor. In the low pH, the dissolved
SO: in denuder solution major presented as the HSO3", which will be rapidly oxided
by H2O.. In a real atmosphere, NHs is the major basic species to maintain the high pH
of denuder solution. Therefore, NHs is the key composition influencing MARGA x..
Figure 8 shows the scenario of calculating MARGAIn. from the reaction between SO»
and NO2 with ambient NH3 concentrations of 5 ppbv and 20 ppbv. As shown in the
figure, in the case of the 5 ppbv NH3 concentration, the denuder pH would rapidly
decrease with increasing SO> concentration. At this point, the formation process of
MARGA.nt. from SO, and NO> was limited. However, for a high NHz concentration,
the pH of the denuder solution would slowly decrease due to neutralization of NHz by
sulfuric acid. A concentration of 1.2 ppb of artifact HONO could be produced with a
NO- concentration of 40 ppbv and a SOz concentration of 4 ppbv. MARGAInt. would

be greatly improved at a high concentration of NHa.

In east China, NH3 concentration is in general high, and keep increasing 30% from
2008 to 2016 in NCP (Liu et al., 2018). Especially in summer, NH3 concentration can
be up to 30 ppb (Meng et al., 2018). In contrast, the SO2 concentration is gradually
decreasing due to the emission reduction from 2008 to 2016 (around 60%), with the
concentration lower than 5 ppb frequency observed. In such case, the pH of the
denuder solution in the WD/IC instrument will be further enhanced, which will in turn

further aggravate the deviation of the HONO measurement.
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3.4 The correction for the HONO measurement interference

According to the above results, the deviation of MARGA for the HONO measurement
could be caused by two factors: one is the low sampling efficiency of the denuder
solution at low pH, and the other is the external NO>™ that is produced by the reaction
between SO, and NO: at high pH. In this study, we attempted to correct the
measurement deviation of HONO accordingly. The correction formula is as follows:

MARGA_correct=(HONOmarga-SO2*NO2*PpH)-NO2*0.0056)/ € pHy (EQ.8)

The calculation results are shown in the Figure 9 (a). After correction, there was a
significant improvement in the measured HONO by MARGA, and the r? value
between HONOmarga and HONO)opap increased from 0.28 to 0.61, specifically in the
high concentration range of HONO. However, when the concentration of HONO was
low, the degree of improvement was limited. To find the reason for the uncertainty of
correction, the residual analysis was made. The residual was the difference between
MARGAI. and calculated interference from SO2*NO2*PH)-NO2*0.0056. The
dependency of residual/NOz on RH is similar with that of ambient HONO/NO; on RH
which was observed in many other studies (Li et al., 2012; Yu et al., 2009), and
indicate the NO. heterogeneous reaction or the reaction of SO> and NO> in the
sampling tube may be another factors impacting the HONO interference (Su et al.,

2008).

Moreover, the uncertainty of correction HONOmaga may have been attributed to
another two reasons. One is the uncertainty of the pH of the denuder solution. The pH
of the denuder solution was calculated according to the ions formed from the
absorbed gas in the denuder solution with a residence time of 1 hour, whereas the
oxidation of SOz occurred in real time when the pH of the denuder solution also
varied. Additionally, the low concentration ions (<5*10° M) in the denuder solution
will induce uncertainties in calculating the pH. Another reason is the uptake
coefficient of the denuder solution. NO2 (g) is weakly soluble in pure water with a
Henry’s law constant (H) of ~ 0.01 M atm™2, which was used in this study. However,

previous studies have shown that the anions in the liquid greatly enhance the NO2 (g)
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uptake by two or three orders of magnitude (Li et al., 2018). This process may
influence the calculation of the dissolved NO2 content and its hydrolysis. The
accuracy of the uptake coefficient was difficult to determine, which might be one of
the reasons for the underestimation of MARGAIn. for the reaction between SO, and

NO: at a high concentration of NO> (Figure 7b).

In addition to the correction, an alternative way to use HONOmarga IS to select the
suitable conditions where the measurement interference is limited. In ambient air, SO>
and NHsz are the key pollutants resulting in the HONO measurement deviation.
According to our observations, under the clear condition of SO>*NO> lower than 150
ppbv? (median value) and a NH3 content lower than 5 ppbv (median value), MARGA
showed a much better performance for measuring the HONO concentration. The latter
was also the possible reason for the suitable performance of WD/IC in measuring

HONO concentrations in previous studies (Acker et al., 2004; Ramsay et al., 2018).
3. Conclusion

We conducted a field campaign at the SORPES station in December 2015 to evaluate
the performance of MARGA for measuring ambient HONO concentrations with the
benchmark of LOPAP. Compared with HONOiqpap, @ notable deviation in HONOmarga
was observed between -2 and 6 ppb, and the ratio of HONOmarga/HONOjopap ranged
from 0.4 to 4. When the SO, concentration in the atmosphere was high, a negative
deviation occurred, and when the NH3z concentration was high, a positive deviation

occurred.

Through further analysis of the pH of the denuder solution and the oxidation of SO in
the denuder solution, the deviation of the measurement of HONO by MARGA is
mainly due to two reasons. One is that an acidic-alkaline gas component in the
atmosphere enters the denuder solution of the instrument, thereby causing the denuder
pH to change, affecting the absorption efficiency of MARGA for HONO. Another
reason is that NO> oxidizes the SO absorbed in the denuder solution, and the reaction

is generally improved with a higher pH of the denuder solution in the presence of high
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concentrations of NHsz and NO». The additional formation of HONO led to the
MARGA measurement error of HONO.

Based on the understanding of the interference factors, we established a method to
correct the HONO data measured by MARGA. Compared with LOPAP, the HONO
measurement results were improved after the correction, but the improvement was
limited at a low concentration of HONO. Moreover, under the clear conditions of low
concentrations of SOz, NO., and NH3, MARGA will have a better performance for the

measurement of HONO.
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Figure 1. The time series of HONO concentrations measured by the LOPAP
(HONOiopap) and MARGA instruments (HONOmarga), the deviation of HONOmarga
including AHONO (HONOmarga - HONOiopap ) and AHONO/HONO, with regards to
the benchmark of HONO (a), the average diurnal variations (b) and their scatter plot

during the observation period (c).
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Figure 3. The absorption efficiency of HONO by the denuder at different pH values (a)
and denuder absorption solution pH values in 13 denuder solution samples (b). pH_a
was calculated by the ions by Curtipot according to the NHs*, SO4%, NOs’, and
NO2(PH_a) ions, which were measured by IC. pH_b was calculated by the above

ions and the carbonic acid. Ph_c was measured value by a pH detector.
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642 Figure 4. Variation in the ratio of HONO)opap to0 HONOmarga With the denuder
643 absorption solution pH. The red line is the multiplicative inverse of the HONO
644 absorption efficiency of MARGA.
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Figure 5. The scatter plot between the MARGAInt and NO2 (a), SO2*NO> (b). The

plot was colored as a function of the denuder pH
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659  Figure 6. The fraction of S(1V) species (aHSOs", aSOs%, and aH2S0s) as a function of
660 the pH (a) and the formation rate of aqueous-phase oxidation of S(IV) by H20, and
661 NO: as a function of the pH for [SO2]=1 ppb, [NO2]=1 ppb, and [H20:] in the

662 denuder solution=1.Pn202+s and Pnoz+s are the oxidation ratio of S(IV) by H20; and

663 NO., respectively (b).
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Figure 7. (a) Variation in the production rate of the artifact HONO from 1 ppbv SO>
and 1 ppbv NO2 with the denuder pH and (b) the variation in MARGAIn/SO> with the
pH of the denuder solution (circle dots) and calculated Pno2+s/Psqv) for different pH

values according to the ambient NO- (black squares).
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Figure 8. The HONO produced from the reaction between NO. and SO- in the
presence of 5 ppbv (a) and 20 ppbv NHs concentrations (b). The black line is the

variation in the pH with the SO- concentration.
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692 Figure 9.The correlation between HONOmarga_corr and HONOiopap (2) and the
693 correlation between HONOmarga and HONOIlopap under the conditions of
694 S02+NO2 < 150 ppbv? (median value) and NHs< 5 ppbv (median value) (b).
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702 MARGAI.:. and the calculated interference from the reaction of SO, and NO»
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