
1. Introduction
Mineral dust is an important component of tropospheric aerosols (Ginoux et al., 2012; Textor et al., 2006), 
and can be transported over thousands of kilometers in the troposphere after being lifted from arid and 
semi-arid regions (Prospero & Mayol-Bracero, 2013; Uno et al., 2009). During transport, mineral dust par-
ticles may undergo heterogeneous and multiphase reactions with trace gases (Crowley et al., 2010; M. J. 
Tang et al., 2017; Usher et al., 2003), such as nitrogen oxides (NOx). Heterogeneous reaction of mineral dust 
with NO2, an important nitrogen oxide in the troposphere, may contribute significantly to the formation of 
aerosol nitrate and HONO (an important precursor of OH radicals) (Kumar et al., 2014; J. Li et al., 2012; 
Ndour et al., 2008; Y. Tang et al., 2004), and could thus affect the formation of O3 (Dentener et al., 1996; Ku-
mar et al., 2014; J. Li et al., 2012; Ndour et al., 2008; Y. Tang et al., 2004) and secondary aerosols (Dentener 
et al., 1996; Kumar et al., 2014; J. Li et al., 2012; Y. Tang et al., 2004). As a result, this reaction is of great in-
terest and has been examined by a number of laboratory studies (Angelini et al., 2007; Borensen et al., 2000; 
El Zein & Bedjanian, 2012; H. J. Li et al., 2010; R. Li et al., 2020; C. Liu et al., 2017; Y. Liu et al., 2015; Ndour 
et al., 2008; Tan et al., 2016; Underwood et al., 1999; Zhang et al., 2012; Zhou et al., 2015).

Mineral dust is very complex and contains a variety of minerals (Journet et al., 2014; Nickovic et al., 2012; 
Scanza et al., 2015; M. J. Tang et al., 2016), among which calcite (CaCO3) is abundant and reactive (Usher 
et al., 2003). To our knowledge, only two previous studies (H. J. Li et al., 2010; Tan et al., 2016) measured 
uptake coefficients of NO2, γ(NO2), onto CaCO3 particles, and both studies used diffuse reflectance infrared 
Fourier transform spectroscopy (DRIFTS) and ion chromatography (IC) to quantify nitrate formation due to 
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heterogeneous reaction with NO2. The initial γ(NO2) were measured to be (4.25 ± 1.18) × 10−9 when relative 
humidity (RH) was <10% and slightly decreased to (2.54 ± 0.13) × 10−9 at 60%–71% RH (H. J. Li et al., 2010). 
A later study (Tan et al., 2016) found that increase in RH from <1% to 40% would reduce initial γ(NO2) from 
(3.34 ± 0.14) × 10−9 to (2.04 ± 0.07) × 10−9, while further increase in RH to 80% did not lead to significant 
change in γ(NO2). In both studies (H. J. Li et al., 2010; Tan et al., 2016), multiple layers of CaCO3 particles, 
placed in sample holders, were exposed to NO2, and γ(NO2) were calculated assuming that surfaces of all 
the particles were available for NO2 uptake; however, this assumption may not be valid. Therefore, surface 
areas available for heterogeneous uptake may have been overestimated and uptake coefficients underesti-
mated by a few orders of magnitude, as well documented in previous work (Crowley et al., 2010; M. J. Tang 
et al., 2017; Underwood et al., 2000).

The hygroscopicity of unreacted CaCO3 is very low (Chen et al., 2020; Gustafsson et al., 2005; Ma et al., 2012; 
Sullivan et al., 2009a). Heterogeneous reactions of CaCO3 with acidic trace gases produce more soluble and 
hygroscopic specie (for example, Ca(NO3)2) (Gibson et al., 2006; Guo et al., 2019; Sullivan et al., 2009a; M. J. 
Tang et al., 2016). This is supported by a number of field studies (Laskin et al., 2005; W. J. Li & Shao, 2009; 
Matsuki et al., 2005; Pan et al., 2019; Shi et al., 2008; Tobo et al., 2010) which found that some Ca-contain-
ing dust particles in the troposphere may exist as aqueous droplets, instead of solid particles as they were 
when freshly emitted. Laboratory work also showed that heterogeneous reactions with acidic trace gases 
could significantly enhance hygroscopicity of CaCO3 (Al-Abadleh et al., 2003; Hatch et al., 2008; Krueger 
et al., 2003; Y. J. Liu et al., 2008; Ma et al., 2012; Sullivan et al., 2009b; Wang et al., 2018) and authentic min-
eral dust particles (Sullivan et al., 2010; Vlasenko et al., 2006). For example, after heterogeneous reaction 
with gaseous HNO3 at 41% RH, solid CaCO3 particles were transformed to deliquesced droplets (Krueger 
et al., 2003), due to the formation of highly hygroscopic Ca(NO3)2. In addition, it was found that HNO3-re-
acted CaCO3 could take up significant amount of water even at very low RH (∼9%) (Al-Abadleh et al., 2003). 
Only one previous study (Y. J. Liu et al., 2008) explored the impacts of heterogeneous reaction of NO2 on 
hygroscopic properties of CaCO3, using micro-Raman spectroscopy coupled to a reaction cell in which RH 
could be well controlled. They found that after reaction with 100 ppmv (∼2.5 × 1015 molecule cm−3) NO2 at 
37% RH for 50 min, CaCO3 particles were converted to CaCO3/Ca(NO3)2 particles which displayed much 
higher hygroscopicity and became deliquesced at ∼10% RH; however, the amount of particulate water as-
sociated with reacted CaCO3 particles was not quantified. The very limited laboratory work precludes us 
assessing to which extent heterogeneous reaction with NO2 can increase hygroscopicity of CaCO3 in the 
troposphere.

To better understand the impacts on nitrate formation and aerosol hygroscopicity, we employed a fixed-bed 
reactor to investigate heterogeneous reaction of CaCO3 particles with NO2 as a function of RH (0%–80%). 
The change in particle composition was measured offline using ion chromatography. NO2 concentrations 
used in previous studies (H. J. Li et al., 2010; Y. J. Liu et al., 2008; Tan et al., 2016) were around or above 
∼2.5 × 1015 molecule cm−3, at least one order of magnitude higher than those used in our work; therefore, 
compared to previous studies, NO2 concentrations used in our work are closer to typical ambient levels. In 
addition, water uptake of unreacted and reacted CaCO3 particles were measured offline using a vapor sorp-
tion analyzer, to determine the change in particle hygroscopicity. In our work laboratory, experiments were 
designed in a way so that we could monitor changes in both composition and particulate water of CaCO3 
during heterogeneous reaction with NO2 under different conditions.

2. Methodology
2.1. Heterogeneous Reaction With NO2

2.1.1. Preparation of CaCO3 Particles

CaCO3 (>99.5% Alfa Aesar) particles used in our work have a BET surface area of 2.18 ± 0.01 m2/g and an 
average diameter of 3.12 ± 0.56 μm (Chen et al., 2020). The particle-loaded filters used for heterogeneous re-
actions were prepared according to the procedure used in our previous work (R. Li et al., 2020): (a) approxi-
mately 250 mg CaCO3 particles were transferred into 500 mL HPLC-grade ethanol, and the CaCO3/ethanol 
mixture (0.5 g/L) was stirred using a magnetic stirrer to keep it homogeneous; (b) 10 mL aqueous mixture 
was transferred onto a PTFE filter (47 mm in diameter, Whatman, USA) to form a particle film on the filter 
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after ethanol was evaporated; (c) the mass of CaCO3 particles on individual filters prepared was determined 
to be 5.0 ± 1.0 mg, via measuring the mass of filters before and after CaCO3 particles were loaded. Particles 
were fairly evenly distributed on the filters, as confirmed by visual inspection.

The density of CaCO3 is 2.93 g/cm3. If we assume that CaCO3 particles are spherical (with an average diam-
eter of 3.12 μm), it is estimated that <1 layer of particles (around 0.6 layer, to be more precise) was formed 
on the PTFE filters; nevertheless, some CaCO3 particles deposited on the filter may overlap with each other, 
thereby potentially shielding some surfaces from NO2 uptake. In addition, because in our experiments the 
NO2 flow was transferred through the particle-loaded filter (see Section 2.1.2), it is justified to assume that 
all the CaCO3 particles on the filter were exposed to NO2.

2.1.2. Fixed-Bed Reactor

The fixed-bed reactor used to investigate heterogeneous reaction with NO2 is similar to that described in our 
previous work (R. Li et al., 2020), and a brief description is provided here. As shown in Figure 1, three flows, 
including a dry synthetic air flow (>99.999%, Huate Gas Co., Foshan, China), a humidified synthetic air 
flow, and a NO2 flow from a NO2/air cylinder (1,000 ppmv, National Institute of Metrology, Beijing, China), 
were mixed in order to obtain desired RH (0%–80%) and NO2 concentrations (10 ± 0.5 or 2.0 ± 0.1 ppmv, 
i.e., 2.5 × 1014 or 5.0 × 1013 molecule cm−3). The humidified synthetic airflow was generated by passing a dry 
synthetic airflow through two water bubblers in series. All the three flows were regulated with mass flow 
controllers (MFC): the dry and humidified synthetic airflows had a total flow rate of 200 sccm (standard 
cubic centimeter per minute), and the NO2 flow was set to 2 or 0.4 sccm.

The following procedure was adopted to investigate heterogeneous reaction of CaCO3 particles with NO2: 
(a) the mixed flow was delivered through a blank PTFE filter housed in a fluorinated ethylene propylene 
(FEP) filter holder (Savillex, Eden Prairie, MN, USA); (b) when the NO2 concentration was stable, the mixed 
flow was redirected through a particle-loaded PTFE filter (housed in another FEP filter holder) to initiate 
the heterogeneous reaction; (c) after a given period (3–24 h, in our work), the mixed flow was delivered 
through the blank filter again to terminate the reaction, and the particle-loaded filter was taken out from 
the filter holder and stored in a sealed plastic disk (which was placed in a desiccator) for analysis. The 
mixed flow exiting the filter holder was diluted by filtered lab air to 500 sccm (cubic centimeter per min) 
and sampled into a NO/NOx analyzer (T200, Teledyne Instruments, USA) to monitor NO2 concentrations 
with a stated detection limit of 0.4 ppbv, and the measured NO2 concentrations could be used to calculate 
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Figure 1. Schematic diagram of the fixed-bed reactor used to study heterogeneous reaction of NO2 with CaCO3 
particles. A blank PTFE filter was housed in the left filter holder, and a particle-loaded filter was housed in the right 
filter holder.
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NO2 concentrations in the filter holder after taking into account the dilution by filtered lab air (diluted by a 
factor of 2.3). Since NO2 concentrations were <0.1 ppmv in filtered lab air, the influence of NO2 contained in 
filtered lab air on the measured NO2 concentrations could be neglected. In addition, no difference in meas-
ured NO2 concentrations was observed when the NO2 flow was passed through the blank filter or through 
the particle-loaded filter (Figure S1), suggesting that the loss of NO2 due to its uptake onto CaCO3 was very 
small in our experiments. All the experiments were conducted at room temperature (24 ± 2°C).

2.2. Measurement of Particle Composition and Hygroscopicity

After heterogeneous reaction with NO2, the particle-loaded filter was divided into two parts: the first part 
consisted of 10 filter aliquots (each with a diameter of 4 mm) punched from the original filter, and in this 
work the remaining part of the original filter was referred to as the second part.

The first part of the filter was first delivered into the sample crucible of a Q5000 vapor sorption analyzer 
(VSA, TA instruments, Delaware, USA) to examine water uptake as a function of RH. As described in our 
previous studies (Chen et al., 2020; Gu et al., 2017; M. J. Tang, Zhang, et al., 2019), this instrument measures 
mass change of samples due to water uptake to determine their hygroscopicity, and the following procedure 
was employed in this work: (a) the sample was dried at <1% RH; (b) RH was increased to 20%, 40%, 60%, 
80%, and 90%; (c) RH was returned to <1% to dry the sample again. When the mass change of the sample 
was <0.05% in 60 min, we believed that an equilibrium was reached and RH was then changed to the next 
step. The VSA instrument was routinely calibrated (Chen et al., 2020; Gu et al., 2017), and all the measure-
ments were carried out at 25°C.

The first part (after VSA measurements) and the second part of the filter were separately immersed in 
10 mL deionized water, and the mixtures were stirred for 2 h using an oscillating table to extract water solu-
ble inorganic ions (Chen et al., 2020; R. Li et al., 2020). Afterward, 0.22 μm polyethersulfone filters (Anpel, 
Shanghai, China) were used to filter these extracts, and the resulting solutions were then analyzed using 
ion chromatography (R. Li et al., 2020) to quantify the amount of nitrate formed. As the VSA instrument 
is non-destructive, the amount of nitrate formed on a filter is equal to the sum of these formed on the first 
and second parts of the filter.

To quantify hygroscopicity, one needs to know the mass of dry particles and the mass of water associated 
with these particles at a given RH. In our work, we could directly measure the amount of particulate water 
on the first part of a filter and the mass of particles on the entire filter; therefore, we needed to derive the 
amount of particulate water associated with the entire filter from that associated with the first part of the 
filter (see Section 3.2 for further details related to the calculation). It would be preferable to directly measure 
the amount of particulate water on an entire filter; however, this was practically difficult, because sample 
crucibles used for the VSA instruments were very small. Each crucible was a hemisphere with an inner 
diameter of ∼6 mm; as a result, each time we could only place 10 filter aliquots (each with a diameter of 
4 mm), instead of the entire filter, into the crucible.

3. Results and Discussion
3.1. Kinetics of Nitrate Formation and NO2 Uptake

Figure  S1 shows time series of measured NO2 concentrations (after taking into account the dilution by 
filtered lab air) in an experiment in which CaCO3 particles were exposed to 10 ppmv NO2 at 40% RH. As 
shown in Figure S1, decrease in NO2 concentrations was very small (even insignificant) when the gas flow 
was passed through the CaCO3-loaded filter.

After heterogeneous reaction with 10 ppmv NO2 for 12 h at <1% RH, the mass of nitrate formed relative 
to the initial mass of CaCO3, noted as m(NO3

−)/m0, was measured to be (0.11 ± 0.03)%, and increase in 
reaction time to 24 h did not result in further formation of nitrate. This suggested that at <1% RH, heteroge-
neous reactivity of CaCO3 toward NO2 was very low, and CaCO3 surface became completely saturated after 
exposure to NO2. If we assume that all the nitrate observed was formed in the first 3 h at <1% RH, γ(NO2) 
was estimated to be (2.0 ± 0.6) × 10−8, which was likely to be the upper limit.
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In contrast, nitrate formation was substantially enhanced at elevated RH (20%–80%). As shown in Figure 2, 
m(NO3

−)/m0 increased to >2% after 12 h and to ∼5% after 24 h, suggesting that for RH in the range of 20%–
80%, reactivity of CaCO3 was not reduced as its reaction with NO2 proceeded. Similarly, previous studies 
also found that CaCO3 surface was not saturated after exposure to NO2 (H. J. Li et al., 2010) at 60%–71% RH 
and at 40%–85% RH (Tan et al., 2016). As a result, both our current and previous studies (H. J. Li et al., 2010; 
Tan et al., 2016) suggested that heterogeneous reaction with NO2 at elevated RH is not limited to CaCO3 
surface; to be more specific, uptake of NO2 at elevated RH led to the formation of an aqueous layer on solid 
CaCO3, and nitric acid formed in the aqueous layer due to NO2 uptake would further dissolve CaCO3. Our 
previous work (R. Li et al., 2020) employed a very similar set-up to examine heterogeneous reactions of NO2 
(15 and 2.5 ppmv) with hematite, goethite and magnetite. It was found that after 24 h or less, these surfaces 
were significantly or even fully saturated (R. Li et al., 2020), being different from what was observed for 
CaCO3. In addition to nitrate, nitrite or HONO should also be formed in heterogeneous reaction of NO2 with 
CaCO3 (R. Li et al., 2010). In our work, nitrite was not detected in reacted CaCO3 particles, implying that 
HONO was the other major product.

The change in nitrate with reaction time, as displayed in Figure 2, can be used to calculate the average pseu-
do-first-order formation rate of nitrate (khet, s−1) in a given period, which is equal to the gas-particle reactive 
collision frequency:

   het 3NO /k d dt (1a)

The reactive uptake coefficient of NO2, γ(NO2), defined as ratio of the reactive collision frequency to the 
total collision frequency (H. J. Li et al., 2010; R. Li et al., 2020; Tan et al., 2016), can thus be determined:

  2 hetNO /k Z (1b)

The total collision frequency between NO2 molecules and particles, Z, can be calculated using Equation 1c:

      2 20.25 NO NOsZ A c (1c)

where c(NO2) is the average molecular speed of NO2 (37,043 cm s−1 at 298 K), and [NO2] is the NO2 concen-
tration (molecule cm−3). The surface area of CaCO3 particles available for NO2 uptake, As, is equal to the 
mass (∼5 mg) of CaCO3 on the filter multiplied by its BET surface area (2.18 m2/g), assuming that all the 
CaCO3 particles on the filter are available for NO2 uptake. As discussed in Section 2.1.2, even though it is 
estimated that <1 layer of particles was deposited on the PTFE filter, some particles may still overlap with 
each other, shielding some surface from NO2 uptake and causing errors in As and thus γ(NO2). It is usually 
assumed that one nitrate is formed for each two NO2 molecules removed due to heterogeneous uptake; as 
a result, γ(NO2) derived from nitrate formation rates, as done in our work, is equal to half of that derived 
from NO2 removal rates.
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Figure 2. The amounts of nitrate formed, relative to the initial mass of unreacted CaCO3, as a function of time due to 
heterogeneous reaction with 10 ppmv NO2 at different relative humidity: (a) 20% and 40%; (b) 60% and 80%.
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Figure 3 shows average γ(NO2) at different periods for heterogeneous reaction of 10 ppmv NO2 with CaCO3 
particles as a function of RH (20%–80%). Taking into account the experimental uncertainties, two features 
can be observed from the results displayed in Figure 3. First, at each individual RH, there was no systemat-
ical variation of γ(NO2) with reaction time, because the amount of nitrate formed increased almost linearly 
with reaction time (see Figure 2). Second, no change in γ(NO2) was observed when RH was increased from 
20% to 80%. Taking all the data together, the average γ(NO2) was determined to be (1.21 ± 0.45) × 10−7 
for CaCO3 when the NO2 concentration was 10 ppmv, independent of RH (20%–80%) and reaction time 
(3–24 h), and it was at least a factor of six larger than that at <1% RH (∼2 × 10−8).

3.1.1. Effects of NO2 Concentrations

In order to explore the effects of NO2 concentrations, we also investigated heterogeneous reaction of CaCO3 
with NO2 at a lower NO2 concentration (2 ± 0.1 ppmv). Figure S2 shows the amounts of nitrate formed at 
40% and 80% RH as a function of reaction time, suggesting that the amount of nitrate formed also increased 
linearly with time at both RH. The average γ(NO2), independent of RH (40% and 80%) and reaction time 
(3–24 h), was determined to be (1.38 ± 0.41) × 10−7 when NO2 concentration was 2 ppmv; for comparison, 
the average γ(NO2) was measured to be (1.21 ± 0.45) × 10−7 when NO2 concentration was 10 ppmv. There-
fore, one may conclude that essentially no change (or slight increase) in γ(NO2) was observed when NO2 
concentrations were decreased from ∼10 to ∼2 ppmv (by a factor of five).

Our previous work (R. Li et al., 2020) studied heterogeneous reactions of three iron (hydro)oxides with NO2 
at a similar concentration (2.5 ppmv, i.e., ∼6.2 × 1013 molecule cm−3), and the initial γ(NO2) at 30%–90% 
RH was determined to be (1.2–1.4) × 10−8 for hematite, (2.7–2.9) × 10−8 for magnetite and (4.0–4.8) × 10−8 
for goethite, all significantly smaller than that for CaCO3. This suggests that when compared to hematite, 
magnetite and goethite, CaCO3 exhibits higher heterogeneous reactivity toward NO2.

3.1.2. Comparison With Previous Studies

Initial γ(NO2) values, reported by previous studies (H. J. Li et al., 2010; Tan et al., 2016), are also listed in Ta-
ble 1, in order to be compared with these determined in our work. The most striking feature revealed by such 
comparison is that at elevated RH (20% or higher), γ(NO2) reported by our work is ∼50 times larger than 
those reported by other studies. NO2 concentrations used in our work was 1–2 orders of magnitude lower 
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Figure 3. Average uptake coefficients at different periods for heterogeneous reaction of NO2 (10 ± 0.5 ppmv) with 
CaCO3 at different relative humidity (20%, 40%, 60%, and 80%).
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than those used in other studies (H. J. Li et al., 2010; Tan et al., 2016); 
however, the difference in NO2 concentrations used is unlikely to fully 
explain the large discrepancy in reported γ(NO2).

All the three studies assumed that all the surfaces of CaCO3 particles 
were available for NO2 uptake. However, the two previous studies (H. J. 
Li et al., 2010; Tan et al., 2016) placed multiple layers of CaCO3 particles 
into samples holders, and CaCO3 particles in the underlying layers might 
not be accessible by NO2 molecules. As a result, the two previous stud-
ies could significantly overestimate surface areas actually available for 
heterogeneous reaction and consequently underestimate uptake coeffi-
cients. As pointed out by Tan et al. (2016), if the surface area available for 
NO2 uptake was assumed to be the geometric surface area of their sam-
ple holder, the calculated γ(NO2) would be approximately three orders of 
magnitude larger.

Instead of using multiple layers of particles, in our work we deposited 
CaCO3 particles onto PTFE filters in such a way that less than one layer of 
particles were deposited on each filter, through which the NO2 flow was 
delivered. Hence it is reasonable to expect that most of the particles, if not 
all, would be truly exposed to NO2. This explains why γ(NO2) reported in 
our work are ∼50 times larger than those reported in previous studies (H. 
J. Li et al., 2010; Tan et al., 2016), and assures that γ(NO2) reported in our 
work are more reliable. Because there is still the possibility that some of 

particles used in our work, as being deposited on filters, may not be available for heterogeneous uptake, true 
γ(NO2) would be larger than those reported in our work. In other words, γ(NO2) determined in our work 
should still be considered as the lower limit. However, compared to previous studies (H. J. Li et al., 2010; 
Tan et al., 2016), our work has raised the lower limit by a factor of ∼50 and thus would significantly reduce 
the uncertainty of γ(NO2) for CaCO3.

3.2. Change in Hygroscopicity of CaCO3 Particles

Because sample crucibles of the VSA instrument were very small (see Section 2.2), we could only directly 
measure water uptake by the first part of a particle-loaded filter (i.e., 10 pieces of 4 mm filter aliquots). 
Here we use a CaCO3-loaded filter after heterogeneous reaction with 10 ppmv NO2 at 40% RH for 24 h as an 
example, to illustrate how we can derive the amount of water on the entire CaCO3-loaded filter. As shown 
in Figure 4a, the mass of particulate water on the first part of the filter was measured to be 0.0222, 0.0420, 
0.0683, 0.1307, and 0.2403 mg at 20%, 40%, 60%, 80%, and 90% RH.

The ratio of nitrate formed on the entire filter to that formed on the first part of the filter, as measured using 
ion chromatography, was determined to be 11.64. Since the amount of water on the unreacted CaCO3-load-
ed filter was negligible (see Figure 5a), one could conclude that water uptake by reacted CaCO3-loaded 
filter was solely determined by nitrate formed in heterogeneous reaction with NO2. Therefore, the ratio of 
particulate water on the entire filter to that on the first part of the filter was also equal to 11.64. Consequent-
ly, we could derive the mass of particulate water on the entire filter from the data displayed in Figure 4a. 
Furthermore, as we know the initial mass of unreacted CaCO3 particles on the filter (5.0 mg), the relative 
mass of particulate water, normalized to the initial mass of unreacted CaCO3, could also be derived, and the 
result is displayed in Figure 4b.

Figure 5b shows water uptake by the first part of a CaCO3-loaded filter after heterogeneous reaction with 
10 ppmv NO2 for 24 h at <1% RH. It is evident from Figure 5b that heterogeneous reaction with NO2 at <1% 
RH did not lead to observable increase in hygroscopicity of CaCO3. This is expectable because the amount 
of nitrate formed on CaCO3 was insignificant after heterogeneous reaction with 10 ppmv NO2 for 24 h at 
<1% RH (see Section 3.1).

Hygroscopic growth of reacted CaCO3, exposed to 10 ppmv NO2 for 24 h at 40% RH, is displayed as an ex-
ample in Figure 4b, in which ratios of the mass of particulate water to the initial mass of unreacted CaCO3, 
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[NO2] RH γ(NO2) References

(6.9–16.8) × 1015 <10% (4.25 ± 1.18) × 10−9 H. J. Li et al. (2010)

(4.6–11.4) × 1015 60%–71% (2.54 ± 0.13) × 10−9

2.6 × 1015 <1% (3.34 ± 0.14) × 10−9 Tan et al. (2016)

40% (2.04 ± 0.07) × 10−9

60% (2.23 ± 0.22) × 10−9

85% (2.28 ± 0.17) × 10−9

2.5 × 1014 <1% <2 × 10−8 This work

20% (1.04 ± 0.10) × 10−7

40% (1.29 ± 0.08) × 10−7

60% (0.96 ± 0.12) × 10−7

80% (1.08 ± 0.26) × 10−7

5.0 × 1013 40% (1.55 ± 0.19) × 10−7

80% (1.38 ± 0.28) × 10−7

Note. [NO2]: NO2 Concentrations in Molecule cm−3

Table 1 
Initial γ(NO2) Onto CaCO3 Particles: Comparison of Our Work With 
Previous Studies (H. J. Li et al., 2010; Tan et al., 2016)
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mw/m0, are plotted as a function of RH. For reacted CaCO3 shown in Figure 4b, mw/m0 was measured to be 
∼0.052 at 20% RH, ∼0.159 at 60% RH and 0.573 at 90% RH. In comparison, mw/m0 was determined to be 
<0.002 at 90% RH for unreacted CaCO3 in our previous work (Chen et al., 2020), suggesting heterogeneous 
reaction of CaCO3 with NO2 at 40% RH led to significant increase in its hygroscopicity. As also revealed by 
Figure 4, reacted CaCO3 particles started to take up substantial amount of water even at 20% RH, while 
the deliquescence RH of Ca(NO3)2∙4H2O is ∼50% (Guo et al., 2019; Kelly & Wexler, 2005). This observation 
indicates that Ca(NO3)2 formed due to heterogeneous uptake of NO2 onto CaCO3 was amorphous and thus 
could take up significant amounts of water at very low RH, in consistent with previous work (Al-Abadleh 
et al., 2003; Y. J. Liu et al., 2008; I. N. Tang & Fung, 1997).
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Figure 4. (a) Change in mass of particulate water on the first part of a CaCO3-loaded filter as a function of relative 
humidity (RH), after heterogeneous reaction with 10 ppmv NO2 for 24 h at 40% RH. (b) Change in relative mass of 
particulate water (relative to the initial mass of unreacted CaCO3 particles) as a function of RH on the same filter.

Figure 5. Change in mass of particulate water as a function of relative humidity (RH) for the first part of (a) an unreacted CaCO3-loaded filter and (b) a 
CaCO3-loaded filter after heterogeneous reaction with 10 ppmv NO2 for 24 h at <1% RH.
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Significant increase in hygroscopicity was also observed for reacted CaCO3 after heterogeneous reaction 
with 10 ppmv NO2 for shorter periods (3–24 h) and at other RH (20%, 60%, and 80%). Below we focus our 
discussion on hygroscopic properties of reacted CaCO3 (after reaction with NO2 at different RH for different 
periods) at 90% RH, that is, mw(90%)/m0, which is defined as the ratio of the mass of particulate water of 
reacted CaCO3 at 90% RH to the initial mass of unreacted CaCO3.

As shown in Figure  6, heterogeneous reaction with NO2 at 20%–80% RH caused significant increase in 
hygroscopic properties of CaCO3 particles. Take the reaction at 40% RH as an example: prior to NO2 up-
take, mw(90%)/m0 was only 0.002 for CaCO3; however, as shown in Figure 6a, it increased to 0.040 ± 0.012, 
0.125 ± 0.035, and 0.452 ± 0.123 after reaction with NO2 for 3, 12, and 24 h. In other word, after reaction 
with 10 ppmv NO2 for 24 h at 40% RH, the mass of particulate water associated with reacted CaCO3 was 
equal to ∼45% of the initial mass of unreacted CaCO3. Figure 6 further suggests that when the relatively 
large experimental uncertainties are considered, mw(90%)/m0 was similar for reacted CaCO3 after reaction 
with NO2 for a given time at different RH (20%–80%). This is because the formation rates of nitrate did not 
vary significantly for RH in the range of 20%–80%, as discussed in Section 3.1.

The single hygroscopicity parameter, κ, is widely used to represent aerosol hygroscopicity (Peng et al., 2020; 
Petters & Kreidenweis, 2007; M. J. Tang et al., 2016), and the κ value was determined to be <0.01 for unre-
acted CaCO3 (Sullivan et al., 2009a; M. J. Tang et al., 2015; Zhao et al., 2010). If we assume that the particle 
volume at 90% RH is equal to the sum of dry particle volume and the volume of water and that the Kelvin 
effect is negligible, Equation 2 can be used to calculate κ (Guo et al., 2020; M. J. Tang, Gu, et al., 2019):





  0

0

1 0.9
0.9

w

w

m
m (2)

where mw is the mass of water at 90% RH, m0 is the dry particle mass, ρw is the density of water, and ρ0 is 
the dry particle density. Here m0 is assumed to be the mass of unreacted CaCO3 and ρ0 is assumed to be the 
density of CaCO3 (2.93 g/cm3). As displayed in Figure 6, after heterogeneous reaction with 10 ppmv NO2 at 
20%–80% RH for 24 h, mw/m0 at 90% RH increased to ∼0.4 for reacted CaCO3, and the corresponding κ value 
was estimated to be ∼0.13.

3.3. Discussion

For unreacted and reacted CaCO3 particles, we also measured their hygroscopic properties at 20%, 40%, 
60%, and 80% RH, in addition to 90% RH. As heterogeneous reaction with NO2 was also examined at 20%, 
40%, 60%, and 80% RH, we could thus monitor changes in nitrate and particulate water as a function of time 
during NO2 uptake at each RH.
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Figure 6. Changes in hygroscopicity of CaCO3 with reaction time after heterogeneous reaction with 10 ppmv NO2 at 
different relative humidity (RH, 20%, 40%, 60%, and 80%). Here hygroscopicity is represented by mw(90%)/m0, that is, 
the relative mass of particulate water at 90% RH (normalized to the mass of unreacted CaCO3).
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Figure 7 displays changes in particulate water with time for heterogeneous reaction with 10 ppmv NO2 at 
20%, 40%, 60%, and 80% RH, and two interesting features can be identified. First, for heterogeneous reaction 
with NO2 at a given RH, the amount of particulate water would increase with reaction time. For example, 
during heterogeneous reaction with NO2 at 40% RH, the relative mass of particulate water (mw/m0, relative 
to the initial mass of unreacted CaCO3), increased to 0.011 ± 0.004, 0.027 ± 0.001, and 0.076 ± 0.022 after 
reaction for 3, 12, and 24 h. This is simply because the amount of nitrate formed increased with reaction 
time. Second, while the amount of nitrate formed was very similar at different RH (20%–80%) for a given 
reaction time (shown in Figure 2), the amount of particulate water would increase substantially with RH. 
For example, after reaction with 10 ppmv NO2 for 24 h, mw/m0 was determined to be 0.028 ± 0.003 at 20% 
RH, 0.076 ± 0.022 at 40% RH, 0.105 ± 0.031 at 60% RH, and 0.312 ± 0.078 at 80%, respectively. This can be 
expected because for the same amount of nitrate, the amount of particulate water would increase with RH.

Even under dry conditions, some adsorbed water can still remain on the surface of CaCO3 and dissociate 
to form Ca(OH)(HCO3) (Al-Hosney & Grassian, 2004, 2005). Therefore, CaCO3 particles would be covered 
with surface OH groups, which provide reactive surface sites of NO2 uptake (H. J. Li et al., 2010). After these 
reactive sites are consumed due to NO2 uptake under dry conditions, CaCO3 surface would be saturated 
and hence the formation of nitrate is very limited at <1% RH, as observed in our work (see Section 3.1). 
Nevertheless, if heterogeneous reaction with NO2 takes place at elevated RH (20%–80% in our work), nitrate 
formed on CaCO3 particles would take up water and become deliquesced, and thus reacted CaCO3 would be 
covered with an aqueous layer which would sustain NO2 uptake. Uptake of NO2 by this aqueous layer would 
lead to the formation of HNO3, which would further dissolve CaCO3; as a result, as the reaction proceeds at 
elevated RH, the amounts of nitrate and particulate water would increase, as observed in our work.

It is suggested that NO2 uptake onto water surfaces is driven by heterogeneous hydrolysis of NO2, and the 
corresponding γ(NO2) can be calculated using Equation 3 (Ammann et al., 2013):

   
      2 2

2

4NO NO
NO l l
HRT D H k

c (3)
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Figure 7. Changes in relative mass of particulate water (normalized to the initial mass of unreacted CaCO3) of reacted 
CaCO3 as a function of time during heterogeneous reaction with 10 ppmv NO2 at different relative humidity (20%, 40%, 
60%, and 80%).
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where H is the Henry's law constant of NO2, R is the gas constant, T is temperature, c(NO2) is the average 
molecular speed of NO2, Dl is the diffusion coefficient of NO2 molecules in liquid water, [NO2] is the NO2 
concentration in the gas phase, and kl is the aqueous phase rate constant. Using Equation 3, γ(NO2) is calcu-
lated to be ∼6 × 10−9 at 10 ppbv NO2 (Ammann et al., 2013). Therefore, when NO2 concentration is 10 ppmv, 
γ(NO2) is estimated to be ∼1.9 × 10−7 for water surfaces, in fairly good agreement with that determined in 
our work (∼1.2 × 10−7) for heterogeneous uptake of NO2 onto CaCO3 at 20%–80% RH. This provides further 
support to our proposed mechanism that heterogeneous reaction of NO2 with CaCO3 at elevated RH is driv-
en by heterogeneous hydrolysis of NO2 in the deliquesced layer formed on CaCO3 particles.

4. Conclusions
Heterogeneous reaction of NO2 with CaCO3, an important component in mineral dust aerosol, may be a 
non-negligible source for HONO, and also leads to the formation of nitrate and thus increase in aerosol 
hygroscopicity. However, uptake coefficients of this reaction, reported in previous studies, may have large 
uncertainties, and the interactions between heterogeneous reactivity and hygroscopicity, have not been elu-
cidated. In our work, a fixed-bed reactor was employed to investigate heterogeneous reaction of NO2 with 
CaCO3 at different RH (0%–80%), and changes in particulate nitrate and water were determined as a func-
tion of reaction time (3–24 h).

When NO2 concentration was 10 ppmv (∼2.5 × 1014 molecule cm−3), heterogeneous reactivity of CaCO3 
toward NO2 was found to be very low at <1% RH, and γ(NO2) was estimated to <2 × 10−8. Increase in RH to 
20% or higher would substantially promote heterogeneous uptake of NO2 onto CaCO3, and no surface sat-
uration was observed after reaction for 24 h; the average γ(NO2) was determined to be (1.21 ± 0.45) × 10−7, 
independent of RH (20%–80%) and reaction time (3–24 h). We found that during heterogeneous reaction 
with NO2 at 20%–80% RH, reacted CaCO3 took up considerable amounts of water due to the formation of 
nitrate, and therefore would be covered by a deliquesced Ca(NO3)2/H2O layer, which further drove NO2 
uptake via heterogeneous hydrolysis. This can explain why no dependence of γ(NO2) on RH (20%–80%) or 
reaction time (3–24 h) was observed. In addition, no significant change (or a slight increase) in γ(NO2) at 
40% and 80% RH was observed when NO2 concentration was reduced by a factor or five, from 2.5 × 1014 to 
5.0 × 1013 molecule cm−3 (i.e., from 10 to 2 ppmv).

No significant change in hygroscopicity of CaCO3 particles was observed after exposure to 10 ppmv NO2 at 
<1% RH, because the amount of nitrate formed was very small. Heterogeneous reaction of CaCO3 with 10 
ppmv NO2 at 20%–80% RH could significantly increase its hygroscopicity. For example, after reaction with 
10 ppmv NO2 for 24 h at 20%–80% RH, the mass of particulate water associated with reacted CaCO3 at 90% 
RH was equal to ∼45% of the initial mass of unreacted CaCO3. As we determined changes in composition 
and hygroscopicity of CaCO3 due to heterogeneous reaction with NO2 as a function of reaction time at dif-
ferent RH, the quantitative and systematic data set obtained in our work can help us better understand the 
hygroscopicity of CaCO3 particles during transport in the troposphere. It should be pointed out that NO2 
concentrations (2.5–10 ppmv) used in our study were significantly higher than those in the troposphere. In 
addition, although concentrations of HNO3 and N2O5 in the troposphere are lower than NO2, their heter-
ogeneous reactivity toward mineral dust is much higher (Crowley et al., 2010); as a result, heterogeneous 
reactions of HNO3 and N2O5 may substantially increase hygroscopicity of CaCO3 particles and should be 
investigated in future.
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