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ABSTRACT: The hygroscopic behavior of particles is important for
assessing their environmental and climate effect. The hygroscopic behavior
of individual particles has been widely investigated; however, the hygroscopic
behavior of mixed particles is still not well-known. Although the Zdanovskii−
Stokes−Robinson (ZSR) method could be applied to predict the
hygroscopicity of some aerosol mixtures, it is invalid to describe the
humidification process of mixed particles when chemical reactions take place.
In the present study, the hygroscopic growth factors (GF) of individual oxalic
acid (H2C2O4), nitrate (Ca(NO3)2, NaNO3, Zn(NO3)2), and the mixed
H2C2O4/nitrate particles were measured using a hygroscopic tandem
differential mobility analyzer (H-TDMA). The GFs of these mixtures are
much smaller than those predicted by the ZSR method. The chemical
composition of individual and mixed particles was characterized by Raman
spectrometer. It was found that oxalate dominated the constituents of internal mixtures. Further comparison of the
humidification of externally mixed oxalic acid and nitrate revealed that the solubility of oxalate plays a critical role in the
replacement of nitrate by oxalate. These results could be helpful for understanding the occurrence of metal oxalate complex in
the atmospheric aerosol.
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1. INTRODUCTION
Atmospheric aerosols can affect global climate by scattering
and absorbing solar radiation and acting as cloud condensation
nuclei (CCN)1 and ice nuclei (IN).2 Due to their complexity
in chemical composition and transformation, aerosols
represent one of the largest current sources of uncertainty in
predictions of the future global climate.3 Hygroscopic
components in atmospheric aerosols can absorb water from
the ambient atmosphere, which converts solid particles to
aqueous droplets after deliquescence and induces the growth
of particles. The change in phase and size distribution of
aerosol particles further affects their light scattering, chemical
reactivity, and atmospheric lifetime.4 Because of its great
importance, the hygroscopicity of aerosols and the atmospheric
processes related to hygroscopic behavior has been an
important concern of atmospheric sciences.5,6

Previous studies about the hygroscopic behavior of
atmospherically relevant particles mainly focused on the
measurements of water contents, growth factors (GF),

deliquescence and efflorescence relative humidity (DRH and
ERH), and morphology as a function of relative humidity
(RH).7−9 Although the hygroscopicity of individual compo-
nents in aerosol particles have been measured, the influence of
coexisting components on the hygroscopic behavior of each
other is still not well-known. Recently, it was found that the
hygroscopic behavior like the DRH and water content of some
mixtures are different from that of individual components.10−14

Moreover, several studies showed that there are aqueous
reactions between organic acids and inorganics in the
humidification and dehumidification process of mixed
particles.10,15−25 Laskin et al.15 first presented field evidence
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that chemical reaction may occur between chloride compo-
nents and organic acids in sea salt particles, resulting in the
enrichment of corresponding organic salts and depletion in
chloride. This was supported by measurements of Drozd et
al.14 as well. Ma et al.10 found the presence of Ca(NO3)2 could
promote the chemical reaction between H2C2O4 and CaCO3
in the humidification process. Wang et al.16 found that nitrate
could be displaced by weak organic acids in mixed particles of
water-soluble organic acids and nitrates. It was reported that
the phase behavior and hygroscopic growth of nitrate salt/
organic acid mixtures depends upon the type of components in
the particles.23 Therefore, the hygroscopic behavior of mixed
particles and the aqueous reactions in the humidification
process need further investigation.
Oxalic acid (H2C2O4) is an end product in the oxidation of

many organic compounds. It is the most abundant contributor
to the organic species in ambient aerosols, and has been found
in aqueous phases (fog, cloud, and precipitation) and
particulate phases.26−29 Field measurement results of analyzing
Asian dust showed that H2C2O4 was predominantly accom-
panied by mineral dust during transportation in the
atmosphere.30,31 The characterization of Asian dust through
X-ray absorption fine structure spectroscopy (XAFS) showed
that most of the oxalic acid in the aerosols is in the form of
oxalate, especially present as Ca and Zn oxalate complexes.32

Currently, the formation pathway of these metal oxalate
complexes is not clear. It is well-known that mineral dust
particles contribute a lot of metals to atmospheric aerosols and
these metals are mainly in the form of oxides and carbonates.33

Laboratory and field studies have demonstrated that

heterogeneous reactions of NOx and HNO3 with these oxides
and carbonates can convert these minerals into nitrates.33−35

Thus, the metals in mineral dust could be dissolved out and
have a chance to combine with oxalate in oxalic acid in an
aqueous circumstance, as demonstrated by Drozd et al.14

Nevertheless, the interaction of mixed components in these
processes needs further investigation.
To better understand the interaction between nitrate and

oxalic acid in the solution, the hygroscopic behavior of mixed
oxalic acid and nitrate particles was comprehensively studied
by two complementary techniques in the present study. A
hygroscopic tandem differential mobility analyzer (H-TDMA)
was applied to determine the hygroscopic growth factors of
oxalic acid, nitrates, and their mixtures. Meanwhile, the change
of chemical compositions during the humidification and
dehumidification process was characterized by a Raman
spectrometer. This work would significantly increase our
knowledge in the hygroscopicity of oxalic acid, nitrates, and
their mixtures, hence leading to a better understanding of the
formation pathways and physicochemical properties of oxalate
aerosols.

2. MATERIALS AND METHODS

2.1. H-TDMA. Hygroscopic growth of size-selected particles
was measured by hygroscopic tandem differential mobility
analyzer (H-TDMA). Figure 1 shows the schematic diagram of
H-TDMA. This instrument consists of an atomizer, a
differential mobility analyzer (DMA), a scanning mobility
particle sizer (SMPS), and an aerosol humidification system.

Figure 1. Schematic diagram of the H-TDMA.
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The aerosol particles were generated by a self-developed
atomizer, which was described in a previous study.36 Solutions
with concentrations of 0.05−0.1 M were used for atomization.
After exiting the atomizer, the suspended drops flow through a
Nafion dryer and then a silica gel diffusion dryer. The
measured RH in the outlet of dryer is less than 5%. These
particles could be collected by a collector with a Teflon
membrane for further Raman analysis. After passing through a
neutralizer, these dry aerosols were then introduced into the
first differential mobility analyzer (DMA TSI 3081) to
generate quasi-monodisperse aerosol particles. This mono-
disperse aerosol flow was delivered through a humidification
system with a residence time of ∼40 s to be humidified at a
given RH. The humidification system for both the aerosol
sample and the sheath flow of DMA2 was made of Nafion
humidifiers (MD-700-24F-1, Perma Pure). Both the RH in the
inlet and outlet of DMA2 is monitored with RH modules
(Model HMP110 Module, Vaisala Inc.). The accuracy of RH
modules was ±2% RH in the range of <5%−95% RH at 298 K.
The humidification process is achieved by adjusting the
bubbling rate through a proportional valve with the propor-
tional integral derivative (PID) control technology and
software (NI Labview 8.2). The size distribution of humidified
aerosol particles was measured by a scanning mobility particle
sizer (SMPS, TSI 3936), which consists of a DMA coupled
with a condensation particle counter (CPS, TSI 3776). The
flow rate ratios of the aerosol flow to the sheath flow in both
DMA were set to 1:10.
The hygroscopic growth factor (GF) is defined as the ratio

of measured mobility diameters at a given RH to that at dry
conditions:

d dGF / 0= (1)

where d0 and d are the measured mobility diameters at <5%
RH and at a given RH, respectively. The dry mobility diameter
was selected using the first DMA at 300 nm. No shape factors
were applied to correct the dry particle diameters. The
TDMAinv algorithm was applied to the H-TDMA data.37

The Zdanovskii−Stokes−Robinson (ZSR) method was
applied to calculate the GFs of mixtures by assuming that
individual component in the mixtures absorbs water
independently.18,38,39 The total GF of mixed particles is the
sum of growth factors associated with individual component,
which can be described by the following equation:

vGF GFm
i

i i
3
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where GFm and GFi are the hygroscopic growth factor of the
mixed particles and component i, respectively, and vi is the
volume fraction of component i in the dry particles. The
volume fraction vi is obtained by
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Here mi is the mass fraction of component i, and ρi is the
density of component i.
As demonstrated by Tang et al.,5 the Kelvin effect becomes

negligible for large particles. Thus, the single hygroscopicity
parameter, κ, can be derived from GF measured by H-TDMA
using eq 4:

k (GF 1)
1 RH

RH
3= − −

(4)

In many previous studies, the GF at 90% RH are usually
chosen to calculate the κ values and are consistent with that
derived from the measured cloud condensation nuclei activity
data. In this study, GF data at 90% RH were chosen to
calculate κ values by using eq 4.
All the experiments were conducted at room temperature

(298 ± 1 K), and the hygroscopic growth of aerosol particles
was measured three times for each compound at various RHs
in the range of 0−90%. The accuracy of RH was estimated to
be ±2%. Good agreement between measured hygroscopic
growth curves of (NH4)2SO4 aerosol particles (300 nm) with
those predicted using the E-AIM model was routinely checked
to confirm the H-TDMA performance.40

2.2. Raman. A UV resonance Raman spectrometer (UVR
DLPC-DL-03) was used to characterize the chemical
composition of particles, which has been described in previous
articles.10,41 Briefly, the exciting radiation is a continuous diode
pumped solid state (DPSS) laser with a wavenumber at 532
nm and the source power is 40 mW. The diameter of the laser
spot was focused at 25 μm on the sample. The spectra
resolution was 2.0 cm−1. The spectrometer was routinely
calibrated by the Raman signal of Teflon at 1378 cm−1. All
characterization and experiments were conducted at 293 K.
For the water adsorption experiments, particles were put in an
in situ cell. The humidity in the cell was achieved by
controlling the ratio of dry and humid nitrogen in the gas flow,
and it was monitored by a moisture meter (Model HMP110
Module, Vaisala Inc., accuracy ±2% RH and ±0.1 K). The
equilibrium time for water adsorption at each RH was more
than half an hour.
The dehumidification process of oxalic acid and nitrate

mixed solutions were investigated by a micro-Raman
spectrometry (Renishaw InVia Raman microscope). The
solution droplets were deposited on an aluminum foil and
sealed in an in situ cell. The excitation source was also a DPSS
laser at 532 nm with an output power of 5 mW. The laser was
focused from the top window of the reaction chamber to the
droplets/particles of interest. The backscattering signal, after
passing through 1800 g·mm−1 grating, was detected by the
CCD. Raman spectra in the range of 100−2000 cm−1 were
obtained with an exposure time of 10 s.

2.3. Materials. The chemical agents, all with analytical
reagent, H2C2O4·2H2O (Beijing Yili Fine Chemical Co. Ltd.),
Ca(NO3)2·4H2O (Tianjin Jinke Chemical Co. Ltd.), NaNO3
(Sinopharm Chemical Reagent Co. Ltd.), Zn(NO3)2·6H2O
(Sinopharm Chemical Reagent Co. Ltd.), Ca2C2O4·H2O
(Sinopharm Chemical Reagent Co. Ltd.), ZnC2O4·2H2O
(Sinopharm Chemical Reagent Co. Ltd.), Na2C2O4 (Sino-
pharm Chemical Reagent Co. Ltd.) were used as purchased.
Distilled H2O was heated to degas before use. The externally
mixed particles were prepared by grinding anhydrous particles
together. In comparison, the internally mixed particles were
collected by filtering the particles from atomizing mixed
solution and drying with silica gel diffusion dryer. These
internal mixtures were representative for aerosol particles for
H-TDMA measurements and regarded as the atmospheric
relevance. The externally mixed particles were mainly used to
study the interaction of two components during the
humidification process. The mixing molar ratios of oxalic
acid to nitrate were 1 and 0.5 for monovalent metal and
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bivalent metal salts, respectively, according to the stoichiom-
etry.

3. RESULTS
3.1. Ca(NO3)2, H2C2O4 and Their Internal Mixtures.

The hygroscopic behavior and chemical composition of
Ca(NO3)2, H2C2O4 and their internal mixtures were studied
and displayed in Figure 2. The hygroscopic growth factors of

Ca(NO3)2, H2C2O4, and their mixtures were measured using
H-TDMA. For Ca(NO3)2 particles, it was found that
significant hygroscopic growth happened at low RH condition
(as low as 10%), and the GFs showed continuous increase with
RH (Figure 2A). This is because the aerosol particles prepared
by this method are amorphous. This result was in good
agreement with previous studies.23,42,43 For comparison, the

results of a recent work about the GFs of Ca(NO3)2 measured
by Guo et al.43 using H-TDMA were also shown in Figure 2A.
Our results show good agreement with this previous study,
which also confirmed the reliability of the H-TDMA system in
the present study. As mentioned by Tong et al.,44 the low
diffusivity of water within an amorphous phase could lead to
water adsorb/absorb or desorb continuously with change in
RH without obvious phase transitions.
For oxalic acid particles, no significant increase in the GF

was observed below 90% RH, suggesting no deliquescence of
oxalic acid in the range of 0−90% RH. The results of a recent
work about the GFs of oxalic acid measured by Jing et al.23

using H-TDMA was also shown in Figure 2A. The hygroscopic
behavior of oxalic acid in this study is consistent with Jing et
al.23 and other previous studies.9,41,45−47 Several previous
measurements using the H-TDMA found substantial growth of
oxalic acid particles under low RH,48−50 which was mainly due
to its amorphous state. However, it should be noted that
theoretical prediction and bulk solution data suggest the
deliquescence point of oxalic acid is higher than 97%
RH.45,51,52 In addition, it was reported that anhydrous oxalic
acid particles could transform into oxalic acid dihydrate
between 10 and 30% RH,41,46 which could lead to a growth of
size with the GF of around 1.17 during the transform. Thus,
Jing et al.23,47 suggested that the initial particles prepared could
be in the form of oxalic acid dihydrate or nonstoichiometric
hydrates containing about two water molecules per oxalic acid
molecule, which are consistent with Drozd et al.14 This was
also confirmed in the present study as shown later.
As for the H2C2O4/Ca(NO3)2 internal mixture, the GFs

increase slightly to 1.02 at about 20% RH and to 1.07 at about
80% RH, respectively. All the GFs were smaller than 1.1 in the
range of 0−90% RH, indicating the low hygroscopicity of the
internally mixed particles. Moreover, the GFs measured were
also much smaller than those predicted by the ZSR equations.
These results suggest the chemical compositions of the
internally mixed particles could be different from those of
oxalic acid and calcium nitrate. The GFs of CaC2O4 particles
were also presented in Figure 2A and showed little increase
with RH, which is in consistent with previous study.41

The chemical compositions of these particles were
characterized by Raman spectrometer at room temperature
and the results were shown in Figure 2B. Nitrate shows feature
peaks at 754, 1054, 1364, and 1450 cm−1, while oxalic acid
shows feature peaks at 476, 852, 1489, 1625, and 1735 cm−1.
The peak positions and their assignments are summarized in
Table 1. The peak at 1625 cm−1 in the spectrum of oxalic acid

Figure 2. (A) Hygroscopic growth factors (GF) and (B) Raman
spectra of Ca(NO3)2, H2C2O4, CaC2O4, and H2C2O4/Ca(NO3)2
internal mixture. Raman measurement condition: samples were
purged with dry N2 (100 mL·min−1) overnight, and then Raman
spectra were collected under room temperature (298 ± 1 K) and dry
condition (RH < 5%).

Table 1. Assignments of Raman Peaks (cm−1) Attributed to Nitrates and Oxalates

nitrate

Ca(NO3)2 NaNO3 Zn(NO3)2 assignment ref.

754 720 725 v4 (in-plane bending) 41,56

1054 1063 1052 v1 (symmetric stretching) 42,55

1364, 1450 1382 1355, 1441 v3 (antisymmetric stretching) 41,56

oxalate

H2C2O4·2H2O CaC2O4·H2O Na2C2O4 Na2C2O4·4H2O ZnC2O4·2H2O assignment ref.

476 505, 598 477 476, 500 536, 585 Δ (OCO) + v(M−O) 18,41,53,56

852 868, 896, 941 873 852, 885 914 vs(C−O) + δ(OCO) vs(C−O)/ δ(O−C−O) 53,56

1489 1400, 1469, 1491 1455 1412, 1455 1438, 1468 va(CO), vs(C−O) + v(C−C) 41,53

1625 1638 1639 1626 v(H2O)
41,53,56

1735 1716 1710 1713 va(CO) 41,53,56
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was assigned to water,41,53 which confirmed the presence of
hydrated oxalic acid in the particles. As for the internal
mixtures, peaks at 505, 598, 868, 896, 941, 1400, 1469, 1491,
and 1638 cm−1 were observed. These peaks are different from
those of both Ca(NO3)2 and oxalic acid, which indicated the
formation of new components. Compared to the spectrum of
CaC2O4·H2O particles, these peaks could be assigned to
CaC2O4·H2O particles.41,53 Thus, it demonstrated that
CaC2O4·H2O particles were formed during the internally
mixing process of H2C2O4 and Ca(NO3)2. Previous studies
have shown that CaC2O4·H2O particles is relatively weakly
hygroscopic.14,32 The apparent single-hygroscopicity parameter
k of CaC2O4·H2O particles measured by Sullivan et al.54 is
0.05, implying a significantly low CCN activity. Ma et al.41

found that the water adsorption isotherm of CaC2O4·H2O
particles can be fitted with the 3-parameter BET equation.
There are about 5−6 water layers adsorbed on the surface of
CaC2O4·H2O particles at 90% RH. Thus, the conversion of
oxalic acid and Ca(NO3)2 to CaC2O4·H2O can explain the
significant decrease in the GFs of internal mixtures in Figure
2A. Meanwhile, a weak peak at 1056 cm−1 was also observed in
the Raman spectrum of the mixed particles, which could be
attributed to residual nitrate in the mixed particles. The small
amount of residual nitrate may correspond to the hygroscopic
growth of the mixed particles at high RH conditions.
3.2. NaNO3, H2C2O4, and Their Internal Mixture. Figure

3 shows the hygroscopic growth as a function of RH and
Raman spectra of NaNO3, H2C2O4, and their internal mixture.
For NaNO3, the GFs increased continuously with RH, similar
to those of Ca(NO3)2. It was reported the deliquescence point
of NaNO3 is about 75% RH at 298 K.57 However, NaNO3
particles showed no obvious deliquescence transition over the

whole RH range studied in this study. Previous studies using
H-TDMA also found that micron and submicrometer NaNO3
particles generated from aqueous solutions exhibited con-
tinuous hygroscopic growth, which was due to a metastable or
amorphous form of initial particles.58−60 The measured GF for
NaNO3 particles in this study are in good agreement with Jing
et al.23 (as shown in Figure 3A) and other studies.60

For the GF of internally mixed H2C2O4/NaNO3 particles,
no significant increase was observed until 85% RH and only
increased to 1.02 at 90% RH. These measured GFs were also
much smaller than those predicted by the ZSR equation, but
were close to the GFs of Na2C2O4. The measured GFs of
Na2C2O4 particles showed little increase with RH, which was
in agreement with previous studies.18,50,61 The analysis of the
composition of internally mixed particles by Raman also shows
different spectrum to both H2C2O4 and NaNO3. As seen in
Figure 3B, peaks at 720, 1063, and 1382 cm−1 in the spectrum
of NaNO3 were not observed in the spectrum of the internally
mixed H2C2O4/NaNO3 particles. Instead, several new peaks at
476, 500, 852, 885, 1412, 1455, 1639, and 1710 cm−1 were
observed. This spectrum is different with that of Na2C2O4
particles. According to Frost and Weier,53 the CO symmetric
stretching mode of sodium oxalate is observed at 1456 cm−1.
In this study, the CO symmetric stretching mode of internal
mixture is observed at 1412 and 1455 cm−1, which may be due
to the formation of hydrated sodium oxalate particles. Thus,
the low hygroscopicity of the internally mixed H2C2O4/
NaNO3 particles could be attributed to the formation of
Na2C2O4 which is less hygroscopic.18,61,62

3.3. Zn(NO3)2, H2C2O4, and Their Internal Mixture.
Figure 4 shows the hygroscopic growth and Raman spectra of
Zn(NO3)2, H2C2O4, and their internally mixed particles. For
Zn(NO3)2, the GFs show no significant increase below 50%
RH but increase abruptly to 1.28 at about 60% RH, as seen in
Figure 4A. This is a typical deliquescence phenomenon and the
DRH of Zn(NO3)2 was determined to be about 60% RH. To
our knowledge, this is the first time to report the hygroscopic
behavior of Zn(NO3)2 and its mixtures with oxalic acid. The
GFs of Zn(NO3)2 were 1.48 at 85% RH and 1.59 at 90% RH,
respectively.
The GFs of the internally mixed H2C2O4/Zn(NO3)2 aerosol

particles show no increase in the range of 0−90% RH, which
were much smaller than the values predicted by the ZSR
equation at high RH conditions. It should be noted that the
GFs of ZnC2O4 particles showed little change during the
humidification process, which was similar to those of internally
mixed H2C2O4/Zn(NO3)2 aerosol particles. Combined with
the composition analysis by Raman spectrometer (Figure 4B),
it was found that new species formed in the internally mixed
H2C2O4/Zn(NO3)2 aerosol particles with the appearance of
peaks at 536, 585, 914, 1438, 1468, and 1626 cm−1. These
peaks are also observed in the spectrum of ZnC2O4·2H2O
particles. Thus, the formation of ZnC2O4 could cause a great
decrease in the hygroscopicity of the mixture of Zn(NO3)2 and
H2C2O4.

3.4. Water Adsorption/Desorption on Externally
Mixed Oxalic Acid and Nitrates. To further investigate
the aqueous reactions between oxalic acid and nitrates, water
adsorption/desorption on externally mixed oxalic acid and
nitrates under humid conditions was studied using in situ
Raman spectroscopy. As seen in Figure 5, the transformation
of oxalic acid to oxalates was observed in all the mixed particles
during the humidification process. However, there are still

Figure 3. (A) Hygroscopic growth factors (GF) and (B) Raman
spectra of NaNO3, H2C2O4, Na2C2O4, and H2C2O4/NaNO3 internal
mixture. Raman measurement condition: samples were purged with
dry N2 (100 mL·min−1) overnight, and then Raman spectra were
collected under room temperature (298 ± 1 K) and dry condition
(RH < 5%).
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differences among these three mixtures. For H2C2O4/Ca-
(NO3)2 mixture, the intensities of peaks at 510, 598, 896, 1469,
1491, and 1638 cm−1 attributed to CaC2O4·H2O increased as a
function of time (Figure 5A). It suggested that the formation
of CaC2O4 particles occurred during the humidification. But
the peak at 1054 cm−1 attributed to Ca(NO3)2 still presented
after 90 min. It implied that part of Ca(NO3)2 was not
involved in the aqueous reaction due to the incomplete mixing.
The residue of nitrate was also observed in the humidification
process of H2C2O4/NaNO3 mixture (1061 cm−1 to NaNO3 in
Figure 5B) and H2C2O4/Zn(NO3)2 mixture (1052 cm−1 to
Zn(NO3)2 in Figure 5C).
For H2C2O4/NaNO3 mixture (Figure 5B), the increase in

the intensities of peaks attributed to Na2C2O4 particles is not
obvious. Although several new peaks at 500, 885, 1412, and
1455 cm−1 were observed, their weak intensities suggested that
the formation of Na2C2O4 particles was limited in the
humidification process.
As for H2C2O4/Zn(NO3)2 mixture (Figure 5C), peaks at

536, 585, 856, 914, 1468, 1626, and 1713 cm−1 were attributed
to ZnC2O4·2H2O. It should be noted that these peaks
appeared in the spectrum of mixed particles before
humidification. It seems that ZnC2O4·2H2O particles were
formed during the preparation process. Although the
preparation processes were carried out under relatively dry
conditions, it is difficult to isolate the particles to surround
moisture. Thus, under ambient conditions, the reaction
between H2C2O4 and Zn(NO3)2 happened during the mixing
process.
3.5. Dehumidification of Solutions of Oxalic Acid and

Nitrate Mixtures. The dehumidification process of oxalic acid

and nitrate mixed solutions were also investigated by a micro-
Raman spectrometry. The Raman spectra were recorded
during the flush of droplets deposited on an alumina foil by
dry N2 (100 mL·min−1) and shown in Figure 6. It was found
that oxalate was formed during the dehumidification process
for these three mixed solutions. For example, feature peaks
attributed to calcium oxalate, sodium oxalate, and zinc oxalate
were observed at 1469 and 1491 cm−1, 1412 and 1455 cm−1,
and 1438 and 1468 cm−1, respectively. These results confirmed
the conversion of nitrate and oxalic acid to oxalate metal
complex. Feature peaks attributed to calcium nitrate, sodium
nitrate, and zinc nitrate at 1045, 1046, and 1046 cm−1 were
observed in the spectra of solutions. The peak at 1045 cm−1

Figure 4. (A) Hygroscopic growth factors (GF) and (B) Raman
spectra of Zn(NO3)2, H2C2O4, ZnC2O4, and H2C2O4/Zn(NO3)2
internal mixture. Raman measurement condition: samples were
purged with dry N2 (100 mL·min−1) overnight, and then Raman
spectra were collected under room temperature (298 ± 1 K) and dry
condition (RH < 5%).

Figure 5. In situ Raman spectra of externally mixed oxalic acid and
nitrate particles exposing to water at humid conditions as a function of
time. (A) H2C2O4:Ca(NO3)2 = 1:1 (molar ratio) at 30% RH; (B)
H2C2O4:NaNO3 = 1:2 (molar ratio) at 60% RH; (C) H2C2O4:Zn-
(NO3)2 = 1:1 (molar ratio) at 70% RH.
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attributed to calcium nitrate disappeared after dry process,
while nitrate peak at 1046 cm−1 shifted to 1052 and 1050 cm−1

for sodium nitrate or zinc nitrate, respectively. This is different
from those Raman spectra of particles prepared by atomizer
and diffusion dryer, as shown in Figure 2B, 3B, and 4B, in
which peaks due to nitrate showed weak or no intensity. This

could be due to the inhomogeneous mixing and the influence
of substrate on the crystallization of particles.

4. DISCUSSION
It is well-known that the hygroscopicity of aerosol depends on
its chemical compositions. Mineral dust, mainly originated in
arid and semiarid regions with a flux of 1000−3000 Tg·yr−1,
represents one of the largest mass fractions of the global
aerosols. Previous studies found that the hygroscopicity of
mineral dust and most of its components like oxides and
carbonates is relatively weak.54,63−65 However, it has been
demonstrated that heterogeneous reactions with HNO3 can
significantly enhance the hygroscopicity of mineral particles
due to the conversion of oxides or carbonates to nitrate:35,66,67

M O HNO M NO H O3 3 2‐ + → ‐ +

M CO HNO M NO CO H O3 3 3 2 2‐ + → ‐ + +

where M represents metal in mineral particles. These reactions
can not only become important sinks of atmospheric HNO3
and NOx, but also lead to change in chemical composition and
physicochemical properties of mineral dust particles. Con-
sequently, solid mineral dust particles can be transformed into
liquid phase under atmospheric conditions due to the
coexisting nitrate with higher hygroscopicity.
On the other hand, numerous laboratory and field studies

have found that secondary oxalic acid in the atmospheric
aerosol is mainly formed through aqueous oxidation
reactions.26,29,31 Thus, oxalic acid is probably mixed with
mineral dust and nitrate, which has been demonstrated widely
in field observations.28,30,31 In the present study, we found that
oxalic acid mixed with nitrate could be converted to oxalate as
follows:

H C O M NO M C O HNO (g)2 2 4 3 2 4 3+ ‐ → ‐ +

Thus, nitrate in the atmospheric aerosol can be replaced by
oxalate if they are mixed in an aqueous circumstance.
Comparing the Raman spectra of internal mixtures to those

of humidified external mixtures, it was found that they are
similar for mixed H2C2O4/Ca(NO3)2 and H2C2O4/Zn(NO3)
particles. However, the Raman spectra of externally mixed
H2C2O4 and NaNO3 particles (Figure 5B) are different from
that of internal mixtures (Figure 3B). According to the
assignments of Raman peaks, Na2C2O4 was the only
component in the internal mixtures while peaks due to
Na2C2O4 were very weak in the spectra of external mixtures.
The difference between H2C2O4/NaNO3 and H2C2O4/Ca-
(NO3)2 or H2C2O4/Zn(NO3)2 was mainly due to the
solubility of these metal oxalate complexes. As seen in Table
2, the solubility of Na2C2O4 is much higher than that of
CaC2O4 or ZnC2O4. Thus, in the humidification process,
CaC2O4 and ZnC2O4 particles can be formed immediately
after the deliquescence of nitrate in the mixtures. However,
Na2C2O4 particles may be not formed after the deliquescence
of NaNO3 in the mixtures because Na+ and C2O4

2− could be
still existing as ions in the solution due to its high solubility. It
should be noted that stoichiometric equivalent H2C2O4 and
NaNO3 were transformed to Na2C2O4 completely in the
internally mixed particles. These internally mixed particles
were prepared by dehumidifying suspended droplets under dry
conditions. As the water content decreased during the
dehumidification process, metal ions would combine to oxalate
rather than nitrate during the crystallization process because

Figure 6. Dehumidification process of oxalic acid and nitrate mixed
solutions. (A) H2C2O4/Ca(NO3)2; (B) H2C2O4/NaNO3; (C)
H2C2O4/Zn(NO3)2. Raman spectra were collected under room
temperature (298 ± 1 K) and dry condition (RH < 5%) with N2
(100 mL·min−1).
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the solubility of oxalates are typically lower than corresponding
nitrates. Consequently, H+ from oxalic acid and NO3

− from
nitrate would combine to form HNO3 and could release to gas
phase due to the saturation effect. Because these ions are
distributed homogeneously in the suspended droplets, they can
react completely in the dehumidification. Thus, the chemical
compositions of externally mixed H2C2O4/NaNO3 particles
after humidification process was different from its internally
mixed particles.
These results suggest that the solubility of oxalate plays an

important role in the humidification process of mixed oxalic
acid and nitrate. In a suspended droplet containing ions like
Na+, Ca2+, Zn2+, and C2O4

2−, Ca2+ or Zn2+ will have more
advantage than Na+ to bond with C2O4

2− because the less
soluble CaC2O4 and ZnC2O4 will be formed immediately in
the droplets. The formation of Na2C2O4 could happen in the
dehumidification process. These results could help explain the
field observation results of Furukawa and Takahashi.32 They
reported that most of the oxalic acid is present as Ca and Zn
oxalate complexes in the Asian dust aerosols. Ca or Zn in the
mineral dust could dissolve out after the heterogeneous
reactions with HNO3. If oxalic acid is mixing with this mineral
dust, it is likely to combine with Ca or Zn to form CaC2O4 and
ZnC2O4. Therefore, it is reasonable that oxalic acid is present
as Ca and Zn oxalate complexes in the Asian dust aerosols.

5. CONCLUSION

In this study, the hygroscopic behavior of mixed oxalic acid
and nitrates including Ca(NO3)2, NaNO3, and Zn(NO3)2 were
studied using H-TDMA. Both Ca(NO3)2 and NaNO3 showed
continuous growth with increasing RH while a deliquescence
point at about 60% RH for Zn(NO3)2 was observed. The
measured growth factors of all internal mixtures are less than
1.10 at 90% RH, which are much smaller than those of nitrates.
Compositions of pure components and mixed composition
particles were analyzed by Raman spectrometer. The results
showed that the nitrate could be completely replaced by
oxalate during the mixing process with little residual oxalic acid
and nitrate. The humidification process of externally mixed
oxalic acid and nitrates were also studied by Raman
spectrometer. It was found that insoluble CaC2O4 and
ZnC2O4 were quickly formed after the deliquescence of
Ca(NO3)2 and Zn(NO3)2, respectively. In contrast, Na2C2O4
was not formed during the humidification process of externally
mixed oxalic acid and NaNO3 because of its high solubility.
These results suggest that humidification and dehumidification
processes of mixed oxalic acid and nitrates contribute to the
source of oxalates as well as the sink of nitrates.
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