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HIGHLIGHTS

» Hygroscopic behavior of oxalic acid and oxalates were studied under ambient conditions.

» No deliquescence and dehydration for oxalates was observed.

» All samples studied exhibited hydration during humidifying process.

» It suggests that the most stable state for oxalic acid and oxalates is hydrated particles in the atmosphere.
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Oxalic acid and oxalates represent an important fraction of atmospheric organic aerosols, however,
little knowledge about the hygroscopic behavior of these particles is known. In this study, the
hygroscopic behavior of oxalic acid and atmospherically relevant oxalates (H2C204, (NHg4)2C204,
CaCy04, and FeCy04) were studied by Raman spectrometry and vapor sorption analyzer. Under
ambient relative humidity (RH) of 10—90%, oxalic acid and these oxalates hardly deliquesce and
exhibit low hygroscopicity, however, transformation between anhydrous and hydrated particles was
observed during the humidifying and dehumidifying processes. During the water adsorption process,
conversion of anhydrous H;C;04, (NH4)2C204, CaCy04, and FeCy04 to their hydrated particles (i.e.,
H»C,04-2H50, (NH4)2C204'H20, CaCy04-Hy0, and FEC204'2H20) occurred at about 20% RH, 55% RH,
10% RH, and 75% RH, respectively. Uptake of water on hydrated Ca-oxalate and Fe-oxalate particles
can be described by a multilayer adsorption isotherm. During the dehumidifying process, dehydration
of HyC204-2H;,0 and (NHg4)>C204-H20 occurred at 5% RH while CaC,04-H,0 and FeC;04-2H,0 did not
undergo dehydration. These results implied that hydrated particles represent the most stable state of
oxalic acid and oxalates in the atmosphere. In addition, the assignments of Raman shift bands in
the range of 1610—1650 cm~! were discussed according to the hygroscopic behavior measurement
results.
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1. Introduction

Atmospheric aerosols affect climate directly through scattering
and absorption of solar radiation, and indirectly through changing
the optical properties and lifetime of clouds by acting as cloud
condensation nuclei (CCN) (Charlson et al., 1992; Ramanathan et al.,
2001). The global average contribution of the cooling effect of
aerosols is almost equivalent to the warming effect of carbon
dioxide (IPCC, 2007; Ramanathan et al, 2001). Because of its
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complexity in composition and chemical transformation, however,
aerosol still represents one of the largest current sources of un-
certainty in predictions of the future global climate (IPCC, 2007).
Thus, a number of studies have been performed on the phys-
icochemical properties of atmospheric particles. Hygroscopicity is
one of the most fundamental properties of atmospheric particles,
which plays an important role in the deposition characteristics,
cloud formation, visibility degradation, and atmospheric chemistry
of atmospheric particulate matter (Charlson et al,, 1992). There
have been a variety of studies focusing on the hygroscopic behavior
of atmospherically relevant particles, in which water contents,
growth factors, deliquescence and efflorescence points, and mor-
phology as a function of relative humidity were measured. While
the hygroscopic properties of inorganic salts commonly found in
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atmospheric aerosols are well characterized nowadays, knowledge
on the influence of water uptake of the organic aerosol fraction still
remains limited (Wu et al., 2011).

Dicarboxylic acids (DCAs, or diacids) are ubiquitous in the
atmosphere and represent a significant portion of the organic
fraction of aerosols (Chebbi and Carlier, 1996). Due to their strong
hydrophilic and hygroscopic properties, dicarboxylic acids are able
to reduce the surface tension of cloud condensation nuclei, which
consequently affects the cloud formation and the global radiation
balance (Kerminen et al., 2000; Kumar et al., 2003; Prenni et al.,
2001; Yu, 2000). Oxalic acid (H,C,04) is the most abundant con-
tributor to the total dicarboxylic acid mass in ambient organic
aerosol particles, and has been detected in aqueous phases (fog,
cloud, and precipitation) and particulate phases (Chebbi and
Carlier, 1996; Hsieh et al., 2007; Kerminen et al., 2000; Kawamura
et al., 2010; Mochida et al., 2003a; Yang and Yu, 2008; Yao et al.,
2002; Yu, 2000). The primary sources of HyC,04 include fossil
fuel combustion, biomass burning, and vehicle exhaust while the
secondary formation pathways include photo-oxidation of volatile
organic compounds (VOC) in gas-phase, aqueous phase, and het-
erogeneous processes (Carlton et al., 2007; Chebbi and Carlier,
1996; Ervens et al., 2004; Kawamura et al., 2005; Kundu et al.,
2010; Mochida et al., 2003a, 2003b; Roéhrl and Lammel, 2001;
Sorooshian et al., 2006; Wang et al., 2010; Warneck, 2003; Yu,
2000). A high correlation has also been observed between sulfate
and oxalate in aerosol collected at various locations, which was
likely a result of the potential importance of the in-cloud formation
pathway for both sulfate and oxalate (Sorooshian et al., 2007; Yao
et al,, 2004; Yu et al., 2005).

The hygroscopic behavior of pure H>C,04 has been widely
studied. By using an electrodynamic balance (EDB), Peng et al.
(2001) determined that oxalic acid does not deliquesce in the
range of 10%—90% RH, with little growth of particle size. In another
study by aerosol flow tube-FTIR, Braban et al. (2003) reported the
conversion of anhydrous oxalic acid to dihydrate at 12% RH and
a deliquescence point at ~98% RH for oxalic acid particles at 293 K.
Wau et al. (2011) also reported that at 90% RH, oxalic acid does not
take up any water. On the other hand, it was determined that oxalic
acid can be transformed to oxalate salts during atmospheric
transport in oxalic acid-containing mixtures. Recently, field meas-
urement results analyzing Asian dust by single particle mass
spectrometry (ATOFMS) showed that H,C;04 was predominantly
mixed with mineral dust during transport in the atmosphere
(Sullivan and Prather, 2007; Yang et al.,, 2009). By using X-ray
absorption fine structure spectroscopy (XAFS), Furukawa and
Takahashi (2011) also found that most of the oxalic acid is pre-
sent as a metal oxalate complexes in the aerosols, especially as Ca
and Zn oxalate complexes. Our previous study confirmed that
coexisting hygroscopic components (e.g., Ca(NOs3);) can enhance
the reaction between H;C;04 and calcite during the humidifying
process of Ca(NOs3),/CaC0O3/H,C,04 mixtures, although direct re-
action between H,C;04 and calcite is limited even under humid
conditions (Ma and He, 2012). In addition, it is well known that
oxalate occurs in many plants and is also the primary constituent of
the most common kind of kidney stones (Garty and Garty-Spitz,
2011). Products of the reaction of oxalic acid formed by lichen
hyphae and metal ions in the rock substratum have also generated
much analytical interest (Edwards et al., 2003). In contrast to oxalic
acid, little attention has been paid to the hygroscopic behavior of
oxalates. Hence, it is necessary to study the hygroscopic behavior of
oxalate salts.

In this study, the hygroscopic behavior of oxalic acid and oxalate
including ammonium oxalate, calcium oxalate, and iron oxalate
were studied by vapor sorption analyzer and Raman spectroscopy.
The present study is helpful for our understanding of the indirect

climate effect of oxalic acid and oxalates, as well as the trans-
formation processes of oxalic acid in the atmosphere.

2. Experimental section
2.1. TGA analysis

The thermogravimetric analysis (TGA) thermograms were
obtained from a METTLER-TOLEDO (TGA/DSC 1/1600) thermal
gravimetry instrument with an accuracy of +1 ug. The balance and
sample compartments were purged with nitrogen. The tempera-
ture program was from 30 to 800 °C, with a heating rate of
10 °C min~! in a flow of 50 mL min~" Na.

2.2. Raman study

Raman spectroscopy has been widely used to investigate the
heterogeneous reactions and hygroscopic behavior of atmospheric
particles (Dong et al., 2009; Liu et al., 2010; Ma and He, 2012). In situ
Raman spectra were recorded with a UV resonance Raman spec-
trometer (UVR DLPC-DL-03), which has been described in a previ-
ous article (Liu et al., 2010). Briefly, a continuous diode-pumped
solid state (DPSS) laser beam (532 nm) was used as the exciting
radiation with source power of 40 mW. The diameter of the laser
spot on the sample surface was focused at 25 pm. The spectral
resolution was 2.0 cm~". The instrument was calibrated against the
Stokes Raman signal of Teflon at 1378 cm ™. All experiments were
conducted at 20 °C. Particles were placed in an in situ cell used as
a flow reactor. The relative humidity was controlled by adjusting
the ratio of dry and humid nitrogen in the gas flow and it was
recorded by a moisture meter (CENTER 314, China) with an accu-
racy +2% RH and +0.1 °C. The equilibrium time for each RH point
was more than 30 min.

2.3. Vapor sorption analyzer experiments

Water adsorption isotherms were measured with a modified
vapor sorption analyzer at 5 °C. The method has been described in
a previous article (Ma et al.,, 2010). Briefly, the vapor sorption
analyzer was modified from a N, adsorption—desorption analyzer
which is used in characterizing the surface area of solid material.
Water vapor instead of nitrogen was used as adsorbate in studying
the hygroscopicity of particles. The relative humidity (RH) was
referred to relative pressure (P/Py), in which Py was set as the sat-
uration vapor pressure at the temperature of the sample. When
values of Py and RH points were established, then the absolute
pressure around the sample was controlled automatically by
computer program. By adjusting the speed rate of the turbo pump,
the pressure can be controlled at the level of 10~ Torr, which
makes the uncertainty less than 1%. For the hygroscopic behavior
study, we set the sensitivity of the instrument to yield an uncer-
tainty of 2%, in order to shorten the experiment time. The mixed
particles were first ground together and then evacuated at room
temperature for 3 h at a pressure of 10~ Torr. The evacuated par-
ticles were exposed to vapor with different RH to determine the
adsorption isotherm by calculating the pressure change during the
equilibrium process.

2.4. Chemicals

H,C204-2H,0 (AR, >99.5%), (NH4)2C204-H20 (AR, >99.8%), and
CaC,y04-H,0 (AR, >99.0%) were from Sinopharm Chemical Reagent
Co. Ltd. while FeC;04-2H,0 (AR, >99%) was from Alfa Aesar. All
samples were used as received. Distilled H,O was degassed by
heating prior to use.
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3. Results and discussion
3.1. TGA analysis results

We first conducted thermo-decomposition experiments to pre-
pare anhydrous particles because CaC;04-H>0 and Fe;C>04-2H50
cannot be dehydrated by dry N; purge. Fig. 1 shows the TGA ther-
mograms of H»>C,04-2H,0, (NH4)2C204'H20, FeCy,04-2H>0, and
CaC;04-H0 measured in a flow of Ny with a heating rate
10 °C min~! from 30 to 800 °C in an alumina sample holder. Calcium
oxalate monohydrate (CaC;04-H»0) is commonly used as a calibra-
tion standard for TGA (Chang and Huang, 1997). As seen in Fig. 1
(line a), the weight loss percentages for CaC204-Ho0 were 12.5%,
31.6%, and 61.4% at about 210 °C, 500 °C, and 780 °C, respectively,
which indicated the complete transformations of CaC;04-H,0 to
CaC,04, CaC0s, and CaO. These results were consistent with previ-
ously reported results (Chang and Huang, 1997). For FeC;04-2H,0
(Fig. 1 line b), the weight loss percentages were 19.8% and 59.5% at
210 °C and 420 °C, respectively, which indicated that the conversion
of FeC;04-2H,0 to FeC;04 and FeO took place. For (NH4),C204-H20
(Fig. 1 line c) and H»C,04-2H,0 (Fig. 1 line d), the weight loss per-
centages were 12.5% and 28.5% at about 120 °C, respectively, indi-
cating that the complete dehydration temperature for both
H,C204-2H;0 and (NH4)2C204-H,0 was about 120 °C. The complete
decomposition temperatures of these two components were
200 °C and 290 °C, respectively. In later hygroscopic behavior
measurements, anhydrous CaC,04 and FeC,04 particles were pre-
pared by heating hydrated particles according to the TGA results.

3.2. Hygroscopic behavior

3.2.1. Oxalic acid and ammonium oxalate

Under dry or vacuum conditions, HyC;04-2H,0 and
(NH4)2C204-H50 are dehydrated. Thus, water adsorption isotherms
of HyC;04-2H,0 and (NHg4),C204-Hy0 particles could not be
measured in this study. Fig. 2 shows the water adsorption iso-
therms of anhydrous H,C,04 and (NHg4);C,04 particles measured
with the vapor sorption analyzer at 5 °C. For anhydrous H,C;04
particles, the water adsorption isotherm exhibits a transition at
~20% RH. The water content above 20% RH is close to 0.4 g per
gram H,C,04 (equal to molar ratio of 2), indicating the formation of
the dihydrate of oxalic acid. The discrepancy between the meas-
ured value and theoretical value may be due to the diffusion effect
of accumulated particles. No deliquescence was observed for
anhydrous H,C,04 or dihydrate particles even when RH reached
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Fig. 1. TGA of oxalic acid and oxalates with a heating rate 10 °C min~" in a flow of N,.
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Fig. 2. Water adsorption—desorption isotherms of H,C;04 and (NH4),C,04 at 5 °C.

95% RH. The deliquescence relative humidity (DRH) for oxalic acid
at ~98% RH was reported in a previous study using FT-IR (Braban
et al, 2003). Since the typical RH range in the atmosphere is
about 10—90%, this suggests the most common state of atmo-
spheric oxalic acid particle is the solid dihydrate.

For (NH4)2C,04 particles, little water was taken up at lower RH.
As RH increased above 60% RH, the water content exhibited an
abrupt increase and reached ~0.14 g per gram (NH,4),C,04 (equal to
a molar ratio of 1), implying the conversion of anhydrous to mon-
ohydrate particles. Another abrupt increase was also observed at
95% RH, which may be due to the pre-deliquescence of (NH4)>C204.
However, the DRH point was not measured due to the RH range
limitation of the apparatus (0—95% RH). Peng and Chan (2001)
studied the hygroscopic behavior of (NH4)>,C;04 and showed that
(NHg4)2C204 crystallized to form anhydrous particles under dry
conditions but did not deliquesce at RH <94%. In a recent study
using a hygroscopicity tandem differential mobility analyzer
(H-TDMA), Wu et al. (2011) found that the growth factor for
(NH4)2C204 was 1.05 when RH was above 30%RH and remained
constant below 90% RH. We can conclude that under ambient
conditions, (NH4)2C204 hardly deliquesced but remained with its
most common state being monohydrate particles.

Fig. 3 shows the Raman spectra of oxalic acid particles exposed
to vapor as a function of relative humidity at 20 °C. Before hu-
midifying, the Raman spectrum of oxalic acid dihydrate was
recorded, as shown in Fig. 3 (gray dashed line). After being purged
with dry N for 2 h, these particles were exposed to vapor at varying
relative humidity. As seen in Fig. 3A, peaks at 120,158, 180, 486, 541,
847, 1320, 1486, and 1707 cm~! were observed for dry particles,
which was identical to the spectrum of anhydrous particles pre-
pared by heating at 120 °C, indicating the formation of anhydrous
oxalic acid. As RH increased above 31.4% RH, peak position shifts
occurred. When RH reached 72.3%, peaks at 111, 158, 180, 486, 577,
642, 862, 1383, 1494, 1636, 1692, and 1738 cm~! were observed.
These peaks are identical to those of oxalic acid dihydrate, espe-
cially the appearance of peak at 111 cm~! as the characteristic
feature of oxalic acid dihydrate (Ebisuzaki and Angel, 1981). The
detailed assignments were referenced to a previous study (Ma and
He, 2012) and also summarized in Table 1. Moreover, as seen in
Fig. 3B, peaks at 2585, 2770, and 2910 cm~! due to anhydrous
particles disappeared while peaks at 3445 and 3485 cm™! appeared
as RH increased above 31.4% RH. These results implied that anhy-
drous oxalic acid was converted to dihydrate particles in the range
of 15.7—31.4% RH. The transition point is consistent with the vapor
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sorption analyzer results and also in good agreement with the
results measured by Braban et al. (2003).

Raman spectra of (NH4),C204 as a function of RH are shown in
Fig. 4. As seen in Fig. 4A, several bands at 110, 174, 194, 450, 489,
652, 886, 1322, 1408, 1455, 1585, and 1728 cm~! were observed for
anhydrous particles. The detailed assignments are summarized in
Table 1. No spectral change was observed below 50% RH. When RH
increased from 50% to 60%, several band shifts were observed from
110 to 102, 174 to 165, 194 to 215, 489 to 495, and 886 to 900 cm ™,
respectively. The bands at 1408 and 1585 cm~! disappeared while
the band at 1728 cm~! was split into two peaks at 1700 and
1746 cm~ . A new band at 1614 was observed. These band features
are identical to that of ammonium oxalate monohydrate (gray
dashed line), indicating the conversion of anhydrous to mono-
hydrate in the range of 50—60%. Fig. 4B shows the Raman spectra of
N—H and O—H stretching modes of these particles during the hu-
midifying process. The N—H stretching modes for anhydrous

particles were observed at 3210, 3060, and 2896 cm™~'. When water
was absorbed, the O—H stretching modes at 3030 and 3240 cm™!
were observed while the N—H stretching modes above 3000 cm ™"
were overlapped (Frost, 2004). The transformation from anhydrous
particles to the monohydrate of ammonium oxalate in the range of
50—60% RH is consistent with vapor sorption analyzer results. No
deliquescence was observed for ammonium oxalate particles below
95% RH.

3.2.2. Calcium oxalate anhydrous and monohydrate

In the case of CaC,04 particles, as shown in Fig. 5, the water
content showed an abrupt increase at ~10% RH, at which point the
molar ratio of calcium oxalate to water was close to unity. This
implies that the transformation of anhydrous calcium oxalate to the
monohydrate takes place at very low RH (~10%). After conversion
to monohydrate, the water adsorption isotherm shows a curve
similar to that of CaC;04-H,0 particles. For CaC;04-H,0 particles,

Table 1
Raman spectroscopic analysis of oxalic acid and oxalates.
H,C,04 (NHy4)2C204 CaCy04 FeC,04 Mode Ref.
Anhydrous Dihydrate  Anhydrous Monohydrate Anhydrous Monohydrate Anhydrous Dihydrate
3485, 3445 3240, 3030 3334 v(O—H) Frost (2004), Frost and
Weier (2003)
3210, 3060, 2896 v(N—H) Frost (2004), Frost and
2896 Weier (2003)
2910, 2770, Combinations Mohacek-Grosev
2585 et al. (2009)
1707 1738,1692 1728 1746, 1700 1730 1684 1719 vg(C=0) Frost (2004), Frost and
Weier (2003)
1636 1614 1632 1620 d(HOH) Ebisuzaki and Angel
(1981); Mohacek-Grosev
et al. (2009)
1585 d(HNH)?
1486 1494 1475, 1455 1475, 1455 1491, 1464 1491, 1464 1492 1472 v,(C=0), Frost (2004), Frost and
v§(C—0) + v(C-C) Weier (2003)
1320 1383 1408, 1322 1322 1400 w(0CO) Chang and Huang (1997)
847 862 886 900 896 941, 896, 930 923 v§(C—0) + 3 (0—C=0) Frost (2004), Frost and
868 v4(C—0)/d (0—C—0) Weier (2003)
541 642, 577 652 652 598 598 590 3 (0—C=0) + v(M—0) Frost (2004), Frost and
Weier (2003)
486 486 489, 450 495, 450 503 503 531 531 v(M—0)+v(C—C) Frost (2004), Frost and
ring deform + 3(0—C=0) Weier (2003)
v(M—O0) + ring deform
180 180 194 215 197 197 180 248 Out of plane bends Frost (2004), Frost and
158 158 174 165 165 141 117 209 Lattice modes Weier (2003)
120 111 110 102 108 108 117
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as shown in the inset in Fig. 5, the isotherm exhibits a multilayer
adsorption type curve which can be fitted with the 3-parameter
BET equation (Brunauer et al., 1938).

n n+1
VmC£ 1—(n+1)<£) +n(£>
v | Do Po (1)
- 1 P P n+1
Po 1+(C +l)——C<PO)

where V is the volume of gas adsorbed at a relative pressure (P/Pp),
and Vp, is the volume of adsorbate constituting a monolayer of
surface coverage. n is an adjustable parameter given as the max-
imum number of layers of the adsorbing gas. The BET C constant is
related to the energy of adsorption in the first adsorbed layer. The
relative humidity corresponding to monolayer adsorption for
CaC,04-H,0 particles is determined to be ~18% RH. There are
about 5—6 water layers at 90% RH and 11 water layers at 95% RH
adsorbed on the surface of CaC;04-H20 particles. Sullivan et al.
(2009) reported that CaCy04-H;O was significantly low CCN-
active with apparent single-hygroscopicity parameter « = 0.05,
but not as inactive as its low solubility would predict. As shown
here, although no deliquescence was observed, the water content
for CaC,04-H,0 particles at high RH increased quickly which means
that a liquid water film may form on the surface of particles.
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Fig. 5. Water adsorption—desorption isotherms of CaC,04 and CaC,04-H,0 at 5 °C.
Inset shows the fitted curve of the water isotherm of CaC,04-H,0.

Therefore, CaC;04-H,0 may be activated under supersaturation
conditions.

The Raman spectra of CaC,04 exposed to water vapor are shown
in Fig. 6. These anhydrous particles were prepared by heating
samples at 220 °C and then cooling to room temperature under dry
conditions. Several peaks at 1491, 1464, 896, 598, 503, 197, 165, and
108 cm~! were observed for dry particles. As RH increased to 10%
RH, several peaks at 1730, 1632, 1400, 941, 868, and 141 cm~! were
observed, which is similar to the spectrum of calcium oxalate
monohydrate (gray dashed line), implying the formation of calcium
oxalate monohydrate after the humidifying process (Chang and
Huang, 1997). When RH was further increased, the peak at
165 cm ™! attributed to anhydrous particles disappeared, suggesting
the complete conversion of CaC;04 to CaC,04-H>O0. Further change
in the Raman spectra of hydrated CaC,04 particles was not
observed when RH was increased above 30%. This result is not
unexpected since there was only surface adsorbed water on the
surface of CaC,04-H;0 particles without deliquescence, as shown
in the vapor sorption analyzer results (Fig. 5).

3.2.3. Iron oxalate anhydrous and dihydrate
Water adsorption isotherms of FeC;04 and FeC;04:-2H,0 are
shown in Fig. 7. They show that the water adsorption capacity of
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Fig. 6. Raman spectra of calcium oxalate anhydrous particles exposed to vapor as
a function of relative humidity at 20 °C. The gray dashed line represents the Raman
spectrum of calcium oxalate monohydrate.
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Fig. 7. Water adsorption—desorption isotherms of FeC,04 and FeC,04-2H,0 at 5 °C.
Inset shows the fitted curve of the water isotherm of FeC;04-2H,0.

FeC,04-2H50 is much smaller than FeC,04. As seen in the inset in
Fig. 7, the water adsorption isotherm of FeC;04-2H,0 exhibits
a multi-layer adsorption type curve. The relative humidity corre-
sponding to monolayer adsorption for FeC,04-2H,0 particles, cal-
culated by Equation (1), is ~24% RH. There are about 7—8 layers
water adsorbed on the surface of FeC;04-2H;0 at 90% RH.

In the case of FeCy04, the water adsorption isotherm also ex-
hibits a multi-layer adsorption type curve at low humidity. It is
interesting to note that a transition is exhibited at ~75% RH. When
RH was above 75%, the slope of the isotherm decreased, indicating
the depression of water adsorption capacity. Since the water
adsorption capacity of FeC;04-2H,0 is smaller than FeCy04, the
decrease of water adsorption amount above 75% RH may be due to
the transformation of FeC;04 to FeC;04-2H;0. However, the water
content at 75% RH is ~ 8%, which is less than 20%, the water content
of FeCy04-2H,0 particles. This suggests that the formation of
dihydrate only occurs on the surface while the inner core of the
particles is not involved.

Fig. 8 shows the Raman spectra of FeC;04 exposed to vapor with
various RH. For anhydrous FeC,04 particles, several peaks at 117,
180, 209, 248, 531, 930, 1492, and 1684 cm™~! were observed. As RH
increased, several peak position shifts occurred. When the RH was
above 75% RH, peak position shifts were observed from 1492 to
1472, and 930 to 923 cm™ ), respectively. Meanwhile, two peaks at
180 and 1684 cm~! disappeared and two peaks at 590 and
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3334 cm~! appeared. The appearance of the peak at 1472 cm™!
attributed to the symmetric stretching mode of OCO in oxalate and
the peak at 3334 cm™! attributed to the stretching mode of HOH
indicated the production of FeC;04-2H,0 particles during the hu-
midifying process (Frost, 2004). However, the intensity of these
peaks is lower than that in FeC;04-2H50 particles. Combined with
the vapor sorption analyzer results, this confirmed that the con-
version of anhydrous particles to hydrated particles was not com-
plete but was limited to the surface.

3.3. Dehydration of oxalic acid and oxalates

Dehydration of oxalic acid and oxalates was conducted with the
dehumidifying process. Desorption isotherms for H>C;O4 and
(NH4)2C204, CaCy04, and FeC,04 are shown in Figs. 2, 5, and 7,
respectively. The water contents for hydrated H,C,04 and
(NH4)2C,04 particles showed an abrupt decrease at ~5% RH, indi-
cating the dehydration of these particles. Meanwhile, no dehy-
dration for hydrated CaC,04 and FeC,04 particles was observed. In
addition, the Raman spectra of particles were recorded from 95% to
0% RH (data not shown). Both CaC;04-H,0 and FeC,04-2H,0
showed no change of spectra during the dehumidifying process
even after dry N; flushing overnight, indicating no dehydration of
these two particles under ambient conditions. For H>C;04-2H,0
and (NHg),C204-H,0 particles, no change of spectra was observed
when RH was higher than 5%RH. However, when they were purged
with dry Nj, conversion of hydrate to anhydrous particles took
place for both H>C,04-2H;0 and (NH4)>C204-H0 particles. These
results indicate that hydrated particles represent the most stable
state for oxalic acid and oxalates in the atmosphere.

3.4. Assignments of Raman bands

Aqueous oxalate is uncoordinated and will be of point group Dyg.
Thus the vibrational activity is given by I' = 3A1 + B1 + 2B1 + 3E. All
modes are Raman active and the 2B1 + 3E modes are infrared active.
Upon coordination of the oxalate as a mono-oxalate species, the
symmetry species is reduced to Cyy, or Dop. Assignments of Raman
spectra of oxalic acid and oxalates have been reported in previous
studies (Chang and Huang, 1997; D’Antonio et al., 2010; Ebisuzaki
and Angel, 1981; Frost, 2004; Mancilla et al., 2009; Mohacek-
Grosev et al., 2009). According to these literatures, we made the
assignments as follows, which are also summarized in Table 1. The
bands in the range of 3000—3500 cm™! are mainly assigned to the
stretching mode of O—H in hydrated particles, which are 3485
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Fig. 8. Raman spectra of iron (II) oxalate anhydrous particles exposed to vapor as a function of relative humidity at 20 °C. A) the range of 50—2000 cm~'; B) the range of
2600—3800 cm~". The gray dashed line represents the Raman spectrum of iron (II) oxalate dihydrate.
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and 3445 cm~! for Hy(;04-2H20, 3030 and 3240 cm™' for
(NH4)2C204-H,0, and 3334 cm™~! for FeC,04-2H,0, respectively.
Three bands at 3210, 3060, and 2896 cm~' for anhydrous
(NH4)2C,04 particles were attributed to the stretching modes of
N—H (Frost, 2004). Three bands at 2585, 2770, and 2910 cm™' were
observed for H,C,04 anhydrous particles which may be due to band
combinations (Mohacek-Grosev et al., 2009). The bands in the range
of 1692—1750 cm™! and 1450—1495 cm~! were assigned to the
stretching modes of C=0 and C—O, respectively (Frost, 2004). Frost
and Weier (2003) assigned the bands in the range of 1300—
1390 cm~! to the B3u OCO stretching mode. The bands around
900 cm™~! were assigned to the v(C—C) stretching mode. The bands
in the range of 200—700 cm~! and below 200 cm~' are due to
combination and lattice modes, respectively (Ebisuzaki and Angel,
1981; Frost, 2004; Frost and Weier, 2003; Mancilla et al., 2009;
Mohacek-Grosev et al., 2009).

Previous studies always assigned the Raman shift bands in the
range of 1610—1650 cm™! to the stretching mode of C=0 (Frost,
2004; Mancilla et al, 2009). However, as shown here, these
bands were only observed in hydrated particles but did not appear
in anhydrous particles, e.g., 1636 cm™! for HyC,04-2H,0, 1614 cm ™!
for (NH4)C204-H,0, 1632 cm™! for CaCy04-H,0, 1620 cm™! for
FeC,04-2H;0. Combined with thermal analysis results, Chang and
Huang (1997) assigned the band at 1635 cm ™! of CaC,04 particles
to the asymmetric stretching mode of C=0. However, it should be
pointed out that the sample was measured in open air under nat-
ural convection in Chang and Huang (1997). In such a condition,
anhydrous CaC,04 particles are readily converted to CaC;04-H20
according to its hygroscopicity. In a recent study, D’Antonio et al.
(2010) showed that peaks at 1635 cm~! were observed in the
Raman spectrum of MgC,04-2H,0 particles, while no band in the
range of 1610—1650 cm~! was observed for anhydrous MgCy04
particles. It should also be noted that Ebisuzaki and Angel
(1981) assigned the band at 1628 cm™! in the spectrum of
(COOH),-2H,0, which shifted to 1220 cm~' for (COOD),-2D,0
particles. Thus, according to the hygroscopic behavior results in the
present study, these bands in this range can be attributed to the
bending mode of HOH.

4. Conclusions

In this study, the hygroscopic behavior of oxalic acid and oxa-
lates, including (NHg4);C204, CaC204, and FeCy04, was studied. Un-
der ambient humidity conditions (5—95% RH), no deliquescence
was observed for both oxalic acid and oxalates. The RH points for
the conversion of anhydrous particles to hydrate were determined
to be 20%, 55%, 10%, and 75% RH for H2C04, (NH4)2C204, CaCy04,
and FeCy04, respectively. Isotherms of hydrated Ca-oxalate and
Fe-oxalate particles exhibit a multilayer adsorption type with
capillary condensation at high RH (e.g. >90% RH). During the
dehumidifying process, no dehydration for CaC;0O4-H,O and
FeC;04-2H,0 to form CaCy04 and FeC;04 was observed, while
HyC04-2H,0 and (NHg4);C04-HoO were dehydrated to form
H,C,04 and (NHy4)>C204 below 5%RH. Humidifying and dehumidi-
fying results indicate that hydrated particles represent the most
stable state for oxalic acid and oxalates in the atmosphere.
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