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Abstract:  11 
Current practices involve wrapping organic aerosol (OA) filter samples with aluminum foil and 12 
storing in a freezer to avoid sample degradation prior to analysis. However, there is a lack of 13 
evidence supporting these practices. Here, we investigate the effect of thermal and photo 14 
degradation on toluene-combustion OA, pine-combustion OA, and ambient OA samples by storing 15 
them in petri dishes for one month at three different conditions: covered with aluminum foil and 16 
in a freezer (F), covered with aluminum foil at room temperature (RC), and uncovered at room 17 
temperature (RUC). We performed three types of analyses: thermal-optical measurements, 18 
electrospray ionization mass spectrometry, and UV-vis spectroscopy. For all samples, we observed 19 
a mild reduction in the relatively volatile organic carbon fraction (OC1) in the RC and RUC 20 
conditions. We did not account for positive artifacts in this study, and therefore, this reduction was 21 
at least partially due to evaporation of adsorbed vapors rather than particles. There was no evidence 22 
of significant systematic change in chemical composition relative to control for any of the storage 23 
conditions, except for loss of some small-molecular-size compounds in conditions RC and RUC 24 
for pine-combustion OA, likely due to evaporation. There was no evidence that photobleaching 25 
occurred in the RUC condition for any of the samples. On the contrary, we observed an increase 26 
in absorption in the RC and RUC conditions for pine-combustion OA, likely due to evaporation 27 
of small-molecular-size species with relatively weak absorption. 28 

29 
1. Introduction 30 

Aerosols are often collected on filters for offline analyses days or weeks after sample 31 
collection. One of the most common of these analyses is quantifying the elemental carbon (EC) 32 
and organic carbon (OC) fractions of aerosol particles collected on Quartz filters via thermal-33 
optical techniques (Chow et al., 2007, 2011, 2015; Kuwayama et al., 2015; Massabò et al., 2016; 34 
Perrino et al., 2019). For example, filters are collected routinely for OCEC analysis at EPA’s 51 35 
Chemical Speciation Network (CSN) and 110 Interagency Monitoring PROtected Visual 36 
Environments (IMPROVE) sites all around the U.S. (EPA, 2009). There is a wealth of other offline 37 
chemical speciation methods that rely on filter collection, the majority of which focus on speciating 38 
the organic molecules in the aerosol, to various degrees of detail, using chromatography and mass 39 
spectrometry techniques (Johnston & Kerecman, 2019; Qi et al., 2022). Another ubiquitously 40 
employed technique is UV-vis spectroscopy, which can be used to retrieve the wavelength-41 
dependent light-absorption properties of light-absorbing organic aerosol, or brown carbon (BrC) 42 
(Atwi, Cheng, et al., 2022; Z. Cheng et al., 2021; Islam et al., 2022). 43 

A common practice, often mentioned in the methods sections of papers that involve offline 44 
analyses of aerosol filter samples, is to cover the filters (e.g. in aluminum foil) and store them in a 45 
freezer. Though usually not explicitly stated, the reason for these filter-storage practices is 46 
presumably to prevent thermal degradation and/or photo-degradation of the aerosol sample 47 
between collection and analysis. Here, the terms thermal degradation and photo-degradation are 48 
used broadly to indicate changes in the aerosol sample composition driven by, respectively, 49 
temperature and exposure to light. Thermal decomposition of organic aerosol (OA) molecules is 50 
well-documented and has been shown to occur in chemical-speciation instruments that rely on 51 
thermal desorption to vaporize the OA molecules for ionization (Riva et al., 2019; Yang et al., 52 
2021). Photolysis of OA molecules is also well-documented and has been extensively studied in 53 
the laboratory. Photolysis has been shown to induce both fragmentation (Bateman et al., 2011; 54 
Romonosky et al., 2017) and oligomerization (Walhout et al., 2019), as well as loss of carbonyl 55 
groups (Bateman et al., 2011; Walhout et al., 2019) in secondary organic aerosol (SOA). 56 
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Furthermore, photobleaching (destruction of chromophores by photolysis) has been shown to 57 
substantially reduce BrC absorption in the UV-visible spectrum (Browne et al., 2019; Wong et al., 58 
2017).  59 

It is plausible that temperature- and photo-induced chemical transformations can take place 60 
within an OA filter sample stored for long periods of time at ambient or laboratory conditions, 61 
which would justify storage in a freezer and packaging in dry ice if the sample is transported. 62 
However, evidence in the literature to support this practice is lacking. We found only one peer-63 
reviewed study that assessed the effect of filter-storage conditions on OCEC analysis (Dillner et 64 
al., 2009). That study reported a 16% decrease in OC1 (the highest-volatility bin of the four OC 65 
bins in standard OCEC thermal-optical analysis) for filters stored for 48 hours at room temperature 66 
compared to those stored in a freezer at -16 °C. This finding was attributed to the evaporation of 67 
the relatively high-volatility organic molecules at room temperature. 68 

In this study, we performed a systematic investigation of the effect of filter-storage 69 
conditions on OA chemical composition and light-absorption properties. We considered three OA 70 
systems that provide diversity in chemical composition and light-absorption properties: OA 71 
produced from toluene-combustion, OA produced from biomass burning, and ambient OA. We 72 
employed three filter-storage conditions to assess temperature- and photo-induced chemical 73 
transformations: covered with aluminum foil and in a freezer at -15 °C, covered with aluminum 74 
foil and at room temperature, and uncovered at room temperature. We performed three types of 75 
analyses: OCEC analysis using the thermal-optical technique, chemical speciation using 76 
electrospray ionization mass spectrometry, and light-absorption UV-vis absorption spectroscopy. 77 

 78 
 79 
2. Methods 80 
 81 
2.1 Aerosol sources 82 

To assess the effect of filter-storage conditions on the analysis of aerosol physicochemical 83 
properties, we considered three organic aerosol (OA) systems obtained from the following sources: 84 
(1) controlled combustion of toluene, (2) uncontrolled combustion of dead pine needles, and (3) 85 
ambient aerosol in Athens, GA. As described below, these sources provide wide diversity in 86 
aerosol chemical composition that capture the variability in atmospheric OA. 87 

Aromatic compounds, including toluene, constitute approximately 30% of gasoline fuel 88 
(Javed et al., 2016; Shao et al., 2019). Furthermore, toluene is often used as an additive to boost 89 
the fuel octane rating (Badia et al., 2021; Fioroni et al., 2022). We have previously shown that the 90 
aerosol emissions from toluene-combustion exhibited similar physicochemical properties to other 91 
aromatic (benzene) (Saleh et al., 2018) and aliphatic (heptane, isooctane) (Cheng et al., 2021; El 92 
Hajj et al., 2021) gasoline constituents. Therefore, in this study we employ toluene-combustion as 93 
a surrogate for on-road gasoline vehicles. Toluene-combustion was performed in a steady-flow 94 
quartz combustion chamber at a constant temperature (1000°C), equivalence ratio (1.06), and 95 
O2/N2 (0.06). This controlled combustion setup, described in detail elsewhere (Z. Cheng et al., 96 
2019), allows for the production of a steady flow of aerosol emissions with consistent emission 97 
rates and physicochemical properties that are a function of set combustion conditions. For this 98 
study, the combustion conditions indicated above were chosen to produce aerosol dominated by 99 
organics (i.e. OA) with negligible contribution from black carbon (BC). We have previously 100 
shown that toluene-combustion OA consists mostly of polycyclic aromatic hydrocarbons (PAHs) 101 
with varying molecular sizes (Atwi et al., 2021; El Hajj et al., 2021; Saleh et al., 2018). These 102 
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PAHs are non-polar and belong to the family of light-absorbing organic aerosol, or brown carbon 103 
(BrC). 104 

Dead pine needles constitute a ubiquitous component of surface fuels in wildlands in the 105 
U.S. and are usually consumed in prescribed fires and wildfires (Stubbs et al., 2021; Susaeta & 106 
Gong, 2019). We burned the pine needles inside a 7.5 m3 environmental chamber in a procedure 107 
similar to (Atwi, Cheng, et al., 2022; Atwi, Wilson, et al., 2022). The relative abundance of OA 108 
and BC in the emissions of biomass combustion depends largely on combustion conditions 109 
(flaming versus smoldering) (L.-W. A. Chen et al., 2007; Lee et al., 2005a; McMeeking et al., 110 
2009; Reid et al., 2005). In this study, the combustion was smoldering, and the aerosol emissions 111 
were predominantly organic. Because of the complexity of the chemical composition of biomass 112 
fuels, the OA emissions also exhibit complex chemical composition. OA species observed in 113 
biomass-burning emissions include oxygenated and nitrated molecules such as nitro-aromatics, 114 
organic nitrogen species, among others (Bhattarai et al., 2019; Laskin et al., 2009; Lee et al., 115 
2005b; Lin et al., 2016; H. Zhang et al., 2018).  Therefore, the combustion of pine needles provides 116 
an aerosol system with higher polarity and substantially more molecular diversity compared to 117 
toluene. 118 

Ambient aerosol was collected from the 3rd floor of the Interdisciplinary STEM building 119 
on the campus of the University of Georgia (UGA) during the month of May 2022. The sampling 120 
location is in the vicinity of regions that feature urban activity as well as high levels of vegetation 121 
cover. Therefore, the ambient aerosol is expected to include a combination of relatively fresh 122 
anthropogenic primary organic aerosol (POA), as well as secondary organic aerosol (SOA) from 123 
both anthropogenic and biogenic sources. Both field measurements (Heald et al., 2020; H. Zhang 124 
et al., 2018) and modeling studies (Goldstein et al., 2009; Neyestani et al., 2020) have shown that 125 
background OA in the Southeastern U.S. is dominated by biogenic SOA during the summer 126 
months, thus biogenic SOA is expected to be ubiquitous in the ambient samples in this study. 127 
 128 
2.2 Sample collection, preparation, and storage conditions 129 

The aerosols from each source were collected on one 47 mm Quartz filter (PALL, 130 
Tissuquartz 2500) and one 47 mm polytetrafluoroethylene (PTFE) filter (0.2 microns, Sterlitech 131 
Corporation). We targeted an aerosol loading of approximately 300 µg on each filter from the 132 
combustion of toluene and pine needles. The required sampling time was estimated from the flow 133 
rate through each filter (5 LPM) and total aerosol mass concentration obtained from integrating 134 
continuous size distribution measurements using a scanning mobility particle sizer (SMPS, TSI 135 
3882). As shown in SI Figure S1, the aerosol mass concentration was steady at approximately 250 136 
µg/m3 during the course of the toluene-combustion experiment. On the other hand, the 137 
concentration of aerosol emissions from the combustion of pine needles dropped from 138 
approximately 460 µg/m3 to 170 µg/m3 during the course of the experiments due to wall losses in 139 
the environmental chamber. Ambient aerosol samples were collected at a flow rate of 5 LPM 140 
through each filter over the course of 72 hours. This collection occurred over the weekend through 141 
Monday, encompassing both high and low anthropogenic activities.  142 

After collection, the quartz filters were divided into four 1.5 cm2 rectangular punches and 143 
the PTFE filters were divided into four quadrants. One quartz punch and PTFE quadrant were 144 
analyzed immediately (control) as described below. The others were stored for one month in a 145 
sterilized petri dish (PALL, Analyslide™) prior to analysis at three different storage conditions: 146 
(i) covered with aluminum foil and in the freezer at -15°C (hereafter referred to as condition ‘F’), 147 
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(ii) at room temperature and covered with aluminum foil (hereafter referred to as condition ‘RC’), 148 
and (iii) at room temperature and uncovered (hereafter referred to as condition ‘RUC’). 149 

The quartz punches were used directly for OCEC analysis as described in Section 2.3. The 150 
PTFE filter quadrants were first extracted in an organic solvent, and the extracts were used for 151 
chemical speciation (Section 2.3) and UV-vis absorption measurements (Section 2.4). Methanol 152 
(Sigma-Aldrich, HPLC ≥ 99.9%) was used as a solvent for pine-needle combustion OA and 153 
ambient OA. We chose methanol because of its efficacy at extracting organic species with a wide 154 
variation of polarity, and due to its use in previous studies with both biomass-burning aerosol 155 
(Atwi, Cheng, et al., 2022; Y. Chen & Bond, 2010) and ambient aerosol (Y. Cheng et al., 2016; 156 
Verma et al., 2012). We used dichloromethane (DCM) (Sigma-Aldrich, HPLC ≥ 99.9%) to extract 157 
toluene-combustion OA because of its efficacy at extracting non-polar organic species, including 158 
PAHs (Apicella et al., 2007; Z. Cheng et al., 2021; Michela et al., 2008; Russo et al., 2013). 159 

The extraction procedure involved immersing the PTFE filter quadrants in 3.5 ml of solvent 160 
and sonicating for 10 minutes. Insoluble species that were mechanically dislodged from the filters 161 
during sonication were filtered from each solution using a glass lure lock syringe with a 13mm 162 
PTFE filter (0.2 microns, Sterlitech Corporation). Blanks were prepared by extracting clean PTFE 163 
filter quadrants in methanol and DCM following the same process. 164 

 165 
2.3. Chemical speciation 166 
 The quartz filter punches were analyzed in an OCEC Analyzer (Sunset Laboratory, Model 167 
5 L) following the NIOSH-870 protocol (Wu et al., 2016) (see SI Table S1). The NIOSH-870 168 
protocol distributes the OC into four bins (OC1, OC2, OC3, OC4) that are operationally defined 169 
based on the stepwise increase in oven temperature during the analysis. Furthermore, part of the 170 
OC gets pyrolyzed (charred) during the OC analysis phase and is oxidized and detected as EC 171 
during the EC analysis phase. A correction algorithm is employed to retrieve the pyrolyzed OC 172 
(PyroOC) fraction (Chow et al., 2007) which is reported in a separate bin. 173 
 The methanol-soluble pine-needle combustion OA and ambient OA samples were analyzed 174 
using ultra-high-resolution electrospray ionization mass spectrometry (ESI-MS). ESI-MS has been 175 
used extensively to analyze the chemical composition of OA in biomass combustion emissions 176 
(Atwi, Wilson, et al., 2022; Ijaz et al., 2022; Laskin et al., 2009; Lin et al., 2017, 2018; Schneider 177 
et al., 2022; Smith et al., 2009) and ambient aerosol (X. Zhang et al., 2013) because these aerosol 178 
systems include molecules with ionizable functional groups that are responsive to ESI (Laskin et 179 
al., 2015; Nizkorodov et al., 2011). ESI-MS analysis was performed on a Bruker SolariX XR 12T 180 
Fourier-transform ion cyclotron resonance (FTICR) mass spectrometer in negative ionization 181 
mode over m/z range of 74 – 600. Samples were ionized at a source rate of 2 uL/min with the 182 
capillary set to 4500 V and an end plate offset of -800 V. The nebulizer gas pressure was 0.8 bar, 183 
dry gas rate was 4.0 L/min, and the dry temp was 200 C. The resulting mass spectra were analyzed 184 
using the open-source software MFassignR (Schum et al., 2020). Sample noise was calculated 185 
using the built-in KMDNoise function and the data was filtered to include only peaks with S/N 186 
threshold ≥ 3. After an initial C, H, O assignment, C13 and S34 isotopes were identified and filtered. 187 
Following a built-in mass recalibration, the final formula assignments were obtained using 188 
elemental constraints of N ≤ 3 and S ≤ 1. The methanol blank was analyzed using the same settings 189 
and the resulting background peaks were removed from the sample mass spectra. We did not 190 
perform ESI-MS analysis on toluene-combustion OA because it is predominantly composed of 191 
PAHs (El Hajj et al., 2021; Saleh et al., 2018), which are not efficiently detected with ESI 192 
(Bateman et al., 2011). 193 
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 194 
2.4. Light-absorption properties 195 
 The absorbance of the OA solutions was measured using a UV-vis spectrometer (Agilent, 196 
Cary 60) between 400 – 600 nm at a 1 nm resolution. The presence of BrC manifests as a power-197 
law increase in absorption with decreasing wavelength. The absorption spectra of BrC can exhibit 198 
some features if the BrC has relatively uniform molecular structure (e.g. in the combustion 199 
emissions of single-molecule fuels (Z. Cheng et al., 2021), but is often featureless for BrC with 200 
diverse molecular structures (e.g. in biomass-burning emissions (Islam et al., 2022)). While the 201 
different BrC chromophores contribute differently to absorption at each wavelength, one can 202 
define mean bulk BrC light-absorption properties. We retrieved the mean BrC imaginary part of 203 
the refractive index (k) for the wavelength range 400 nm – 600 nm following the procedure of 204 
(Atwi, Cheng, et al., 2022; Z. Cheng et al., 2021). To do so, we calculated the absorption 205 
coefficient as: 206 

𝛼 =  
ln(10) A ρ

CBrC L
    (1) 207 

Where α (cm-1) is the absorption coefficient, A is the absorbance, ρ is the BrC density (assumed 208 
to be 1.2 g cm-3), L (1 cm) is the optical path length, and CBrC (g cm-3) is the BrC concentration in 209 
the solution. To estimate CBrC, we deposited 250 µl of each solution on a pre-baked quartz filter 210 
punch, allowed the solvent to evaporate under a steam of clean air, and quantified the carbon 211 
content (OC) using the OCEC analyzer following the same procedure described in Section 2.3. 212 
We then converted the retrieved α to k values as: 213 

𝑘 =  
𝜆 𝛼

4 𝜋
    (2) 214 

 215 
 216 

3. Results and discussion 217 
 218 
3.1. Physicochemical properties of the three organic aerosol systems 219 

As described in Section 2.1, the sources employed in this study (toluene-combustion, pine-220 
combustion, and ambient) were chosen to yield OA systems with diverse physicochemical 221 
properties. In this section, we compare the chemical composition and light-absorption properties 222 
of the control samples (i.e., analyzed immediately after collection) of the three OA systems. 223 

Figure 1 shows the break-down of the OC fractions. Toluene-combustion OA has the 224 
highest volatility, followed by pine-combustion OA and ambient OA, as signified by the relative 225 
abundance of the OC1-4 fractions. PyroOC is most abundantly represented in ambient OA, 226 
followed by pine-combustion OA and toluene-combustion OA. This suggests that the lower 227 
volatility, more oxidized OA chars more efficiently in the initial oxygen-deficient phase of the 228 
analysis. 229 

 230 
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 231 
Figure 1. Fractions of the different OC bins for the control samples of toluene-combustion OA, 232 
pine-combustion OA, and ambient OA. 233 
 234 
 The mass spectra of the pine-combustion OA and ambient OA obtained using ESI-FTICR-235 
MS are shown in Figure 2a and 2b, respectively. The pine-combustion OA mass spectrum includes 236 
peaks with molecular formulas that likely correspond to molecules associated with biomass-237 
burning OA. A few examples are indicated on Figure 2a, such as levoglucosan (C6H10O5) 238 
(Bhattarai et al., 2019), Retene (C18H18) (Simoneit, 2002), and C7H6N2O6 (Wang et al., 2019). The 239 
ambient OA mass spectrum (Figure 2b) also includes a peak that likely corresponds to 240 
levoglucosan, which suggests contribution from biomass burning. Furthermore, the ambient OA 241 
mass spectrum includes peaks that are likely biogenic SOA markers, such as C4H8O4 and C7H10O4 242 
(Mahilang et al., 2021), as well as anthropogenic SOA markers, such as C9H16SO7 and C16H22SO6 243 
(Blair et al., 2017).The pine-combustion OA had average O:C = 0.31 and H:C = 1.48, while the 244 
ambient OA had average O:C = 0.60 and H:C = 1.4. These values indicate that the ambient OA, 245 
having undergone atmospheric aging, is more oxidized and less saturated than the pine-combustion 246 
OA. 247 

248 
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 249 
Figure 2. Mass spectra obtained using ESI-FTICR-MS for the control samples of (a) pine-250 
combustion OA and (b) ambient OA. The inserts represent the intensity-weighted fractions of 251 
elemental groups. 252 
 253 
 As shown in Figure 2, the majority of organic molecules detected by ESI-MS were CHO 254 
in both pine-combustion OA (79%) and ambient OA (68%), followed by CHNO (12.5% for pine-255 
combustion OA and 12% for ambient OA) and CHOS (6% for pine-combustion OA and 12% for 256 
ambient OA). The ambient CHOS species included a series of chemical formulas, which are 257 
associated with biogenic SOA (Hettiyadura et al., 2019; Kristensen & Glasius, 2011), but are also 258 
shown to be produced from the photo-oxidation of diesel and biodiesel fuels (Blair et al., 2017).  259 
 The imaginary part of the refractive indices (k) retrieved for wavelengths between 400 nm, 260 
and 600 nm are shown in Figure 3. The DCM extracts of toluene-combustion OA have k values 261 
that are an order of magnitude larger than those of the methanol extracts of pine-combustion OA, 262 
indicating that DCM extracts of toluene-combustion OA had BrC species with significantly 263 
stronger absorption. We were not able to obtain reliable UV-vis absorbance signals for the ambient 264 
OA samples due to the low concentrations of the samples and possibly their inherent weak 265 
absorption. Therefore, we were not able to retrieve k for the ambient OA samples. 266 
 267 
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 268 
Figure 3. Imaginary part of the refractive indices (k) of OA extracts for the control samples of 269 
toluene-combustion OA and pine-combustion OA. Shaded regions depict uncertainty bounds, 270 
calculated as shown in the SI. 271 
 272 
3.2. Effect of filter-storage conditions on thermal-optical measurements 273 

The fractions of the different OC bins obtained from the OCEC analyzer for the different 274 
filter-storage conditions are shown in Figure 4. For toluene-combustion OA, the OC1 fraction 275 
dropped from 70% for control to 58% and 50% for conditions RC and RUC, respectively. The 276 
reduction in OC1 fraction can be attributed to the evaporation of the relatively volatile organic 277 
species in OC1 (Dillner et al., 2009). Notably, the reduction in OC1 fraction led to an increase in 278 
PyroOC fraction from 10% for control to 17% and 23% for conditions RC and RUC, respectively. 279 
This result suggests that the relatively volatile organics in OC1, which evaporated in conditions 280 
RC and RUC, were less susceptible to pyrolysis during OCEC analysis. Pine-combustion OA 281 
exhibited a similar but less prominent reduction in OC1 from 65% for control to 60% and 52% for 282 
conditions RC and RUC, respectively. Ambient OA was the least susceptible to reduction in OC1 283 
fraction. These results suggest that the OC1 compounds in ambient OA were the least volatile, 284 
followed by pine-combustion OA and toluene-combustion OA.** Discuss on Monday** 285 

Collection of organic aerosols on quartz filters is susceptible to positive artifacts due to 286 
adsorption of vapors (Y. Cheng et al., 2010; Turpin et al., 1994, 2000). In this study we did not 287 
correct for these artifacts. Therefore, the reduction in OC1 in conditions RC and RUC compared 288 
to control for the toluene-combustion and pine-combustion OA was at least partially due to loss of 289 
adsorbed vapors rather than particles (Dillner et al., 2009).  290 

 291 
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 292 
Figure 4. Fractions of the OC bins for samples stored at different conditions for (a) toluene-293 
combustion OA, (b) pine-combustion OA, and (c) ambient OA. 294 
 295 
3.3. Effect of filter-storage conditions on ESI-FTICR-MS measurements 296 
To assess changes in chemical composition induced by the different storage conditions relative to 297 
control, we calculated the observed change in each species (i.e. each peak in the mass spectrum) 298 
following the approach of (Bateman et al., 2011): 299 

αi =  
Xi

S

Xi
control   (3) 300 

Where, Xi is the relative intensity of peak i in the mass spectrum and superscript S corresponds to 301 
the different storage conditions (F, RU, and RUC). 302 

We grouped the species based on their α values into five categories: Increased (α > 2), 303 
Decreased (α < 0.5), No Change (0.5 ≤ α ≤2), Obliterated (α = 0), and New (α = ‘infinity’). We 304 
then calculated the relative-intensity-weighted fraction of each category for the different storage 305 
conditions. The fractions of the No Change, Increased, Decreased, and Obliterated categories were 306 
calculated based on the relative intensities of the control mass spectrum. In other words, this 307 
calculation addresses the question: what fraction of species in the control spectrum underwent a 308 
certain observed change (No Change, Increased, Decreased, Obliterated) due to the different 309 
storage conditions? The fraction of the New category was calculated based on the relative 310 
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intensities of the storage condition mass spectrum. In other words, this calculation addresses the 311 
question: what fraction of the species in the mass spectrum of each storage condition corresponds 312 
to new species that did not exist in the control mass spectrum?  313 

 314 

 315 
Figure 5. Fractions of observed change in ESI-FTICR-MS mass spectra relative to control due to 316 
different storage conditions for (a) pine-combustion OA and (b) ambient OA. 317 

 318 
 319 
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Figure 6. Mass spectra and observed changes obtained using ESI-FTICR-MS. Observed changes 320 
are storage condition samples of (a) pine combustion OA and (b) ambient OA compared to control. 321 
Color coded by observed change.  322 

 323 
As shown in Figure 5, for both pine-combustion OA and ambient OA, the majority of the 324 

species underwent relatively small change due to storage. There are several physical and/or 325 
chemical transformation pathways that can potentially account for the observed changes 326 
(Increased, Decreased, and Obliterated). Those include evaporation of relatively volatile 327 
compounds, dissociation of large-molecular-size oligomeric compounds (Bateman et al., 2011), 328 
formation of large-molecular-size compounds via oligomerization (Walhout et al., 2019), among 329 
others. To investigate the prevalence of these processes, Figure 6 shows the mass spectra color-330 
coded by the observed-change categories. For both OA types and all storage conditions, there are 331 
no clear trends that can be attributed to oligomerization or oligomer dissociation into monomers, 332 
as those would manifest as systematic molecular-size-dependent changes in the mass spectra 333 
(Bateman et al., 2011; Walhout et al., 2019), which is not evident in Figure 6. The only obvious 334 
change that can be gleaned from Figure 6 is the loss of some small-molecular-size species in 335 
conditions RC and RUC for pine-combustion OA, likely due to evaporation. For example, a major 336 
peak at 126.11 m/z with the molecular assignment C6H6O3, likely maltol (an aromatic compound 337 
in pine needles), remains intact in condition F but is reduced significantly in conditions RC and 338 
RUC. Other observed changes are mostly associated with low-intensity peaks and most likely 339 
reflect a limitation of the technique rather than actual change. Therefore, in order to put the results 340 
in Figure 5 and Figure 6 in context, we tested the uncertainty in ESI-FTICR-MS analysis by 341 
reanalyzing the extracts of the pine-combustion OA sample (condition F) three months after 342 
extraction. We performed the analysis twice and compared the resulting mass spectra. As shown 343 
in SI Figure S2, the differences between the two mass spectra of this test sample reflect a similar 344 
extent of observed change as the stored samples compared to control. This indicates that the 345 
majority of the observed change in Figure 5 and Figure 6 is due to differences in instrument 346 
operation and not due to sample degradation. 347 

OA chemical speciation results are often used to estimate bulk properties, such as the 348 
relative abundance of different elemental groups, average oxygen to carbon ratios (O/C), and 349 
average organic matter to organic carbon (OM/OC) ratios. As shown in Figure 7 and Table 1, there 350 
are no prominent difference in these properties among the different storage conditions and no clear 351 
advantage of covering the samples and/or storing them in a freezer.  352 
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 353 
Figure 7. Fractions of elemental groups obtained from ESI-FTICR-MS measurements for (a) pine-354 
combustion OA and (b) ambient OA for the different storage conditions. 355 
 356 
Table 1. Average O/C and OM/OC of obtained from ESI-FTICR-MS measurements for (a) pine-357 
combustion OA and (b) ambient OA for the different storage conditions. 358 

Sample Storage Condition Average O/C Average OM/OC 

Pine Combustion 

Control 0.31 1.55 

F 0.34 1.58 

RC 0.32 1.56 

RUC 0.33 1.57 

Ambient 

Control 0.60 1.94 

F 0.56 1.89 

RC 0.54 1.86 

RUC 0.54 1.86 

 359 
 360 

3.4. Effect of filter-storage conditions on retrieved imaginary part of the refractive indices 361 
The imaginary part of the refractive indices (k) of the OA extracts retrieved from UV-vis 362 

absorption measurements for the different storage conditions are shown in Figure 8. To facilitate 363 
the discussion, the corresponding k at 550 nm (k550) and wavelength dependence of k (w), obtained 364 
from power-law fits of the k versus λ data, are shown in Table 2. For toluene-combustion, all 365 
storage conditions led to a slight decrease in k500 and a corresponding increase in w relative to 366 
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control. However, these differences are likely due to limitations in the measurement techniques 367 
rather than actual differences in light-absorption properties. For pine-combustion, condition F had 368 
k values that are consistent with control. However, RC and RUC storage conditions led to an 369 
increase in k550 relative to control by approximately a factor of 1.5 and 2, respectively. The increase 370 
in k550 was associated with a decrease in w. This suggests that the observed change in light-371 
absorption properties was driven by loss of species with relatively weak but highly wavelength-372 
dependent absorption (small k550 and large w). These species are likely to have small molecular 373 
sizes (Saleh, 2020), which is consistent with the observed loss in small-molecular-size compounds 374 
for the RC and RUC conditions (Figure 6). 375 

The RUC condition was chosen to investigate the effect of photobleaching on the retrieved 376 
k. As described above, no significant photobleaching was observed for either pine or toluene-377 
combustion. 378 

 379 

 380 
Figure 8. Imaginary part of the refractive indices (k) of OA extracts for toluene-combustion OA 381 
and pine-combustion OA for the different storage conditions. Shaded regions depict uncertainty 382 
bounds, calculated as shown in the SI. 383 
 384 
Table 2. Imaginary part of the refractive indices at 550 nm (k550) and the wavelength dependence 385 
of k toluene-combustion OA and pine-combustion OA for the different storage conditions. 386 

Sample Storage Condition k550 w 

Toluene Combustion 

Control 0.0114 ± 0.001 7.5 ± 0.005 

F 0.0085 ± 0.0007 7.65 ± 0.06 

RC 0.0098 ± 0.0009 7.57 ± 0.04 

RUC 0.0088 ± 0.0008 7.97 ± 0.055 

Pine Combustion 

Control 0.002 ± 0.00028 6.82 ± 0.04 

F 0.002 ± 0.00032 6.335 ± 0.06 

RC 0.0031 ± 0.0004 5.22 ± 0.035 

RUC 0.0042 ± 0.00067 4.85 ± 0.035 

 387 
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4. Conclusions 388 
In this work, we show that the common practice of covering aerosol filter samples with aluminum 389 
foil and storing them in a freezer to avoid sample degradation does not provide any obvious 390 
advantage for OA chemical analysis using ESI-FTICR-MS. In thermal-optical analysis, however, 391 
storing in a freezer had a measurable effect in preserving the OC1 fraction, whereas some OC1 392 
losses were observed for samples stored at room temperature. We note that we did not correct for 393 
positive artifacts in the thermal-optical analysis, and thus the loss in OC1 for the samples stored at 394 
room temperature was at least in part due to evaporation of adsorbed vapors. Therefore, it is 395 
possible that the advantage of storing in a freezer is overestimated. The only type of analysis where 396 
storing in a freezer was necessary to avoid significant artifacts was the retrieval of optical 397 
properties of pine-combustion OA from UV-vis measurements. Storing the samples at room 398 
temperature covered and uncovered led to an overestimation of k550 by a factor of 1.5 and 2, 399 
respectively. We attribute this artifact to evaporative loss of small-molecular-size species with 400 
relatively weak absorption. Exposing the samples to indoor laboratory lighting for a month (i.e. 401 
storing at RUC conditions) did not lead to any reduction in absorption that can be attributed to 402 
photobleaching. 403 
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