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Abstract

:

Sampling on different substrates is commonly used in laboratory and field studies to investigate the morphology and mixing state of aerosol particles. Our focus was on the transformations that can occur to the collected particles during storage, handling, and analysis. Particle samples were prepared by electrostatic deposition of size-classified sodium chloride, sulfuric acid, and coated soot aerosols on different substrates. The samples were inspected by electron microscopy before and after exposure to various environments. For coated soot, the imaging results were compared against mass-mobility measurements of airborne particles that underwent similar treatments. The extent of sample alteration ranged from negligible to major, depending on the environment, substrate, and particle composition. We discussed the implications of our findings for cases where morphology and the mixing state of particles must be preserved, and cases where particle transformations are desirable.
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1. Introduction


Atmospheric aerosols play a major role in regional air quality and global climate [1,2,3,4]. The effects of aerosols are highly dependent on the particle number concentration, and also on the particle size, composition, mixing state, phase state, and morphology. The knowledge of these properties is crucial for an accurate prediction of the environmental impacts of aerosols.



Although some current instrumentation is capable of online analysis of aerosol particles [5,6,7,8,9,10], the aerosol community is heavily reliant on off-line sampling, due to lower costs and a more comprehensive range of particle characterization methods available. Typically, a series of samples are collected during laboratory experiments or field measurements, with several replicates to ensure sufficient statistics. The samples are stored for hours, days, or even months, before being transported to the analysis facility, either by the researcher or over a commercial carrier. Finally, the samples are analyzed by the researcher or by the facility staff. Electron microscopy (EM) is a widely used off-line technique for particle analysis because it can provide a direct evaluation of the particle size and morphology [11]; also, particle composition can be assessed when EM is augmented by such methods as Energy-Dispersive X-ray Spectroscopy (EDX) or Electron Energy Loss Spectroscopy (EELS).



At every step in the above sequence, from collection through analysis, sample alteration is possible to a degree that the collected particles may fail to represent the original airborne particles, both individually and statistically. For instance, the collection of samples is often conducted by aerodynamic deposition of airborne particles on various substrates in a low-pressure cascade impactor [12]. This method may discriminate against solid particles, which tend to bounce off the substrate surface [13,14]. Greasing the substrate reduces particle bouncing, but is not always applicable when the sample is intended for EM imaging and chemical analysis. Since the impaction of particles occurs at a high velocity, the fragmentation of loosely connected agglomerates is possible, such as those produced by the Brownian coagulation of soot aggregates originally emitted by diesel engines; the original aggregates, however, are strongly bound and do not fragment upon impact [15]. Although the presence of a small amount of organic adsorbates stabilizes coagulation-produced agglomerates [15], thick liquid coatings could themselves be lost (“shaken off”) upon impaction of particles against substrate [16,17]. Collection approaches using electrostatic deposition [18,19], diffusion [15], or thermophoresis [20] are more gentle, but there are a number of factors which limit their use. Collection by filtration on porous membranes is by itself non-damaging [21], but typically requires a sputtered metal overcoat to make the sample electrically conductive, if it is intended for EM analysis. Also, such membrane samples by design are only suitable for examination by Scanning Electron Microscopy (SEM), but not for Transmission Electron Microscopy (TEM) because the membrane is not transparent to the electron beam. Thus, the choice of the particle collection and analysis methods imposes significant constraints on the choice of sampling substrates. While any sufficiently flat substrate that can be made electrically conductive by metal sputtering is suitable for SEM analysis, the application of TEM is limited to thin-film or web-like substrates that are sufficiently transparent for the electron beam.



A common limitation of standard TEM and SEM approaches comes from the need to place the particle sample under high vacuum, where evaporation of volatile and semi-volatile particle components is possible [22,23]. This problem is exacerbated by exposure of particles to the electron beam, leading to thermal evaporation and surface charging, reducing the image resolution and contrast. A lower accelerating voltage can be used to minimize this problem, but at the expense of a reduced resolution. One way to minimize sample damage is by using Environmental EM methods (i.e., ETEM and ESEM), where the sample is held at several millibar or even atmospheric pressure. Also, sample encapsulation under a thin membrane can be used to protect particles from high vacuum conditions [24].



Another frequently overlooked aspect of sample analysis involves substrate-particle interactions, which may depend strongly on the particle and substrate composition. For instance, interaction with the surface of beryllium substrate has been proposed to explain the failure to observe sulfuric acid particles after deposition [17]. The deliquescence point of water soluble particles [25] and mixing state of organic/inorganic aerosol particles [26] have been shown to depend on the hydrophilic properties of substrates. Hydrophilicity, or generally, the surface energy of the substrate, controls the ability of the particle material to wet the substrate surface, and hence the shape of liquid particles. At the limit of perfect wetting, a particle may lose its spherical shape entirely by spreading in a thin layer. Similarly, a core-and-shell particle may lose its liquid coat to the surface of substrate. The rate of transport from the particle to the surface is slow for thin coats [27]. However, thickly coated particles may potentially experience a significant coating loss within hours or even minutes, depending on the viscosity of the liquid layer [27], which depend on the degree of particle aging. To reduce photo-induced changes, particle samples are commonly kept refrigerated in the dark [21], but chemical changes are still possible through dark oxidation by molecular oxygen and neutralization of particle-phase acids by ubiquitous ammonia. Additionally, temperature and humidity swings during storage and transport present yet another possible cause of sample modification. For instance, for a sample sealed at 25 °C and 50% relative humidity (RH), a 10 °C drop in temperature would increase the RH to 93%, resulting in the deliquescence of most inorganic particle constituents and associated morphological changes in the particles. Indeed, freezing and thawing cycles of collected particles have been shown to cause severe particle agglomeration due to water uptake [24]. Finally, even for perfect samples, the human factor may contribute to a bias during image analysis through particle discrimination based on size and shape, as discussed previously [28,29,30].



The goal of this study was to investigate the role of particle-substrate interactions and changing environmental conditions on the outcome of morphological analysis for several types of submicron aerosols. We examined aerosol particles composed of sodium chloride, sulfuric acid, untreated soot, and sulfuric acid-coated soot. Sodium chloride is a crystalline material with deliquescence and efflorescence RH of 75 and 45%, respectively. Sulfuric acid is a low volatile, highly hygroscopic liquid whose water content depends on the ambient RH. Coated soot particles are aggregates of hydrophobic graphitic spheres with a thin layer of hygroscopic sulfuric acid. The particles were collected on several types of substrates (lacey grids, untreated silicon, hydrophobic silicon, and silicon nitride), exposed to varying temperature/humidity conditions, and analyzed to elucidate factors leading to significant morphological changes.




2. Experiments


2.1. Particle Generation, Processing, and Mass-Mobility Analysis


Soot aerosol was produced by the combustion of natural gas in an inverted diffusion burner [31]. A global flame equivalence ratio of 0.5 was used to form fractal particles with a negligible fraction of organic carbon [19,32]. Sodium chloride and sulfuric acid aerosols were produced by nebulization of the corresponding aqueous solutions in a constant output atomizer (Aerosol Generator 3076, TSI Inc., Shoreview, MN, USA). In all cases, the generated aerosol was diluted with particle-free, purified air, and then passed through a diffusion drier filled with silica gel, a Nafion drier (PD-07018T-24MSS, Perma Pure LLC., Lakewood, NJ, USA), and a bipolar diffusion charger (Po-210, 400 μCi, NRD Staticmaster, New York, NY, USA). An integrated system (Figure S1 in Supplementary Materials) consisting of two differential mobility analyzers (DMA 3081, TSI Inc., Shoreview, MN, USA), an aerosol particle mass analyzer (APM 3601, Kanomax Inc., Andover, NJ, USA), and a condensation particle counter (CPC 3772, TSI Inc., Shoreview, MN, USA) was used to size-classify and characterize aerosols [33]. A more detailed description of the aerosol system can be found in [19].



Sodium chloride and sulfuric acid particles were directly collected on substrates after size-classification. In the case of soot particles, processing could be applied before particle collection; this involved the coating of particles with sulfuric acid and/or exposure to elevated relative humidity. For coating, the soot aerosol was passed through a pick-up chamber half-filled with sulfuric acid (80 wt %) that was maintained at a controlled temperature (52 ± 2 °C). Following the coating application, the aerosol was either directly collected in the precipitator or passed through a drier/humidifier (PD-07018T-24MSS, Perma Pure LLC., Lakewood, NJ, USA), and then collected. The amount of sulfuric acid on soot particles and the associated change in the particle mobility diameter induced by coating and humidification were monitored through Tandem DMA and DMA-APM measurements, and reported as growth factors by diameter (Gfd) and mass (Gfm), respectively. The Gfd and Gfm were calculated from the ratios of the processed particle mobility diameter and particle mass (Dp, mp) over the initial diameter and mass (Do, mo), respectively. In all cases, following size-classification, soot aerosol was passed through a thermal denuder maintained at 300 °C to remove residual organics.




2.2. Substrates, Collection Procedures, and Sample Processing


Particles were collected in a custom-made electrostatic precipitator [19] similar to the one described earlier [18]. Lacey grids (01883, Ted Pella, Inc., Redding, CA, USA), silicon wafer chips (16008, Ted Pella, Inc., Redding, CA, USA), and silicon nitride window chips (301.3892, Hummingbird Scientific, Lacey, WA, USA) were used as collection substrates. Lacey grids have a Formvar/Carbon layer with web-like structure on a 300 mesh copper grid. Upon collection, some particles attached themselves to the fibers where the particle-fiber contact area was relatively small, while other particles landed on flat areas. Lacey grids were used as is, without any treatment. Silicon chips were sonicated in methanol to remove possible contamination, and dried with high purity nitrogen before use. Cleaned untreated silicon chips were hydrophilic. To obtain hydrophobic silicon chips, cleaned chips were immersed in a dichlorodimethylsilane solution (5% DCDMS in toluene, Sigma-Aldrich, St. Louis, MO, USA), rinsed sequentially with toluene and methanol, and dried with high-purity nitrogen. To verify the effect of the DCDMS treatment, a 3-μL water droplet was placed on the surface of both DCDMS -treated and untreated silicon chips. Images of the droplets (Figure 1) taken by a digital camera (eheV1-USBplus, Oasis Scientific, Taylors, SC, USA) indicated that the average contact angle increased from 45° to 92° after the DCDMS treatment (Table 1), confirming that the wettability of the silicon surface was reduced significantly (for reference, the wetting angle for water on Teflon was 104°). The wetting angle was determined from digital images using image-processing software (Adobe Photoshop, Adobe Systems Inc., Mountain View, CA, USA). Silicon nitride chips in ETEM experiments were used as received. These chips have a narrow-slit window covered with a 50 nm thick silicon nitride membrane. A regular chip and a spacer chip were sandwiched together to create a controlled environment for ETEM imaging of particle samples.



Particle samples collected on lacey grids and silicon chips were processed off-line and then imaged by SEM. The conditions corresponding to each of the three types of processing environments are described in Table 2. During Type I processing, substrates with collected particles were exposed to a 92–96% RH inside a small stainless steel cylindrical chamber for 20 min. Such exposure might correspond to a moderate change in environmental conditions during sample transport or contact with the operator’s breath. The relative humidity inside the chamber was maintained using a humidified flow obtained by passing particle-free, purified air through a single 30 cm long Nafion tube (TT-050, 0.042″ ID, 0.053″ OD, Perma Pure LLC., Lakewood, NJ, USA) immersed in warm distilled water. The relative humidity was measured by a RH sensor (SRH77A, Cooper Atkins, Middlefield, CT, USA). Type II processing involved exposing the samples to a 55% RH in an open holder box (PELCO® X-TREME, Ted Pella, Inc., Redding, CA, USA) placed inside a plastic bag. Next, the box was hermetically sealed and transferred to a freezer maintained at −20 °C. After 12 h of storage, the box was removed from the freezer, brought to room temperature, and then opened to expose the samples to ambient air (RH 16–55%, as noted in each case). Type III processing was similar to Type II, but after removal from the freezer, the box was opened immediately, allowing ambient water vapor to condense on particle samples. Condensation and surface flooding could be observed visually, with the amount of condensed water strongly dependent on the ambient humidity (RH 16–20% for Type IIIa and RH 50% for Type IIIb). The samples collected on silicon nitride chips were humidified in situ during ETEM imaging, using a 0.5 mL/min flow of helium that passed through the single-tube Nafion humidifier described above.




2.3. Electron Microscopy and Image Processing


Most of the particle samples were imaged with a LEO 1530VP Field Emission Scanning Electron Microscope (FE-SEM), using a 5 kV accelerating voltage. A limited number of samples were studied by FEI Titan 80–300 ETEM located in the Center for Functional Nanomaterials at Brookhaven National Lab, using a 300 kV accelerating voltage. No metal or carbon film coating was applied to the particle samples before imaging. The SEM and ETEM images were manually pre-processed using Adobe Photoshop to adjust contrast and/or gray level in order to separate particles from the substrate background. For soot aggregates on silicon and silicon nitride, adjusting the levels was sufficient, but for soot aggregates on lacey grid samples, a manually drawn outline was required because the aggregates and lacey fibers had a comparable level of gray and/or contrast. For sulfuric acid and sodium chloride particles on all substrates, adjustment of gray level was sufficient to separate the particles from the image background.



Processed images were used to measure particle dimensions and morphology. In the case of soot, the aggregate convexity (Figure S2) was determined [21,34]. Convexity is the ratio of the aggregate projected area Aa over the area of the convex hull polygon Apolygon, as defined by Equation (1):


   Convexity   =    A a     A  p o l y g o n       



(1)




where Aa and Apolygon were determined from the images using MATLAB-based code written in-house (Text S2). The convexity characterizes the compactness of soot aggregates, varying between 0 and 1, with the larger value corresponding to more compact aggregates.





3. Results and Discussion


3.1. Sodium Chloride


Figure 2 shows sodium chloride particles with an initial mobility diameter of 200 nm that were collected on several different substrates and treated following procedures described in Table 2. As expected, the untreated particles appeared as cubes with well-defined edges (Figure 2a) because the highest RH experienced by these particles during sample manipulation never exceeded 50%, which is well below the 75% deliquescence RH of sodium chloride. For treated particles, the appearance depended on several factors, including the procedure, the maximum level of RH, and the type of substrate. The particles were stable under the electron beam at magnifications below ×100 k. At magnifications exceeding ×700 k, the resistive heating from the electric current delivered by the electron beam caused particle melting and then re-crystallization into a set of smaller particles.



For sodium chloride particles subjected to Type I treatment (94% RH), morphological changes varied from negligible to major, depending on the substrate. Particles supported by untreated silicon chips lost their sharp edges, becoming roundish; some particles even acquired non-cubic shapes (Figure 2b). Also, light circular spots developed around some of the particles. Presumably, these spots were composed of a thin deposit of sodium chloride, which led to surface charging around the particles due to the poor electrical conductivity of crystalline sodium chloride. From this behavior, we inferred that the sodium chloride crystals were converted to aqueous droplets at high humidity, and the droplets partially spread over the surface. After water evaporation, most droplets re-crystallized to form individual particles, but the shape of those particles was significantly affected by the interactions between the aqueous droplets and the hydrophilic substrate. On the other hand, most particles that were collected on hydrophobic silicon restored their original cubic structure (Figure 2c) because of poor surface wetting. Overall, particles subjected to Type I treatment on hydrophobic silicon chips appeared nearly indistinguishable from the original dry sodium chloride particles (Figure 2a).



The response of sodium chloride collected on lacey grids depended strongly on the particle location within the grid. Particles adhering to the fibers, far away from lacey holes, maintained their cubic morphology or became somewhat roundish after Type I treatment (Figure 2d). However, particles located near small lacey holes changed their morphology entirely. It appears that after deliquescence, the aqueous solution was drawn into the holes, and when the water evaporated, sodium chloride re-crystallized within the holes, forming solid plugs (Figure 2d inset).



Subjecting samples of sodium chloride to Type II treatment (Cold storage) caused only negligible changes in the particle morphology. The Type II treatment was designed to reproduce a typical sampling routine, whereby a particle sample is sealed at a 55% indoor RH, transferred to the freezer, and upon removal from the freezer is allowed to equilibrate thermally before exposure to ambient air. The lack of discernible changes in the particle morphology on different substrates indicates that the particles were never exposed to an RH above the deliquescence point of sodium chloride. We believe this was caused by the freeze-drying effect due to the container walls being cooled faster than the particle sample, which was mounted in the middle of the container on a thermally non-conductive support. Water vapor diffused from the warmer sample region to the colder wall region, where it condensed, keeping the RH near the sample relatively low. If particle samples were mounted directly on the container wall, the impact would have been significant, as shown in [24], where the sample cooling and thawing at the same rate as cooling and thawing of the container walls resulted in water condensation, deliquescence, and coalescence of the particles.



Under the Type III treatment (Flooding), the sample box was opened immediately after removal from the freezer, allowing no temperature equilibration. Evidently, ambient RH was a key factor in determining the extent of sample change in this case. When exposed to a 50% RH (Type IIIb), the surface of the cold substrates was heavily flooded by the water condensate and no particles could be observed afterwards on either untreated silicon or hydrophobic silicon. Apparently, the particles were dissolved and washed away completely by the thick water layer. When ambient RH was lower than 20% (Type IIIa), some particles could be observed on the substrates, but their appearance was different from that of the original particles. As shown in Figure 2e, these new particles were of non-uniform sizes and clustered in groups. In this case, the level of water saturation was sufficient to activate sodium chloride particles into supermicron-sized droplets, but insufficient to flood the surface. The droplets grew in size and coalesced to form continuous areas while the sample was still cold. When the sample temperature increased and water evaporated, the dissolved sodium chloride re-crystallized randomly on the surface defects, forming particles of a broad range of sizes (Figure 2e inset), with some particles as large as several micrometers. A similar behavior was seen in [24] where freezing or thawing particles without humidity regulation caused morphology changes, while controlling the humidity decreased the severity of change observed in particle size and shape.



When Type III treatment was applied to lacey grids, particles were recovered in all cases and no difference in the particle appearance was noted between the experiments conducted at a 16 or 45% RH. The particles were not washed off because the extent of surface flooding was prevented by the Kelvin effect, due to the small radius of curvature of the fibers. Figure 2f shows that Type IIIb treatment of lacey grids triggered a sequence of droplet activation, coalescence, and re-crystallization, producing random groups of sodium chloride particles of a broad size range. As seen previously with Type I treatment, some of the sodium chloride particles re-crystallized within the lacey holes.




3.2. Sulfuric Acid


Experiments with sulfuric acid aerosol were conducted using DMA1 set to 200 nm. Sulfuric acid droplets collected on hydrophilic and hydrophobic silicon chips appeared as nearly perfect spheres with similar average diameters of 229 ± 21 nm (Figure 3a) and 237 ± 15 nm, respectively. A small number of droplets with multiple charges and larger sizes were also observed, but those were excluded from the average diameter calculation. For samples prepared on a lacey grid, a significant difference was observed between the droplets on the fibers and the flat area, 204 ± 21 nm and 292 ± 20 nm, respectively. The agreement between the SEM and DMA diameters for droplets on fibers indicates that they remained nearly spherical after deposition. In other cases, some flattening occurred from the droplet-surface interaction. The behavior of submicron droplets of concentrated sulfuric acid was drastically different from that of millimeter-scale droplets, which wet the silicon chip surface almost perfectly and spread to form a thin film, due to a stronger gravitational force (Table 1).



The 200 nm droplets of sulfuric acid were stable under the electron beam at lower magnifications, but evaporated within seconds at magnifications exceeding ×200 k. Exposure of the droplets deposited on hydrophilic silicon to Type I treatment (Humidified) resulted in roundish particles of non-uniform shape and a significantly larger final diameter, 387 ± 36 nm (Figure 3b). The increase in the average diameter relative to the unprocessed sample was caused by droplet flattening after undergoing the humidification/drying cycle. First, at high RH the droplet footprint may have doubled from water absorption, because the hygroscopic growth factor of sulfuric acid droplets between 5 and 94% RH is about 2. The coalescence of adjacent droplets may have caused an additional increase in size. Next, when water was lost through evaporation upon drying, the droplets did not retreat to their original sizes, but flattened instead because of the adhesion to the substrate surface. The presence of darker spots around the droplets, probably the residue of sulfuric acid after the droplet retreat, confirms this hypothesis. The uneven shape of processed droplets could be caused by the submicron-scale surface roughness. Also, it is possible that sulfuric acid in the droplets was partially or completely neutralized by ammonia, which is ubiquitous in ambient air. We estimated that in the presence of mere 10 parts per billion, a common indoors ammonia level [35,36], it takes only few minutes to neutralize sulfuric acid inside the 200 nm droplets. The resulting salts, ammonium bisulfate (efflorescence RH 10%) and ammonium sulfate (efflorescence RH 39%), would crystallize upon drying under the SEM vacuum to form non-spherical particles. It has been reported that neutralization of sulfuric acid particles by ammonia makes them more stable under the electron beam [17].



For droplets on hydrophobic silicon chips and lacey grid fibers, the diameter increased to 259 ± 26 nm and 265 ± 23 nm, respectively after Type I treatment (Figure 3c,d). Less significant changes in the droplet appearance and size on hydrophobic silicon may have resulted from a larger wetting angle of dilute sulfuric acid (Table 1), leading to less droplet spreading at high RH. In the case of fibers, the lesser impact may be due to a lower contact area with the droplets.



On all substrates, Type II treatment (Cold storage) produced less significant changes to sulfuric acid droplets than Type I treatment (Figure 3e,f). For example, the droplet diameter increased to 321 ± 48 nm and 248 ± 8 nm on hydrophilic and hydrophobic silicon, respectively. However, after Type III treatment (Flooding), no droplets could be observed on either hydrophilic or hydrophobic silicon substrates at any ambient RH. It appears that flooding re-distributed sulfuric acid over the entire surface of the silicon substrate, and the acid remained on the surface in the form of a thin layer, even after the evaporation of water. However, for lacey grids samples, groups of non-uniform spheres could be still observed after flooding and drying, because of the limited dispersion of sulfuric acid along the fibers.




3.3. Soot Aggregates


Soot particles with an initial mobility diameter of 350 nm deposited on various substrates are shown in Figure 4. Uncoated soot particles collected on both types of silicon chips appeared as fractal aggregates of graphitic spherical monomers (Figure 4a). The monomer diameter was 28 ± 7 nm, showing no clear dependence on the overall aggregate size. A small fraction of larger aggregates with multiple charges was present, but no smaller fragments were evident, indicating that no fracturing occurred upon deposition of the aggregates on the collection substrate. For unprocessed soot of 350 nm mobility diameter, chosen in our study for most experiments, the aggregate convexity was 0.56 ± 0.05.



In the atmosphere, fractal soot aggregates age rapidly upon exposure to condensable vapors of sulfuric acid and oxidized organics [37,38,39,40,41,42]. Sufficiently aged soot may undergo significant structural changes, making the aggregates less fractal [16]. The restructuring is promoted in the presence of hygroscopic materials, which absorb water and increase in volume at elevated RH [33]. It is possible that airborne and surface-bound aggregates respond differently to humidification. For instance, the interaction with the surface may anchor the aggregate, limiting the extent of structural changes. To address this knowledge gap, we investigated morphologies of soot aggregates coated by sulfuric acid and exposed to elevated RH, both in an airborne state and after deposition onto different substrates.



Structural changes in the airborne soot were investigated using the Tandem Differential Mobility Analyzer (TDMA) system, similarly as described earlier [33]. Size-classified soot aerosol (350 nm) emerging from DMA1 was coated by sulfuric acid, humidified, thermally denuded, and then scanned by DMA2 to determine the growth factor, Gfd. Since the coating was removed from the particles before they entered DMA2, the reported Gfd reflects the structural change in the soot backbone induced by the coating material and water, but excludes the contribution from the coating material itself. In all the experiments, the mass fraction of sulfuric acid coating was maintained at 0.26, corresponding to a Gfm of 1.35, as measured by the APM. Figure 5 shows the evolution in Gfd with the increase in RH. The first point with a Gfd of 0.92 corresponds to soot aerosol coated by sulfuric acid and stabilized at 5% RH to minimize coating evaporation. Only a small decrease in Gfd occurred when RH was increased from 5 to 50%, in agreement with previous observations [33]. The most significant decrease in Gfd occurred at RH above 50%, reaching a value of 0.74 at 88% RH. The latter Gfd corresponded to the most compact morphology attainable by the 350 nm soot aggregates generated in our burner [19].



To investigate the role of substrate, two sets of experiments were performed, using soot aggregates deposited on hydrophilic silicon chips, hydrophobic silicon chips, and lacey grids. In the first set of experiments, airborne soot aggregates were coated by sulfuric acid, humidified, and only then collected on the substrates. Figure 4b shows an image of the coated soot deposited on a hydrophilic silicon chip at 5% RH. While the presence of sulfuric acid on the aggregates was not apparent, their morphology was clearly more compact than that of unprocessed soot. As shown in Figure 6 (5% RH), convexity was 0.64 ± 0.08, 0.65 ± 0.08, and 0.67 ± 0.07 for coated aggregates on hydrophilic silicon, hydrophobic silicon, and lacey grid fibers, respectively. A somewhat higher convexity observed on hydrophobic silicon chips and grid fibers may reflect a lower interaction of the aggregates with those supports, resulting in a partial restructuring when the samples were exposed to 40–45% ambient RH during transfer to the SEM chamber. Convexity was significantly higher (0.74 ± 0.11) when the coated airborne soot aggregates were humidified to 88% RH before deposition (Figure 4c). An even higher convexity (0.81 ± 0.05) was observed when these coated and humidified aggregates were denuded before deposition, suggesting that the evaporation of water and sulfuric acid off airborne particles could promote their further compaction, as suggested earlier [43,44].



In the second set of experiments, the coated soot aggregates were first deposited on three different substrates and only then humidified, using the protocols described in Table 2. Figure 4d–f shows examples of particles subjected to Type I treatment (94% RH) on hydrophilic silicon and lacey grids (fibers and flat areas separately). The images of particles on hydrophobic silicon are not included because they were essentially the same as on hydrophilic silicon. There was a marked difference in the extent of restructuring experienced by the aggregates located on flat substrates and on fibers (Figure 6). The largest convexity (0.78 ± 0.05) was observed for the aggregates deposited on fibers, close to the convexity of coated aggregates that were exposed to comparable humidity in the airborne state. The convexities of particles located on the flat area of lacey grids, hydrophilic silicon, and hydrophobic silicon were notably lower and of comparable magnitudes, 0.62 ± 0.08, 0.68 ± 0.07, 0.69 ± 0.09, respectively.



As with sodium chloride, Type II treatment (Cold storage) of the coated soot particles made no discernible change in their morphology on any tested substrate. In the case of Type IIIa treatment (Moderately flooded), significant restructuring occurred to soot aggregates attached to the fibers of the lacey grid (0.79 ± 0.04), but the samples prepared on both types of silicon remained practically unchanged (0.62 ± 0.06), as shown in Figure 6.



Experiments with coated soot clearly show that particle-substrate interactions hinder aggregate restructuring. The hindering effect depends on the contact area, being the lowest for aggregates attached to thin fibers and the largest for aggregates sitting on flat surfaces. Two factors may be responsible for this effect, the reduced mobility of the aggregate branches anchored to the surface and the escape of liquid coating material (sulfuric acid) from the coated aggregate to the substrate, due to capillary action. To obtain some insight on the origin of the hindering effect, we investigated the restructuring of coated soot aggregates in situ, using ETEM.




3.4. In Situ Processing of Soot Aggregates


Figure 7a shows an ETEM image of the coated soot aggregate (0.26 mass fraction of sulfuric acid) under a flow of dry helium. The aggregate structure remained unchanged over several minutes of continuous exposure to the electron beam. Next, the electron beam was diverted, and dry helium was replaced with humidified helium. The first image of the humidified sample was taken when the RH at the exit from the sample cell reached 83 ± 2%. Figure 7b shows that several distinct changes occurred in the appearance of the aggregate, and also on the surface of silicon nitride. First, under dry conditions, no coating material could be observed, whereas upon humidification the aggregate, not only did the surface become visibly embedded in an aqueous coating, but it also developed a dark outline on the substrate surface. Second, some branches of the aggregate experienced a minor re-arrangement. Third, a large spot originating at the aggregate and reaching across the entire frame became visible on the substrate. Over the next 55 seconds, the spot contracted in size (Figure 7c–e) and then remained nearly stable for over four minutes (Figure 7f). The outline around the aggregate became lighter and the aggregate appeared as if it lost some of the aqueous coating.



The evolution in the appearance of the aggregate and substrate can be interpreted by considering the joint effect of humidification and exposure to the electron beam. At high humidity and in the absence of imaging, the sulfuric acid coating absorbed water, forming a larger shell around the aggregate. Some of the aqueous sulfuric acid, driven by capillary action, migrated to the silicon nitride surface, forming an outline in close vicinity of the aggregate, and also spreading to a larger surface area. As shown in Table 1, both concentrated and aqueous sulfuric acid could wet the surface of silicon nitride. This behavior closely resembled the behavior of the sodium chloride and sulfuric acid particles upon humidification. The migration of aqueous sulfuric acid to the substrate surface stripped the aggregate of its coating shell, causing it to retain its backbone morphology nearly unchanged even after humidification. When the electron beam was focused on the aggregate, the heat produced by the beam raised the local temperature, reducing RH and leading to water evaporation. We also noted that after switching back to dry helium flow, it was impossible to reset the aggregates precisely to their original state (not shown). The appearance of processed soot pointed to a minor damage in the graphitic monomers, probably due to oxidation by OH radicals generated from water radiolysis.





4. Conclusions


We investigated morphological changes in three types of particles subjected to several types of environments, which may be commonly experienced by particle samples during handling, transport, and imaging. The particles were composed of sodium chloride, a material with a sharp deliquescence transition at a defined RH; sulfuric acid, which adjusts its water content continuously with variation in RH; and soot aggregates coated by sulfuric acid, in which the hygroscopic coating was expected to absorb water and induce structural changes in the soot backbone at elevated RH. The samples were prepared by electrostatic deposition of particles on wafer chips and lacey grids. Overall, four types of particle-substrate combinations were investigated, including two for silicon (original hydrophilic and processed hydrophobic) and two for lacey grids (fibers and flat areas). The environmental conditions included those to which samples are often subjected during normal handling, such as refrigeration or freezing in tightly sealed containers, and also extreme cases, such as the exposure of a cold sample to ambient air.



Based on our findings summarized in Table 3, several major points can be drawn. The most damaging impact was caused by the Type IIIb treatment, when frozen samples were exposed to ambient air with RH in excess of 50%. The substrate became heavily flooded with liquid water, which washed off the particles. However, at an ambient RH below 20% (Type IIIa), differentiation in the extent of sample alteration was observed, depending on the particle composition and the substrate. Whereas sulfuric acid particle samples were all defaced, sodium chloride and coated soot survived with minor structural alterations on selected substrates. Type III treatment is equivalent to a major mishap during sample handling, but even then, certain particle-substrate combinations appear to survive nearly unchanged.



The Type II treatment is equivalent to routine sample handling, when substrates are placed in sealed cases, cooled to low temperature, and then brought up to ambient temperature while still sealed [21]. Comparable temperature swings may arise during refrigerated/frozen storage, or during transportation. In all the cases, with the exception of sulfuric acid on hydrophilic silicon chips, this treatment introduced minor or negligible changes to the particles.



The Type I treatment involved the exposure of samples to a high RH (94%), but below the water saturation level. Such conditions may be experienced by the samples during collection (e.g., during rain, in early morning or late evening) or handling (an inadvertent exposure to the operator’s breath or transfer to a room with a significantly different temperature/humidity). The impact of this treatment varied broadly, depending on the nature of particles and substrate. Coated soot on any type of silicon chips and sodium chloride on hydrophobic silicon were not affected. On the other hand, coated soot on lacey fibers and sulfuric acid on hydrophilic silicon experienced significant changes.



The extent of the particle modification depends on an interplay between several factors, including the actual level of RH experienced by the particles, the physical and chemical properties of the particle material, and the interaction between the particle and substrate (both surface energy and contact area). For any given particle-substrate combination, additional factors such as the rate of sample cooling and relative diffusivity of water vapor versus gas also play a role. Samples must therefore be handled with the utmost care to prevent conditions when morphology changes are induced by increased humidity (from operator’s breath) or humidity swings (flooding). Humidity control is important for ensuring collected particles maintain most of their morphology from source to analysis [24].



Deciding on the best type of substrate for use in aerosol sampling is not only dependent on the factors described previously, but also on the objective of the investigation. In some studies, the environment is changed intentionally in a controlled way to examine the response of the particles. Our results had direct implications for cases where morphological changes in the deposited particles are desired, such as upon exposure to an elevated RH, using ETEM, ESEM, or Atomic Force Microscopy (AFM) [45,46,47,48,49]. Clearly, interaction with substrate may severely hinder or alter the extent of change in the particle morphology. Hence, one must strive to reduce the interaction by minimizing the substrate surface energy and the surface area in direct contact with the particle. Finally, it must be noted that appropriate handling of the sample may still not prevent additional measurement bias introduced via exposure to vacuum, electron beam, or AFM sample tip.
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Figure 1. A droplet of water on the surface of (a) untreated hydrophilic and (b) hydrophobically treated silicon chip. Scale bar for both images is 1 mm. 
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Figure 2. Scanning electron microscopy (SEM) images of 200 nm initial mobility diameter sodium chloride particles deposited on different substrates: (a) untreated silicon chip, dry conditions; (b) untreated silicon chip, subjected to Type I treatment; (c) hydrophobic silicon chip, subjected to Type I treatment; (d) lacey support film, subjected to Type I treatment; (e) untreated silicon chip, subjected to Type IIIa treatment (16–20% ambient RH); and (f) lacey support film, subjected to Type IIIb treatment (45% ambient RH). Inset in (d) shows recrystallized NaCl within holes of the lacey grid. Inset in (e) shows polydisperse recrystallized particles on untreated silicon chip. Scale bar for images (a–d,f), and inset (e) is 1 μm. Scale bar for inset (d) is 200 nm. Scale bar for image (e) is 20 μm. 
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Figure 3. SEM images of 200 nm initial mobility diameter sulfuric acid particles on different substrates. The scale bar is 1 μm. The particles were (a) deposited onto a untreated hydrophilic silicon chip and kept dry, (b) deposited onto a hydrophilic silicon chip and subjected to Type I treatment, (c) deposited onto a hydrophobic silicon chip and subjected to Type I treatment, (d) deposited on lacey grid fibers and subjected to Type I treatment, (e) deposited onto an untreated silicon chip and subjected to Type II treatment, (f) deposited onto a hydrophobic silicon chip and subjected to Type II treatment. 
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Figure 4. SEM images of uncoated, coated, and coated/humidified soot particles deposited on different substrates ((a–d) correspond to untreated silicon chips and (e,f) to lacey TEM grids). Initial particle mobility diameter is 350 nm and the scale bar is 2 μm. Insets show magnified individual particles with a scale bar of 200 nm. The particles were (a) uncoated, (b) coated by H2SO4, (c) coated by H2SO4 and humidified to 88% prior to deposition, (d) coated by H2SO4, deposited onto a silicon chip, and subjected to Type I treatment, (e) coated by H2SO4, deposited onto a lacey grid (fibers area), and subjected to Type I treatment, (f) coated by H2SO4, deposited onto a lacey grid (flat area), and subjected to Type I treatment. 
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Figure 5. The decrease in the diameter growth factor (Gfd) of H2SO4-coated soot aggregates with an increase in the relative humidity (RH). The initial mobility diameter of soot is 350 nm and the coating mass fraction is 0.26. Following humidification, the particles were thermally denuded to remove all of the coating material. 
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Figure 6. Morphology of coated soot aggregates deposited on different substrates and then exposed to different environmental conditions. The initial mobility diameter was 350 nm and the coating mass fraction 0.26 ± 0.1. Convexities of uncoated soot and coated airborne soot exposed to 88% RH were 0.56 and 0.74, respectively. 
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Figure 7. The evolution in the appearance of a soot aggregate coated by sulfuric acid and of the surface of silicon nitride substrate upon humidification and exposure to the electron beam in environmental transmission electron microscopy (ETEM): (a) dry initial conditions, (b) sample humidification begins, (c–f) the sample evolves from the joint impact of humidity and exposure to the electron beam. The sample was not exposed to the electron beam between 0 and 36 min; the exposure was continuous after 36 min. The time stamp is minutes and seconds; the scale bar is 400 nm. 
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Table 1. Wetting angle of liquids on different surfaces.
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Chemical

	
Wetting Angle, Degrees




	
Silicon

	
Silicon Nitride

	
Graphite




	
Hydrophilic

	
Hydrophobic






	
Water

	
45

	
92

	

	
86




	
Sulfuric acid (20%)

	

	

	
69

	
73




	
Sulfuric acid (50%)

	

	

	
61

	




	
Sulfuric acid (80%)

	
20 1

	
92

	

	
16




	
Sulfuric acid (98%)

	

	

	
20 1

	








1 Because of effective surface wetting the angle cannot be measured precisely.
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Table 2. Different types of environments used to process collected particles.
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	Environment
	Description





	Type I (Humidified)
	Exposed to a 92–96% relative humidity (RH)



	Type II (Cold storage)
	Exposed to a 55% RH at room temperature, sealed in a container, chilled in a freezer to −20 °C, removed from the freezer, brought to room temperature, and then exposed to ambient air (RH 16 to 50%)



	Type IIIa (Moderately flooded)
	Exposed to a 55% RH at room temperature, sealed in a container, chilled in a freezer to −20 °C, removed from the freezer and exposed to ambient air while still cold; ambient air RH is 16–20%.



	Type IIIb (Severely flooded)
	Exposed to a 55% RH at room temperature, sealed in a container, chilled in a freezer to −20 °C, removed from the freezer and exposed to ambient air while still cold; ambient air RH is 50%.
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Table 3. Magnitude of structural change in aerosol particles on different substrates.
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Aerosol

	
Environment 1

	
Untreated Silicon

	
Hydrophobic Silicon

	
Lacey Grid




	
Fiber

	
Flat






	
Coated Soot

	
Type I (Humidified)

	
Minimal

	
Minimal

	
Major

	
Minimal




	
Type II (Cold storage)

	
Minimal

	
Minimal

	
Minimal

	
Minimal




	
Type IIIa (Moderately flooded)

	
Minimal

	
Minimal

	
Major

	
-




	
Type IIIb (Severely flooded)

	
Major

	
Major

	
Major

	
-




	
Sodium Chloride

	
Type I (Humidified)

	
Moderate

	
Minimal

	
Moderate

	
-




	
Type II (Frozen)

	
Minimal

	
Minimal

	
Minimal

	
-




	
Type IIIa (Moderately flooded)

	
Major

	
Minimal

	
Moderate

	
-




	
Type IIIb (Severely flooded)

	
Major

	
Major

	
Major

	
-




	
Sulfuric Acid

	
Untreated

	
Minimal

	
Minimal

	
Minimal

	
Moderate




	
Type I (Humidified)

	
Major

	
Moderate

	
Moderate

	
Major




	
Type II (Frozen)

	
Major

	
Minimal

	
Minimal

	
-




	
Type IIIa (Moderately flooded)

	
Major

	
Major

	
Major

	
-




	
Type IIIb (Severely flooded)

	
Major

	
Major

	
Major

	
-








1 See Table 2 for the description of different types of environments.
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