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Abstract

:

Field measurements have shown that sub-micrometer sea spray aerosol (SSA) is significantly enriched in organic material, of which a large fraction has been attributed to soluble saccharides. Existing mechanistic models of SSA production struggle to replicate the observed enhancement of soluble organic material. Here, we assess the role for divalent cation mediated co-adsorption of charged surfactants and saccharides in the enrichment of soluble organic material in SSA. Using measurements of particle supersaturated hygroscopicity, we calculate organic volume fractions for molecular mimics of SSA generated from a Marine Aerosol Reference Tank. Large enhancements in SSA organic volume fractions (Xorg > 0.2) were observed for 50 nm dry diameter (dp) particles in experiments where cooperative ionic interactions were favorable (e.g., palmitic acid, Mg2+, and glucuronic acid) at seawater total organic carbon concentrations (<1.15 mM C) and ocean pH. Significantly smaller SSA organic volume fractions (Xorg < 1.5 × 10−3) were derived from direct measurements of soluble saccharide concentrations in collected SSA with dry diameters <250 nm, suggesting that organic enrichment is strongly size dependent. The results presented here indicate that divalent cation mediated co-adsorption of soluble organics to insoluble surfactants at the ocean surface may contribute to the enrichment of soluble saccharides in SSA. The extent to which this mechanism explains the observed enhancement of saccharides in nascent SSA depends strongly on the concentration, speciation, and charge of surfactants and saccharides in the sea surface microlayer.
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1. Introduction


Oceans cover more than 70% of Earth’s surface and serve as a major source of natural aerosol particles resulting from wave breaking processes. Sea spray aerosol (SSA) are important drivers for global climate and regional atmospheric chemistry as they directly scatter incoming solar radiation [1], serve as cloud condensation [2,3] and ice nuclei [4,5,6] (CCN and IN), and provide interfaces for chemical reactions [7,8]. Each of these processes depends on SSA chemical composition, size, morphology, and phase. Previous laboratory and field investigations have shown that the chemical composition of SSA is a complex function of chemical [9,10,11,12] and biological processes occurring in the surface ocean [10,13,14,15,16,17]. SSA chemical composition is also dependent on the physics of wave breaking, which determines the distribution of organic material at the air-sea interface and how it is transported from the ocean surface into aerosol particles [10,18,19,20].



In contrast to the high seawater salt concentrations (475 mM Cl−) [19,21,22,23,24], the total organic carbon concentration of seawater is routinely less than 100 μM C [12,25,26,27,28,29,30], rising to several hundred μM C during intense phytoplankton blooms [11,19,25,31,32,33]. It has been shown that SSA are highly enriched in organic material [15,21,34], where submicron SSA organic mass fractions can exceed 0.9 during bloom periods [15], and the organic species are often water soluble [19,35,36,37]. For example, saccharides comprise 7–20% of organic aerosol mass in ambient aerosol collected over the Northeast Pacific Ocean [38], and a substantial saccharide-like, ocean-derived organic signature was shown to account for 68% of the submicron aerosol organic mass of ambient aerosol filter samples collected over the North Atlantic Ocean [35]. Similar results have been shown for particles collected over the Southeast Pacific Ocean and at coastal sites in northern Alaska (Barrow) and Northeastern North America (Appledore Island and Chebogue Point) [35]. In a recent laboratory study, where aerosols were generated in a wave channel [14], saccharides (primarily polysaccharides) accounted for 11% of the fine (PM2.5) aerosol organic mass [19]. These values are in good agreement with the ambient measurements of clean marine aerosol by Russell et al. [35,39].



A wide range of saccharides have been identified in the ocean, including dissolved free monosaccharides, polysaccharides, sugar alcohols, and monosaccharide anhydrates [40,41,42], with varying composition dependent on marine biological activity [43,44,45,46,47]. These saccharides account for approximately 20% of dissolved organic carbon (DOC), with polysaccharides as the dominant form (71% of total saccharides) near the ocean surface, and monosaccharides more prevalent in the deep ocean [48,49]. Most analytical techniques used to detect saccharides do not account for charged compounds such as uronic acids, so these values are typically treated as lower limits. The relative abundance of charged saccharides is thought to be smaller than that of the free monosaccharides [50,51,52]. Moreover, of particular interest to this study, divalent metal cations have been shown to link organic material and form gel particles [44].



There is increasing evidence that many marine polysaccharides are surface-active [52,53] and may play an important role in bubble bursting at the ocean surface [54] and the resulting SSA composition [35,36,37]. For example, Frossard et al. [37] used the location of the hydroxyl group infrared absorption peak in the FTIR analysis of collected atmospheric marine aerosol to deduce the contribution of monosaccharides and disaccharides relative to polysaccharides in SSA. They found that SSA generated from biologically productive ocean water was more strongly characterized by monosaccharides and disaccharides, whereas seawater more closely resembled polysaccharides. This suggests that larger saccharides may preferentially stay in seawater during aerosol production, leading to an outsized impact of monosaccharides and disaccharides on the composition of SSA relative to their concentrations in the bulk and surface water.



Despite growing evidence for the role of soluble saccharides in SSA, current mechanistic models of SSA production (e.g., Burrows et al., 2014) cannot replicate the observed enhancement in highly soluble organic material. It is commonly assumed that the distribution of organic compounds within the sea surface microlayer (SSML) is driven by solubility and surface activity, where insoluble organics are concentrated at the air-sea interface and soluble organic species, such as biologically-derived saccharides, are more evenly distributed through the SSML. One idea for explaining the observed enrichment of soluble organics in SSA is that they are covalently bonded to lipid head groups, such as in lipopolysaccharides (LPS). Chemical processing and/or enzymatic breakdown of a compound such as LPS in SSA would result in an observed enrichment of soluble saccharides in SSA, as illustrated in Figure 1A. This mechanism would also be expected to produce high concentrations of phosphate groups in SSA, which have been observed for bubble-bursting processes in surface waters [54] and in SSA [55].



It has also been suggested that the enrichment of water-soluble organics in SSA is due to the enrichment of surface-active material in the SSML, as well as on bubble surfaces. Burrows et al. [56] used a Langmuir adsorption equilibrium model to describe the interactions of compounds in the bulk ocean with the surfaces of bubbles entrained into the water column by wave breaking events. This approach replicates the seasonal and geographic variability in aerosol organic mass, but routinely underestimates observations of organic mass fractions (OMF) over a wide range of chlorophyll concentrations [56]. To account for this, a second model iteration [57] considered the possibility of ionic interactions between the insoluble and soluble organics, and a second layer of co-operatively adsorbed soluble saccharides was added to the original layer of insoluble organics in the model SSML (Figure 1B). The addition of the co-adsorption mechanism increases model-derived SSA organic mass fractions [57], leading to better agreement with ambient observations. To assess the validity of this idea, a series of sum-frequency generation (SFG) experiments with dipalmitoylphosphatidylcholine (DPPC, pKa = 3.8 [58,59]) and glucosamine (pKa = 7.58 [60]) were conducted. These experiments showed that glucosamine altered the surface structure of the DPPC monolayer, and that the Langmuir isotherm adequately described the magnitude of this effect. These results confirmed that the proposed mechanism relying on ionic interactions to bind compounds with varying solubility at the ocean surface was feasible, but it is important to note that because the pKa of the saccharide ultimately determines the extent of ionization, these experiments were conducted at a pH much lower (pH = 5.5) than that of the ocean (pH = 8.1) [61] to ensure complete ionization of glucosamine. This mechanism is most relevant to saccharide compounds that readily ionize at ocean pH, which significantly decreases the scope of compounds that will participate.



In this manuscript, we test the role that divalent cations play in mediating the transfer of soluble saccharides to SSA (Figure 1C). This work extends the concept of ionically-mediated co-operative adsorption of soluble saccharides to a largely insoluble SSML at the surface of a synthetic ocean matrix, with model compounds appropriate to ocean-relevant pH that have been observed previously [62]. Palmitic acid (pKa = 8.6–8.8 [63]) and glucuronic acid (pKa = 2.93 [64]) were chosen as proxies for the insoluble surfactant and soluble saccharide, respectively. It is important to note that the presence of salt ions in solution has been shown to interact with the carboxylic acid head group of fatty acids [65,66] which decreases the effective pKa. For this reason, both compounds used in this study were expected to form anions in solution at pH 8, and we hypothesized that divalent metal cations play a critical role, by acting as an ionic bridge between insoluble and soluble organic molecules that is necessary for the transfer of soluble saccharides to the SSA.




2. Experiments


2.1. Generation of Synthetic Sea Spray Aerosol


Synthetic sea spray experiments were conducted using a Marine Aerosol Reference Tank (MART) system, which has been described previously [67,68]. Briefly, the MART consists of a plexiglass tank filled with 120 L of artificial seawater. A centrifugal pump periodically circulates water from the bottom of the tank to a top-mounted spillway, creating a plunging sheet of water that impinges on the seawater surface and generates synthetic SSA emissions. The generation process produces particle size distributions that are similar to those produced from wave breaking in a wave channel, and is therefore thought to be analogous to wave breaking in the ocean [67]. Nitrogen was used both as a carrier gas and for dilution due to the high concentrations (Np > 20,000 cm−1) of SSA generated with this technique.



Each experiment consisted of two sequential additions to a synthetic ocean matrix: (i) a soluble organic proxy (e.g., saccharide), and (ii) an insoluble surfactant proxy (e.g., surfactant). The specific compounds added to the MART and their concentration following addition are listed in Table 1. Artificial seawater was generated from Milli-Q water (EMD Millipore, Burlington, MA, USA; PN Z00QSV001) and reagent grade salts including sodium chloride (Sigma-Aldrich, St. Louis, MO, USA; PN S9888), magnesium chloride hexahydrate (Sigma-Aldrich, M9272), and calcium chloride dihydrate (Sigma-Aldrich, 223506). The soluble organic proxy was then added to the MART, as either glucose (C6H12O6; Sigma-Aldrich D9434, pKa = 12.28 [69]) or glucuronic acid (C6H10O7/C6H9O7−; Sigma-Aldrich G5269; pKa = 2.93 [64]), selected for their similar saccharide backbones but dissimilar ionic properties. Lastly, palmitic acid (C16H32O2; Sigma-Aldrich P0500, pKa = 8.6–8.8 [63]) was added to each experimental matrix as a proxy for an insoluble surfactant. Due to the low solubility of palmitic acid, it was dissolved in chloroform and spread on the surface of the MART as in Tang et al. [65]. Trace chloroform promptly evaporated from the surface and did not impact the experiments discussed here. Moreover, sufficient palmitic acid was added to generate a monolayer across the entire surface of the MART. The concentration of salts and organic compounds added to the MART were precise to within 2% and 4% by mass, respectively. After each addition, aerosols were generated in the MART, where continuous measurements of particle hygroscopicity were made for 8 h, followed by 16 h of particle filter sampling for offline chemical analysis.




2.2. Determination of Aerosol Supersaturated Hygroscopicity


In this study, we use determinations of aerosol supersaturated hygroscopicity as a high-throughput, online analysis technique for detecting changes in particle composition; specifically, the enrichment of soluble organics in SSA generated from a synthetic ocean matrix. Direct measurements of soluble organic enrichment for SSA at sizes relevant to cloud formation (dp < 200 nm) is difficult as most techniques require large amounts of aerosol mass to provide quantitative results. For example, the required sampling time to generate sufficient aerosol mass (dp < 200 nm) to exceed method detection limits is on the order of 8–12 h for the MART aerosol generation system described here [67,68]. In comparison, measurements of size resolved supersaturated particle hygroscopicity are intimately linked to chemical composition [70] and provide a high throughput technique for observing changes in particle composition in real time. Supersaturated hygroscopicity is a function of solubility, molecular weight, and surface tension, with strong differentiation occurring between the broad classes of inorganic, soluble salts (more hygroscopic), and insoluble organic compounds (less hygroscopic) [71]. As such, this technique is well suited for investigating changes in organic and inorganic volume fraction for particles generated from two-component mixtures.



Cloud condensation nuclei (CCN) activation efficiency fCCN(s), i.e., the fraction of particles of a given size that grow into droplets when exposed to a specific water supersaturation (s), was measured for all SSA particles generated from the MART and model aerosol generated by a constant output atomizer (TSI, Shoreview, MN, USA, Model 3076). Measurements of fCCN(s) were made using a size-resolved cloud condensation nuclei (SR-CCN) system, consisting of three stages: (i) aerosol particle generation, (ii) size selection, and (iii) measurement of CCN active fraction. The aerosol sources have been described in detail above. Monodisperse particles were selected from the polydisperse distribution according to their mobility diameters using a differential mobility analyzer (DMA; TSI Inc, Shoreview, MN, USA, Model 3071) with a sheath:sample flow rate ratio of 10:1. The resulting aerosol stream was subsequently split between a condensation particle counter (CPC; TSI Inc, Shoreview, MN, USA, Model 3787) measuring total aerosol count, and a CCN counter (CCNc; Droplet Measurement Technologies (DMT), Boulder, CO, USA, Model CCN-100) counting cloud active aerosols as a function of supersaturation. The CCN active fraction (fCCN) was measured as a function of supersaturation to generate CCN activation efficiency spectra (fCCN(s)). From these spectra, measurements of a selected particle diameter (dp) and the critical supersaturation at which 50% of the particle population has activated (scrit) are converted to a single hygroscopicity parameter, κ [72].



Hygroscopicity factors (κ) for the pure compounds used in this study were determined by aerosolizing compounds using a constant output atomizer (TSI Inc, Shoreview, MN, USA, Model 3076). Nitrogen was used as an inert carrier gas to generate and transport aerosol particles from aqueous stock solutions, through silica gel diffusion dryers, and to a cloud condensation nuclei counter instrument (Droplet Measurement Technologies (DMT), Boulder, CO, USA, Model CCN-100) paired with size selection and operated in scanning supersaturation mode. Each solution was less than 1 L in volume, and the dissolved concentration of each solution was selected so that monodisperse particle number concentrations were approximately 200–1000 cm−1.



In general, changes in κ over the course of each experiment can be attributed to deviations in the chemical composition of aerosols generated from each matrix. For internally-mixed aerosol populations where each particle is a homogeneous mixture with the same representative composition, κ-Köhler theory (using the ZSR-mixing rule) [73] predicts that the observed κ-value will be a combination of the pure κ-values, weighted by the volume fractions of the individual components [72]. Observed κ-values from the sequential addition experiments were constrained by measured κ-values for the pure components to estimate the volume fractions of organics in the generated SSA.




2.3. Ion Exchange Chromatography Analysis


Aerosols were generated from the sequential addition experiments using the MART system, and particles < 250 nm in diameter, the minimum size cut selected for best consistency with the 50 nm particles analyzed with the SR-CCN, were deposited onto a quartz fiber filter for offline analysis using a Sioutas Personal Cascade Impactor (PCIS; SKC Ltd, Dorset, UK, Model 225-370). Particle-free, inert, low humidity (RH < 15%) room air from a zero-air generator (ZAG, Sabio, Round Rock, TX, USA, Model 1001) was used for dilution during PCIS sample collection, which was performed at a flow rate of 9 slpm. Samples were stored frozen and later extracted into ultra-pure water (Thermo, BARNSTED EasyPure-II; 18.2 MΩ resistivity) from whole 37 mm quartz fiber filters for analysis via ion exchange chromatography [19]. An aqueous extraction proved sufficient for all samples, which were filtered prior to analysis (WhatmanPuradisc 25 mm syringe filters).



Aqueous extractions were analyzed by ion exchange chromatography (Dionex-ICS5000). For saccharide analysis, a Dionex CarboPac PA20 column was used. For glucose, the mobile phase consisted initially of 200 mM sodium hydroxide (NaOH) with a gradient up to 450 mM NaOH from 7 to 10 min. For glucuronic acid, an isocratic mobile phase of 190 mM NaOH and 190 mM sodium acetate was used. In both cases, the flow rate was 0.48 mL min−1. An electrochemical detector (Thermo) was used for detection. Saccharides were quantified against self-prepared seven-point calibration curves of glucose (Sigma) and glucuronic acid (Alpha Aesar). For anion analysis, a Dionex IonPac AS22 anion column was used. The mobile phase consisted of 4.5 mM sodium carbonate (Na2CO3) and 1.4 mM sodium bicarbonate (NaHCO3) at a flow rate of 1.2 mL min−1. For cation analysis, a Dionex IonPac CS12A cation column was used. The mobile phase consisted of 20 mM methanesulfonic acid and flowed at 0.5 mL min−1. A conductivity detector (Thermo) was used for detection and was preceded by a self-regenerating suppressor (AERS 500 for anions and CERS 500 for cations). Anions and cations were identified against authentic standards (Dionex) and quantified with seven-point calibration curves. All the reported ambient concentrations (nmol/sccm) correspond to ambient temperature and pressure and have been field blank subtracted. Air volumes were calculated from the average of initial and final flow rates and total sampling time of the PCIS.





3. Results


3.1. Supersaturated Hygroscopicity of Pure SSA Mimics


The chemical composition of SSA particles composed of a two-component mixture of known compounds can be inferred from the κ-values of the pure compounds using the κ volume-mixing rule. There are limited studies of κ-value measurements for SSA organic mimics [68,74,75]. Although some studies have characterized the kinetic limitations of water uptake of saccharides [76,77], to our knowledge the κ-values reported here are the first reported measurements of κ for glucose and glucuronic acid. We determined κ for glucose to be 0.272 ± 0.005 and κ for glucuronic acid to be 0.244 ± 0.006. These values represent the mean ± standard deviation (1σ) for triplicate measurements. Given that palmitic acid is effectively insoluble in water, we take the κ-value for palmitic acid to be effectively 0, based on the work of Petters and Kreidenweiss [72]. At present, it is not clear what the κ-value for the proposed palmitate-Mg2+-glucuronic acid complex should be. As a first order assumption, we assume it to be the linear combination of the two organic constituents in the analysis that follows.




3.2. Supersaturated Hygroscopicity of MART Generated SSA


In each MART experiment the starting synthetic ocean consisted only of sea salts and the measured κ-values were in excess of 0.75. The starting κ-values for each experiment varied slightly due to small deviations in the relative concentrations of salts. Each experiment consisted of the sequential addition of a soluble organic (e.g., glucose) followed by the addition of an insoluble surfactant (e.g., palmitic acid). To test the hypothesis that soluble organic enrichment in SSA could be a result of ionic interactions between soluble organics and insoluble surfactants, a control experiment was designed by pairing glucose (pKa = 12.28 [69], neutral in solution) with palmitic acid (pKa = 8.6–8.8 [63], anionic in solution). At ocean pH (8.1), no ionic interactions would be expected as glucose is charge neutral. The CCN activation spectra (Control, Figure 2A) show no evidence for a statistically significant change upon addition of glucose to the MART, corresponding to no significant change in the measured κ-value. This implies that the relative abundance of glucose in the aerosol particles was negligible compared to the salt, in agreement with the relative bulk concentrations of approximately 600 mM salt and 95 μM glucose (Table 1), which correspond to a mixing rule-derived estimated change in κ on the order of the uncertainty of the κ measurement. Furthermore, addition of palmitic acid also resulted in no change to the measured κ-value, indicating that the presence of palmitic acid alone at the concentrations present in this experiment, as well as the palmitic acid deposition technique using chloroform, did not affect aerosol hygroscopicity.



Experiment 1 (E1, Figure 2B) was designed to probe potential ionic interactions between glucuronic acid (pKa = 2.93 [64], anionic in a solution of pH = 8.0) and palmitic acid in the presence of divalent metal cations. In this case there was a slight shift of the CCN activation curve to higher supersaturations upon addition of glucuronic acid, corresponding to a slight decrease in the measured κ-value. Upon addition of palmitic acid, this effect was far more dramatic. The resulting suppression in hygroscopicity implies pronounced enhancement of organic material in the aerosol particles upon addition of the palmitic acid. Based on the results of the control experiment, we interpret this as evidence for ionic interactions between the saccharide and the surfactant that act to concentrate the soluble organic at the surface of the synthetic ocean matrix where it is ejected to the aerosol phase.




3.3. SSA Organic Enrichment


To calculate the enrichment in organic material in the SSA from measurements of SSA hygroscopicity (κ), we assume that κ follows a linear mixing rule [72] (Equation (1)) where X is the volume fraction of each aerosol component.


κobs = κsaltxsalt + κorgXorg



(1)







The initial hygroscopicity value (κ) for particles generated in the MART experiments depends on the relative amounts of individual salts in the sea spray particle (e.g., Na+, Mg2+, Ca2+). For calculations performed here and shown in Table 2, we use the initial measured value for κsalt. In the control experiment, no significant change in the measured κ-value was observed following addition of glucose or palmitic acid to the MART. This suggests very little enrichment of organic material (Xorg ≈ 0; κsalt ≈ 1) in the aerosol, as the hygroscopicity of the particle remains dominated by the high concentrations of salt in the system. For the paired case of glucuronic acid and palmitic acid (experiment 1) a 4% decrease in κ was observed following the addition of glucuronic acid, and a further 21% decrease in κ was observed upon addition of the surfactant. This decrease in hygroscopicity suggests enhancement of organics in the aerosol and supports the mechanism of a saccharide layer co-operatively adsorbed to the insoluble surfactant layer at the surface of the mock ocean matrix. It should also be noted that external mixing can be observed with supersaturated hygroscopicity measurements, as shown by Schill et al. [68], but was not observed for any of the experiments in this study.



Utilizing the κ mixing rule (Equation (1)) [72], which assumes internal mixing, the 21% decrease in κ corresponds to an organic volume fraction of 0.229 for the 50 nm particles analyzed. Based on the shape of the CCN activation curves, there was no evidence for an externally mixed population of particles at 50 nm. This calculation assumes that the organic volume fraction has a 1:1 molar equivalence of glucuronic acid and palmitic acid for the final addition step, and that κorganic = 0.068. Under these assumptions, the organic volume fraction of the particle is 61% palmitic acid and 39% glucuronic acid. As a lower limit if we assume κorganic = 0, the retrieved organic volume fraction would be 0.210.



To determine the effect of the divalent metal cation on the selective transfer of soluble saccharides, we replaced magnesium with calcium, which is known to have a greater binding affinity for palmitic acid [65]. Concentrations of each metal cation were selected to be representative of ocean conditions. As shown in Table 3, the calculated organic volume fraction (calculated relative to the starting κ for each salt matrix) was 0.32 for experiment 2 (E2), which is comparable to that of the Mg2+ experiments, despite the fact that the concentration of Ca2+ was an order of magnitude smaller than the concentration of Mg2+ used in experiment 1.



A final experiment (E3) utilizing glucuronic acid and palmitic acid was designed to shut-off the organic enhancement mechanism by removing the divalent cations from the salt mix. However, a 13% decrease in κ (indicative of organic enhancement) was observed in E3. This may be attributable to the trace divalent metal cations present in the water supply and as impurities in the monovalent salts. It is possible that an additional chelation could more effectively shut down the organic enhancement, though the addition of a chelating agent would complicate the interpretation of the hygroscopicity results significantly.




3.4. Quantitative Measurements of Saccharides in SSA


Aerosol particles generated in the MART were collected via an impactor for offline analysis to quantitatively assess saccharide enrichment in SSA, as discussed in Section 2.3. IEC measurements of the saccharide-to-salt molar ratios in SSA, for dry diameters (dp) < 250 nm, were made for each stage of the MART experiments. The saccharide-to-salt molar ratios ranged from 3 × 10−5 to 7 × 10−4, which is comparable to the bulk water ratio (Table 1, 7 × 10−4), and organic mass fractions ranged from 1 × 10−3 to 8 × 10−3 across all experiments. To directly compare with hygroscopicity measurements, the saccharide volume fraction (Xsaccharide) was obtained from IEC measurements according to Equation (2), where nsaccharide and nsalt is the collection of volume-normalized moles of saccharide and salt respectively, M is the molar mass, and ρ is the density.


   Χ  saccharide ,    IEC    =    [     (   n  saccharide   ×  M  saccharide    )     ρ  saccharide      ]     [     (   n  saccharide   ×  M  saccharide    )     ρ  saccharide      ]  +  [     (   n  salt   ×  M  salt    )     ρ  salt      ]     



(2)







Table 3 shows tabulated Xsaccharide, IEC values for each addition in the MART experiments. Volume fractions of glucose in the control experiment were approximately one order of magnitude greater than those measured for experiments with glucuronic acid. Little variation with no apparent trend was observed in the glucose volume fraction after each addition in the control experiment. In E1 and E2, an increase in glucuronic volume fraction was observed, particularly after the addition of the surfactant. These correspond to a 5× and 3.5× increase in total saccharide mass for E1 and E2, respectively, compared to increases in aerosol mass (60 nm < dp < 250 nm) of 1.4× and 1.6×, which demonstrates glucuronic acid enrichment in both experiments. E3 was also associated with saccharide enrichment despite the absence of added divalent cations, though the effect was weaker with an increase in total saccharide mass of 1.8× compared to an increase in aerosol mass (60 nm < dp < 250 nm) of 1.6×.





4. Discussion


4.1. Comparison of Hygroscopicity and Chromatography Derived SSA Organic Volume Fractions


To compare the aerosol organic volume fractions calculated from hygroscopicity measurements (Xorg, κ) with the saccharide volume fractions calculated from IEC measurements (Xsaccharide, IEC), we first need to convert Xsaccharide, IEC to Xorg, IEC by accounting for palmitic acid assumed to be present in a 1:1 molar ratio with glucuronic acid in the final addition. Calculations of Xorg,IEC for experiment 1 (E1) correspond to 4.3 × 10−4 and 1.52 × 10−3 for the addition of glucuronic acid and palmitic acid, respectively, to artificial seawater.



The comparison of Xorg, κ with Xorg, IEC is shown in Figure 3 for the salt water, and salt water with subsequent additions of glucuronic acid and palmitic acid (E1). The relative change in Xorg between the two experiments is in strong agreement, where Xorg increases substantially upon addition of the surfactant. However, as shown in Figure 3, the two determinations differ by almost a factor of 100.



Calculations of Xorg, κ for 50 nm (dp) particles range from 0.004–0.323 for the sequential addition MART experiments in this study. For reference, calculations of organic volume fractions from hygroscopicity measurements made on SSA generated from seawater in the Atlantic Ocean [10] indicate substantial enrichment in organic material, and a strong size dependence in Xorg, κ.



The most notable difference between Xorg, IEC values in this study and Xorg, κ is the particle size regime over which the measurements are made. Measurements of Xorg by IEC (dp < 250 nm) are strongly influenced by particles of much larger diameters and mass, that are expected to be significantly less enriched in organic material. As shown in Figure 4B, particles with a diameter less than 50 nm contribute roughly 5% to the sub-250 nm mass for the typical SSA size distribution generated in the MART [78]. A strong size dependent enrichment in organic material could explain some of the disagreement between Xorg, IEC and Xorg, κ.




4.2. Connections between Organic Volume Fractions and SSA Formation Mechanisms


In what follows, we interpret the SSA organic mass fractions derived in Section 4 using the Langmuir adsorption equilibrium model developed in Burrows et al. [57]. Specifically, we use determinations of Xorg, κ for the control experiment (glucose + palmitic acid) and experiment 1 (glucuronic acid + palmitic acid) to assess the role that SSML composition may play in bubble film stabilization and thickness (l) and ultimately the organic mass fraction of nascent SSA. For the control experiment, we assume that glucose does not play a significant role in bubble film stabilization and that the fractional surface coverage (ΘPA) of palmitic acid on the bubble film cap is 1. A fractional surface coverage of 1 at the surface of the quiescent MART is supported by the concentration of palmitic acid added to the MART (35 μM) relative to the surface area of the MART (4180 cm2); however, ΘPA for the bubble film cap could be significantly smaller due to palmitic acid scavenging in the MART and non-equilibrium partitioning of palmitic acid on both sides of the bubble cap.



We first calculate the organic mass fraction in the bubble film cap, using Equation (3), where mPA, bub and mNaCl are the masses of palmitic acid and salt in the bubble cap, respectively.


   (     m  P A ,   b u b      m  N a C l   +  m  P A ,   b u b      )  =   n    θ  P A ,   b u b    M  P A      a  P A       n    θ  P A ,   b u b    M  P A      a  P A     +  ρ  S W   · l · s    



(3)







The organic mass fraction derived from the Langmuir adsorption equilibrium model is a function of: the fractional surface coverage (ΘPA), mean molecular area (aPA), and molecular weight (MPA) of the organic component, here palmitic acid. For palmitic acid, we take aPA = 20 Å2 molecule−1 and MPA = 254 g mol−1. The model is also a function of ocean salinity (s = 0.035 kg kg−1) and density (ρSW = 1.025 kg L−1). The constant factor (n = 2) indicates that the bubble film cap has two air-water interfaces, which are assumed to be equally coated by the organic film.



The organic mass fraction can be converted to a dry organic volume fraction (using the density of palmitic acid, ΘPA = 0.853 g cm−3), and then to a κ-value via Equation (1). Figure 5 shows the calculated organic volume fractions (Xorg) and κ-values for the addition of palmitic acid to the salt water in the MART as a function of ΘPA and l, where κorg = 0 for palmitic acid and we take κsalt to be the initial measured κ-value prior to the addition of organic material to the MART (κsalt = κinitial = 0.75).



Figure 5B shows that when assuming a fully-coated surface (ΘPA = 1), the model would require a thick film cap (l > 10 μm) at the point of rupture in order to match the hygroscopicity measured in the control experiment. This is significantly thicker than the film cap for the insoluble surfactant, Triton X-100, which was determined by Modini et al. to range between 0.05 and 0.5 μm for surface tensions of 24 mN m−1 [79]. A film cap thickness of 5 μm is slightly larger than the high end of the range in l observed for NaCl solutions (0.5–2 μm) observed by Modini et al., 2013. However, as noted by Modini et al., insoluble surfactants (such as palmitic acid) can serve to destabilize bubbles thus decreasing bubble lifetime and increasing film cap thickness at bubble rupture [80,81].



To model the results of experiment 1, we assume that glucuronic acid binds in a 1:1 molar ratio with palmitate at the air-water interface via an Mg2+ bridge, to form a palmitic acid and glucuronic acid complex (PA + GA) that has a molecular weight of 448 g mol−1 and a mean molecular area of 20 Å2 molecule−1. Figure 5A (dark blue line) shows the resulting change in the organic volume fraction due to the increase in MPA+GA. Figure 5B shows the resulting change in κ, when assuming the hygroscopicity is a linear combination of the PA and GA values (κorg = 0.12; light blue line), or assuming the lower limit (κorg = 0; dark blue line). The increase in organic volume fraction (Figure 5A) is offset by the increase in κorg from 0 to 0.12 (Figure 5B), suggesting that the formation of a PA+GA complex should have a minimal impact on κ if all other factors remained constant (i.e., surface coverage, film thickness, and mean molecular area). However, as described in Section 4, we measured a suppression of hygroscopicity from κinitial = 0.80 to κmeasured = 0.63 following the addition of 95 μM of glucuronic acid and 35 μM palmitic acid. Even assuming the lower limit of κorg = 0, we find that the modeled hygroscopicity decreases from 0.75 to 0.74 (Figure 5B, light blue line), which does not account for the suppression in hygroscopicity observed in the experiment.



An alternative explanation of the reduction in hygroscopicity is that the substitution of glucuronic acid for glucose may change the bubble film properties. For example, it is feasible that the presence of glucuronic acid may stabilize the bubble film cap, leading to a reduction in bubble film thickness at the point of rupture. As shown in Figure 5B, a reduction in bubble film thickness from 10 μm to 1 μm could account for the observed change in hygroscopicity, holding all other factors constant.



Given this analysis, we suggest that direct measurements of organic mass fractions in nascent SSA, combined with concurrent measurements of bubble film thickness and surfactant fractional surface coverage, would provide meaningful constraints for mechanistic models of organic matter enrichment in nascent SSA, such as the Langmuir adsorption equilibrium model [57].





5. Conclusions


Marine SSA were generated in a laboratory setting from a synthetic ocean matrix containing soluble (saccharide) and insoluble (surfactant) organic compounds to assess the role of divalent cation mediated co-adsorption of charged surfactants and saccharides in the enrichment of soluble saccharides in SSA. Measurements of aerosol hygroscopicity and saccharide concentration were made to assess the presence of organics in sub 250 nm particles. Statistically significant enrichment was observed in 50 nm particles for systems with cooperative ionic interactions (e.g., palmitic acid, Mg2+, and glucuronic acid), which may have important implications for aerosol composition and their subsequent impact on climate. The results presented here support the proposed mechanism of ion-mediated co-adsorption of soluble organics to insoluble surfactants at the ocean surface, however this mechanism is likely not solely responsible for the enrichment of soluble organic material in SSA. This proposed mechanism is further supported by the critical role of the divalent metal cation, which in this study greatly impacted the observed level of enrichment. The extent to which this mechanism contributes to the observed enhancement in saccharides in nascent SSA depends strongly on the speciation and charge of soluble saccharides in the SSML.
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Figure 1. Conceptual overview of soluble organic distribution in the sea surface microlayer (SSML) for the (A) macromolecule-derived mechanism, shown here as the lipid A head group of lipopolysaccharides (LPS), (B) ion-mediated co-adsorption mechanism put forth by Burrows et al. [57] and (C) divalent cation mediated co-adsorption (this paper). 
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Figure 2. Representative CCN activation spectra for the control experiment (panel A) and experiment 1 (panel B) MART experiments consisting of a starting salt matrix (red), addition of 95 μM glucose (dark blue, panel A) or glucuronic acid (light blue, panel B), and subsequent addition of 35 μM palmitic acid (green). 
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Figure 3. Aerosol organic volume fraction estimates for the salt water, glucuronic acid, palmitic acid sequential addition MART experiment (E1), calculated from hygroscopicity measurements (Xorg, κ; red, error indicative of standard deviation from triplicate measurements) and IEC measurements (Xorg, IEC; blue, absolute error from IEC measurement). 
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Figure 4. (A) Determinations of aerosol organic volume fraction Xorg measurements as a function of dry particle diameter for experiment 1 derived from hygroscopicity (red circle) and IEC measurements (blue square positioned at 50% size cut point). Also shown, are calculations of Xorg derived from hygroscopicity measurements made on SSA generated from seawater in the Atlantic Ocean by Quinn et al. [10]. (B) Cumulative dry aerosol mass distribution for representative, laboratory-generated SSA from Prather et al. [78]. 
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Figure 5. Modeled dependence of the SSA organic volume fraction (panel A, Xorg) and hygroscopicity (panel B, κ) on the fractional surface coverage of palmitic acid on the bubble film cap (Θ) and the bubble film cap thickness (l) for the addition of palmitic acid and glucose to salt water (Control Experiment, black and gray lines) and the addition of palmitic acid and glucuronic acid to salt water (Experiment 1). The shaded regions in panel B represents the range of measurements of κ. 
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Table 1. Water-side concentrations of individual compounds in the Marine Aerosol Reference Tank (MART). Each experiment (control, experiment 1 (E1), experiment 2 (E2), experiment 3 (E3)) was initiated with a synthetic sea salt mixture, followed by sequential additions of soluble (+ saccharide) and insoluble (+ surfactant) organic compounds.
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Artificial Salt Water

	
+ Saccharide †

	
+ Surfactant †




	

	
Na+ (mM)

	
Mg2+ (mM)

	
Ca2+ (mM)

	
Cl− (mM)

	
+ Glucose (μM)

	
+ Glucuronic Acid (μM)

	
+ Palmitic Acid (μM)






	
Control

	
470

	
145

	
0

	
600

	
95

	
0

	
35




	
E1

	
470

	
145

	
0

	
600

	
0

	
95

	
35




	
E2

	
470

	
0

	
10

	
490

	
0

	
95

	
35




	
E3

	
470

	
0

	
0

	
470

	
0

	
95

	
35








† Additions of glucose, glucuronic acid, and palmitic acid all correspond to 575 μM C. Additions were performed sequentially, such that “+ Saccharide” corresponds to artificial seawater and saccharide, and “+ Surfactant” corresponds to artificial seawater, saccharide, and surfactant.
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Table 2. Observed κ-values (3-trial average ± σ), s percent changes in κ (Δ), and corresponding aerosol organic volume fractions (Χorg, κ for each addition of the MART experiments.
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Artificial Seawater

	
+ Saccharide †

	
+Surfactant †




	

	
κ

	
κ

	
Δ

	
Xorg, κ

	
κ

	
Δ

	
XXorg, κ






	
Control

	
0.749 ± 0.010

	
0.744 ± 0.002

	
−1%

	
0.007

	
0.734 ± 0.001

	
−2%

	
0.022




	
E1

	
0.797 ± 0.005

	
0.767 ± 0.004

	
−4%

	
0.041

	
0.630 ± 0.009

	
−21%

	
0.229




	
E2

	
0.921 ± 0.013

	
0.907 ± 0.014

	
−2%

	
0.016

	
0.646 ± 0.006

	
−30%

	
0.323




	
E3

	
0.892 ± 0.005

	
0.889 ± 0.026

	
<−1%

	
0.004

	
0.773 ± 0.013

	
−13%

	
0.144








† Additions were performed sequentially, such that “+ Saccharide” corresponds to artificial seawater and saccharide, and “+ Surfactant” corresponds to artificial seawater, saccharide, and surfactant.
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Table 3. Saccharide volume fractions (Xsaccharide, IEC) with propagated absolute errors as determined by IEC and Equation (2) for SSA particles with diameters less than 250 nm for each addition of the MART experiments.
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Artificial Seawater

	
+ Saccharide

	
+ Surfactant




	

	
Xsaccharide, IEC

	
Xsaccharide, IEC

	
Xsaccharide, IEC






	
Control

	
2.7 × 10−3 ± 7.3 × 10−4

	
3.1 × 10−3 ± 8.4 × 10−4

	
2.4 × 10−3 ± 7.9 × 10−4




	
E1

	
ND †

	
1.2 × 10−4 ± 4.6 × 10−5

	
4.3 × 10−4 ± 1.4 × 10−4




	
E2

	
ND †

	
1.7 × 10−4 ± 5.4 × 10−5

	
4.9 × 10−4 ± 1.6 × 10−4




	
E3

	
ND †

	
5.5 × 10−4 ± 1.5 × 10−4

	
7.4 × 10−4 ± 2.4 × 10−4








† ND = Not detected.
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