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Abstract

In order to accurately assess the influence of fatty acids on the hygroscopic and other
physicochemical properties of sea salt aerosols, hexanoic, octanoic or lauric acid to-
gether with sodium halide salts (NaCl, NaBr and Nal) have been chosen to be per-
formed in this study. The hygroscopic properties of sodium halide submicrometer par-
ticles covered with organic acids have been examined by Fourier-transform infrared
spectroscopy in an aerosol flow cell. Covered particles were generated by flowing at-
omized sodium halide particles (either dry or aqueous) through a heated oven con-
taining the gaseous acid. The obtained results indicate that gaseous organic acids
easily nucleate onto dry and aqueous sodium halide particles. On the other hand,
Scanning Electron Microscopy (SEM) images indicate that lauric acid coating on NaCl
particles makes them to aggregate in small clusters. The hygroscopic behaviour of cov-
ered sodium halide particles in deliquescence mode shows different features with the
exchange of the halide ion: whereas the organic covering has little effect in NaBr par-
ticles, NaCl and Nal covered particles change their deliquescence relative humidities,
with different trends observed for each of the acids studied. In efflorescence mode,
the overall effect of the organic covering is to retard the loss of water in the particles.
It has been observed that the presence of gaseous water in heterogeneously nucle-
ated particles tends to displace the cover of hexanoic acid to energetically stabilize the
system.

1 Introduction

Marine aerosol is one of the most abundant types of natural particulate matter in the
Earth’s troposphere. Sea salt particles play an active role in the Earth’s radiative bal-
ance, influence mass transfer from gaseous substances and cloud-precipitation mech-
anisms, contribute to the formation of cloud condensation nuclei and have highly re-
active surfaces that take part in heterogeneous and multiphase chemical reactions
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(Andreae and Rosenfeld, 2008; Carslaw et al., 2010; O’'Dowd and De Leeuw, 2007;
Finlayson-Pitts, 2003; Lewis and Schwartz, 2004; Quinn and Bates, 2011; Rossi,
2003). They also can uptake significant amounts of water, exhibiting deliquescence
and efflorescence properties under atmospheric conditions (Freney et al., 2009; Martin,
2000; Metzger and Lelieveld, 2007; Mikhailov et al., 2013; Wise et al., 2012), that can
change the particles’ phase and other physico-chemical properties. Although sodium
chloride is the principal component of sea salt, several studies indicate that minor com-
ponents, such as bromide and iodide ions, exhibit a higher surface reactivity than chlo-
ride. This is due to the tendency of Br~ and I~ to segregate to the salt surface in
the presence of water, substantially increasing Br/Cl and |/Cl surface molar ratios
(Baker, 2005; Ghosal et al., 2008; Zangmeister et al., 2001). Bromine and iodine play
active roles in tropospheric sea salt chemistry and are involved in tropospheric and
stratospheric ozone destruction (Finlayson-Pitts, 2009; Frinak and Abbatt, 2006; Hunt
et al., 2004; Saiz-Lopez et al., 2007; Von Glasow, 2008). Recently advances have been
made in quantifying the link between seawater chemical processes, and the production,
size, and chemical composition of sea spray aerosol particles (Prather et al., 2013).
Organic compounds are present in marine salt aerosol in variable proportions, that
may represent a large fraction of the aerosol dry mass (Cavalli et al., 2004; Gantt
and Meskhidze, 2013; Middlebrook et al., 1998). Much of the organic fraction cor-
responds to water insoluble fatty acids present as surface films on particles (Don-
aldson and Vaida, 2006; Mochida et al., 2002; Tervahattu et al., 2002). It has been
proposed that the organic compounds arrange in a hydrophobic organic monolayer
that encapsulates an aqueous particle, forming an “inverted micelle” structure (Elli-
son et al., 1999). This model shows agreement with recent molecular dynamic sim-
ulation results (Chakraborty and Zachariah, 2008). Other models predict that certain
fatty acids form pockets of micelles within the aerosol (Tabazadeh, 2005), and that
core-shell structures are not always the most stable (Kwamena et al., 2010). The pres-
ence of an organic film at the surface of a particle may affect its physical and chemical
properties in a number of ways. The film may act as a barrier to transport across the
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interface, inhibiting uptake of atmospheric gases or reaction (Donaldson and Vaida,
2006). In particular, the surface film can affect the process of cloud condensation nu-
clei formation and growth (Andrews and Larson, 1993; Chuang, 2003) and also change
the hygroscopic properties of marine aerosols. In general, there is much uncertainty
about fundamental issues of marine primary organic aerosol (POA), such as chemi-
cal composition, mixing state, hygroscopicity, cloud droplet activation, formation, aging
and removal mechanisms (Carslaw et al., 2010; O’'Dowd and De Leeuw, 2007; Gantt
and Meskhidze, 2013). Recent results indicate that the ambient mass concentration
and organic mass fraction of sea-spray aerosol are related to surface ocean biological
activity, and that, marine POA can cause large local increases in the cloud condensa-
tion nuclei concentration. Moreover, fine POA can have a size distribution independent
from that of sea-salt, while coarse mode aerosols are more likely to be internally mixed
with sea-salt (Gantt and Meskhidze, 2013). Several laboratory studies about the effect
of organic surfactants, such as palmitic and oleic acids, on NaCl, ammonium sulfate
or mineral dust aerosol particles as a function of relative humidity have been reported
employing a variety of experimental techniques, such as electrodynamic balance, in-
frared spectroscopy, electrical mobility, optical tweezers, cavity ring-down spectroscopy
or nonlinear spectroscopy (Cwiertny et al., 2008; Davies et al., 2013; Dennis-Smither
et al., 2012; Ebben et al., 2013; Garland et al., 2005; Hansson et al., 1998; Najera and
Horn, 2009; Robinson et al., 2013; Rossi, 2003; Rubasinghege et al., 2013). The gen-
eral conclusions are that hygroscopic growth, deliquescence relative humidity (DRH)
and efflorescence of the particles may be affected by several factors, such as coating
thickness or structural arrangement of the organic film. Special effort has been carried
out to study the morphology and phase partitioning of aerosol particles consisting of
hydrophobic and hydrophilic phases (Ciobanu et al., 2009; Kwamena et al., 2010; Reid
et al., 2011; Veghte et al., 2013). On the other hand, molecular dynamics calculations
are becoming a commonplace theoretical approach in atmospheric aerosol modelling,
that includes sea salt particles mixed with organic molecules (Ma et al., 2011; Sun
et al., 2012, 2013; Takahama and Russell, 2011).
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As a whole, laboratory studies on inorganic particles coated with surfactant organics
have mainly focused on a few organic molecules, and most of them have been carried
out with ammonium sulfate or sodium chloride. Very few studies of hygroscopic be-
havior have been carried out on particles containing bromide or iodide. Furthermore,
sodium chloride, bromide and iodide particles exhibit very different hygroscopic proper-
ties and interact differently with water soluble dicarboxylic acids such as succinic acid
(Minambres et al., 2011). It has been reported that rates of gaseous iodine emissions
during the heterogeneous reaction of O5 with interfacial iodide are enhanced several-
fold by the presence of alkanoic acids on water, such as octanoic and hexanoic acid
(Hayase et al., 2011). In the present work we study the hygroscopic properties of NaX
(X =Cl, Br, 1) sodium halide salts coated with either one of three different surfactant
carboxylic acid molecules by Fourier-transform infrared extinction spectroscopy in an
aerosol flow tube, aided by particle sizing methods. The examined acids, all contain
one carboxylic group at the end of the molecule, are hexanoic (CH;(CH,),COQOH),
octanoic (CH3(CH,)gCOOH) and lauric acid (CH3(CH,);,COOH), hereafter shortened
as HA, OA and LA, respectively. Infrared spectroscopy is a well-known sensitive tech-
nique and has been applied to the study of organic/inorganic aerosol systems (Gar-
land et al., 2005; Najera and Horn, 2009). It can yield aerosol composition, water con-
tent, and particle phase. Variations in the wavenumbers and widths of spectral bands
can also reveal information about molecular interactions in mixed systems and the
formation of new species. Infrared spectra have been combined with electron scan-
ning microscopy (SEM) of particles, a technique that has been demonstrated to be
useful to study the chemistry of isolated, individual particles of atmospheric relevance
(Krueger et al., 2003; Veghte et al., 2013). Octanoic and lauric acids exist as liquid
and solid, respectively, at typical tropospheric temperatures and pressures, and have
been observed in the atmosphere of remote marine and continental locations (Duce
et al., 1983; Gill et al., 1983). Finally, hexanoic acid is intermediate between soluble
and highly insoluble organic acids, and has higher vapor pressures than the atmo-
spherically more abundant long chain acids, that may contribute more substantially to
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vapor phase processes. A few studies have been presented describing the effects of
octanoic and lauric acids on the hygroscopicity of NaCl (Hameri et al., 1992; Hansson
et al., 1998; Wagner et al., 1996). The results indicate that formation of organic surfac-
tant layers tend to slow NaCl deliquescence rate and to slightly lower its DRH. Molecu-
lar dynamics simulations of water vapor molecules impinging on a slab of water coated
by octanoic acid film showed that the mass accommodation coefficient decreased with
the degree of surface coverage of the hydrocarbon backbones (Takahama and Russell,
2011).

2 Materials and methods

The configuration of the experimental setup used in this work is based on a system
described previously (Minambres et al., 2010), that has been modified for the present
study. The main elements are depicted in Fig. 1.

Submicrometric particles are formed by injecting a 0.01kg L aqueous solution of
sodium halide salts (NaCl, NaBr and Nal, > 98 %) in a commercial atomizer (TSI 3076).
Their relative humidity (RH) can be controlled (from 0 to around 95 %) by combining
two serially connected diffusion driers and a flow of N, with a controlled amount of
water vapor. The inorganic particles are coated by passing the aerosol flow through
a heated cell that contains a sample of either hexanoic (99 %), octanoic (> 98 %), or
lauric acid (> 98 %). Table 1 summarises the most relevant physical properties of these
acids.

The cell consists of an horizontally-set cylindrical borosilicate glass tube 30 cm long
having 3cm internal diameter, that has two smaller glass tubes (30 and 20cm long,
1cm int. diam.) coaxially attached at its ends. Acid sample (either liquid or solid) is
placed uniformly along the central tube. The whole cell is thermally isolated by wrap-
ping it with alumino-silicate refractory ceramic fiber. To allow for sufficient vaporization
of the acid, the central tube and exit arm of the cell are heated up to 100 °C by means of
flexible resistors coiled around them. The temperatures at both cell locations (T4 refers
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to the central part, T, to the exit arm, see Fig. 1) are controlled by placing two K-type
thermocouples at the cell outer walls. To form heterogeneously nucleated particles,
T, varied from 75 to 100°C and T, from 60 to 90 °C. Higher temperatures resulted in
stronger absorption bands, indicating a higher efficiency of heterogeneous nucleation,
that forms a thicker coating of NaCl particles. A prominent baseline shift was observed
in all cases, in agreement with particle formation. This shift increases with 7; and T,
indicating bigger particles. Purely homogeneously nucleated particles were formed by
passing a flow of gaseous nitrogen through the heated oven at T, = 80-100°C and
T, = 60-90 °C containing the carboxylic acid.

The final aerosol flux was directed simultaneously to a condensation particle counter
(CPC, either TSI 3781 or MSP 1040XP models), an aerodynamic particle spectrometer
(APS, TSI 3321) and a Fourier-transform infrared spectrometer (Nicolet Magna 860), to
obtain particle number, size distribution and their infrared extinction spectra, respec-
tively. Particle size distribution in the 0.5—-20 um is retrieved by an aerodynamic particle
spectrometer (TSI 3321), that give a tail in the 0.5-3.5um range. Information about
the size distribution of pure salt particles in the 0—0.5 um range was obtained by mea-
suring the infrared scattering spectrum of dry NaBr particles (taken as representative
of solid salt) and comparing it to the predicted Mie scattering spectrum (Bohren and
Huffman, 2004), that was computed assuming a lognormal distribution of particles with
given values of average diameter, geometric standard deviation, and total particle num-
ber density (Minambres et al., 2008). Optical constants for NaBr were taken from the
literature (Li, 1976). In this way, a value of median diameter of 0.3 um and standard
deviation of 1.29 was obtained that best fitted the measured scattering spectrum and
the particle size distribution.

To complete analytical on-line methodology, particle shape and size of both pure and
mixed particles were determined off-line using a JEOL JSM-7000F scanning electron
microscope (SEM), equipped with a Schottky field emission gun (FEG) and an Oxford
Inca Pentafet X3 energy dispersive X-ray analyser (EDX). The EDX microanalysis was
performed using an accelerating voltage of 20kV and a current intensity of 10704,
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with a working distance of 10 mm. The aerosol of interest was collected at the exit of
the extinction flow cell onto a glass slide, and particles were coated with an Au layer
(20 nm) deposited by evaporation using a Quorum Q150T Sputter Coater to provide
electrical conductivity.

3 Results and discussion
3.1 Infrared spectra of pure carboxylic acids

The infrared absorption spectra of bulk HA, OA and LA recorded at ambient tempera-
ture are presented in Fig. 2. The spectra of HA and OA were recorded in an infrared cell
for liquids, whereas for LA one drop of the sample dissolved in ethanol was deposited
on a BaF, window until solvent evaporation, after which the absorption spectrum of
the film was recorded. The main absorption bands are common to all three acids, with
small differences in band position and intensity.

The sharp carbonyl stretching band outstands near 1710cm™', the broad band
in the 2500-3500cm "' range has been assigned to associated COO-H stretchings
(broadened by intermolecular association by hydrogen bonding), whereas the group
of three peaks in the 2800—-3000 cm™’ range, exhibiting a different resolvable struc-
ture for the different acids, has been assigned to —C—H stretchings. A more com-
plex band system appears in the 800—-1500 cm™, specific of each acid. On the other
hand, the gas phase infrared spectra of the three acids (NIST Chemistry Webbook:
http://webbook.nist.gov/chemistry, not shown in Fig. 1) show several differences with
the bulk phase spectrum: the intense C=0O band locates in the 1780-1790cm ™",
whereas a narrow band appears near 3580 cm™! (COO-H free stretch), absent in the
condensed phase. Overlapped bands appearing in the 2800-3000 cm™! range are co-
incident with peak positions in bulk phase spectra. Finally, a number of bands is present
in the 800-1600cm™" region, several of which can be distinguished from condensed
phase spectra.
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Figure 2 also shows the extinction spectra of homogeneously nucleated particles.
Bands belonging to each acid were detected in all cases, their absorption intensity
growing with increasing Ty and T,. The presence of carboxylic acid particles was con-
firmed by CPC measurements. For HA, the obtained spectra are mostly coincident with
the gas phase spectrum. A weak band located at near 1730 cm™' has been assigned
to the C=0 stretch originating from small particles of liquid HA due to homogeneous
nucleation. This band is 21 cm™ displaced to higher wavenumbers with respect to bulk
liquid HA, possibly due to surface effects in small particles. This hypothesis is sup-
ported by the spectrum of liquid HA adsorbed at the air/water interface by vibrational
sum-frequency spectroscopy (Soule et al., 2007), that locates the C=0 band in the
1726-1730cm™" range, depending on the polarization conditions. For OA, the C=0
band was peaked at near 1700cm™", but broader than the one corresponding to con-
densed phase. Also an overlapping band system in the 1540-1650 cm™ range was
observed. No lines of gaseous OA were detected. For LA, no gas band features were
present, in accordance with its low vapor pressure. Additionally, the spectrum baselines
increase slightly to higher wavenumbers as T, increases, which is indicative of particle
scattering (Hinds, 1998). A broad band in the 3100-3500 cm™! range is observed for
homogeneously nucleated hexanoic and octanoic acid, that is absent in the bulk spec-
trum. This feature has been attributed to the presence of small amounts of liquid water
outgassed from the acid that become trapped into the particles.

The most notable differences in band wavenumber and bandwidth for the three acids
are observed for the C=0 stretching band, and are summarised in Table 2. These dif-
ferences can be significant, as can be related with surface effects that can give infor-
mation about the particles. Carbonyl bandwidth in the bulk acids is in the 20—29 cm™’
range, and increases with molecular mass. These values change in homogeneously
nucleated organic particles, either increasing (HA and OA) or decreasing (LA). Rela-
tive variations in its magnitude are in the 25—-75 % range.
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3.2 Infrared extinction spectra of heterogeneously nucleated NaX particles with
carboxylic acids

Representative infrared extinction spectra of heterogeneously nucleated sodium halide
particles are shown in Fig. 2. The band intensities of heterogeneous nucleation spec-
tra are much bigger than those of homogeneous nucleation (e.g., 4 : 1 for NaCl/OA
at 7, =90°C, T, = 80°C). For NaX/HA particles, bands of gaseous and condensed
phase HA were observed. The latter increase in intensity with 7; and T,, whereas the
former remain constant. For NaX covered with OA or LA, practically all infrared bands
originate from condensed phase, gas phase OA bands being very weak or absent.
Their observed carbonyl absorption band wavenumber and bandwidth for the various
acids are collected in Table 2. The changes in these magnitudes with respect to their
bulk phase values are indicative of organic molecule/inorganic ion interactions, and
can be used to address the effect of the ionic salt environment near the organic acid
molecules. For all acids, the C=0 stretch wavenumber of the acid coating on NaX
varies with the salt and is between the wavenumber of the corresponding bulk acid and
that of homogeneously nucleated acid particles (Table 2). In all cases, bulk wavenum-
ber of C=0 locates around 70cm™" lower than in the gas phase, bulk LA showing
the lowest wavenumber (1700 cm'1). On the other hand, the bandwidths of the C=0
stretch coming from heterogeneously nucleated particles depend on the nature of the
salt, the organic acid and the degree of covering: for HA-covered particles, the full
width half-maximum (FWHM) can reach 40 cm™’, doubling the bulk HA value, whereas
for LA-coated particles it is smaller than the bulk acid bandwidth. The relationship of
these results with the hygroscopic properties of particles will be discussed later.

3.3 Morphology of pure and mixed particles

SEM images of pure NaCl and LA particles, and of NaCl particles after covering them
with LA, were recorded and are presented in Fig. 3. This technique was not well suited
to study particles that included OA or HA, due to their high vapor pressure at room tem-
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perature that difficulted their manipulation in the SEM vacuum chamber. Images of dry
NaCl show cubic particles as expected (see Fig. 3a). The number size distribution of
particles was obtained by processing the SEM image with the help of the ImageJ soft-
ware [rsbweb.nih.gov/ij/]. The obtained distribution fitted satisfactorily to a lognormal
distribution with a count median diameter of 46 nm and sigma = 2.0. Particles appear
mostly isolated, without a tendency to aggregate.

Images of LA particles (Fig. 3b) show a much smaller amount of particles that tend
to form big aggregates, typically of 1-2 um length, in accordance with previous studies
(Gadermann et al., 2008). The particles are amorphous and mostly elongated. Images
of NaCl particles deposited jointly with LA (after heterogeneous nucleation, see Fig. 3c)
show a small number of particles, much fewer than in the case of pure NaCl, although
the initial amount of NaCl aerosol was identical in both cases (this may be due to
the low affinity of the mixture with the supporting material or to higher tube losses).
Most particles present cubic form, and tend to appear as aggregates. Although pure
LA particles can be observed, they are very scarce. A thin layer covering the NaCl
particles can be observed, smaller NaCl particles appearing with a thicker covering.
Thus it can be said that a thin layer of lauric acid is deposited on NaCl particles, acting
as a glue that tends to link individual NaCl particles.

3.4 Deliquescence and efflorescence of heterogeneously nucleated NaX parti-
cles with HA, OA and LA

3.4.1 Infrared spectra of particles at various RHs

To examine the deliquescence behavior, dry NaX particles coated with each of the
carboxylic acids were mixed with a flow of gaseous water at different RHs. As a rep-
resentative example, Fig. 4 shows three spectra of NaBr particles covered with OA at
various RHs. The presence of liquid water can be detected and quantified by the broad
band centered at near 3400cm™ .
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In all cases, we paid special attention to the C=0 stretching band of the acids, and we
analyzed it as a function of RH, organic acid and halide anion measured. In OA/NaX
and LA/NaX particles, the carbonyl band absorption intensity of condensed phase acid
keeps constant with RH; on the contrary, for NaX/HA particles the band intensities of
liquid HA decrease as RH increases, although the intensities of gaseous HA remain
unchanged. As an example, Fig. 5 plots the intensity variation of the carbonyl band vs.
RH for liquid and gaseous HA in NaBr particles. It can be seen that, while the C=0
band intensity of gaseous HA keeps roughly constant with RH, the band intensity for
condensed HA lowers at higher RH. The largest decrease was observed in NaBr, and
the smallest in Nal. In all salts, the particles retained liquid HA at RHs higher than their
DRH. On the other hand, the spectrum baseline also decreases at high wavenumber
as RH increases (due to decrease of particle scattering), indicating a thinner coating
of the particles.

The efflorescence behavior of coated aqueous NaX particles was investigated by
passing NaX aqueous particles along the heated oven containing the carboxylic acid
vapor. For all the systems, at RH near saturation the spectra show bands of condensed
phase organic acid. The intensity of these bands keeps roughly constant with RH in
OA and LA, but liquid HA band intensities decrease notably as RH is reduced (a factor
in the range 3-7 from RH~ 100 % to 27 %, depending on the salt). Figure 5 shows
the case for NaBr/HA. Also the scattering signal is decreases with RH, indicating that
particles get smaller.

3.4.2 Deliquescence and efflorescence curves

Deliquescence and efflorescence curves were recorded by measuring the integrated
absorbance of liquid water in the particles in the 3400-3600 cm™’ range and plotting
the values vs. RH. This interval was selected as it is mostly free of interference with
nearby absorption spectral features. The scattering component of the liquid water ex-
tinction spectrum was removed by subtracting the sloping baseline present at high
wavenumbers to obtain integrated absorbances. The results for all the systems are

4394



10

15

20

25

10

15

20

25

presented in Fig. 6. The curves for the pure inorganic salts have also been measured
and are included in the figure. Hereafter, we describe the effect of the various acids in
each of the inorganic salts.

(1) NaCl particles

@

(3

~

~

The deliquescence curve of NaCl/HA is very similar to that of pure NaCl parti-
cles, that deliquesce at DRH (298K) = 75.3 % (Tang and Munkelwitz, 1993). No
water uptake is detected until near 73 % RH, where particles abruptly become
liquid. The quantity of liquid water uptaken by NaCl particles is unaffected by the
presence of the HA covering. However, for NaCl/OA and NaCl/LA, particle deli-
quescence occurs near to 56 % RH, substantially lower than in pure NaCl. These
results are in agreement with previous reports in which a slight lowering of the
DRH of NaCl was observed when the particles were covered with OA and LA
acids (Hansson et al., 1998). In NaCl/OA, theparticles uptake more amounts of
liguid water than in pure NaCl, whereas the opposite is observed for NaCl/LA.
The efflorescence curves for all the three acids locate the ERH close to 40 %,
very similar to pure NaCl particles. The curves are coincident in the RH = 20—
60 % range, but diverge towards higher RHs. For all acids, particles retain more
amounts of water than pure NaCl in the RH = 60-95 %, the amount being in the
order LA > OA > HA. Also the amount of HA and OA in the particles decreases as
liquid water is removed from them until the ERH is reached, whereas no change
in the amount of LA is observed with RH.

NaBr particles

According to Fig. 6 data, NaBr/HA particles deliquesce at somewhat higher RH

than pure NaBr particles: liquid water in NaBr/HA particles is not detected until

49.6 % RH. This value does not change with the degree of coating, and contrasts

with the value of DRH = 37 % for pure NaBr particles (Minambres et al., 2008). On
4395

the other hand, OA and LA coverings do not have any effect in the deliquescence
behavior of NaBr: the deliquescence curves are practically coincident with those
of pure NaBr. Also, the amount of uptaken water is similar than in pure NaBr,
except for OA-covered particles, that grow faster for RH > 70 %. Efflorescence
curves for all acid covering are very similar to pure NaBr (ERH = 23 %) in the 20—
60 % RH (although OA retains slightly more water at all RHs), but at RH > 60 %
acid-covered particles retain higher amounts of liquid water than pure NaBr (up
to double for NaBr/LA at 90 % RH). Thus the presence of the organic covering
causes water loss to happen more gradually than in the pure salt at high RHs.

Nal particles

The deliquescence curves of acid-covered Nal particles exhibit substantial differ-
ences with respect to the pure salt. Whereas pure Nal particles take up water at
all RHs (Minambres et al., 2011), Nal/HA and Nal /LA particles do not uptake wa-
ter until RH = 16 % and 21 %, respectively. Liquid water is not detected in Nal/OA
particles until RH = 75 %. It can be concluded that organic acid covering substan-
tially retards the uptake of water in Nal particles, specially OA. The amount of
liquid water in HA and LA-covered particles in the RH = 20—80 % is higher than in
pure Nal. The efflorescence curve of Nal/LA is practically coincident with the pure
Nal curve in the RH range measured. However, HA-covered particles lose water
more gradually, retaining higher amounts of water than pure Nal in the RH = 30—
80 % range. Finally, OA-covered particles follow closely the pure salt curve for
RH > 80 %, but retain more water at lower RHs. The general tendency is that the
presence of acid covering retains more water in the particles, except for LA, which
shows little effect.
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3.4.3 Discussion of deliquescence and efflorescence processes

The obtained results on the hygroscopicity of sodium halide particles covered with
water insoluble organic acids show an overall complex behavior. The deliquescence
curves of Fig. 6 indicate that the water uptake process is dependent on both the inor-
ganic salt and the organic acid. Whereas HA, OA and LA have a smaller effect on water
uptake of NaBr (only HA slightly retards the DRH), they produce a lowering of the DRH
in NaCl respect to the pure salt. On the contrary, in Nal these acids prevent particles to
uptake liquid water at low RHSs, unlike in pure Nal, which admits water at any RH. This
retarding effect is especially attributed to OA. In efflorescence, a similar behavior is
observed for all systems: the presence of the organic acid makes the particle to retain
more water at a given RH, all curves converging at the ERH.

The observed hygroscopic behavior can be due to several factors. Although the
morphology of particles can sometimes influence their hygroscopic behavior, all NaX
salt dry particles are expected to be cubic, such as NaCl (Fig. 3), as all of them
have an octahedral crystal structure. Another possibility is that each organic acid
interacts differently with each inorganic salt. Organic acids in the surface of inor-
ganic salts will tend to orientate with their polar groups facing the salt surface, so
that ion-dipole interactions will arise that will diminish the system Gibbs free energy.
The polarizability of the halogen atoms increases in the order Cl (14.7) < Br (21.8) < |
(35.1, all in atomic units) (P. Schwerdtfeger, Table of experimental and calculated
static dipole polarizabilities for the electronic ground states of the neutral elements,
http://ctcp.massey.ac.nz/dipole-polarizabilities), so differences in the interaction mag-
nitude are expected. In addition, the surface of particles will become more populated
by anions as halide polarizability increases (Jungwirth and Tobias, 2001). Also elon-
gated carbonated chains are known to be easily polarizable. Additionally, it has been
proposed that the structure of the monolayers formed with insoluble surfactants deter-
mines their resistance towards gas uptake (Stemmler et al., 2008). Fatty acids form
a highly ordered film in the so-called liquid condensed state, whereas in the liquid ex-
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panded state they form a less ordered film and do not hinder the uptake. In that way, the
differences in retardation on water uptake can arise from the different degrees of com-
pression of such films (Donaldson and Vaida, 2006; Takahama and Russell, 2011).
Another possibility is that gaseous water transport occurs through open sections of
the surface, that can be due to incomplete packing by the organic film or to random
fluctuations (Donaldson and Vaida, 2006). The observed salt-specific behavior is in ac-
cordance with the observed deliquescent behavior of internally mixed particles formed
of sodium halide and water soluble organic acids (Minambres et al., 2011).

The hygroscopic behavior can be correlated with the spectral features of the or-
ganic acids shown in Table 2, where the wavenumber and the bandwidth of the C=0
band in different environments are shown. The band center wavenumbers shift in
the —6/+10cm™’ range in the presence of NaX salts, but the bandwidth (FWHM) of
the C=0 vibration (of 20-30 cm™' for the bulk acid) varies in the —16/+20 cm'1, i.e.,
a change of more than 100 % in some cases. The wavenumber shift and broadening
of a spectral band may arise from a change in the internal force constant of the C=0
bond due to the formation of intermolecular bonds with other molecules, for example
hydrogen bonds with water (Kalsi, 2007). These results are indicative of the effect of
the ionic salt environment near organic acid molecules. Although it is not easy to estab-
lish clear correlations with the changes in deliquescence behavior, some remarks can
be outlined. For systems with NaBr, the changes in the FWHM of the C=0 band are
the smallest (except for HA/NaBr), which correlate with a quite small change of DRH
(except for HA/NaBr). For Nal mixed with an organic acid, although the changes in
FWHM are considerable (indicating strong ion-polar head group interaction), the expla-
nation for the water uptake behavior can be attributed to the hydrophobic effect exerted
by the organic acids, forming a barrier that prevents the entrance of gaseous water
molecules inside the particles. This effect is very pronunced for Nal/OA, and we have
not found a satisfactory explanation for it. Finally, in NaCl/organic acid systems, the op-
posite effect is observed, in which the presence of acids slightly enhance the entrance
of gaseous water. This can be attributed to the ion-polar group interaction that slightly
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lowers the Gibbs free energy of the system, favoring the acceptance of gaseous wa-
ter molecules. The efflorescence process in NaX aqueous particles is not substantially
affected by the presence of the acid. As efflorescence is not an activated process, wa-
ter loss takes place gradually as RH is lowered. Additionally, the salting out effect will
make organic acid molecules gradually move out of the surface as the concentration of
the salt solution increases. The influence of hexanoic acid on the adsorption of atmo-
spheric gases at the air—water interface has been reported (Demou and Donaldson,
2002). Results indicate a slight increase in the solution-to-surface partitioning of hex-
anoic acid with increasing salt concentration. NaCl exhibits a “salting-out” effect toward
organic species, increasing the surface concentration of organics for fixed solution con-
centration, but decreasing it for fixed gas-phase concentration. The salting out effect
will give rise to an increased surface concentration.

The results on water uptake and release in the special case of HA covered particles
give information on how the dynamics of water exchange in inorganic particles is af-
fected by the presence of a surface layer having small water solubility. The evolution
of the amounts of liquid HA and water with RH (or, equivalently, the relative amount of
gaseous water) in Fig. 5 indicates that, in all deliquescence curves, there is a compe-
tition for surface positions between adsorbed HA and gaseous water. Gaseous water
tends to displace HA molecules away from the particle surface (as manifested by the
reduction in the amount of liquid HA as RH increases), to try to accommodate them-
selves on the NaX solid surface. This effect must be a consequence of the change in
the Gibbs free energy of the system in the deliquescence process: as the energetically
most stable system is obtained when gaseous water molecules remain near the solid
NaX surface (producing deliguescence when the number of gaseous water molecules
reaches a given value), HA molecules will tend to be displaced from their surface lo-
cations. In efflorescence, however, the observed behavior is different: removal of water
from mixed particles due to the decrease of RH is accompanied by removal of HA from
the aqueous particle surface. This effect can be explained assuming that liquid HA
uniformly covers the NaX aqueous particle. For water molecules to exit the particles, a
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“hole” in the HA layer must be made, and water molecules exiting the particle will sweep
away HA molecules from their surface locations. NaX-gaseous water interactions must
be stronger in NaCl than in NaBr and Nal or, alternatively, NaX-HA interactions will
be weaker for NaCl than for NaBr and Nal. For that reason, in NaX/HA particles, HA
is displaced more effectively from the surface at the DRH of pure NaCl. In NaBr and
Nal, however, the number density of gaseous water molecules nearby the particles
at the DRH of the pure inorganic particle is not enough to remove the HA cover, and
a higher number of gaseous water molecules (higher RH) is needed to produce particle
deliquescence.

3.5 Estimation of the relative amounts of organic acid and water in the particles

The relative amounts of liquid water and a given organic acid in the aqueous NaX
particles can be calculated on average from measured absorbances in their infrared
spectra. The number of molecules N; of a given species / per unit volume of aerosol
sample is related with the integrated band absorbance of that species via the Beer—
Lambert law (Weis and Ewing, 1996): A; = o;N,z/2.303 x 102, where A; is the inte-
grated absorbance of a given band (cm"1), o; the integrated absorption cross sec-
tion per molecule (mmolecule”) of that band, and z is the optical path length of
the aerosol flow cell (m). Applying the previous equation, we can obtain the organic
acid/liquid water mole ratio for samples measured in the same aerosol cell, if A; and
o are known: Nog /N0 = AorgOn,0/An,000rg- The absorption cross section of liquid
water has been obtained from pure water data in the 2800-3600 cm ™" range (Downing
and Williams, 1975), Gy 0 = 1.3 x 107" mmolecule™". The absorption cross section
for liquid HA and OA have been obtained by measuring the integrated absorbance of
a solution of the acid in methanol of known composition in a 150 um long cell for lig-
uid samples. The C=0 band in the 1668-1774cm™" range was chosen to compute
the integrated absorbance. The obtained values are o, = 9.87 x 10~ mmolecule™
and g = 1.71 x 10" mmolecule™. From these data, the average NHA/NHZO and

4400



10

15

20

25

10

15

20

25

Noa/Ny,o ratios have been calculated for the various salts at several RHs. The results
appear in Fig. 7. The obtained results indicate that NHA/NHZO values are comprised in
the 0.1-0.6 range for RH in the 30-98 % interval, the lowest values corresponding to
the highest RHs. In contrast, the NOA/NHZO quotient spans from 0.2 to 1.9 (for RHs in
the 40—96 % range), when again the highest values correspond to the lowest RH con-
ditions. The highest NOA/NHZO ratio (1.9) is obtained for Nal efflorescing particles. The
results in Fig. 7 indicate that, in general, OA-covered particles tend to displace liquid
water more efficiently than HA-covered particles.

The spectroscopic results indicate that gaseous HA, OA and LA easily nucleate onto
dry and aqueous NaX particles. The amount of acid uptaken increases with the tem-
perature of the oven. Additionally, SEM images of NaCl particles with LA show NaCl
particle aggregates, indicating that they are “glued” by lauric acid. However, SEM im-
ages provide no visual evidence of the presence of a organic cover, so we can conclude
that the cover must be much thinner than the size of the salt particles. A rough higher
limit for the cover thickness can be set at 20 nm, which is the resolution of the SEM
images. This estimate can be compared with HA and OA cover thickness on aqueous
particles, calculated assuming that liquid HA or OA arrange in a hydrophobic organic
layer in the surface of an aqueous particle, according to one proposed model (Ellison
et al.,, 1999), and taking into account the spectrally measured relative proportions of
water and organic acid. The volume of a spherical aqueous particle of radius R will
be Vy,0 = (4/3)7[/?3, whereas the volume of liquid organic coating of thickness r, as-
suming uniform coverage, can be written as V4 = (4/3)7[(R + r)3 - R®). On the other
hand, Vorg/Vh,0 = NorgPh,0/ (NH,0P0rg), Where p stands for density. As the Nyg/Ny,0
ratios have been determined previously, from the previous equations we can obtain r
in terms of the aqueous particle radius R:

l’/Ft’ =[1+ NorgloHZO/(NHZOporg):P/3 -1 (1)

For typical values of Nya/Ny,0 =0.1, 0.3 and 0.6, r/R =0.035, 0.098 and 0.181,
respectively, indicating that the thickness of the organic layer increases roughly lin-
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early with the number of molecules of liquid HA. For example, if NHA/NH20 =0.3 and
R = 0.3 um (roughly corresponding to NaCl particles appearing in Fig. 3c), the HA coat-
ing thickness yields an estimation of r = 29 nm for a particle coated with HA. This value
can be compared with the upper limit of 20 nm estimated for the cover thickness in the
LA/NaCl system. The former HA-coating thickness is much bigger than the estimated
thickness of a monolayer, although we cannot affirm whether the particles are uniformly
covered. Previous investigations indicate that the degree of insoluble acid coverage do
not substantially alter DRH. Complete coverage of inorganic particles by fatty acids
had no dramatic effect on NaCl particle DRH (Andrews and Larson, 1993). On the
other hand, DRH of ammonium sulfate was only slightly lowered for oleic acid thick-
ness up to 109 nm (Najera and Horn, 2009), much bigger than our estimated thickness
of around 30 nm. No variations in DRH with acid covering thickness were observed in
this work.

4 Conclusions and atmospheric implications

This work has studied the effect of a covering layer of hexanoic, octanoic and lau-
ric acid, which are present in the Earth’s troposphere, on the hygroscopic properties
of sodium halide submicrometer particles, which are constituents of sea salt aerosol.
Infrared extinction spectroscopy together with particle counting and visualizing tech-
niques has allowed to detect the formation of homogeneously and heterogeneously
nucleated particles and the variation of their composition in the presence of variable
amounts of gaseous water, leading to the processes of deliquescence and efflores-
cence. SEM measurements and data deduced from infrared absorbance spectra in-
dicate that the covering thickness of the obtained salt particles is compatible with an
average value of 30nm. SEM images show that the effect of lauric acid on NaCl is to
agglomerate salt particles, producing bigger effective particles. It has not been possible
to observe this effect with the other acids, due to experimental inconveniences.
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It has been found that the hygroscopic properties of sodium halide particles covered
with hexanoic, octanoic or lauric acid change both with the nature of the inorganic salt
and the carboxylic acid. The DRH of NaCl aerosol is dependent on the organic acid
covering the particles, the deliquescence of NaCl/OA and NaCl/LA systems occurring
near RH = 56 %, considerably lower than in pure NaCl. On the other hand, NaBr cov-
ered particles do not substantially alter their water uptake behavior respect to pure salt
particles, irrespective of the organic acid. The growth factor of these particles is also
unaffected by the organic coating. Finally, organic acid covering on solid Nal particles
act as a barrier to water uptake; non-deliquescencing Nal pure particles deliquesce at
about 15 % RH when coated with hexanoic and lauric acid, but the DRH increases re-
markably up to 60 % RH for octanoic acid covered particles. The general consequence
is that the water uptake behavior of sodium halide particles coated with organic acids
can be rather specific. This is in accordance with former studies of sodium halides with
succinic acid, which showed a salt-specific behavior. Consequently, although it is cus-
tomary to extrapolate the water uptake behavior of NaCl particles to sea salt aerosol,
due to the predominance of this species in marine salt, the detailed picture can be
more complex. Regarding efflorescence process, the obtained results indicate that the
overall effect of the organic acid cover is to retain higher amounts of water at RH in the
60-90 % range with respect to pure NaX particles. In NaCl particles the longer chain
acid (LA) achieves the highest water retention, the shortest one (HA) producing the
lowest. All acids act similarly in NaBr aqueous particles, whereas in aqueous Nal par-
ticles OA is the acid that produces higher water retention at RH in the 60-90 % range.
The results show that this barrier effect is dependent on the nature of the organic acid,
and can have important consequences for the troposphere, as the organic species can
determine the amount of liquid water in the particles and their phase at a given RH.
Finally, the measurements indicate that there is no simple correlation between water
uptake of crystallization processes in coated salt particles and the length of the car-
bonated chain in the carboxylic acid. The complex behavior in hygroscopic properties
in the different salts can not be easily attributed to a single effect, and the results point
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to more specific ion-molecule interactions in the NaX/organic acid/H,O systems or to
the structure of the organic film on the particle.

Several consequences for the atmosphere can be driven from this study: as bromine
and iodine ions tend to segregate to the surface of marine aerosol particles, and the
effect of fatty acids on them can be different as compared to the more abundant NaCl
species, this may influence the surface properties of the particles not usually taken into
account in the models. At a given value of ambient relative humidity, sea salt particles
may have an outer core in which NaBr and Nal are more abundant, and if an organic
water insoluble layer is present, the interactions of the organic compound will predom-
inantly take place with bromide and iodide ions. At given conditions of relative humidity
in the atmosphere, liquid water amounts and phase of sea-salt particle outer core may
vary regard to the expected behavior of pure NaCl particles. This has consequences in
the heteogeneous processes taking place between particles and atmospheric gases,
such as gas uptake and chemical reactivity.
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Table 1. Physical properties of the studied carboxylic acids.

Name #C Structural Formula Melting Boiling Vapour pressure

Point (K)®  Point (K)* (mm Hg, 25°C)°

. . o
Hexanoic Acid 6 /\/\‘)I\OH 269.7 477 £4 0.2
o
Octanoic Acid 8 oA, 289.3+0.7 510+4 3.71x107°
o]

Lauric Acid 12 ,/\,/\/\_/\/\_/”\OH 3172 571 1.6x107°

& NIST Chemistry WebBook.
® PubChem Compound, NCBI (National Centre for Biotechnology Information).
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Table 2. Band position and bandwidth of the C=0 stretching band in various conditions for HA,
OA and LA. Units incm™".

Hexanoic acid Octanoic acid Lauric acid
Wavenumber Bandwidth Wavenumber Bandwidth Wavenumber Bandwidth
at maximum (FWHM) at maximum (FWHM) at maximum (FWHM)
intensity intensity intensity

gas® 1780 26 1780 62 1790 30
bulk 1710 20 1713 26 1700 29
homog. nucl. 1730 26 1700 46 1710 21
heter. NaCI® 1717 27-40° 1707 19 1710 19
heter. NaBr®  1711-1720° 27-37° 1713 23 1708 26
heter. Nal® 1720 33 1713 36 1707 13

& NIST Chemistry Webbook: http://webbook.nist.gov/chemistry.

b Dry particles.
¢ Depending on the amount of acid deposited onto the salt particles.
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Fig. 1. Diagram of the experimental setup.
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Fig. 2. Infrared extinction spectra of HA, OA and LA in different conditions: bottom spectra are
from bulk phase acid; medium spectra corresponds to homogeneoulsy nucleated acid particles;
upper spectra are from heterogeneously nucleated acids onto NaCl particles.
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Fig. 3. SEM images of: (a) pure NaCl particles; (b) pure LA particles; (¢) NaCl particles covered
with LA.
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Fig. 4. Infrared spectra of NaBr particles after passing through the heated reservoir containing
OA and exposed to different RHs.
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Fig. 5. Evolution of the infrared absorption intensity of the C=0 band of hexanoic acid with RH
in NaBr particles in deliquescence and efflorescence mode. The shaded region indicates the
selected area for measuring liquid water abundance in the particles (see text).
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Fig. 6. Deliquescence and efflorescence curves of NaX (X =Cl, Br, 1) particles covered with
HA, OA and LA. The curves for the pure inorganic salts are shown by lines.
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Fig. 7. Nya/Nu,0 and Noa/Ny,o mole ratios in heterogeneously coated particles at various
relative humidities in deliquescence and efflorescence conditions. “del” and “effl” stand for deli-
quescence and efflorescence. “RH” stands for relative humidity.
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