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A flow reactor coupled to a chemical ionization mass spectrometer was used to study the reactive uptake
coefficients at 273 K of BOs on aqueous 60 wt % sulfuric acid solutions coated with insoluble organic
monolayers. Both straight-chain surfactants (1-hexadecanol, 1-octadecanol, and stearic acid) and a branched
surfactant (phytanic acid) were studied. The reactive uptake coefficient decreased dramatically for
straight-chain surfactants. The decrease ranged from a factor of 17 to a factor of 61 depending on the type
of straight-chain surfactant. In contrast to the straight-chain data, the presence of phytanic acid did not have
a significant effect on the }Ds reactive uptake coefficient (the decrease was less than the uncertainty in the
data) compared to the uncoated solution. In addition to measuring the reactive uptake coefficients, we also
investigated the relationship between properties of the monolayers and the reactive uptake coefficients. The
reactive uptake coefficients measured on aqueous sulfuric acid subphases showed a relationship to the surface
area occupied by the surfactant molecules. However, data obtained with other subphases did not overlap with
this trend.

1. Introduction of organic surfactants. Nevertheless, field studies indicate that

Reactions between aerosol particles and gas-phase specie
termed heterogeneous reactions, can play a crucial role in the
atmospheré=* Often, the efficiency of these heterogeneous
reactions is described in terms of the reactive uptake coefficient,
y, which is defined as the fraction of collisions with a surface
that lead to the irreversible loss of the gas-phase species as th
result of a reaction. One heterogeneous reaction that has beer,
studied extensively is the reaction betweesOhland aqueous

particles

éropospheric inorganic aerosols can contain a significant amount
of organic surfactantsboth insoluble aqueous surfactants and/
or soluble aqueous surfactants. (See, for example, re289
These surfactants can form organic monolayers at the air
aqueous interfac#; 22 and depending on the composition and
egree of compression of these organic monolayers, they can
fmit the transfer of molecules across the -aaqueous
interface?=3% If this were the case, the X5 reactive uptake
coefficients measured on uncoated aqueous inorganic solutions
might not be applicable under all atmospheric conditions.
aerosol Examples of atmospheric conditions under which surfactants
N,Og(9) + H,O(l) —— 2HNO,(aq) (R1) might be important include the marine boundary layer and
continental regions influenced by forest fires, coal and straw

Modeling studies have demonstrated that this reaction can affectburning?13.16.18:20
NO,, Oz, and OH concentrations in the atmosphereFor Recent possibly related field measurements over the northeast

example, using a global tropospheric model, Dentener and United States by Brown et &l.showed that the reactive uptake

Crutze® demonstrated that this heterogeneous reaction would coefficient of NOs can decrease significantly (by a factor of

decrease the yearly average N@s, and OH concentrations  =10) when particles contain a large amount of organic material

in the troposphere by 49%, 9%, and 9%, respectively, if the in addition to inorganic material. One possible explanation for

reactive uptake coefficient on aqueous particles were 0.1. these results is that the organic material forms a coating on the
Because of the importance of this heterogeneous reaction toaqueous droplets and this coating limits the transfer gD\

the atmosphere, many research groups have investigated thénolecules across the ainqueous interfac€.More laboratory

reactive uptake coefficient of 4Ds on aqueous inorganic  Studies on the effects of organic films on®§ heterogeneous

solutions and particles (see Sander étaid references therein).  chemistry would be useful to better understand the precise

These studies have shown that reactive uptake is efficient ~ mechanism that led to the decrease iobserved by Brown et

on aqueous inorganic solutions, with reactive uptake coefficients al*”

ranging from 0.015 to 0.2. A few laboratory studies have examined the reactive uptake
Most of the previous laboratory work on®s reactive uptake of N2Os on aqueous surfaces coated with monolayers consisting

has focused on aqueous inorganic solutions and particles freeof straight-chain organic surfactarfts3®-32 However, only one

study has investigated the effect of monolayers consisting of a
*To whom correspondence should be addressed. E-mail: bertram@ bent or branched surfactant on theQy uptake coefficient®

Chﬁ’m-“bc-ca- . . even though a large fraction of atmospheric surfactants might

Present address: Institute for Terrestrial and Planetary Atmospheres, 9
School of Marine and Atmospheric Sciences, Stony Brook University, Stony have bent or branched structurég? Furthermore, all of the
Brook, NY 11794. previous measurements, except for the preliminary study carried

10.1021/jp710685r CCC: $40.75 © 2008 American Chemical Society
Published on Web 02/14/2008




N2Os Reactive Uptake on Aqueous,80, Solutions J. Phys. Chem. A, Vol. 112, No. 11, 2003387

TABLE 1: Structures of the Organic Molecules Used in This Study

Organic compound Melting Molecular Structure
points® (°C)
1 -hexadecanol 48-50 /\/\/\/\/\/\/\/\n
H
1-octadecanol 56-59 N N N N N N N
stearic acid 67-72 Q

(octadecanoic acid) /\/\/\/\/\N\/\)I\Du
phytanic acid <20 3
(3,7,11,15- )\/\)\/\)\/\)\/“\ju

tetramethylhexadecanoic

acid)

aMelting points for 1-hexadecanol, 1-octadecanol, and stearic acid were obtained from Sigma-Aldrich; no melting point has been reported for
phytanic acid, but it is a liquid at room temperature.

out in our laborator§? focused on soluble organic surfactants. removed, and Figure 1b shows a side view. The apparatus was
Additional studies with insoluble organic surfactants would be described and characterized in detail in our previous publica-
beneficial. tion.32 The flow cell is made entirely from aluminum, and its

In addition to the monolayer studies mentioned above, Folkers temperature can be controlled by circulating coolant through
et al?’ investigated the reactive uptake of®§ on aqueous channels in the aluminum body. All interior aluminum walls
inorganic aerosols coated with multilayers of organic material are coated with halocarbon wax to minimize loss gfOblto
produced by the ozonolysis of-pinene. Also, Badger et 4. the walls. Located on the bottom surface of the reactor is a glass
studied the reactive uptake of,®s on aerosol particles trough thatis filled with the aqueous solution, and this aqueous
containing mixtures of humic acid (a water-soluble surfactant) solution can be covered with an organic monolayer. The surface
and ammonium sulfate. of the liquid in the trough is 7.5 cm in width and 22 cm in

The current article focuses on the uptake gOhlon aqueous length. The height of the head space (or open channel) above
solutions coated with insoluble organic monolayers. Specifically, the liquid surface (Figure 1b) depends on the amount of liquid
we focus on the reactive uptake coefficient at 273 K gON solution used in each experiment and, in most cases, is less
on aqueous 60 wt % sulfuric acid solutions coated with than 1 cm. NOsis introduced to the flow reactor by a movable
monolayers of 1-hexadecanol, 1-octadecanol, stearic acid, andT-shaped injector, which slides just above the liquid surface.
phytanic acid (see Table 1 for chemical structures). 1-Hexade- The T-shaped injector is equipped with six exit holes, each 0.2
canol, l-octadecanol, and stearic acid are all straight-chainmm in diameter, that point toward the top of the reactor and
insoluble organic surfactants, whereas phytanic acid is a distribute the gas-phase reactant evenly across the width of the
branched insoluble surfactant. The temperature of 273 K is flow cell. The carrier gas (He) enters the flow reactor through
relevant for the lower and middle troposphere. This temperature inlets at the back of the flow cell. This gas stream within the
was chosen because of both its atmospheric relevance andeactor first flows against a barrier to ensure mixing before
experimental constraints. At warmer temperatures, the vaporreaching the liquid surface. Thermocouples are used to determine
pressure of water over aqueous solutions is large, which the temperatures of the liquid and the gas above the liquid. In
significantly limits the range of reactive uptake coefficients that all cases, temperatures of the liquid and gas are wittirb K
can be measured with our experimental apparatus because obf each other. The pressure inside the flow cell is measured
large gas-phase diffusion corrections (see below for further using an MKS baratron at the exit of the flow reactor (see Figure
details). 1b).

For these studies, we used a rectangular channel flow reactor - prior to entering the flow cell, the carrier gas was first passed
to measure reactive uptake coefficients. One of the strengths ofthrough a carbon filter (Supelco, Supelcarb HC) and a Drierite
the experimental configuration is that we can prepare and study(w.A. Hammond Drierite Co. Ltd.) trap cooled with liquid
well-characterized organic monolayers with this apparatus. In nitrogen to remove any possible organic contamination. Then,
this work, we present measurements of the surface pressures ofhe carrier gas was passed over a water reservoir held at a fixed
the prepared monolayers and the surface areas occupied by eacgmperature to adjust the relative humidity (RH) of the carrier
surfactant molecule in the monolayers (i.e., the packing densitiesgas. The RH was adjusted so that it matched the relative

of the monolayers). Then, we present measurements of thehumidity over the specific aqueous sulfuric acid solution,
reactive uptake coefficients. We then try to correlate trends in calculated using the AIM modét43 This ensured that no

the measured reactive uptake coefficients with surfactant chain evaporation of water from the aqueous sulfuric acid solution
length, surface pressure of the monolayer, and surface areaccurred over the course of the experiments. For these experi-
occupied by each surfactant molecule to better understand thements, the relative humidity above the aqueous solution was

variables governing the reactive uptake coefficient. The atmo- maintained at (14.5= 1.5)%. The RH of the carrier gas was
spheric implications of these results are also discussed. verified with a dew-point hygrometer.

The open channel above the liquid surface has a rectangle
geometry. The flow dynamics of the gas above the liquid surface

Flow Reactor and Experimental Conditions for the Reac- was characterized in our previous publication using computation
tive Uptake Measurements Figure 1 presents a schematic of fluid dynamics simulation# These calculations showed that
the flow reactor. Figure 1a shows a top view with the cover the carrier gas reaches a fully developed laminar flow in less

2. Experimental Section
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Figure 1. (a) Top view of the rectangular channel flow reactor without the aluminum cover. The liquid solution is placed in a quartz trough located
inside the flow reactor. (b) Side view of the rectangular channel flow reactor coupled to the chemical ionization mass spectrometer (CIMS).

than 1.5 cm, which is much shorter than the length of the on the I + N,Os chemical ionization reaction rate that has
reactive surface (i.e., liquid surface). See our previous publica- been reported in the literatufe.
tion for further discussion on the gas flow dynamics in the
system?2

N2Os was produced by reacting NQvith an excess of @
O3 was generated by passing a flow of @ver an ultraviolet
source (Jelight, model #600). To remove water vapor from the
O, carrier gas, a Drierite trap was placed immediately before
the UV lamp. The N@flow was passed through a®s trap to
remove trace amounts of water prior to reaction wigh KOs
produced by this reaction was flowed through an additiop@tP
trap to reduce the concentration of nitric acid and was then
collected and stored in a glass trap immersed in an ethanol bat
cooled to 193 K. MOs condensed as white crystals inside the

In a typical uptake experiment, we measured th®d\signal

as a function of injector position. The natural logarithm of this
signal was then plotted as a function of reaction time (time was
calculated from the reaction length and the flow velocity), in
order to determine the observed first-order loss rate constant,
kobs Then, fromkeps We determined the first-order wall loss
rate constank,, using the procedure developed in our previous
work.32 This procedure corrects for any concentration gradients
that can develop in the flow reactor as a result of fast
Hweterogeneous loss at the liquid surface. In other words, this
procedure decouples reaction and diffusion to the aqueous
surface in order to determine the true first-order wall loss rate

glass trap.
During uptake experiments, a saturated flow gOlbetween ~ constant.
6 and 10 crimin~t at STP was mixed with 20100 cn® min—! To calculatek,, from kqpg diffusion coefficients were needed.

at STP of dry He prior to entering the flow reactor through the The diffusion coefficients applied in this study were taken from

T-shaped injector. Total mass flow rates inside the flow reactor Knopf et al3? and are based on calculations using molecular

ranged from 200 to 700 chmin~* at STP, and total pressures parameteré®>! For the diffusion coefficient of BDs in He

ranged from 2.4 to 3.1 Torr. Under these conditions, the (Dy,o.—ne) at 273 K, we used a value of 289 Torr €s1?, and

Reynolds number varied from 0.4 to 1.4, indicating laminar flow for the diffusion coefficient of NOs in H,O (Dn,0s-H,0) at 273

conditions. K, we used a value of 72 Torr &s1. To calculate the diffusion
The exit of the flow cell is connected to a chemical ionization coefficient, D, of N,Os in a mixture of helium and water, we

mass spectrometer (CIMS), which is used to measure the changgised the equatiéa

in the gas-phase reactant concentration as a result of reactive

uptake at the liquid surfacé:*> N,Os was detected as NO

after its chemical ionization by~146-48 |~ was formed by

flowing trace amounts of CgHdiluted in 1000-2000 cn¥ min~!

at STP of N through a polonium-210 source (NRD, model Po-

2031) for ionization. For BDs detection in the presence ot@, . i

the chemical ionization region was biased422 V in order ~ WheréPreandPio are the partial pressures of helium and water

to fragment weakly bound ioAH,O clustersi’48 N,Os con- vapor, respectively, in the flow reactor.

centrations of (2« 109 —(1 x 10) molecules cm?® were used The reactive uptake coefficient, was determined frork,

for the uptake measurements,4 concentrations were based using the equatidd->*

P Puo
— He + Hy (1)

Dn,o,-He  DPn,o—,0

Ol



N2Os Reactive Uptake on Aqueous, 80, Solutions J. Phys. Chem. A, Vol. 112, No. 11, 2003389

1_c¢c s, 1 > tension was calculated from the maximum difference in the force
y 4, V 2 @ on the plate between immersion into and separation from the
solution857 For the solutions coated with the organic mono-
wherec is the mean molecular velocity of;8s, Sis the reactive layers, we measured the surface tension just before and after

surface area inside the flow reactor, and the volume of the the reactive uptake experiments. In all cases, the results were
open channel above the liquid surface (i.e., the volume of the the same within experimental error. The following procedure
head space illustrated in Figure 1b). was employed to measure surface tensions within the rectangular

Preparation of the Organic Monolayers.Prior to prepara-  channel flow reactor: First, we degassed the aqueous solution.
tion of an organic monolayer, the surface of the aqueous solution Second, we prepared the monolayers; assembled the flow cell;
(60 wt % sulfuric acid) was thoroughly cleaned with an aspirator and established experimental conditions such as RH, tempera-
to remove any organic contamination on the surface. Solutionsture, and mass flow in order to condition the flow cell. Then,
of 1-octadecanol, 1-hexdecanol, stearic acid, and phytanic acidafter abow 1 h of conditioning, we removed the cover of the
dissolved in chloroform{1 mg cnt3) were prepared. Several flow cell, measured the surface tension of the coated film,
droplets of the organic solution were deposited on the clean reassembled the flow cell, and performed the uptake experi-
aqueous sulfuric acid surface. The chloroform evaporated, ments.

leaving behind an organic monolayer. An excess amount of  To determine the surface area occupied by each surfactant
organic material was used so that a few microcrystals or lensesmolecule in the monolayers, we measured, in a separate set of
in the case of a solid or liquid organic monolayer, respectively, experiments, the surface presstuezea isotherm for each
were left on the surface after a monolayer was established.organic surfactant on an aqueous 60 wt %58, solution at
Typically 25% more organic material was added than required 273 K. The pressurearea isotherm illustrates the variation of

to attain a tightly packed monolayer. The presence of micro- the surface pressure with the area occupied by each surfactant
crystals or lenses on the surface (which was verified visually) molecule. Pressurearea isotherms were carried out using a
ensured that the aqueous solutions were completely coated withcommercial temperature-controlled Langmuir film balance

a surfactant monolayer. This method was chosen because ofNIMA Technology, model 611D). The Langmuir film balance
the reproducibility and ease of preparing this type monolayer. consisted of a PTFE trough (with dimensions of 20 cm by 30
Monolayers in contact with minOnySta'S or lenses were used Cm), two movable barriersl and a surface pressure sensor (N|MA
in all reported reactive uptake coefficient measurements. The Techno]ogy’ model PS4) with a p|atinum p|ate_ The experi-
presence of these crystals or lenses was not expected to affeciyental procedure that was followed was described in detail by
the overall uptake coefficient of s as the surface area covered  Myrick and Franse& Briefly, the aqueous sulfuric acid solution

by the crystals or lenses was very small compared to the overallyas placed in the trough. The surface of the acid solution was
surface area exposed t@®. To confirm this point, we carried  cleaned thoroughly using an aspirator. A known volume of an
out experiments in which we varied the amount of excess grganic solution (containing the surfactant and chloroform) was
organic material used in the uptake experiments. For example,gdded to the clean 2$0,—H,0 surface. The chloroform was

we carried out some experiments in which only enough organic gjiowed to evaporate, leaving behind a known number of
material was added to the aqueous surface to form a tightly molecules on the surface. The surface pressure was then
packed monolayer (i.e., no microcrystals or lenses were formed).recorded as the moveable barriers reduced the available surface
In these experiments, the reactive uptake coefficients were greq resulting in a surface presstagea isotherrf® Examples
within the experimental uncertainties of the uptake coefficients ¢ typical pressurearea isotherms determined in our studies
determined in the presence of the microcrystals or lenses. Thisge presented in Figure 2. Once the pressarea isotherms
confirms that the presence of the microcrystals or lenses hadang the surface pressure of the prepared films were known, the
little effect on our uptake measurements. Also, if small islands corresponding molecular surface area occupied by each surfac-

consisting of multilayers of.surfactant did form ?n our preri- tant molecule within the monolayer can be easily read from
ments when excess organic was used, they did not influenceine syrface pressur@rea isotherms.

our results.

Measurements of the Surface Pressure of the Monolayers
and the Surface Area Occupied by Each Surfactant Molecule
in the Films. Prior to measuring the reactive uptake coefficients,

Further Characterization of the Organic Monolayers in
the Flow Reactor. During the reactive uptake coefficient
measurements, there was a steady gas flow above the organic

- . monolayers. A flow above a monolayer could produce an
we first determined the surface pressure of the prepared . . !
additional horizontal force on the monolayers (i.e., surface

monolayers (monolayers in contact with microcrystals or lenses . . )
yers ( Y Y )stress), which could cause a film pressure gradient along the

and the surface area occupied by each surfactant molecule ir\ength of the flow reacto® However. because we used low
these monolayers, in order to better understand the phyS"Calflow rates and low pressurés this for'ce was minor and, at most

properties of the monolayers under investigation. could cause the surface pressure of the film to increase by

. The surface pressurer of an organic monolaygr at 273 K. approximately 0.03 mN/r® which is small compared to the
in the rectangular flow reactor was determined by first measuring . . .
surface pressures used in our experiments. Also note that, in

the surface tension of the solution coated by an organic film our exoeriments. we used a range of flow velocities. For
(orim) and the surface tension of the uncoated fitrg) (Surface P o : 9 L
example, for a phytanic acid monolayer, we used flow velocities

pressure was then calculated using the equigtion ranging from 165 to 425 cnt$. We did not see any dependence
T=0,— O ©) of the reactive uptake coefficient on the flow velocity. If the
force from the steady gas flow on the monolayer were significant
The surface tensions of the coated and uncoated films werein our experiments, we would expect to see a dependence of
determined by the Whilhelmy plate method. In short, we the uptake coefficient on the flow velocity because the surface
measured the force (using a surface pressure sensor; NIMAStress is proportional to the square of the velocity.
Technology, model PS4) on a platinum plate as the plate was Chemicals.Listed below are the chemicals, manufacturers,
immersed into and detached from the liquid solution. The surface and corresponding purities of the chemicals used in our
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20 40 60 80 below) similar to those of the isotherms for the same compounds
o I ' Jeo on water and other aqueous solutions reported in the litera-
- @ | ture55.60,61
€40 L 4 40 . . .
= | For the straight-chain surfactants, at a high value for the
€ 20 :": 420 molecular surface area per molecule, the surface pressure is
& ! 1 nearly zero. For a molecular surface area close to approximately
or 4\ 10 25 A% molecule’, the surface pressure increases rapidly until
60 kv e the monolayer collapses. The collapse pressure is indicated by
e (b) the horizontal dotted lines in Figure 2. The collapse pressure
40 140 f a monolayer depends not only on the nature of the surfactant
z 0 Y/ p y
E o[ 150 molecules and the temperature and composition of the subphase,
R i | but also on experimental conditions such as the rate of
0 L i . ' ] 0 compression, the previous history of the film, and the presence
6o [T 60 of impurities on the surfac®.In our experiments, we observed
- () | the collapse pressure to vary between 36 and 60 ni\ for
E 40 | - 40 the straight-chain monolayers and between 25.7 and 26.5 mN
E i 1 m~1 for the branched monolayer. Aside from the collapse
20 | 420 . : o
= I | pressures, the isotherms did not change significantly when the
o F 4o rate of compression was varied from 20 to 502amin=1. In
o e e B 5 7—A isotherms for the straight-chain surfactants, there are
- i (@ ] several “kinks” in the isotherms, due to 2-D phase transi-
‘a0 L d40 tions>>61These phase transitions correspond to different degrees
- 1 of ordering of the organic molecul€5! At large molecular
= 20 - k 20 surface areas, the films exist as a 2-D gas on the aqueous acid
o L ! ] 0 surface, with molecules on the surface exerting relatively little
'25' . -46'- . '66' . '86 force on each other because they are separated suffickntly.

) y For decreasing molecular surface areas, the monolayers undergo
_ molecular surface area / A" molec several phase transitions until they reach their collapse pressure.
Figure 2. Surface pressurearea isotherms for (a) 1-hexadecanol, (b) The phases associated with these phase transitions are generally

1-octadecanol, (c) stearic acid, and (d) phytanic acid measured onyeferred to as gaseous, expanded liquid, condensed liquid, and
aqueous 60 wt % sulfuric acid at 273 K. The horizontal dashed lines - : ' ’
. condensed solid phases.

represent the surface pressures of the monolayers measured in the kineti ) ] S
uptake experiments, and the vertical dashed lines represent the The behavior for the branched-chain monolayer is signifi-

corresponding molecular surface areas at those surface pressures. Theantly different from that for the straight-chain surfactants.
collapse pressures are indicated by the horizontal dotted lines. Between 45 and 80 %ﬂmoleculel, the branched-chain mono-
layer is in a liquid expanded stateAt a surface pressure of
studies: Helium (Praxair, 99.99% purity), nitrogen (Praxair, ~26 mN nt?, the monolayer collapses, and further compression
99.999%), nitrogen dioxide (Matheson, 99.5%), oxygen (Praxair, of the film results in the formation of liquid lenses in equilibrium
99.5%), diphosphorus pentoxide (Aldrich, 97%), 1-hexadecanol with a monolayer at a molecular surface area~ef4.5 A2
(Sigma-Aldrich,>99%), 1-octadecanol (Sigma-Aldrich, 99%), molecule’l. The 7—A area isotherm obtained here is in good
stearic acid (Sigma-Aldrich>98%), phytanic acid (Sigma-  agreement with ther—A area isotherms of other branched
Aldrich, 96%), chloroform (Fischer; 99%), and sulfuric acid  surfactants reported in the literatf®eBranched surfactants

(Fischer,>95%). typically do not form condensed solid or condensed liquid states,
because the side chains hinder a close-packed molecular
3. Results and Discussion arrangement of the surfactant molecifies.

) ) Also indicated in Figure 2 as horizontal dashed lines are the

Properties of the Monolayers.In Table 2 are listed the  measyred surface pressures of the monolayers prepared for the
surface pressures of the prepared monolayers (monolayers ineactive uptake experiments (i.e., films in contact with micro-
contact with a few microcrystals or liquid lenses) on aqueous ¢ystals or liquid lenses). The corresponding molecular surface
60 wt % HSQ, at 273 K measured in our experiments. The areas occupied by the organic surfactants in these monolayers
surface pressures for 1-hexadecanol, 1-octadecanol, stearic acidyo given by vertical dashed lines and thus can be readily read
and phytanic acid on 60 wt % sulfuric acigvater solutions at  off the figure. The molecular surface area occupied by each
273 K are 27.4+ 0.6, 30.8+ 1.6, 4.4+ 0.5, and 23.9- 0.7 surfactant molecule is also included in Table 2. 1-hexadecanol
mN m™1, respectively. The stearic acid monolayer has a much gnq 1-octadecanol are the most tightly packed films, with
lower surface pressure than those of the other surfactants.  molecular surface areas per molecule of 18.8.5 and 19.7

Shown in Figure 2 are surface presstaeea f—A) isotherms 0.5 A2 molecule’, respectively. Stearic acid is intermediate,
for 1-hexadecanol, 1-octadecanol, stearic acid, and phytanic acidwith a surface area of 244 0.5 A2 molecule’l. Phytanic acid
on aqueous 60 wt % sulfuric acid solutions at 27374&A has a much larger surface area per molecule, 44®5 A2
isotherms were also obtained for 1-octadecanol on water at 295molecule’?, compared to the straight-chain monolayers, indicat-
K (not shown) and compared with literature data for validation ing that the phytanic acid is less densely packed on the aqueous
of our experimental procedure. The results for 1-octadecanol acidic surface. Phytanic acid is less efficient at packing because
on water agree well with those in the literatGPeAlso, the of the branched nature of the molecule, as mentioned above.
isotherms for 1-hexadecanol, 1-octadecanol, stearic acid, andThe four methyl side chains on the long hydrocarbon tail of
phytanic acid on aqueous 60 wt % show trends (i.e., the phytanic acid prevent it from attaining a tightly packed
positions of the “kinks” in thet—A isotherm; see description  molecular arrangement. The effects of the chain length, surface
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TABLE 2: Surface Pressure of Each Organic Monolayer and Surface Area Occupied by Each Surfactant Molecule during
Reactive Uptake of NOs on 60 wt % Sulfuric Acid Solutions at 273 K in the Presence and Absence of Organic Monolayers

7 of surface area
monolayer of monolayer lower upper
monolayer (mN m™1) (A2molecule) y limit limit Viim!Y uncoated
noné - - 49x 1072 3.8x 102 10.4x 10°? 1
1-hexadecanol 274 0.6 18.8+ 0.5 8.9x 10 8.0x 10 9.8x 10 0.018
1-octadecanol 30.& 1.6 19.8+ 0.5 8.0x 10 6.3x 104 9.7x 104 0.016
stearic acid 4.4-05 241+ 0.5 3.0x 1073 2.1x 10 3.8x 108 0.060
phytanic acid 23.% 0.7 448+ 0.5 5.4x 1072 3.9x 102 15x 10?2 1.100

aKnopf et al®?

TABLE 3: Comparison of Measured Reactive Uptake
Coefficients of N;Os on Aqueous HSO, and NaCl Solutions
Coated with Straight-Chain Organic Monolayers of Different
Chain Lengths

The reactive uptake coefficients for@®s on aqueous 60 wt
% H,SOy at 273 K in the presence of monolayers prepared with
branched and straight-chain surfactants are reported in Table
2. They values reported in this study were based on at least

rof monolayer  subphase (;) gr‘]git?] o , six different uptake experiments performed on two or three
, i uncoate freshly prepared monolayers. The upper and lower limitg/for

:2:2 ziﬂgz it-g;:?cdaeccizml 328://:28 g;g ig 8'8(138 take into account 20% error in the diffusion coefficients.
Knopfetal®2 1-octadecanol bSO4/H§O 208 18 0.018 For org_anic coatings pr_epared with _strz_ai_ght-chain surfactants,
this study 1-hexadecanol ;HO/H,O 273 16 0.018 the reactive uptake coefficient was significantly less than that
McNeilletal>* SDS ~ NaCllHO 295 12 0.133 for the uncoated solutions. The reactive uptake coefficient for
Thgfggg?ﬁg"d hexanoic acid NaCl}O 300 6 0.333 N,Os on aqueous 60 wt % sulfuric acid coated with a monolayer
Park et aPl hexanol HSO/H,O0 216 6 0.400 of 1_—octadecanol was (8.& 1.7) x 1074 which is ap-
Park et aP? butanol HSO/H,O 216 4 0.667 proximately a factor of 61 less than the observed uptake on

aqueous 60 wt % pB0O4. Surfaces coated with monolayers of

pressure, and molecular surface area on the reactive uptakestearic acid and 1-hexadecanol showed a decreashyitfiactors

coefficients are explored below.

Reactive Uptake Coefficients on Aqueous Solutions Cov-
ered with Organic Monolayers. The reactive uptake coef-
ficients were determined from the irreversible removal e®ON
as a function of injector position as mentioned above. Shown

of approximately 17 and 55, respectively, compared to the
uncoated solution.

In Table 3 and Figure 4, we compare our results for the
straight-chain surfactants with previous measurements reported

in Figure 3 are plots of the natural logarithm of theQy signal 0 2 4 6 8 10 12 14 16 18 20
as a function of reaction time for the loss of®é on coated oo T rr e (a)'
aqueous 60 wt % sulfuric acid solutions at 273 K. The data for o1l % {o1
each uptake experiment were fit to a straight line, and from the 8
slope of this line, the first-order rate constamty,s was
determined. Fromk,,s we calculatedk, and the reactive uptake
coefficient. £
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Figure 3. Natural logarithm of the observed.s signal as a function

and NaCl solutions coated with straight-chain organic monolayers of
different chain lengths: (&)fim, (b) Yfim/Yuncoated Solid circle, 1-oc-

of reaction time. Experiments were performed on aqueous 60 wt % tadecanol (this study); solid diamond, stearic acid (this study); solid
H,SO, solutions at 273 K. The lines represent the corresponding linear triangle, 1-hexadecanol (this study); solid inverted triangle, 1-butanol
fits to the data. Open triangles, blank uptake; solid circles, 1-octade- (Park et al.}}! solid pentagon, hexanol (Park et &k)solid star,
canol; solid triangles, 1-hexadecanol; solid diamonds, stearic acid; solid 1-octadecanol (Knopf et al’};solid sideways triangle, hexanoic acid
inverted triangles, phytanic acid. (Thornton and Abbattj® solid square, SDS (McNeill et aPy.
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in the literature that also used straight-chain organic surfactants.whereSis the sticking coefficient (fraction of collisions at the
Previous studies investigated monolayers of butanol, hexanol,surface that result in accommodation on the surfdeg)is the
hexanoic acid, sodium dodecyl sulfate (SDS), and 1-octade- rate coefficient for the transfer from the surface into the liquid;
canol?430-32 \With the exception of 1-octadecanol, these mol- KkgesorniS the rate coefficient for the transfer of molecules from
ecules are all soluble species in the aqueous subphase anthe surface into the gas phadg;is the rate of reaction in the
partition to the surface to form a surface excess. In Table 3, thebulk of the solution, normalized to the gas-phase collision
reactive uptake coefficient in the presence of the organic film, frequency; and su represents the surface reaction.

viim, was normalized to the reactive uptake coefficient for the  The presence of the organic monolayer can influeniea
uncoated solutions/uncoated SiMilarly to the approach of Park  number of different ways. First, the monolayer can influence
et al3! In Figure 4, we plot both the reactive uptake coefficient, the sticking coefficientS, of N,Os on the surface and/or the
yim, and the normalized reactive uptake coefficiepim/ transfer of NOs molecules from the surface into the liquidd),
Yuncoated The data in both Table 3 and Figure 4 indicate that by acting as a barrier to mass transfer. In addition, the organic
the reactive uptake coefficient decreases as the chain lengthmonolayer could influence possible surface reactions by modi-
Increases. fying T'su. We assume that the presence of the monolayer does

For the reactive uptake of s in the presence of a branched not influence the bulk reaction rate. Also, if the hydrolysis
monolayer of phytanic acid, we measuredyavalue of reaction occurs close to the surface, the carboxylic and/or alcohol
0.054307% This value is not statistically different from the  functional groups on the surfactant molecules could potentially
reactive uptake coefficient corresponding to the uncoated 60play a role. However, from our results, the reactive uptake
wt % H,SO;—H0 solution (see Table 2). Thus, the presence coefficient correlates best with the packing density of the organic
of the branched phytanic acid monolayer does not appear tosurfactants, not the functional groups on the surfactants (see
significantly affect the reactive uptake ofGks. below for more details).

Our work is the first to investigate the reactive uptake of  cqrrelations between Reactive Uptake Coefficients and
N2Os by aqueous E5O, solutions if‘ the presence of branched carhon Chain Length, Surface Pressure, and Molecular
monolayers. McNeill et & studied the loss of pOs on Surface Area. The reactive uptake coefficient is expected to
submicron aqueous NaCl particles coated with mixtures of oleate e g function of several parameters including the molecular
and oleic acid (bent aliphatic surfactant). They found that, when gface area of the surfactant, the carbon chain length, the
the aqueous particles were covered with a full monolayer, the strycture of the surfactant, the surface pressure, and the aqueous
N20s reactive uptake cqefﬂuent decreased by a factor of subphase. In the following analysis, we compare measyred
approximately 20. The difference between our results for a yajyes with several of these parameters (carbon chain length,
branched surfactant and the resuilts by McNeill e¥®dbr a surface pressure, and molecular surface area) to determine
bent surfactant might be due to the structures of the monolayersynhether one of these parameters dominates the reactive uptake

or the difference in the agueous subphases used in the twocpefficient. For the first part of this analysis, we used only our

experiments. The latter point is discussed in more detail below.

data and the data from Park ettalnd Knopf et af2 because

The effect of branched surfactants or bent surfactants on theyhese data sets were all obtained with the same subphase

transfer rate of other gases across the-agueous interface has
been studied in the pa&t28.62Daumer et ak® showed that a
coating of 1-(hydroxymethyl) adamantane (a branched hydro-
carbon) had no significant effect on the neutralization rate of
H,SO, with NHz. Gilman and Vaid# demonstrated that the

(aqueous sulfuric acid solutions). The experiments of Park et
al3 were carried out on 72 wt %430, solution at 216 K. We
assume here that our data, obtained at 273 K, are directly
comparable to the data obtained by Park etiddgwever, further
work is needed to verify this assumption. After this analysis,

transport of acetic acid across the interface is impeded by long-\ye also discuss the results obtained with other subphases.

chain organic molecules such as 1-octadecanol, but unaffected

by bent molecules such ass-9-octadecen-1-ol. Xiong et &.
did not observe any retardation of the hygroscopic growth of
acidic droplets by a single monolayer of oleic acid. However,

care should be exercised when extrapolating these results to

the N,Os system, because a different mechanism might be
important in each case and also each different study has
different sensitivity to a possible change in the reactive uptake
coefficients or mass accommodation coefficients.

The mechanism responsible for the reaction betwegdsN
and aqueous sulfuric acid solutions is believed to be an acid-
catalyzed mechanisf#:4

N,O; + H" — HNO, + NO," (R2)

(R3)

Also, the overall uptake of }Ds by the HSOy aqueous solution
can be expressed using the resistor mtdel

NO," 4+ H,0—HNO, + H"

11, 1 @
v.S 1 +T
surf
1,1
I1b s I(sol

kdesorb

In Figure 5, the reactive uptake coefficient measured on
aqueous sulfuric acid solutions is plotted as a function. Figure
5a showsyfim, and Figure 5b Showsfim/yuncoated Similar to
Park et aP! The solid symbols are results for straight-chain
organic surfactants including data obtained in this study and
those reported in the literatuf&32The open symbols represent

8the results obtained in this study for the branched monolayer.

For the straight-chain surfactants, there appears to be a cor-
relation betweery and the length of the hydrocarbon chain,
although there is some scatter in the data for carbon chain
lengths between C16 and C18. This scatter might be due to
differences in the properties used in the different experiments,
such as molecular surface area (see below). Nevertheless, a trend
is apparent. In contrast, the branched result deviates dramatically
from the straight-chain trend.

The reactive uptake coefficient is plotted as a function of
surface pressure in Figure 6. Figure 6a shews, and Figure
6b showsyfim/Yuncoated AS in Figure 5, the solid symbols
correspond to the results for straight-chain surfactants, and the
open symbols correspond to the branched surfactant. Clearly,
viim andysim/yuncoateddO NOt correlate with the surface pressure
of the films.

In Figure 7, the reactive uptake coefficient is plotted as a
function of the surface area occupied by each surfactant
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Figure 6. Reactive uptake coefficients for,8s on organic-coated
aqueous sulfuric acid solutions as a function of monolayer surface
pressure: (@yiim, (b) Yfim/Yuncoated SOlid symbols represent straight-
chain molecules, and open symbols represent the branched molecule.
Solid circle, 1-octadecanol (this study); solid diamond, stearic acid (this
study); solid triangle, 1-hexadecanol (this study); open circle, phytanic
acid (this study); solid inverted triangle, butanol (Park et®l9olid
pen;[?gon, hexanol (Park et al%)solid star, 1-octadecanol (Knopf et
al.).
molecule. The solid symbols correspond to the results for
straight-chain surfactants, and the open symbols correspond tdhe loss of NOs on aqueous sea salt aerosols coated with
the results for the branched surfactant. The dashed line representsexanoic acid (straight-chain C6 surfactant). McNeill et“al.
a sigmoidal fit (Figure 7) to the straight-chain data. This fit studied the reactive uptake coefficient on aqueous NaCl aerosols
was chosen because it resulted in the best fit to the data.coated with sodium dodecyl sulfate (straight-chain C12 surfac-
However, it serves solely to guide the eye. The data corre- tant), and McNeill et a8 studied the loss of fOs on submicron
sponding to the surfactants follow a trend: as the molecular aqueous NaCl particles coated with mixtures of oleate and oleic
surface area decreases, the reactive uptake coefficient decreaseacid (bent C18 surfactant). In the studies by Thornton and
This is to be expected, because, as the molecular surface aredbbatt3° the molecular surface areas were estimated from bulk
decreases, the monolayer becomes more densely packed ansurface tension measurements. Both studies by McNeill%€&l.
should limit the transfer of pDs across the airaqueous estimated the molecular surface areas of their monolayers
interface. Within the experimental uncertainty, the reactive indirectly from an observed plateau in the kinetic®OMuptake
uptake coefficient obtained for the branched surfactant follows data.
the trend observed for the reactive uptake coefficients obtained It is apparent that the data obtained with an aqueous sulfuric
for the straight-chain surfactants. Therefore, we speculate thatacid subphase are not in agreement with those obtained using
the reason that the values of the branched monolayers do not other subphases when the reactive uptake coefficient is plotted
decrease significantly is because these monolayers are notersus the molecular surface area. The reason for the difference
densely packed. On the basis of this very limited set of data, is not clear, but perhaps it suggests that different mechanisms
we suggest that the molecular surface area is the best parameteaare important for the different subphases. Alternatively, mo-
for predicting the influence of an organic monolayer on the lecular surface area might be only one of the important
reactive uptake coefficient (at least for an agueous sulfuric acid parameters, and other variables need to be considered when
subphase) because it can explain, reasonably well, the trendsissessing the overall reactivity and explaining all of the
for both the straight-chain surfactants and the branched surfac-experimental data. Yet another alternative might be related to
tants. the experimental techniques. All of the aqueous sulfuric acid

In Figures 5-7, we include only data obtained with an experiments were carried out with bulk solutions coated with
aqueous sulfuric acid subphase. In Figure 8, we also include surfactants, whereas the other experiments were all carried out
data corresponding to aqueous sea salt aerosols and aqueowsith aerosols. As pointed out by McNeill et#I28and Thornton
NaCl particles. The solid symbols correspond to data obtained and Abbat£C their aerosol generation method leads to uncer-
with an aqueous sulfuric acid subphase (the same data as wergainty in the actual mixing state of the surface-active organics.
shown in Figure 7), and the open symbols correspond to dataNonetheless, their interpretation of the@y kinetics yields
obtained with other subphases. Thornton and ABbattidied predictions of areas per molecule that are strikingly similar to

Figure 5. Reactive uptake coefficients for,8s on organic-coated
sulfuric acid solutions as a function of carbon chain length: y(a),

(b) Ysim/yuncoated Solid symbols represent straight-chain molecules, and
open symbols represent the branched molecule. Solid circle, 1-octa-
decanol (this study); solid diamond, stearic acid (this study); solid
triangle, 1-hexadecanol (this study); open circle, phytanic acid (this
study); solid inverted triangle, 1-butanol (Park et & .3plid pentagon,
hexanol (Park et al3: solid star, 1-octadecanol (Knopf et ak).
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Figure 7. Reactive uptake coefficients for.fs on organic-coated Figure 8. Reactive uptake coefficients for.8s on aqueous solutions
aqueous sulfuric acid solutions as a function of packing density: (a) and aerosols as a function of packing density: y&&), (b) Vfim/¥uncoated

Yiim, (D) ¥iim/Yuncoated SOl Symbols represent straight-chain molecules, Solid symbols represent data collected on aqueous sulfuric acid
and open symbols represent the branched molecule. Solid circle,subphases, and open symbols represent data collected on other
1-octadecanol (this study); solid diamond, stearic acid (this study); solid subphases. Solid circle, 1-octadecanol (this study); solid diamond,
triangle, 1-hexadecanol (this study); open circle, phytanic acid (this stearic acid (this study); solid triangle, 1-hexadecanol (this study); solid
study); solid inverted triangle, butanol (Park et &.%olid pentagon, square, phytanic acid (this study); solid inverted triangle, butanol (Park
hexanol (Park et al3: solid star, 1-octadecanol (Knopf et a?)The et al.)& solid pentagon, hexanol (Park et &t xolid star, 1-octadecanol
dashed line represents a sigmoidal fit to the straight-chain molecules. (Knopf et al.)?2 open circle, hexanoic acid (Thornton and Abbétt);
This fit was chosen because it gave a reasonable fit to the data, but itopen square, SDS (McNeill et aPyppen triangle, oleate (McNeill et
has no physical meaning. al.)ss8

equilibrium values determined on macroscopic systems. Al- quently, our results might not be directly comparable to the field
though perhaps the aerosol measurements with NaCl or seawatemeasurements by Brown et #lbecause we used a different
aerosols are not directly comparable to the sulfuric acid data, subphase. Experiments with an aqueous ammonium sulfate
the differences illustrated in Figure 8 suggest that the nature of subphase would be beneficial.

the subphase might play an important role in the effect of In contrast to straight-chain monolayers, phytanic acid (an
surface-active organics on the net reactive uptake. Also interest-insoluble branched monolayer) showed no significant effect on
ing, in contrast to Figure 8, is the fact that the data from McNeill the uptake of NOs (the decrease in the uptake coefficient was
et al?*38and Thornton and Abbdftare in good agreement with  less than the uncertainty in our measurements). This result
the data obtained with aqueous sulfuric acid subphases (excephighlights the need for studies that focus on the physical and
for our phytanic acid data) when the reactive uptake coefficient chemical properties of organic surfactants that reside on the
is plotted against the carbon chain length (see Table 3 and Figuresurface of aqueous particles in the atmosphere. Researchers have
4). The issues mentioned above should be addressed by futurdyegun to consider the detailed structure of organic monolayers

experiments. on aerosol particles (see for example S8)dbut more studies
in this direction would be beneficial. Also, studies that
4. Atmospheric Implications investigate the effects of other types of branched and bent

surfactants on the reactive uptake ofQy employing atmo-
spherically relevant subphases would be helpful. In the atmo-
i . ; - phere, aerosol particles most likely consist of a mixture of
{:C;?;r?; lsgrﬁ(la'grgzrdsﬂﬁzztzi;ﬁégeggiﬁgvg:Cegl::ecﬁ]efégigf/edifferent organic surfactants. Studies on the effects of mixed
- . monol rs (i.e., monol r ntainin h straight-chain an
uptake coefficient observed by Brown et3alduring a recent onolayers (i.e., monolayers containing both straight-chain and

field measurement over the northeast United States. TheybranChed surfactants) would also be informative.
showed that the reactive uptake coefficient gOlcan decrease
significantly (by a factor o 10) when particles contain a large
amount of organic material in addition to inorganic material. A rectangular channel flow reactor coupled to a chemical
However, keep in mind that, when Brown et3&lobserved a ionization mass spectrometer was used to study the reactive
dramatic decrease in the reactive uptake coefficient, the uptake coefficients of pDs on aqueous 60 wt % sulfuric acid
inorganic material consisted of ammonium sulfate. Conse- solutions at 273 K coated with insoluble organic monolayers.

Our results suggest that insoluble straight-chain organic
surfactants can decrease the reactive uptake coefficient by

5. Summary and Conclusions
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Both straight-chain (1-hexadecanol, 1-octadecanol, and stearic (12) Decesari, S.; Facchini, M. C.; Fuzzi, S.; TagliaviniJEGeophys.

acid) and branched (phytanic acid) monolayers were studied.
The reactive uptake coefficients obtained were @.9.9) x
1074, (8.0 1.7) x 1074, (3.0+ 0.8) x 1073, and (5.479 x

102 for 1-hexadecanol, 1-octadecanol, stearic acid, and phytanicM:
acid, respectively. The reactive uptake coefficient decreased

Res. D: Atmos200Q 105, 1481-1489.

(13) Mochida, M.; Kitamori, Y.; Kawamura, K.; Nojiri, Y.; Suzuki, K.
J. Geophys. Re2002 107, 4325, doi:4310.1029/2001JD001278.
(14) O’'Dowd, C. D.; Facchini, M. C.; Cavalli, F.; Ceburnis, D.; Mircea,
; Decesari, S.; Fuzzi, S.; Yoon, Y. J.; Putaud, JNRAture 2004 431,
676—-680.

(15) Peterson, R. E.; Tyler, B. Appl. Surf. Sci2003 203 751-756.

dramatically for straight-chain surfactants. The decrease ranged (16) Peterson, R. E.; Tyler, B. A&tmos. Eniron. 2002 36, 6041-6049.

from a factor of 17 to a factor of 61 depending on the type of

straight-chain surfactant. In contrast to the straight-chain data,
N.Os uptake in the presence of phytanic acid, which has a
branched structure, did not have a significant effect on @N

(17) Russell, L. M.; Maria, S. F.; Myneni, S. C. Beophys. Res. Lett.
2002 29, 1779, doi:10.1029/2202GL014874.

(18) Tervahattu, H.; Hartonen, K.; Kerminen, V. M.; Kupiainen, K;
Aarnio, P.; Koskentalo, T.; Tuck, A. F.; Vaida, \J. Geophys. Res. D:
Atmos.2002 107, 4053, doi:4010.1029/2000JD000282.

reactive uptake coefficient (the decrease was less than the (19) Tervahattu, H.; Juhanoja, J.; Kupiainen, X.Geophys. Res. D:

uncertainty in the data) compared to the uncoated solution.
In addition to measuring the reactive uptake coefficients, we

also tried to correlate properties of the monolayers with the

reactive uptake coefficients. Judging from a limited set of data,

the reactive uptake coefficients measured on aqueous sulfuric

Atmos.2002 107, 4319, doi:4310.1029/2001JD001403.

(20) Tervahattu, H.; Juhanoja, J.; Vaida, V.; Tuck, A. F.; Niemi, J. V;
Kupiainen, K.; Kulmala, M.; Vehkamaki, Hl. Geophys. Res. D: Atmos.
2005 110, D06207, doi:06210.01029/02004JD005400.

(21) Ellison, G. B.; Tuck, A. F.; Vaida, \J. Geophys. Res. D: Atmos.
1999 104, 11633-11641.

(22) Gill, P. S.; Graedel, T. E.; Weschler, C.Rev. Geophys1983

acid subphases coated with organic monolayers show a relation-21, 903-920. _
ship to the molecular surface area occupied by each surfactant (23) Donaldson, D. J.; Vaida, \Chem. Re. 200§ 106 1445-1461.

molecule. The apparent correlation betwgeand the molecular

surface area of the surfactant can be tentatively explained by

the fact that mass transport is hindered by tight-packed

surfactants compared to less densely packed ones (branche
surfactants). This leads to the possible conclusion that the overall

(24) McNeill, V. F.; Patterson, J.; Wolfe, G. M.; Thornton, J.A&mos.
Chem. Phys2006 6, 1635-1644.
(25) Anttila, T.; Kiendler-Scharr, A.; Tillmann, R.; Mentel, T. ¥.Phys.
Chem. A2006 110, 10435-10443.
(26) Daumer, B.; Niessner, R.; Klockow, D. Aerosol Scil992 23,
325.
(27) Folkers, M.; Mentel, T. F.; Wahner, &eophys. Res. Le2003

uptake process is governed by mass transport rather than bygo, 1644, doi:1610.1029/2003GL017168.
reaction. On the other hand, the aqueous subphase seems to (28) Gilman, J. B.; Vaida, VJ. Phys. Chem. 2006 110, 7581-7587.

influence y significantly (see Figure 8), which suggests a

(29) Lawrence, J. R.; Glass, S. V.; Park, S. C.; Nathanson, GJ.M.
Phys. Chem. 2005 109 7458-7465.

dependence on the reaction mechanism. This apparent complex- (30) Thornton, J. A.; Abbatt, J. P. Dl. Phys. Chem. 2005 109,

ity should be investigated with future studies. Our results also
highlight the need for further studies that focus on the physical

and chemical properties of the organic surfactants that reside

on the surface of aqueous particles in the atmosphere.
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