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Adsorption of Atmospheric Gases at the Ai—Water Interface. 4: The Influence of Salts
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We have measured the standard free energies and standard enthalpies of adsorption as well as saturated surface
coverages for hexanoic acid and 1-propanol adsorbed at thaaieous interface of sodium chloride (NaCl)

and ammonium sulfate (NpESQy) solutions of concentrations between 0 and 4 mot. LTemperature-
dependent surface tension measurements are used to Al@Ap., and AH%,,; using known Henry’s law
constants and estimated values of the salting-out coefficient we calculate théntgaface adsorption
parametersAG%, and AH%.,. A small (~1-2 kJ mol?) decrease iNnAG%q-, with increasing salt
concentration is accompanied by an increas@(d—30%) in saturated surface coverage, consistent with the
expected “salting-out” behavior. Adsorption from the gas phase becomes somewhat less favorable with
increasing salt concentration for both organic species. The standard enthalpy of adsorption from the gas phase
decreases with increasing salt concentration for hexanoic acid, but not for 1-propanol. This may be a
consequence of acid dimer formation at the interface becoming important at higher coverages.

Introduction molecules is reported to change with changes in solution pH.

Recent studies of the structure and chemical composition of The addition of acids appargntly disrupts the first layer of surface
water molecules, allowing ions to approach the surface more

atmqspherlc aerosols hav_e indicated that a substantial .masséasily. This might lead to a change in reactivity toward certain
fraction of both tropospheric and stratospheric aerosol particles

consists of organic speciés? In the atmosphere, hygroscopic m?:leggldeifibn to potentially changing the surface composition
salt particles, such as NaCl or (NSO, often act as P Y ging p

condensation nuclei for aerosol formation. However, the exact and reactivity dlre(.:t.ly, the presence of salts in aqueous solution
. . ; - also affects the ability of organic molecules to dissolve, through
concentration, composition, and formation mechanisms of

multicomponent aerosol particles are not well understoblde the salting-out effect. The salting-out effect refers to the

. - - . decrease in aqueous solubility and increase in the activit
presence c_)f organic species dissolved in or on the surface Ofcoeﬁicient obsgrved for neutra}I/ nonpolar compounds by dis}/
atmqsphenc aerpsols can qlter the surface and bulk therm.Ody_soIved inorganic salts. lons in solution tightly bind several water
namic and chemical properties, and therefore the role of partlclesmoIecules into hydration shells. This process, known as elec-
in the environment. For example, there is evidence that suggest S : L '
that particle-phase organic aerosols in nonurban areas athrostrlctlon, results in a reduction of the volume of the aqueous

hydrophilic and enhance water uptake, whereas those in urbanSOIUtlon' A smaller aqueous volume means that there is less

areas are hydrophobic and inhibit water uptake. available water to form cavities, and hence accommodate

Chemical reactions and uptake at particle surfaces will organic molecules; their solubility decreases as a consequence.

certainly depend on the surfalze com ogition of the particles Therefore, the propensity for soluble atmospheric gases to adsorb
y dep e P P “and/or react at the attwater interface could be altered.

To explain observed oxidation rates of Gh sea-salt aerosol, . .

S o L The purpose of the present study is to extend our previous
Knipping et al° conclude that in highly concentrated aqueous _h . .

" ) . : . work®~11 on the adsorption of soluble atmospheric gases at the

solutions of inorganic salts, the large polarizable anions cover

a greater fraction of the aksolution interface than the small air—water interface to investigate adsorption on the surfaces of

nonpolarizable cations. In particular, those authors suggest thatSalt solutions. We report the adsorption thermodynamics of two

X S . __semivolatile organic species, 1-propanol and hexanoic acid, at
negative chloride ions, at the surface of saturated NaCl solutions, . . .
. . - the air-aqueous interface of solutions of NaCl and ()43Ox.
strongly attract gas-phase reactive particles. If this is true, the . .
! - . These salts were chosen in order to study the possible processes
degree of surface exposure of each ion present in solution could S . :
: : : s occurring in marine and continental aerosols.
influence the interfacial reactivity toward gas-phase reactants
and the degree to which absorption and adsorption occurs.
In recent work probing the effects of various ions on the
structure of the airwater interface, Schnitzer et alise results Equilibrium surface tensions of aqueous and salt solutions
of surface sum-frequency generation (SFG) experiments to of 1-propanol and hexanoic acid were measured at 278, 288,
conclude that the alignment and orientation of surface water 298, and 308 K using the capillary rise metH8dhis method
molecules in aqueous salt solutions is independent of the allows measurement of the surface tension when equilibrium
presence of salts. In the same paper, the orientation and ratichas been established among the vapor, solution, and surface
of “free” to hydrogen-bonded OH groups of surfacial water phases. Capillary rise was measured using a capillary tube of
inner diameter 0.0185 cm suspended inside a sealed tube of
* Corresponding author. E-mail: jdonalds@chem.utoronto.ca. inner diameter 2.4 cm which contained the solution of interest.
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TABLE 1: Standard Adsorption Thermodynamic Parameters for the Aqueous-to-Surface Process

hexanoic acid 1-propanol

solvent K2 AG%q-o" AH%qo° K2 AG%q-o" AH%q 0P
water 1400 —27.9+ 0.5 —-69+15 138 —17.1+ 0.5 35+15
1M NacCl 900 —28.1 —6.1 110 —-17.4 3.2
3 M NaCl 400 —28.3 -5.4
4 M NaCl 200 —28.9 -5.1 55 —17.0 3.6
1 M (NH4).SOy 900 —29.1 -6.3 110 —15.6 5.0
4 M (NH4):SO, 200 —29.1 —-4.7 55 —17.2 3.4

aKy units in mol L atn™. ? In kJ mofL. ¢ Henry's law constants for pure water from ref 13.

About one-quarter of the 22-cm length of the capillary was At phase equilibriumAG,q-, = 0, and so from the above,
immersed in the solution. The rise of solution in the capillary

was between 2 and 5 cm. The solution in the capillary was AGoaqﬁo = —RTIn{ (yi"Jrilyto)/(ailao)}eq

assumed to have the same temperature as the bulk solution.

Temperature was maintained using a commercial recirculating The surface activity coefficients are unknown functions of the
water bath with a stated temperature stability:lfﬁ.z K. All surface coverage (and hence, surface presa_)rdﬂowever’
solutions were made up volumetrically, using analytical grade they are defined such that all of thg — 1 asz; — 0. Therefore,
organic and inorganic reagents and high purity water. Glasswarea plot of RT In{ (7i/7°)/(ai/a%)} eq Vs (@/a0) extrapolated to zero
was cleaned prior to use with concentrated nitric acid and high selution activity will yield the “ideal” value 0 GP%q-s, Which
purity water. Surface tension as a function of organic concentra- js independent of the concentration of “i” in any of the phases.
tion of aqueous solutions of 1-propanol and hexanoic acid was  As well, at equilibrium,

measured in0 M, 1, 3, @ M NaCl, and 1 atd 4 M (NH4),SOy

solutions. The surface tensions of aqueous solutions of 1-pro- AGY  =AGY —AG
panol and NaCl were compared to literature values and were in aame g gad

good agreement. from which the gassurface adsorption free energy may be

calculated:
Data Analysis

0 _ 0
The thermochemistry of adsorption onto water surfaces AG ., = RTINK, +AG

appropriate for soluble atmospheric gases has been deveIOpe(\j/vhereK represents the appropriate Henrv's law constant. The
in previous papers from this grodp:® Briefly, the surface Henr ’sTaWpconstants andlct)r?eirﬁem eratur)é de endencies- iven
concentration of species “i” is expressed in terms of the surface y P P @

i X .
) ) % * i as the standard enthalpy of solution) were obtained from the
pressureyr;, defined ast = o o, whereo* is the surface NIST tabulatiod and are reported in Table 1.

tension of the pure solvent, amdepresents the surface tension . . .
P P The present work involves studies of adsorption onto the

of the solution. The standard state appropriate for the adsorbed f f solutions of different salt concentrations and therefor
species,n® (= 0.06084 dyn cm?l), was first proposed by surtace ot solutions o erent saft concentrations a eretore

Kemball and Ridea} and has been used in our previous work of differing ionic strength. An empirical relation for the effect
The chemical potential of species “" in the surface phase is of ionic strength on a compound’s Henry’s law constant in

aqueous solution was given by Setcheriéw:

ag—o

o __ 0,0 o
w’ =’ + RTIn(y,"m/7°) log(K°,/K ) = ks [salt]

where nonidealities at the surface are included by use of a

surface activity coefficienty”. whereK® is the Henry’s law coefficient in pure water, [salt] is
In each of the two bulk phases the chemical potential of the concentration of the ionic solution expressed in mot L
species “i" is andks is the Setchenow salting-out coefficient in units of L
mol~1. Values ofks for hexanoic acid and 1-propanol in NaCl
1= u9+ RTIn(p/p°% and (NH,;),SQ, solutions have not been reported. By inspection
of reported values of other, similar compouriflsye estimate
1 : :
u= #io,aq_i_ RTIn(ai/aO) a value of 0.2 L mot! for hexanoic acid, and 0.1 L mol for

1-propanol. The values &€y used here were calculated using
ese estimates fd, and are reported in Table 1.

Over a reasonable temperature range the standard entropy
and standard enthalpy of adsorption are essentially constant, so
may be calculated from the temperature dependenckGSf
asAS = —(0AGY9T), and thenAH® = AG® + T AS.

The surface coverage as a function of solution concentration
was also determined from the surface tension data. At equilib-
rium among all three phases the chemical potentials are equal,
wi¥ = ui = % and from the Gibbs equatidi the relative
surface excess of species “i” over water may be written as:

wherep® anda® are the standard pressure (1 bar) and standardth
activity (which is taken as 1 M), respectively. The solution
activity, a, is: a = y; M;, where they; are concentration-
dependent activity coefficients arid; represents the solute
concentration in mol t1. Here ideal gas behavior of the vapor
is assumed, which is quite reasonable in atmospheric applica-
tions.

The free energy for transferring 1 mole of species “i” from
the solution phase to the surface (the molar free energy of
adsorption from solution) is

AGuq =’ — 1= W — 1% + T'y0,i = (0019147 41 = —(&/RT)(00/03;)

RTIN{ (, /") (a/a’)} for adsorption from solution. (In the followingd;n,o, will be
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K as a function of alcohol concentration. Three different salt concentra- and 298 K (hollow circles)ri a 1 mol L= (NH,),SQ; solution. The
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Figure 2. Surface tension of aqueous solutions of hexanoic acid at j, sgjutions of various NaCl concentrations. The accuracy of
298 K as a function of the acid concentration. Three different salt determining the surface tensions of the various solutions was

concentrations are shown: 0 moti(filled circles), 1 mol L (hollow . - .
circles), and 4 mol L NaCl (filled triangles). The estimated error on ~ t€sted by completing repetitive measurements with pure water

each surface tension measurement({§.25-0.49) dyn/cm. at 298 K. The experimental results agreed with the values in
the CRC Handbook of Chemistry and Physiggh a relative
abbreviated td’). A plot of I" as a function of solution activity ~ error of 0.11%. The precision of the measurements was between

can often be fit to a Langmuir adsorption isotherfito obtain 0.25 and 0.49 dyn cni. This was determined by completing

adsorption parameters: at least four measurements for each sample. Similar results were
obtained for all the solutions studied. With increasing salt
= rsatc/(b + ) concentration, the surface tensions of the solutions at a given

organic concentration increase, as expected. As well, the
wherec represents the concentration in solutibis a parameter decrease in surface tension with increasing organic concentration
related to the rate constants for adsorption and desorption fromis more rapid in the salt solutions than in pure water.

both bulk phase$andI's2gives the saturated surface coverage.  The standard free energy of adsorption from solution was
plotted as a function of concentration for each of the solutions

and temperatures used. We assume that the solution activity
coefficients remain essentially constant over the range of low
1. Adsorption Thermodynamics. Figures 1 and 2 show  organic solute concentrations used h€rE.All solutions show
representative plots of the 298 K surface tension versus organica linear dependence afG%q-, on concentration at low organic
concentration for 1-propanol and hexanoic acid, respectively, solute concentrations. Figures 3 and 4 show representative plots

Results
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Figure 5. Standard free energy of adsorption of hexanoic acid from
the bulk to the surface as a function of temperature in various salt
concentrations. The solutions are: water (filled circles); 1 mol L
(NH4)2SO; (hollow triangles); 4 mol £ (NH4).SO, (hollow circles).

The lines show linear fits to the data.

TABLE 2: Standard Adsorption Thermodynamic
Parameters for the Gas-to-Surface Process

hexanoic acid 1-propanol
solution AG% .2 AHO% .2 AG-2 AH% .2

water —45.8+ 0.7 —57.6+19 —-29.1+0.8 —58.8+1.9
1 M NaCl —44.9 —56.8 —28.9 —59.1
3 M NaCl —43.2 —55.1
4 M NaCl —42.3 —54.2 —26.8 —58.7
1 M (NH4)2SO: —45.9 —57.0 —-27.1 —57.3
4 M (NH4)2SOy —42.5 —55.4 —27.0 —58.9

aln kJ mol 1.

of AG%q- as a function of hexanoic acid concentration at
different temperatures in, respectively, 1 moilL(NH4)>SOy
and 4 mol ! NaCl solutions. Results for 1-propanol are of
similar quality. The zero-concentration intercept provides the
“ideal” AG%q-, for adsorption from solution onto the air
aqueous interface. The values 86%q-, we determine here
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2. Surface CoveragesAn exponential-polynomial function
of the forni®.11

0=0,8 *°+ a,c+ ac’ + a,c’

wherec is the concentration of the organic solute in moitL
and o, is the surface tension of the aqueous solution without
organic solute present, was used to fit all the surface tension
data at 278 and 298 K. The derivative of this function was then
used in the Gibbs equation to calculate the relative surface
excessesl'. Figure 6 displays the resultirlg as a function of
hexanoic acid concentration in NaCl solutions of 0 and 4 mol
L~ at 298 K, as well as Langmuir isotherms which were fit to
these data. Although the exact values of the parameters in the
Langmuir isotherms depend on the function used to fit the
surface tension dafd;'! in every instance the value dfs®
calculated for salt solutions is larger than that for pure water,
increases with increasing salt concentration and is some-
what smaller at 278 K than at 298 K. The error in these
measurements was estimated todb@—3) x 103 molecules
cm2. Similar results hold for both organic species in each of
the salts used here. At 298 K, there is an increase of

are given in Table 1. The precision of these measurements wasapproximately 16-30% in I'sat as the salt concentration is

approximately the same for all solutions and calculateft@$
kJ molL. Using Henry’s law and salting-out constants also
shown in Table 1, we calculate the standard free energy of
adsorption for the gas phaseG’ .., for each solution at each
temperature. These results are displayed in Table 2.

Figure 5 shows the temperature dependenc&@fyq-, for
hexanoic acid in the various salt solutions. The slopes of linear

fits to these data provide the standard entropies of adsorption

from the solution onto the surfac&Saq-s, from which the
corresponding standard enthalpies of adsorption from solution,
AHO%q-, were calculated. Table 1 contains these results as well.
The standard enthalpies of adsorption from the gas phase
AHO% ., were calculated from the following relation:

AHC

— 0 0
g0 = AH g g T AH

as well as from the temperature dependence oAB&, .,. The

increased from O to 4 mol 11

Discussion

1. Adsorption Thermodynamics and the Salting-Out
Effect. The results shown in Table 1 indicate a slight increase
in the solution-to-surface partitioning of hexanoic acid with
increasing salt concentration. The magnitude of this effect (about
1 kJ mol? at [salt]= 4 mol L%, independent of the identity of
the salt) is small, but somewhat greater than the uncertainty. It
is similar to that reported fop-nitrophenol in LiCl solution
(about 2 kJ mot! at [LiCI] = 3 mol L™71).18 By contrast the
'L-propanol data show somewhat more scatter than do the
hexanoic acid results; within this scatter there seems to be little
change inAGanﬂ, with increasing salt concentration. This
difference between the two molecules in their partitioning out
of solution is consistent with the difference in salting-out
coefficients assumed here.

two methods gave the same results; these are shown in Table The standard entropies of adsorption of hexanoic acid from

2.

solution, AS ¢, increase slightly with increasing salt con-
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Figure 7. Standard free energy of adsorption from the gas phase to
the surface for hexanoic acid (circles) and 1-propanol (triangles) as a
function of salt concentration. The filled symbols represent NaCl
solution and the hollow symbols represent (J3Q, solution. The
lines are present to guide the eye. interface might influence the adsorption thermodynamics. Such

changes might be expected to appear most strongly in the
centration, from about-69 J K- mol~t in pure water to about entropy terms, however, and we observe no dependence of the
+82 J K1 mol™t in 4 mol L™! salt solution. The standard adsorption entropies on salt concentration.
adsorption enthalpie\H%¢ -, also show a small trend with The standard enthalpies of adsorption from the gas phase do
increasing [salt], varying from about7 kJ mol* for pure water show some interesting differences, however. We calculate that
to —5 kJ mol? for 4 mol L™! salt solutions. The estimated = AH%, is essentially independent of the identity and concentra-
error in these measurements, from th&°,4-, calculations, tion of salt in the case of 1-propanol, but depends weakly upon
temperature reading, and entropy, wa$.5 kJ mot®. Thus, both parameters in the case of hexanoic acid. Figure 8 displays
transfer from solution to the surface becomes a little more AH% ., for hexanoic acid as a function of salt concentration.
favorable entropically and somewhat less favorable enthalpically A decrease in the binding enthalpy to the surface is observed
as the salt concentration is increased. with increasing salt concentration. The dependencatify .,

For 1-propanol, no such trends are apparent. The temperaturén [NacCl] is about 50% larger than that on [(WE5Qy].
dependence oAG%-, shows considerable scatter, but little The standard enthalpy of adsorption from the gas phase is
or no dependence on the nature or concentration of the salt inexpected to reflect the nature of the binding at the surface. Our
solution. Combined with the independence\@’% -, on [salt], previous work has shown that for molecules such as 1-propanol
this yields a near constant standard enthalpy of adsorption fromand hexanoic acid, the primary interactions are3lhydrogen
solution as the concentration of the salt is varied. The calculatedbonds with surfacial watér;!! forming a “proto-solvated”
values of AH%q, for the 1-propanol solutions are all ap- species, or “critical complexX? at the surface. A dependence
proximately-+3.5 kJ mot™. In this case, the partitioning to the  of AH%., on the identity and concentration of the salt in
surface must be driven entirely by entropic considerations, solution suggests a change in the nature of the binding at the
whereas in hexanoic acid, the partitioning is favored both by surface.
entropy and enthalpy. These differences are probably reflective  One possibility might be that as the ionic strength of the
of the much greater solubility of 1-propanol in water. solution increases the water molecules are increasingly bound

The adsorption behavior from the gas phase to the surfacein water—salt hydration complexes and so become less available
also shows differences between the two organic species. Bothto make hydrogen bonds with the acid. Ab initio calculations
hexanoic acid and 1-propanol display a reduction in the of Aloisio et al?! indicate that formic acid forms strong
propensity for gassurface partitioning as the salt concentration complexes with 1, 2, and 3 water molecules. The strongest
is increased. Numerically, the increaseA®%; ., is larger for complexes occur when water molecules are bound to the acid
hexanoic acid than for 1-propanol; however, as a fraction of in cyclic hydrogen-bonded complexes. Such complexes are
the correspondinghGY% -, value for pure water, the change is predicted to possess binding energies of approximately 20 kJ
about the same for each. Figure 7 shows the dependencies ofmol~* per hydrogen bond. If such aciavater complexes exist
AGY%-., at 298 K on salt concentration we calculate. Our results at the air-water interface, they may be responsible for the strong
do not indicate any dependence on the identity of the salt for binding enthalpies we observe for hexanoic (and other organic)
either organic species. A possible explanation for the free energyacids. In salt solutions, the surfacial water molecules could be
change is provided by Warszynnski and Lunkenheiti@rho involved in strongly bound hydration complexes with the ions
point out that, whereas an unrestricted hydrophobic chain canpresent near the interface, and so reduce the number of “free”
assume practically any conformation at the interface, adsorptionwaters available for binding to the carboxylic acid, giving rise
of other molecules restricts the conformational possibilities, to weaker binding at the interface.
thereby changing the conformational free energy. If the surface However, the results of surface sum-frequency generation
of the salt solutions studied here is “enriched” in anions, as experiments reported by Shultz and co-workessiggest that
suggested by Knipping et &.their presence at (or near) the the presence of (nonprotonated) ions in solution does not
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strongly perturb the structure of surfacial water. The relative formed from ocean spray, there could well be a significant
numbers of free and hydrogen-bonded water hydrogens at thepropensity for organic coatings, as suggested elsevfféfe.
surface do not change greatly as the ionic strength of the solution
is increased, even to fairly high levels. Certainly our finding
thatAHO,, for 1-propanol does not depend on the presence of ~ The presence of dissolved salts affects the solutgunface-

salts in solution is consistent with this finding. The dependence gas-phase partitioning for soluble atmospheric gases. The most
we observe for hexanoic acid must therefore arise from some common atmospheric salts, NaCl and (N$Os, both exhibit
other source. a “salting-out” effect toward organic species, increasing the

One clue might come from the increase in surface coverage surface concentration of organics for fixed solution concentra-
with increasing salt concentration. Carboxylic acids are known tion, but decreasing it for fixed gas-phase concentration.
to form strongly bound dimers via cyclic hydrogen bonding .
between the acid functionalities of two molecut&&3If this is Acknowledgment. This work was funded by NSERC. The
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