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Abstract

Measurements of Evaporation Kinetics of Pure Water aftdS8lutions

by
Walter Stanley Drisdell

Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Ronald C. Cohen, Chair

The kinetics of vapor-liquid exchange in water are poorfjeustood, yet may be
critically important in predicting changes in Earth’sndite and understanding the water
isotope record preserved in ice cores . In this thesigpresent measurements of the
kinetics of water evaporation. In Chapter 1 we reviewent work on the subject,
including our own liquid microjet technique which has higher ipi@e than other
methods.

In Chapter 2 we extend our earlier measurements afuaporation kinetics of
H,O by studying pure BD. We find that the evaporation coefficient, which dzsmn
thought of as the percentage of evaporation “attempthwducceed, is identical for the
two isotopomers. We interpret this result using a presljodeveloped transition state
theory (TST) model of evaporation, which predicts thespeetive evaporation
coefficients to be equal due to competing energetic andmaieffects.

In Chapter 3, we examine the evaporation kinetics x0f Eivaporating from 3M
ammonium sulfate solution. Ammonium sulfate was setkas it is the largest inorganic
component of anthropogenic aerosol in the atmosphergainAwe find that the
evaporation coefficient is unchanged relative to puréemwa This is consistent with
theoretical and experimental studies suggesting that betartitimonium ion and sulfate
ion are repelled from the air-water interface, implythgt these ions will not directly
interact with evaporating water molecules. This tesldo suggests that inorganic
components of atmospheric aerosol are unlikely to saamfiy affect evaporation
kinetics.

In Chapter 4 we examine the evaporation kinetics gd Hrom 4M sodium
perchlorate solution. Perchlorate was selected asxpiscted to be strongly enhanced in
concentration at the air-water interface, and tlegeemore likely to directly influence the
evaporation process. We find that the evaporation icaeft for this system is ~25%
smaller than that for pure.B, indicating that the perchlorate ions do indeed impede
evaporation. Given experimental evidence for the peratdaon slowing the rotational
motions of HO molecules in its first solvation shell, and our TST mteins indicating
that the evaporation kinetics of water are highly semesito the hindered rotational
motions of surface water molecules, we suggest thahlpeate ions at the interface are
inhibiting the evaporation of ¥ molecules with which they are in direct conta€tis
result suggests that other surface-enhanced ions mayfi@sbthe evaporation kinetics
through direct interactions with evaporating molecaleg@ opens several interesting new
avenues of study, which are discussed in Chapter 5.



For everyone who has ever had to pull a microjet.
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Chapter 1 — Introduction

Evaporation and condensation rates and mechanismsf arerrent scientific
interest, being critical in contexts ranging from coglsystems to combustion engines to
atmospheric physics (1-3). The case of water is of edpeote, as it is the most
abundant liquid on earth and is essential for life askwow it (4). The liquid-vapor
exchange of water controls the hydrologic cycle and isefbee a vital process in
ecosystems, and the high enthalpy of the phase ¢rahat significant impact on the
thermal balance across the globe (3). The procefissts¢so of fundamental interest, as
water exhibits many unusual properties including the faadt itHforms a stable liquid at
relatively high temperatures due to its hydrogen bondingvarét a fact that is in
contrast with other molecules of such low moleculamht (5).

Both liquid and gaseous water play critical roles in aten The single largest
unknown factor in calculations of the global radiatbzdance is the effect of atmospheric
aerosol particles and clouds, and their mutual intenast{6). Aerosol, while typically
comprising a solid core, takes up liquid water in the atmergphnd scatters incoming
solar radiation in a manner highly dependent on the pasice (7-12). Additionally,
aerosol can serve as cloud condensation nuclei (C@hhgaas seeds on which liquid
cloud droplets form from atmospheric water vapor. Thtsospheric aerosol, which is
a mixture of directly emitted particles and particleattliorm from oxidation and
condensation of gases, directly impacts global tempestiwrough light scattering and
also indirectly through effects on the particle numaed particle size distribution of
clouds (13-15). Atmospheric aerosols also exhibit signifispatial variation across the
globe. A thorough understanding of the liquid-vapor exchakgestics and
thermodynamics of water on particles of various sime composition is essential to
predicting the formation and temporal size evolutioatofiospheric aerosol particles, as
well as their interactions with clouds and subsequemiaté effects.

Unfortunately, the kinetics of evaporation and condensatiovater have proven
very difficult to measure. In such studies, a valubedathe evaporation coefficient
(typically labeled y,), condensation coefficient (typically labelgg or a_.) or mass
accommodation coefficient (typically labeledr,,, sometimes simply called the
accommodation coefficient) is often reported. Thesefficients are identical in value
but are named differently depending on whether the expetimexamining evaporation
or condensation (also called mass accommodation). cDefficients have values
between zero and one, and represent the fraction eefnthximum possible rate,
determined from gas kinetic theory, at which the processegds. For condensation, or
based on microscopic reversibility, evaporation, thiximum rate is equal to the
collision rate of the gas against the liquid surfacegeslbfy, less than unity imply that
not all vapor collisions with the liquid surface resmltcondensation. The evaporation
coefficient is discussed in more detail in Chapters 2-4.

While observations and calculations of evaporation ratedow volatility
monatomic liquids such as mercury or argon are relatiwhaightforward, with
experimental studies converging to valueg/phear unity (16-18), studies of polyatomic

liquids are more difficult. Polyatomic liquids pose fidifilties because strong
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intermolecular interactions like the hydrogen bonding intewacan occur, and the
orientation of liquid molecules can be important. Muwttention has been given to
water, although other liquids such as methanol hase béen studied. For example,
Maerefat et al. examined methanol condensation iroekstube, finding a condensation
coefficient between 0.13 and 0.17 (19). The authors latet theesame technique to
determine a condensation coefficient of 0.35 for waterCaéd for carbon tetrachloride

(20). More recent shock tube measurements on methanweéver, yield higher values
when employing conditions closer to equilibrium; Fujikawale found a value of unity

near equilibrium and Mikami et al. found a value betw@® and 0.9 (21, 22).

Theoretical studies of methanol condensation havecdilpi produced condensation
coefficients of unity (23).

For water, measurements of evaporation kinetics dat& o the 1930s, with
reported evaporation coefficients spanning the range of 0.001 (&4,125). The
sensitivity of modeled cloud droplet formation and growdkes to the value of this
coefficient has been examined in several studiesaliegehigh sensitivity to values
smaller than 0.1 but relative insensitivity to largefuea (26-29). Low values of the
coefficient would cause higher supersaturations of watgonleading to a larger number
of aerosol particles acting as CCN, forming stable clouitis larger numbers of small
droplets than otherwise with a consequent increaselond brightness and lower
likelihood of precipitation (28). In light of this, isiof special interest to accurately
determine the evaporation coefficient fosGHmixtures characteristic of cloud droplets
and CCN. Recent results have narrowed the range forHp@eo ~0.1 - 1 (30), but
different methods still give different answers. Maayly measurements involving static
surfaces of water have been criticized due to theisitbeity to the buildup of surface
contaminants, which could affect evaporation rates (24, Experimental methods and
results through 2006 are reviewed in detail by Davidovits €@l Studies since 1997
generally fall into two groups; those resulting in rekelly small evaporation coefficients
of ca. 0.1 — 0.3, and those resulting in coefficients clusenity. Notable studies in the
first category include a study by Shaw and Lamb, in whaslitdted liquid droplets in
subsaturated vapor were observed using light scattering ¢eelsn(31). The rate of
nucleation of ice in the droplets was used as a proxyh®stemperature, which in turn
was used to derive a condensation coefficient between 0dD8.4n Li et al. examined
the condensation of isotopically labeled f® onto a liquid HO in a droplet train flow
reactor (32). Liquid droplets were exposed to the isoédlyilabeled vapor for 7-20 ms,
and depletion of the isotopically labeled species duetaensation into the liquid, as
well as the droplet size change, was measured. An awsgdation coefficient with an
inverse temperature dependence was found, increasing fromt@8@ K to 0.32 at 258
K. A new study by Jakubczyk et al., in which the evaponatif a levitated droplet of
water in nitrogen gas was observed via Mie scatterisg, yaelded small values for the
evaporation coefficient, between 0.054 and 0.12 (33). The smoup later published
results for evaporation in air, and additionally ameindheir previously published results
for evaporation in nitrogen through improved data processimg batter theoretical
fitting (34). The values for air and nitrogen were foundb# consistent, with the
evaporation coefficient decreasing from ~0.18 to ~0.13 akethperature increased from
273.1 Kto 293.1 K, showing good agreement with the workeot ttet al.



In contrast to these results, Winkler et al. studiegldtayrowth in an expansion
chamber (35). Silver nanoparticles were used as seedbafatnation and growth of
liquid water aerosol was monitored via Mie scatteringulténg in an accommodation
coefficient between 0.4 and 1. The authors collaboréaien published an update to this
experiment, in which the data are presented again aldhgware detailed error analysis
and a more detailed description of the data analysis guoeg (36). The study
reinforces the high accommodation coefficients deducedously, and argues that the
true value is likely unity. In addition, the authorsrpoout that predictions of cloud
behavior should not be affected by accommodation iexftis less than 0.5, and
therefore the accommodation coefficient need noolsidered in such modeling efforts.
Kobayashi et al. studied water condensation on theswél shock tube, using numerical
simulations to deduce a condensation coefficient betw@&dnahd 0.71 (37).

Experimental efforts focusing on uptake of liquid wateraloyeous solutions or
solid surfaces have shown similar discrepancies. Antegerimental work by Fukuta
and Myers used a horizontal-flow thermal diffusiomciber to examine the growth rate
of liquid water droplets on solid NaCl and (5O, cores (with final concentrations of
ca. 0.05 M) via Mie scattering (38). In this work, it waded that the moving vapor-
liquid boundary in space (“moving boundary effect”) can sigaiitly affect the results if
not properly accounted for. Fukuta and Myers found the nags®mmodation
coefficient to be 0.043 £ 0.016 when taking into accountiitbeing boundary effect. In
contrast, Voigtlander et al. performed experiments oplétogrowth on solid NacCl
particles (with final salt concentrations of ca. 0.003ivia cloud chamber, coupled with
CFD to determine growth rates consistent waitf > (B®). Coefficients less than

unity are in agreement with molecular beam scatterixiger@ments performed by
Nathanson and coworkers, in which collisions of gas-pHage on a surface of
concentrated FBOs solution were examined using time-of flight mass spewttoy
(TOF-MS) (40, 41). The results suggested that impingigf@ Bolecules could scatter
impulsively from the liquid surface if impinging at a glarmg or single collision angle,
but impinging molecules that featured multiple collisi@ighe interface would become
incorporated into the liquid with a high probability, ratheart desorb from the surface.
There has been some debate as to the cause ofsitrepdincy between the
experiments resulting in high coefficients and the expetismeaesulting in low
coefficients. Experiments in both groups are run atamge of temperatures and
timescales, with no clear systematic features toa@xghe discrepancy. Explanations
have therefore focused on the specific details of iddal experiments. Morita et al.
examined the droplet train measurements described byadli with computational fluid
dynamics (CFD), positing that the effects of gas-plii$esion were underestimated in
that study and that the reported value of 0.2 for the acomaion coefficient at 273 K
is actually consistent with values between 0.2 and 1 (#B)s claim was later disputed
(43, 44). Another attempt to resolve the discrepancy legiwlee results of Li et al. and
the results of Winkler et al. was made in a joint pubiicaby both groups, in which it
was argued that the Winkler et al. measurements magy diaserved higher condensation
rates due to the supersaturated vapor conditions under wheclexperiments were
performed (45). Vapor molecules which had impinged upon tHacgyrbut not fully
condensed, could be stimulated to condense by the largeimgdlox of vapor. While
this idea could not be rigorously tested, the authorsdntiat in both studies, the
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accommodation coefficient was found to be larger thanithplying that kinetic effects
would not alter cloud droplet formation and growth in theac atmosphere, but in
polluted air, large concentrations of impurities could loter effective coefficient and
impose kinetic limits. Winkler et al. later argued thatalue of unity should be used in
cloud models, as these typically use the same transg@me condensation theory used
in the their experiment (46). Zientara et al. also nexd@ments about the discrepancies
resulting from different studies, suggesting that sharpggsim temperature between the
liquid surface and the vapor may not be accurately aceduot in other experiments
(34). They also invoked the “moving boundary effect” propdse&ukuta and Meyers
(38) as a source of error if not accounted for in otkpeements.

Molecular scale theoretical studies of water evapmraand condensation have
necessarily been more recent, due to the considerablputational power required to
simulate such phenomena. Molecular dynamics (MD) ssudi both condensation and
evaporation have now been performed, but most studies addnedsnsation, as there
are typically only a small number of evaporation eseobserved on computational
timescales (23, 47). MD studies of the uptake of gas-phssses, including water
vapor, onto liquid water through 2006 have been reviewed byetbatral. (48). Most of
these studies compute accommodation coefficients nety (##, 49, 50), although
smaller values have been reported (47). Interestingly,sMidies of the uptake of other
gas-phase species onto liquid water also typically find uptalefficients near unity,
whereas experimental studies of these uptake procegsesllyyproduce much smaller
values (30, 48). This has caused some researchers to nulestguitability of these MD
calculations for uptake calculations, on the grounds thakapkinetics can be affected
by processes occurring on larger spatial and temporkssti@an are available in MD
models (30). Despite these concerns, many researstiéremploy MD to examine
condensation of molecular liquids. Recently, Moritd &arrett performed MD studies
of methanol condensation onto water-methanol mixturss] argue that correct
characterization of the interface, including chemicamposition and impurities, is
critical in determining accurate mass accommodatiorficeefts (51). Chakraborty and
Zachariah performed MD studies of mass accommodatiomriaeg on a 4 nm aerosol
droplet coated with a fatty acid surfactant layer, figdvalues of ~0.11 — 0.16, implying
a slowing of uptake kinetics due to the surfactant (52). cbedficient for condensation
onto pure water, however, was not explicitly calculatedlhey also examined
probabilities of accommodation for incoming water clusténding the value increasing
to unity for clusters of ten molecules or more. Bahaahd Russell performed MD
calculations of deliquescence of NaCl particles, remgdbw uptake coefficients of ~0.1
for 11 nm particles, increasing to 0.64 for 2 nm particles,nbtitenough liquid water
formed on the particles within the simulation time to detee a value for the
accommodation coefficient of water on water (53). @&gamining the liquid water
reservoirs used in the simulations to maintain constelative humidity (RH), the
authors were able to make a rough estimate of the exapocaefficient, finding a value
of ~0.3 for pure water, increasing with increasing conctotraf NaCl, to ~0.57 at 6M
(54). Holyst and Litniewski performed MD studies of wageaporation from a liquid
film, but did not explicitly consider the evaporationefitient, instead offering an
alternative to the usual kinetic gas theory formulation the flux; additionally the
different definitions of temperature in the study do notoaint for the evaporative
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cooling of the liquid surface (55). Unfortunately, MD studieslate have not provided
much in the way of mechanistic insight into the evaponaand condensation processes
for liquid water, with little agreement as to molecw@tails of the uptake process, even
among studies which predict an evaporation coefficieoniy (48).

Given the debate over the experimental and theoréteaiments of vapor-liquid
exchange kinetics of water and water solutions, in obor&tory, we endeavored to
design an experiment in which analysis would be sigamtiy simplified. Our goal was
to examine evaporation without accompanying condensatiosiby tiquid microjets in
vacuum. Relative to most of the experiments abowvih(the notable exception of
Nathanson et al.) the removal of the condensatienasia variable represents a dramatic
simplification. The details of the experiment arsal#ed in Chapters 2-4. In our first
study, we examined mixtures of,® and DO evaporating into high vacuum, and
monitored the isotopic composition of the evaporate withass spectrometer (56). The
changes in isotope ratios in the evaporate indicatetlle evaporation coefficient was
necessarily smaller than unity, but a definite valuglccmot be determined. To explain
our results, we performed a transition-state theory{B8udy of evaporation for isotopic
mixtures (57). The TST model was limited in its predeower due to the difficulty in
determining precise frequencies for intermolecular motanthe liquid water surface
from spectroscopic studies, so detailed information aleaittransition state for the
evaporation process could not be obtained. We werglabeever, to determine that the
results were very sensitive to the frequencies of thdened translational and librational
motions of the liquid water molecules at the intezfand relatively insensitive to other
motions. This result suggested that the evaporationanesh likely involves multiple
molecules moving in a concerted manner.

We then designed an experiment to examine the absolaoetion rate of
liquid water using Raman thermometry. By incorporatingiezoelectric ceramic into
our jet apparatus, we were able to run our liquid micragets vibrating orifice aerosol
generator (VOAG), which generates a uniform-sized drdp#t by coupling vibrations
to the capillary waves in the liquid jet (58, 59). Thefamnm-size droplets cool due to
evaporation in vacuum, and by monitoring the temperatur®&&man thermometry, we
are able to extract the evaporation coefficient witsimple evaporative cooling model
that explicitly accounts for the colder droplet surfaemperature and subsequent
evolution of thermal gradients within the droplet. Whis technique, we determined the
evaporation coefficient of liquid 4 to be 0.62 £ 0.03 (95% confidence interval) (60).
In this thesis, we present extensions of this study blyimgpthe experimental technique
to new systems. In Chapter 2, we examine the evaporkinetics of pure BD and
compare it to our previous results fop®H In Chapter 3, we examine the evaporation
kinetics of liquid water evaporating from 3M ammoniuatfge solution and discuss the
implications for atmospheric sulfate aerosol. In @bka4, we examine the evaporation
kinetics of liquid water from 4M sodium perchlorate solnof and discuss the kinetic
changes associated with the presence of surface-ehansdn the liquid.
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Chapter 2 — Determination of the Evaporation
Coefficient of D,O

2-1 Introduction:

The evaporation and condensation rates of liquid water are of fundamental
importance to many chemical, biological, and atmospheric processgmrticular, the
formation and growth rates of cloud and aerosol particles are, ingensensitive to
both kinetic and thermodynamic variables (1). Clouds and aerosols bavérey effect
on the earth’s atmosphere due to scattering of solar radiation, ditlsonge aerosols
(black carbon) have a warming effect (2). Current cloud models walgly in their
predictions for the radiative effects of anthropogenic emissions that @igegcumber and
composition of particles on which cloud droplets condense (CCN) (2-5). This vargation i
in part due to differing values for water evaporation and condendatietics and their
relation to particle growth rates in these models (3). Dimetsurements of the
microscopic rates of evaporation and condensation of pure water vartheeerorders
of magnitude, although recent measurements have narrowed theéadeieeen 0.05 —
1 times the gas kinetic limit (6-8). Some of the variation inrdliderature is likely due
to impurities in or on the surface of the water samples usdtkiexXperiments; we note
this fact hints that impurities will be important determinants esfporation and
condensation rates in mixed systems, a notion supported by field ereasis of
droplet growth rates (9, 10). It is generally accepted that cgatlen and evaporation
occurring faster than 10% of the gas kinetic limit resultdy@rmodynamic control over
droplet growth while slower rates result in kinetic control over these growth(Bates).

The maximum condensation rate of a gas is generally expressé¢ide Hertz-
Knudsen equation, derived from gas kinetic theory (6),

— p
‘]c,max = J2mkT )

where p is the vapor pressure above the liquid surface, m is tleeulasl mass, K is
Boltzmann’s constant, and T is the temperature. At equilibriumgevaporation and
condensation rates are equal; therefore the maximum evaporatiaramabe expressed
as

J — J — _ Psat
c,max e.max J2rmkT 2)

where Ra is the saturation vapor pressure. Since the activity of the iouid Is unity,
this expression for the evaporation rate holds at all vapor pressdHsever, not all
substances evaporate at the maximum rate (6, 12). DeviationgHeomaximum rate
are treated by introducing the evaporation coefficienJ @nd the condensation
coefficient, alternatively referred to as the mass accommodationcoemfio.,):

— — VePsa
‘]e.obs - ye‘]e.max T J2mkT (3)

— — Onb
‘]c.obs - am‘]c. max ~ /27mkT (4)
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The evaporation and mass accommodation coefficients, which have batuesn zero
and one, must be equal due to detailed balance at equilibrium. quibgtye holds for
non-equilibrium systems as long as the velocity distribution ingtee phase does not
deviate significantly from a Boltzmann distribution, because azBwlhn distribution is
assumed in the derivation of Eq. (1). Indeed, theoretical tratdroécondensation have
shown little sensitivity to gas phase speeds selected fromadtzntnn distribution at
room temperature, although the condensation probability lowers forhiginyspeeds
(~1000 m/s) (13).

In addition to insuring the absence of impurities, measuyindor H,O is
challenging because the high vapor pressure makes it diffiicolbserve evaporation or
condensation in isolation without significant contributions from the oppdsimy. In
addition, knowledge of the liquid surface temperature is requiredg\apbration results
in cooling of the surface by as much as 3-4 K relative to the bulk (14).

Our own experiments have made use of liquid jets and droplet stragmisigh
vacuum (10 torr) maintained around the fluid, such that evaporation occurs with
negligible accompanying condensation. This greatly simplifies interpretation as
compared with many other recent experiments. The liquid petsieoplets also provide
a renewing surface, minimizing contamination issues. Measutsrokisotopic ratios in
evaporation between 264 and 295 K showedhat1 and that it varied with the H/D
ratio in the liquid (15). Using Raman thermometry we derived eiggevalue ofe from
the temperature change associated evaporation of p@ewelding a value of 0.62 +
0.09 over a temperature range of 245 — 295 K (16). We interpretedsiliés of our
prior experiments using a transition-state theory (TST) muofdéjuid water evaporation
(17). The calculations indicated that the evaporation ratensagly influenced by the
intermolecular hindered translational and librational motions of mascat the liquid
surface.

Here we describe the extension of our previous studies to droplat tra
measurements of. of pure DO. These measurements serve as a further test of the
microscopic theory of evaporation and of the reproducibility and poecisf the
methodology, providing a firm basis for future studies of the evapor&tbm mixtures
of water with salts, oils or surfactants.

2-2 Method:

Evaporation rates from liquid-D in vacuum were determined by measuring the
temperature change of evaporating droplets using Raman thetimoriibe evaporation
rate is deduced from the cooling rate and the well known heat of rapon. The
droplets were formed with a vibrating orifice aerosol genef&@AG). The DO used
in this study was obtained from Cambridge Isotope Laboratorids,anstated purity of
99.9%.

The Raman spectroscopy apparatus has been described in dstialigly (16)
and a schematic is given in Fig. 1. Briefly, a syringe pumpe@yee ISCO Model
260D) is used to force the liquid through a fused silica orifice (246 wm radius)
mounted on a piezoelectric ceramic. The silica orifice igggad by pulling 10am ID
silica tubing to the desired size with a commercial, &3er micropipette puller. The
piezo is driven with a 0-20 V square wave at 200 — 1000 kHz to gersematdorm
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droplet train with a spread in radius of less than®l(18). The radii of the droplets
produced is calculated from the liquid flowrate and the oscillation frequency (16)

The VOAG is mounted on a bellows attached to the top of a 7 cm tuactaum
chamber pumped by a 110 liter/second turbomolecular pump. The VOAGG&®ed to
an XYZ manipulator to allow positioning of the droplet stream. Rressn the chamber
during experiments were lower than 5 x*10rr. At these pressures, heat transfer from
the walls of the chamber to the droplets is negligible. Viewpmrtthe chamber allow
the introduction of the 514.5 nm line from an argon ion laser operatixig5& mW or
less, which is focused onto the droplet train. The laser poweffisienuidy low to avoid
heating the droplets or otherwise affecting their evaporation (18, B@man scatter
from the droplets is filtered and collected at 90 degrees throdifperaoptic cable and
routed to a spectrometer with a liquid nitrogen cooled CCD carA&ex. the droplets
leave the interaction volume, they enter a liquid nitrogen trap kbea&0 cm from the
nozzle. To ensure that the droplets are uniform in size, a photodiptieced in the path
of the laser, after it has crossed the droplet train. The photodigdal and the
modulation frequency are monitored with an oscilloscope. As a dropktgptwough
the laser beam, there is a dip in signal on the photodiode; tHatostifrequency is
tuned until the signal is sinusoidal in nature, indicating the formafiemiform droplets
as described above.

The OD-stretching region of the Raman spectrum (2150-280%) mmused to
determine the temperature of the droplets in a manner similaattoeported by Smith et
al. (16). Calibration curves were collected using both the therradstaizzle technique
described by Smith et al., and by measuring the total Ranattersttom liquid RO in a
cuvette over a similar temperature range (0-50 °C). The cuwetieod was found to be
more consistent (< 2% deviation) compared to the jet method (eesdation) and has
the additional advantage of requiring significantly smaller ansouat liquid.
Calibrations taken using the cuvette method were used for the bulk of the datapl&s
of the spectra used to generate the temperature calibratiostsoave in Fig. 2a, and Fig.
2b shows one of the calibration curves.

Measurements were taken as a function of distance from th&GV@bzzle,
which we converted to the residence time in the vacuum usinglbeity of the droplet
train. This velocity is calculated from the liquid flowrate ahe orifice size. As
described previously, the orifice size is determined by meastireniquid jet diameter
immediately after the nozzle using Mie scattering with\l@AG turned off (15). The
initial temperature of the droplets was determined by colle¢tiegRaman spectrum of
the droplet train in ambient air, where evaporative cooling is minimal (16).

2-3 Results and Analysis:

Measurements for eight different droplet sizes with radihenrange between 5.3
um and 8.1um were performed. Data were collected as a function of resedi&me in
the vacuum chamber for maximum times ranging from @830 1117us, with most
around 60Qus. This corresponds to a temperature range from 295 K to as Rybds
That our measurements are taken in the free evaporation regasmeverified by
calculating the average number of collisions experienced by an evaporatemila as it
leaves the droplet surface and reaches an infinite distance:
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Neoi (o, T) = J./](rrT) =v27, n(r,)r, Ir_g = /](rro T): )
o y 0!

where p is the droplet radiusA(r,,T) :[\/Emlco”n(r)]‘l is the mean free path of the
vapor, andd,, is the collision diameter (2.6 x 1®m). For DO, the vapor pressure

predicted at a distance of 1 mm from the nozzlegretthe first data point is taken, is
~7.5 torr. This corresponds to a mean free phath &2 um; thus molecules evaporating
from droplets with radii less than 1@n experience less than one collision in the vapor
phase on average and condensation may be neg(é6éjed

We model the observed cooling numerically in thmesananner as in our study of
H,O (16). We divide the droplet into concentric eptal shells, and considering
evaporation from the outermost shell. Using EQ, {8e cooling rate of the outermost
shell is expressed as

o

d_T = _y A psa'[ AH vap
dt © J2mkT C oV, ©)

where A is the surface area of the outermost s(hdlnoz), Psat IS the satsuration vapor
pressure, m is the molecular mass, k is Boltzmaoorstant, T is the temperature of the
outermost shellAH, is the enthalpy of vaporization (45.7 kJ/mol fogQ), G, is the
specific heat capacity (4.704 kJ/kg*K for®), ,0 is the density, and Ms the volume
of the outermost shell. This simplifies to

d_T = —y psat AH vap 3rO2
dt *J2rkT C, (.’ -r)p, %

where p and g are the outer and inner radii of the outermostl siiehe droplet. The
only tunable parameterys. Thermal diffusion between adjacent shells is eted as

d_Q = —KAdT

dt dr ®)
wherex is the thermal conductivity (0.595 W/m*K at 298f&r D,O), A is the surface
area of the shell and dT/dr is the temperatureifice between the two adjacent shells;
we do not assume instantaneous thermal equilibridsthe outermost shell evaporates,
mass loss due to evaporation is taken into accandhtthe droplet and all the shells are
re-sized accordingly at each time step’(l§). The droplet radius typically decreases by
~5% over the duration of a measurement. The tesyrer gradient and the volume-
averaged temperature of the entire droplet areulzdbr at each time step. As the entire
droplet resides within the laser focal volume, nteipret the observed temperature as the
volume-averaged temperature. We determirtey fitting the observations to the model
represented by Eqg. (7). We have considered thagatwns on the form of,, one where
Ye IS @ constant with temperature and two wheiie allowed to vary with temperature.

An example calculation is shown in Fig. 3. Theufg shows the calculated
temperatures for each of 20 spherical shells ametibn of time, as well as the volume-
averaged temperature for the entire Gu6bdroplet. The magnitude of the surface-bulk
temperature difference in the droplet, definedtes difference between the outer shell

13



temperature and the volume-averaged temperatutbeotiroplet, is also shown. The
maximum difference is 3 K, which occurs during firet 100 us and thereafter drops
below 1 K. Tests of the numerical accuracy of ¢hkeulations show that 20 shells are
sufficient to converge the calculations.

There are a few assumptions made in the modelmgepure, but these have little
effect on the model results. First, we assume thate is no re-condensation, only
evaporation. There is, however, a small amountcafdensation resulting from
evaporating molecules impinging on adjacent dreplethe droplet train. This effect has
been quantified previously and leads to an undemagt ofy. of less than 0.01 (16).
Second, we assume that the liquid surface in owuwa system can be directly
compared with the liquid surface in an equilibritsgstem. On sufficiently short
timescales, it is possible that the rapid evapomnaith the absence of condensation could
affect the liquid surface structure and thus thapevation dynamics. However, if one
assumes that. = 1 (i.e. the maximum evaporation rate) and carsigévaporation from a
1 nm square patch of liquid surface, which is lartj@an the water-water correlation
length (20), Eqg. (3) yields an evaporation rat@wé evaporating molecule every 10 ns.
(Note: We presented a similar argument in (16)ibabrrectly reported a 10nm square
instead of a 1nm square.) Molecular simulationsgesg that the timescale for
reorganization of the liquid water surface is oe tirder of a few picoseconds (21).
Therefore, evaporation events are too rare to gethe liquid surface structure, and the
surface should be the same under vacuum as iteiguilibrium. Lastly, the model treats
some parameters as constant, such as density@masairconductivity, which in fact vary
with temperature. For completeness, a temperakependent equation for the density of
D,0 from Kell (22) and an empirical temperature- dedsity-dependent equation for the
thermal conductivity of BO from the International Association for the Prdigsr of
Water and Steam (23) were both incorporated inbortiodel. The inclusion of these
temperature dependent values changdxy less than 0.1%.

We tuney. in this model to fit observations of a 6.661 droplet train, shown in
Fig. 4a. For this particular experiment, a bastassuming zero temperature dependence
of ye) is obtained foe = 0.51. Eight different droplet sizes were meadurThe average
evaporation coefficient derived (95% confidenceiivél) is 0.57 £ 0.06 where we have
assumed no temperature dependence.

The reported error is primarily experimental and lilkely associated with
determining the temperature from the Raman spectrenare only able to obtain the
temperature with a precision of £ 2 K. This linibé arises from the calibration curves
used. Other possible sources of experimental em®rsmall; shape oscillations in the
droplets produced by the VOAG are expected to daftey a few microseconds, and are
therefore negligible on the > 50 timescale of the measurements (24, 25). Other
effects of the droplet production, such as rotatibthe droplets, should be minimal and
are not expected to affect the evaporation.

The theoretical cooling curve fgg = 1, also shown in Fig. 4a, yields significantly
more cooling for a given interaction time than wéserved. For comparison, we have
also included the model results using the temperadapendent. from Li et al, which
increases from 0.17 at 295 K to 0.32 at 258 K (28his predicts significantly less
cooling than was observed. We have also fit twifeint temperature dependent
functions to this data set, as shown in Fig. 4lhesE functions represent the maximum
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positive and negative temperature dependences dfatstill consistent with the
observations. First, we use the functional fornmhef temperature dependence described
by Li et al., but adjusted to give a largerat lower temperature than that measured by Li
et al. This yields results consistent with oureslations ifye is equal to 0.4 at 295 K and
to 0.6 at 258 K. Second, we assume an exponéatigderature dependence frof the
form y, = pexp(-E, /RT), where p was constrained to bel. The maximum Efor

this case that is still consistent with observatitn 1.8 kJ/mol, corresponding toyaof
0.48 at 295 K and 0.43 at 258 K.

2-4 Discussion:

The observed value of, for D,O is smaller than unity. The value is nearly
identical to that obtained recently fopr® (0.62 + 0.09) (16). The TST model study by
Cappa et al. predicts that,® and DO would have similar values aof, based on
calculations of the absolute evaporation rateshefdifferent isotopes as a function of
deuterium mole fraction in the liquid (Fig. 5 ofathstudy), although the relative
evaporation rates of the pure liquids was not expficalculated (17). To determine
whether an isotope effect is predicted, we caledldhe ratio ofy. for pure HO to that
for pure O using the following equation adapted from Cappa.e

D * D
r = ye,H — ‘Je,max QH Qs e—AEa/kT
y H * H )
ye,D ‘Je,max QD Qs
where J maxis the maximum evaporation rate from Eq. @), and Q. are the partition

functions of the transition state and the liquidate species, respectively, an#, is the

difference in activation energies between the twotdpes (17). The sub- and
superscripts H and D refer to® and DO, respectively. By calculating the ratiowe
avoid several assumptions associated with calagiahe absolute evaporation rates of
the isotopes, such as knowledge of the transitate area and the absolute magnitude of
the activation energy (17).

The observed ratio from experimenteg, is 1.09 = 0.18. The calculated ratio r
from Eq. (9) was found to vary between 0.90 and 1a0 295 K, depending on the

specific choices 0", Q,, and AE, given in Cappa et al. (17). The smallest isotope

effect (r = 1.02) was found using the values derived frora tkcaled” surface
frequencies. These intermolecular translationdl lébrational frequencies of the liquid

surface species were scaled by a factog 8f4 relative to the bulk frequencies to better
approximate the looser binding at the surface (2#)265 K, 1, varies between 0.84 and
0.99, with the scaled frequencies yielding-10.94. This difference implies a very weak
temperature dependence to the relative valugs foir the two isotopes. We note that a
value of ¢ less than unity implies that.D has a higher evaporation coefficient tha®H
but doesot imply that it has a higher evaporation rate; treximum theoretical rates for
the two species are different according to Eq. (Zhe small isotope effect is due to a
competing effect between the partition functioniostin the exponential pre-factor
(entropy) and the activation energy difference ha £xponential. The results of our
previous study of the evaporation of isotopic migtuiand the calculations by Cappa et
al. suggests that these effects only balance ehen for the pure liquids, and thatfor
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H,O and DO in different isotopic mixtures can differ by asich as a factor of 3 (15,
17). It is important to note that the hinderedstational frequencies for D are taken

to be smaller than those of,® when comparing the pure solutions, as this phys
important role in determining.r The activation energy forD evaporation is predicted
to be ~2 kJ/mol higher than that fop® which is approximately the difference expected
from zero point energy effects. Therefore, thiseasment remains valid if both® and
D,O have ncenergetic barrier to evaporation and the kinetic limit réswntirely from
entropic effects; however, a small energetic barige certainly possible. Recent
measurements by Ward and Stanga showed a smaflQ)~8&mperature discontinuity
between evaporating liquid ;B and the vapor (14). Assuming that the higher
temperature in the vapor is due to an energetiodoaio evaporation, and using the
specific heat capacity of the vapor,€ 37.47 J motK™), the barrier size is predicted to
be very small (~300 J/mol) for@. Our data provide a weak constraint on the gfze
the barrier. The analysis above suggested thgetebarrier is less than 1.8 kJ/mol for
D.O.

The apparent lack of a temperature dependengg dbserved in this study and
that of Smith et al. (16) may appear to be in @sitto an earlier study by Cappa et al.
(15) wherein a stronger temperature dependenge W@s suggested. As noted in that
work, and discussed in a later publication (17)e tpbrediction involved several
assumptions and high uncertainty. However rdhative evaporation rates of the isotopic
species in the mixtures measured in that stadyexpected to display a temperature
dependence.

Our measurements gt for D,O and HO can be compared with other recent
measurements. Our valuegffalls within the range of, but has much highercien
than, recent measurements by Winkler et al.(1,a2f) Voigtlander et al (29), both of
which were condensation studies. Winkler et alinfby. to be between 0.8 — 1.0 for
temperatures between 250 and 270 K and 0.4 — dt@rfgperatures between 270 and 290
K, although values higher than 1 (up to 10 in theecof 290 K) were within error for
these measurements. Values larger than unity ate rphysically meaningful.
Voigtlander et al. foungl to be between 0.3 and 1 for uptake on NaCl pesicLi et al.
determined thate has an inverse temperature dependence,yiticreasing from 0.17
+ 0.03 at 285 K to 0.32 + 0.04 at 258 K (26). %amy, a group from the Polish
Academy of Sciences (30, 31) obserygdo increase from 0.13 at 293.1 K to 0.18 at
273.1 K. It is important to note that in all oke#e studies, thg values determined are
higher than the 0.1 threshold below which cloudmfation becomes Kkinetically
controlled. While attempts have been made to r@rsome of these experiments (32)
there is not yet a satisfactory explanation fordheerved differences. A recent study by
Fukuta and Myers (33) highlights the “moving bourydeffect” which can occur during
modeling of evaporation or condensation. They reih@at incorrectly accounting for the
shifting liquid-vapor boundary as a droplet growssbrinks can lead to errors in the
calculated evaporation or condensation coefficiastdarge as several percent. In our
case, the droplet radius shrinks by ~5% over thatolin of a measurement, but the
moving boundary effect is explicitly accounted foithin the model by resizing the
droplet at every timestep. Zientara et al. ardue even larger corrections may be
necessary in many cases due to thermal effusiontheadroplet surface (31). Many
models of condensation and evaporation treat thervasing the framework of diffusion,
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but Zientara et al. argue that at distances beh@wntean free path of the vapor, a droplet
must be modeled as evaporating and condensinggihncacuum. In certain cases, while
the droplet would be considered to be quasi-stationn the diffusion framework,
thermal effusion near the surface can significanbignge the temperature of the surface
of the droplet from what would be predicted by wukibn, dependent on the different
timescales of various experiments (31). In oureeixpents, the vapor is negligible and
our model explicitly accounts for the cooling oktthurface of the droplets. Therefore
such a temperature jump cannot explain the diffexdretween our measured values and
those of Li et al. and Zientara et al.

In a previous work (15) we discussed a possiblecgoaf discrepancy between
our experiments and those of Li et al., claimingttbur formulations of. anday, are
different, withye ~ (1 -am). We now recognize that this prior analysis wairect and
resulted from equating two different rates in fotations of the evaporation and mass
accommodation processes which are not equivaleReanalysis of the different
formulations ofye and o, indicates that the formulations are equivalentl eonsistent
with the definitions in Egs. (3) and (4) of the g@at manuscript.

Our reported value of, = 0.57 for DO provides support for our previous results
for H,O, confirming that. for pure HO is not small enough to have a significant impact
on formation rates of cloud droplets in the atmesph(16). There are other effects,
however, that could lower water uptake rates oniamlCCN, which are not pure.8
or D;O, such as the presence of concentrated solutesuréactant coatings on the
droplets. For example, the effects of dissolvéts € the vapor pressure of liquid water
have been extensively studied (34-37), but the tkineffects on the evaporation
coefficient are unknown. It has been argued thatase active solutes can lower the
evaporation rate considerably, possibly leadintatge changes ife (7). Many studies
of the effect of surfactants on water evaporatiodidate a dramatic lowering of the
evaporation rate upon sufficient surface coveragesbrfactant molecules (38-40).
Additionally, recent molecular dynamics (MD) simutms of condensation onto an
aerosol particle coated with organics show a dicanitly lowered condensation
probability (13). Given that CCN are often compbsé inorganic solutes as well as of
organics which might partition to the surface, nieasients of. on these more complex
mixtures will be important to improving microscopicodels of cloud droplet growth
rates, number and size. Indeed, a recent studplsaatmospheric aerosol from several
different sites found that cloud droplet growthesatvere often consistent with values of
ve less than 0.1 (10), providing additional motivatior continued development of
methods capable of precise determinatiop.of

2-5 Conclusions:

We have determined the evaporation coefficient gd Bo be 0.57 £ 0.06 using
Raman thermometry measurements on droplets undergeaporation in the absence of
condensation. This value is the same, within arpetal error, as that previously
measured for bO (16). Thusy. for pure water is less than unity, but is not $mal
enough to have a significant impact on models foua formation and aerosol growth
rates. A TST model for water evaporation (17)assistent with both the 40 and RO
observations and indicates that the lack of amm®effect is due to competing energetic
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and entropic effects. Further understanding ofstherce and magnitude of these effects
and how they are affected by the presence of sailss,and surfactants will likely be
important to understanding evaporation and condiemsien mixed phase systems.
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Figure 1: Experimental apparatus. The droplet train istmoséd onto the focal point of
the 514.5 nm line of the Adaser with an XYZ manipulator. Raman scatterakected

at 90degrees into a fiber coupler and routed to a mammeator (f/6.5) with a liquid
nitrogen cooled CCD detector. A photodiode mousittire laser light attenuation after
passing through the droplet train and is used muration with an oscilloscope to ensure
that uniform droplets are being produced. Speatréne droplets as a function of time
are taken by sampling at multiple points alongdtaplet stream, corresponding to liquid
temperatures between 295 K and 255 - 260 K.
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Figure 2: (a) Representative spectra used to generatefahe temperature calibration
curves. The dashed line shows the frequesity: 2468 cm* where the spectra were
split. The full curve is constructed from specwé liquid DO at 22 different
temperatures between 3.6° C and 50.7° C. (b) Reptative temperature calibration
curve. B =0.9992.
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Figure 3: Representative model output for a 6886 radius droplet with, of 0.57. The
black line is the volume-averaged temperature,bdoe line is the magnitude of the
thermal gradient within the droplet (the differertmetween the outer shell temperature
and the volume-averaged temperature), and theimed &re the temperatures of each
shell. Absolute temperature is on the left axid #me magnitude of the temperature
difference is on the right axis. The inset is alfaeged image of the first 50 to depict
the shell temperatures more clearly. The volunerayed temperature (black line) is the
output that is fit to the experimental data. Nibtat the thermal gradient quickly drops
below 1 K.
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Figure 4: (a) Experimental data for a droplet size of 6,66 radius, shown with the
model fit (red line) toje = 0.51. The triangle represents the “time zemtadoint taken
in ambient air, and the squares represent thetdikém under vacuum. The black line
shows the model output fgg = 1. The green line represents the predictedrgpaising
the temperature dependens from Li et al. (b) The same data, shown with the
temperature independent fit fpr = 0.51 (red line), a temperature dependent fih hie
functional form from Li et al. (green line) wheygincreases from 0.4 at 295 K to 0.6 at
258 K, and an exponential temperature depender{bliiie line) corresponding to an
activation energy of 1.8 kJ/mol. This exponentiaiction is constrained to give, < 1

for all temperatures. The exponential fit giyes 0.48 at 295 K ang,. = 0.43 at 258 K.
Both temperature-dependent fits were tuned to yi#ié strongest temperature
dependence that agrees with the observations vattperimental error.
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Chapter 3 — On the Evaporation of Ammonium Sulfate
Solution

3-1 Introduction:

The vapor-liquid exchange dynamics of water underlie vital presass biology,
engineering and atmospheric science. The evaporation and condenatgfof water
are particularly important in the formation of cloud partickes] are among the largest
unknowns in assessing the impact of indirect aerosol effects sadia¢ive balance in
the atmosphere (1). Model studies suggest that evaporatioslmates than 10% of the
maximum rate determined by gas kinetic theory for atmospligriedevant aqueous
systems would indicate kinetic control over cloud growth processtsimplications for
cloud and aerosol models (2, 3). Attempts to quantify the evaporattbooadensation
rates of water have yielded values spanning three orders oftodeyralthough the most
recent values converge to a single order of magnitude (4-10). diisbcites to the
wide variability in cloud model predictions for the anthropogenic eftectsize and
number of cloud condensation nuclei (CCN) and the corresponding radmapaet on
the global system (1, 3, 11, 12).

Measuring evaporation and condensation rates of liquid water isuttiffice to
the complex heat and mass transfer processes occurring in goehments. The
temperature of the liquid surface must be accurately deterraimsbdn most cases, both
evaporation and condensation must be properly accounted for. In additiog,biédra
suggested that some of the earlier measurements of thesewdaiieh typically involved
static liquid surfaces, yielded artificially low rates dudhe contamination of the liquid
with surface impurities (6). Such impurities may well be @mésin atmospheric
conditions; indeed, field measurements of aerosol growth rates dppaedrcate such a
slowing effect (13, 14). In our previous work, we addressed the problenotwfately
modeling the heat and mass transfer processes through our meassireiribet free
evaporation of pure ¥ and pure BO (4, 5, 10). We also studied relative evaporation
rates of isotopomers in mixtures (10, 15). In these studies of pur@mss|uwtondensation
was negligible, allowing the evaporation process to be modelearaaely and then
directly related to the cooling rate of the droplets. We fainadl evaporation for both
pure HO and pure BO occurred at ~ 60% of the maximum rate determined by gas
kinetic theory, too fast to result in a kinetic limit to cloud drogi®wth. In the present
study, we take the first step towards accounting for the teffecimpurities on the
evaporation rate by performing similar experiments on ammonium sulfateossluti

Ammonium sulfate was selected as a realistic model systenatmospheric
inorganic aerosol due to its well-documented prevalence in the tropesgfietd studies
using aerosol mass spectrometers (AMS) have revealed sighifigections of the
ambient aerosol to comprise agueous ammonium and sulfate at the suti@th urban
and rural areas (16). Additionally, single-particle studies hgeis that the majority of
atmospheric aerosol particles are internally well-mixed andist of approximately 50%
ammonium sulfate and 50% carbonaceous components, with little altaddé&on (17).
Many thermodynamic studies of ammonium sulfate aerosol have shdwateresis in
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the deliquescence properties. Solid particles deliquesce at relativaitiresygreater than
~80%, but can remain in the aqueous phase as the relative humidityadrdps as
~35%, resulting in supersaturated solution up to approximately tihieesaturation
concentration before efflorescence occurs (18-20). This suggesis thatatmosphere
much of the ammonium sulfate aerosol will be in the form of condedtragueous
solution. While there have been some measurements of the kiofeizaporation and
condensation from mixed systems including agueous ammonium sulfate (24s 22))
as studies of other systems, such as sodium chloride (23), fewsstidiee aqueous
ammonium sulfate system exist (14, 24). A definitive laboratarglysbf evaporation
kinetics from concentrated ammonium sulfate solution is needed tandseif the
presence of such inorganic solutes significantly affects théiqgad exchange dynamics
for atmospheric particles.
Most studies of evaporation or condensation report a quantity known as the

evaporation coefficient ){) or condensation coefficienty(). The condensation

coefficient is also referred to as the mass accommodationicieetfor simply the
accommodation coefficienta(,,). All of these quantities are equal and are defined via

the Hertz-Knudsen equation, which is a formulation of the maximum dtealr
condensation rate for a given substance derived from kinetic gas theory (6):

‘Jc :amL' (1)
27mkT

Here J, is the condensation ratg, is the vapor pressure above the liquid surfaces

the molecular mass of the substanée,is the Boltzmann constant, anfl is the
temperature. The accommodation coefficient is a quantity ranging from zero to one;

a unity value implies that condensation occurs at the maximum ticabneate, with
lower values implying some kinetic limit to the condensation rate.

At equilibrium, the evaporation and condensation rates are equal, so the
evaporation rate can be expressed as:

- psat
J. =), —=—, 2
4 2mkT @

Here p,,, is the equilibrium vapor pressure, and the accommodation coefficietiekea
replaced by the evaporation coefficiept. While Equation (1) can only be used to

formulate the condensation rate when the vapor exhibits a Maxiigttibution of
velocities (which will not apply in non-equilibrium situations witwl vapor pressures),
Equation (2) can be used to formulate the evaporation rate even 4dequoiibrium
systems because the activity of the liquid is unchanged.

Our previous measurements utilized liquid microjets to form drggpieams in
vacuum with radii in the range of 6 — 7. This allowed the study of evaporation in
the absence of condensation, significantly simplifying the expatahsystem. This is
shown by integrating the number of collisions experienced by aesiengiporating
molecule as it leaves the droplet and travels an infinite distance away:

Now 00T) = [ = V2o [ = o ©

To fo
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Herer, is the radius of the dropled(r,T) = [\/Eml2 n(r)] ™ is the mean free path of the

coll

vapor, d, is the collision diameter, and(r) is the number density of the vapor. For

H,0O, the vapor pressure at 283 K, the temperatundigh our measurements began, is ~
9 torr, corresponding to a mean free path of pd0(5). Thus, molecules evaporating

from droplets with radii smaller than 10n should experience less than one collision on
average, allowing condensation to be neglectedtiier words, the Knudsen number

Kn=A/r,>1. We used Raman thermometry to measure the tetoperaf the

evaporating water droplets as a function of timé amodeled this cooling curve with a
simple discrete model in whiclx, is the only adjustable parameter. The studidsigie

a y, value of 0.62 = 0.09 for pure,B (5) and 0.57 + 0.06 for pure,O (4). We

interpreted these results and our measuremens®iafpie effects during evaporation (10)
using a modified transition-state theory (TST) fatation (15). This formulation
suggested that the energetic and entropic isotéfpet® cancelled, resulting in similar
evaporation kinetics for the two isotopic speci®s (

In extending these studies to ammonium sulfatetieols, we report the value of
y. as defined by Equation (2). Here, howevpy, is the equilibrium vapor pressure of

thesolution rather than that of pure water. Since this vagessure is ~13% lower than
that of pure water, the maximum theoretical evagamarate for the solution is lower
than that of pure water. Ideally, the solutiorthis study should be as concentrated as
possible in order to simulate atmospheric cond#tiohe saturation limit is 3.9M at 273
K (25). The measurements presented here use 3Mimsd, as more concentrated
solutions resulted in frequent clogging of eum sized orifices.

3-2 Results:

Raman spectra were measured for droplet radii eetvBe9 and 11.56m. We
calculate that evaporation from a droplet of 1lufbradius or smaller will be collision-
free (i.eKn>1) for temperatures of ~283.3 K or colder. All betdata taken in this
study are below that temperature, but the liquiginseat laboratory temperature (293 K),
so collisions resulting in a return flux to thedid could play a role at very early
interaction times, before the first data are takét.293 K Kn = 054 for an 11.55um
radius droplet and 0.70 for an &#h radius droplet. We confirmed that these effacts
unimportant by repeating our previous observatwind,O evaporation, where we used
droplets of radii less than @m, on larger droplet sizes. Droplets with radii9® um,
11.05 pm and 11.9um were tested, yieldingy, values of 0.63, 0.61 and 0.55,

respectively. These are in excellent agreemertt wiir previously measured value of
0.62 + 0.09 for HO (5). No systematic deviation from the model predns were found
at early interaction times for either,® or ammonium sulfate solutions. We have
previously observed such deviations to occur faep#O droplets of 20.3m radius (5),
suggesting that droplets must approach this siZerdecondensation effects become
important.

Eight measurements on seven different dropletssizere collected for the 3M
ammonium sulfate solution, resulting in an averggeof 0.58 + 0.05. The variance

shown is the 95% confidence interval. The dropésidence times in vacuum were
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between 597is and 10141s. A representative experimental cooling curveafaroplet
of 9.1um radius is shown in Figure (1), with a model 8ing ay, value of 0.58. As in

our previous studies, the best fit to the dataowsn@l wheny, does not vary with

temperature. Model fits for all measurements weeducted with 20 spherical shells
per droplet, sufficient to produce a nhumericallypeerged temperature field.

In general, there was more noise in the experinheotaing curves in this study
compared to our work on pure liquid,® or D,O. One possible explanation is the
presence of icicles. The ammonium sulfate soluttemed icicles in the liquid nitrogen
trap much more readily than did either purgtrbr pure DO, due to salt crystallization
upon freezing. Icicles often grew into the intéi@t region of the laser during a
measurement, despite the extended length of théallmjtrogen trap (60 cm). The issue
was most prominent for droplet streams that wetecompletely straight and may have
impinged the side of the trap, rather than thedmott The trap was fitted with an icicle
breaker to allow icicles to be removed during meaments, but it is possible that icicles
may still have interfered slightly with the measuents (causing additional noise) by
providing a surface for gas-phase collisions argbiidy leading to some re-condensation
of vapor onto the droplet stream.

The use of ammonium sulfate solution instead oé p#O introduces some other
potential complications as well. The spectra uUsedhe temperature calibration exhibit
two features from the ammonium ion (Figure (2))hisTmeans that the temperature
measurements are sensitive to the concentratiotheofsolution. To ensure that no
dilution occurred before each measurement, thetgpacof the droplet stream in
ambient air was taken to verify that laboratory penature was reproduced; pureCH
tests revealed that this should be true for digsress than 5 mm from the nozzle.
During a typical vacuum measurement, however, tileme of the droplets is expected
to decrease by up to 6% due to evaporation, imglyan 6 % increase in solute
concentration. While this is a small change thatadt expected to affect the evaporation
kinetics, it alters the Raman spectrum. We caldarahe Raman spectrum as a function
of temperature for both 3 and 3.18M solutions. Dextitemperatures from the spectra of
liquid jets were interpolated between the valuesnfr3M solution and from 3.18M
solution based on the expected concentration iserafeach experimental time point.,

3-3 Discussion:

The y, value of 0.58 + 0.05 found in this study suggebts the presence of

ammonium sulfate does not significantly affect #heaporation mechanism of liquid
water, despite the ~13% reduction in vapor presstines at first seems surprising; the
3M solution used in this study contains a 9M tabal concentration, and if a hydration
shell of ~4-6 water molecules is assumed then alistievery water molecule should be
interacting with an ion. It is reasonable to assuhat these interactions would alter the
mechanism for evaporation and therefore the evéiparaoefficient. Our results
suggest, however, that there is remarkable siryilarithe efficiencies of the evaporation
and condensation processes for pure water and 3Woamm sulfate solution. This may
in part be explained by the fact that both solotgsiare expected to be depleted in the
surface region, limiting their effect on evaporgtimater molecules. Molecular dynamics
(MD) simulations of ammonium sulfate solution ire timterfacial region show the sulfate
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anion completely depleted from the interface teeptld of approximately 7 A (26). This
result is in agreement with interpretations of aoeftension measurements of ammonium
sulfate solution (27). The ammonium ion, howev@mnot completely depleted from the
interfacial region in the MD simulations and exiatdower density within the upper 5 A
of the interface. Thus the ammonium ion may beeetqnl to have some interactions
with evaporating water molecules. Car-Parrinellmlenular dynamics (CPMD)
simulations of the solvated ammonium ion predifitst solvation shell containing four
tightly bound water molecules in a tetrahedral cagel a fifth more weakly bound and
more mobile water molecule that occasionally exgeanwith one of the other four (28).
The radius of the solvation shell is found to b8 A. If one estimates, from the MD
results presented by Gopalakrishnan et al., tladthmonium ion concentration is ~ 15 —
20% of its bulk concentration at a depth of 3 Anfrthe surface, then only 7 — 11% of the
water molecules in the interfacial layer are withthne first solvation shell of an
ammonium ion in our 3M solution, implying that asglute effects on evaporation are
unimportant.

The results of this study indicate that ammoniuifase, even if present at highly
supersaturated aqueous concentrations, is noy likekignificantly affect evaporation
and condensation kinetics in the atmosphere, dhi@@r by reducing the vapor pressure.
Field observations, however, have shown large tranain particle growth rates,
including many cases in which growth rates wereiBaantly lower than measured
values for ammonium sulfate aerosol in the laboyat@4, 34). It is likely that other
atmospheric constituents, e.g. organics, can taffex liquid-vapor exchange rates of
water in the atmosphere and subsequently affeadobondensation behavior. There is
currently much interest in the effects of orgarecosol on the hygroscopic behavior of
atmospheric particles (13, 21, 22, 35, 36), altihpug date, available kinetic information
has been limited. A more recent study by Shan&.ethows that anthropogenic aerosol
in the field, consisting of ammonium sulfate andamic components, exhibits growth
rates consistent with a lowering ¢f by over an order of magnitude relative to pure

ammonium sulfate aerosol (34). The specific effexdtdifferent organic species in that
study could not be determined, however. New anpraved methods are needed to
guantify the effect of organic surfactant films ewaporation and condensation rates in
the atmosphere.

From a purely physical perspective, other inorgaalutes might be expected to
alter evaporation rates more readily. lons sucthiasyanate and perchlorate, which are
expected to be strongly enhanced in concentratidheaair-water interface might be
expected to have large effects gp through direct interactions with evaporating water

molecules (37). Studies of perchlorate solutioms eurrently underway in our
laboratory.

3-4 Materials and Methods:

Sample Preparation:

Samples were prepared volumetrically, using cororakeanhydrous ammonium
sulfate (Sigma Aldrich>99%) and deionized and filtered,® (18.2 M2 resistivity,
Milli-Q, Millipore). Solutions were then filterethrough a 2um particle retention filter
and stored in a sealed container when not in use.
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Experimental Apparatus:

The experimental apparatus has been describedetail dreviously (4, 5).
Briefly, a syringe pump (Teledyne ISCO Model 260B)used to pump the sample
solution through a fused silica orifice mountedaopiezoelectric ceramic. In our earlier
studies, the orifice radii used were 2.5#4; however, clogging issues upon running salt
solutions necessitated larger orifices for thidgfun the range of 4-6.bm diameter.
The orifices were prepared from 1@0n ID fused silica tubing using a GQaser
micropipette puller (Sutter Instrument Co. ModeDP@). Orifice sizes were determined
via Mie scattering of a HeNe laser intersecting ligaid stream, in the same manner
described previously (10). The piezoelectric cecamtiows the silica orifice to act as a
Vibrating Orifice Aerosol Generator (VOAG). By dimg the piezoelectric ceramic with
a 20V square wave at 300 — 800 kHz, a uniform @togtkeam is generated with a spread
in radius of less than Ogm (38). Droplets in this study were between 8.8 Ah.55um
in radius; sizes were calculated from the liquailrate and oscillation frequency (4).

The VOAG apparatus is mounted on an XYZ manipulatage which is in turn
attached to a 7 cm cubical vacuum chamber vialavie®| allowing for positioning of the
droplet stream within the chamber. The vacuum deams pumped by a 110 L/s
turbomolecular pump. The droplet stream is intetee by the 514.5 nm line of an argon
ion laser operating at <250 mW. After the lases passed through the droplet stream,
the laser light is detected on a photodiode. D[atsppassing through the laser focal
volume lower the signal on the photodiode, allowing real-time monitoring of the
droplet stream produced by the VOAG and ensurirag éhuniform droplet stream is
being generated for any given driving frequencyfteAthe droplet stream has passed
through the laser focal volume, the liquid is ca@tuin a liquid nitrogen trap. The trap
used in this study was extended compared to theat ursour previous studies and was
equipped with an icicle breaker. Raman scattenfitloe droplets is collected and filtered
at 90° and sent via fiber-optic cable to a monoctator (f/6.5) with a liquid nitrogen
cooled CCD detector. The OH-stretching regiorhefRaman spectrum of ( 2500 — 3900
cm?) is used to determine the temperature of the dtsplia Raman thermometry with a
precision of £2 K (4, 5). First, a calibration taken by splitting the spectrum at an
arbitrary frequency and plotting natural logarithoh the ratio of the area under the
spectrum before and after the split point versuserse temperature, giving a linear
relationship. Calibration spectra were taken usolytions in a constant temperature
cuvette (Figure (2)) (4). The spectra show twdufess near 2875 cmand 3075 ci
due to the ammonium ion (39). The calibration eualows the determination of the
temperature of the droplets in vacuum from theimBa spectra. To account for
increasing concentration due to evaporaton in vacgeparate calibration curves were
taken for 3M and 3.18M solution. Raman measuresnergre taken as a function of
distance from the VOAG nozzle. Droplet stream w#jo calculated from the liquid
flow rate and orifice size, is used to calculate tesidence time in vacuum. The initial
temperature of the droplets is the ambient tempezan the lab.

Evaporative Cooling Model:
We determiney, by relating the temperature derived from the Rasectra to

evaporation rates, under the assumption that ezboeative event results in cooling of
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the solution (4, 5). We infer the effect on sautitemperature by calculating the heat
loss from a droplet due to evaporation. The droiglelivided into concentric spherical

shells, with evaporation occurring in the outermekell. Heat is then propagated
outwards from the inner shells according to therntfa diffusion equation; this ensures
an accurate droplet surface temperature. Mass dogs to evaporation from the

outermost shell is accounted for; all shells argizezl after each time step, then the
process is iterated. Using Equation (2), the cgptate of the droplets is defined as

dT — A psat AH vap (6)

dt - Ve N 2rmKkT C, oV ’
where A is the surface area of the outermost gwefir’),AH

» 1S the enthalpy of

vaporization (44.4 kJ/mol)C | is the specific heat capaciyy, is the density, an¥; is

4 . .
the volume of the outermost shetlcgnos). For a 3M ammonium sulfate solution, a

value of 60.625 J/mol was used f@r,(40). The value ofp,, was determined by

applying a water activity of 0.874 to the empirit@amperature-dependent equation for
vapor pressure of pure water reported by Murphykaoab (41). The water activity was
determined from the data of Tang and Munkelwitz) @2d was assumed to be invariant
with temperature. The density of the solution wasasured as 1.188 g/ml and was
assumed to be constant with temperature. Suchssumgotion proved valid for our
previous work on pure #0 and RO (4, 5).
Equation (6) can be simplified to
dT _ Pe DAHap 3r02

— =y, , (7)

dt N 2rmKT Cp (I‘03 - rls)p
wherer, andr, are the outer and inner radii of the outermospleto respectively. Here
Y. is the only adjustable parameter. Heat transéénvéen adjacent shells in the droplet

is modeled with the thermal diffusion equation
aQ_ —KAd—T : (8)
dt dr
where dQ/dt is the heat transferred from the irshetl to the outer shell over the duration
of a time stepx = 0.532 is the thermal conductivity (43)A is the surface area of the
inner shell in question, and dT/dr is the tempesatlifference between the two shells.
The volume-averaged temperature is then calcuktedch time step; this is matched to
experiment by tuning/,. While the Raman response from liquid microdrepleas been

demonstrated to be nonuniform (44), the effect inimmzed when collecting Raman
signal at 90 degrees, and the response becomesumitoem for droplet radii larger than
5 um (45). In addition, since our experiment does tnap a single droplet but rather
samples a droplet stream, there is further avegaginthe Raman response over the
droplet volume. As a test, we matched the experialiedemperatures to the average
temperature of only the outermost five spherica&lishrather than the volume averaged

temperature of the entire droplet, resulting inharge of only a few percent ip,. In

light of this, we have elected to use the volumeraged temperature model output to
match experiment.
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The cooling model is also used to account for th@nge in the Raman spectra
upon increasing concentration due to evaporatiomacuum. The model predicts the
change in droplet size at each time step, andftirerthe expected concentration increase
as a function of time. The expected concentradiosach of the experimental time points
is used to interpolate between the temperatureslupeal by the 3M and 3.18M
calibrations. The model is tuned by changinguntil the volume-averaged temperature

predicted by the model matches the interpolated/el@rtemperatures from the Raman
measurements.
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Figure 1: Experimental data for droplets of 9im diameter, consisting of 19
temperature values. The triangle represents thasumement of the initial droplet
temperature taken in ambient air. The squaredateefrom the droplet in vacuum. Error
bars are + 2 K, and provide an estimate of theigiget of determining the temperature
from the Raman spectra. The solid line is the rhéitlecorresponding toy, = 0.58.

Deviation in the experimental data from the modtehf ~ 160us and ~315us may be
due to the presence of icicles in the vacuum chamiben the corresponding spectra
were collected.
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Figure 2: Selected spectra of 3M ammonium sulfate solutencpllected at 273 K,
298.1 K, and 325.9 K and used for temperature dlin. The features at ~2875 ¢m
and ~3075 ci are due to the ammonium ion. The dotted black liepresents the
frequencyn* = 3424 cm® at which the spectra were split; the natural 16the ratio of
the area under the spectrum below this frequendiig¢area under the spectrum above
this frequency shows a linear relationship wherttptbversus 1/T, as shown in (b). The
squares in (b) represent the full calibration cfwe3M ammonium sulfate, featuring 26

34



spectra collected at temperatures between 273 K3aB® K. The red line is the linear
fit (R? = 0.9988). The circles represent the full calioracurve for 3.18M ammonium
sulfate, featuring 27 spectra at temperatures let2d4.35 K and 334.15 K. The blue
line is the linear fit (R = 0.9981). Experimental temperatures are detenhiny
interpolating between these two curves based oexpected concentration at each time
point. The choice of the frequenay is arbitrary; the frequency chosen is convenient
for alternating between calibration curves for amiam sulfate solution and pure water.
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Chapter 4 — The Effect of Surface Active lons on the
Rate of Water Evaporation

4-1 Introduction:

The vapor-liquid exchange of water is of interest in manysaoéacience, and
particularly in atmospheric chemistry, since the kinetics equlibria strongly influence
aerosol and cloud properties and thus terrestrial climate. KNeless, current
understanding of the fundamental processes involved is poor. Irtnilosphere, the
interactions between clouds and aerosol particles and theirseffiealimate remain the
largest uncertainties climate modeling, due in part to our inabdiaccurately quantify
the microscopic liquid-vapor exchange rates on ambient particlesT({i¢ problem is
compounded by the presence of dissolved solutes as well as orgaaatasurkpecies
that are prevalent in atmospheric aerosol, but even attempts tofyuepor-liquid
exchange kinetics for pure water have proven difficult. Previttesnpts to measure
these rates have yielded values that span three orders of magrbutdeecent
measurements have converged to within a single order of magrgub®. Several
factors have contributed to  experimental difficulties, includingoanting for
simultaneous evaporation and condensation, accurately determiningjttite durface
temperature during the mass transfer process, and quantifyimgnimex thermal and
mass fluxes in the vapor phase (5, 7). Some recent studies Ugyested that the
changing position of the liquid-vapor boundary on the timescale aéxperiments can
cause problems, especially when using a computer model to intexpegineental data
(9, 11).

In our own previous studies, we have employed liquid microjets cduypith
Raman thermometry to examine water evaporation without accomgaoynuensation
(2, 3). This technique simplifies the interpretation of the datafsigntly, allowing the
evaporation rate to be derived from the data using a simple etigparaoling model.
For both pure KD and pure BO we found that the evaporation process proceeds at
~60% of the thermodynamic maximum rate derived from kinetic gasytherhis is not
slow enough to affect cloud growth rates in current models (whgamesthe maximum
rate) (12). There are, however, several field studies which suthge aerosol and cloud
droplet growth rates in the atmosphere are often much slowethisatikely due to the
presence of dissolved impurities and organic surfactant coatingspaorating particles
(12-14). To determine the effects of such species, we hawvetlyeperformed similar
evaporation measurements on 3M ammonium sulfate solution (15). Ammouiifiate s
was selected because it represents the largest inorganic carnpdrenthropogenic
aerosol (16). We found that, while the thermodynamic maximum euaporate for
3M ammonium sulfate solution is lower than that of pure water 1806; water still
evaporated from the solution at ca. 60% of this maximum rate. atkeof change in the
kinetics is consistent with calculations and experiments showatdptith the ammonium
and sulfate ions are depleted from the interfacial layer, hetefore have limited
interactions directly with evaporating water molecules asthvéace (15, 17, 18). Other
atmospherically relevant solutes, such as sodium, chloride and ratataiso predicted
to be surface-depleted, so it seems unlikely that inorganic solfiés$ Bquid-vapor
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exchange in the atmosphere (18-22). It is possible, however, thahairesd¢ enhanced
in concentration at the air-water interface could have an effe@vaporation kinetics.
While most of these ions are not atmospherically relevant, & sfutteir effect on the
evaporation kinetics of liquid water could elucidate the underlyingoutdr mechanism.
It is with this aim that we extend our evaporation studies to soganchlorate solution.
Perchlorate was selected for study as it is predicted tonmtmg the most strongly
surface-enhanced ions in liquid water (18, 23).

In studies of evaporation and condensation, a convenient parametpoitoise
the evaporation coefficient or mass accommodation coefficient. [Fdwiameter is
defined via the Hertz-Knudsen equation, which represents the maxcondensation
rate of a gas onto a surface from kinetic gas theory (4):

Peat

1
27KT @)
Here, J. is the condensation rate in molecules per unit area per tpge,is the

saturation vapor pressure of the liquid,is the molecular mass is the boltzmann
constant,T is the temperature ang, is the evaporation coefficient (sometimes referred

to in condensation studies as the mass accommodation coefficienmply ghe
accommodation coefficient, denoted@gs). This equation applies to equilibrium, so the

evaporation and condensation rates are equal and are both describecegydatian. In
non-equilibrium conditions, the condensation rate will depend on the gas pressure, but the
evaporation rate will not, as the activity of the liquid is constdiiterefore, Equation (1)

can be used to describe the evaporation rate even in non-equilibrium state
evaporation coefficieny, is a value between zero and one, and can be thought of as a

transition probability, representing the fraction of evaporation or cwmadien attempts
which succeed. For condensation, each collision with the surface iglereds a
condensation attempt. A coefficient of unity indicates that theegsoproceeds at the
thermodynamic maximum rate, whereas lower values indichtgsat kinetic process
limits the rate. Recent measurements of this quantity hialeey values spanning the
range of 0.13 — 1 for pure water (7-9). From our own measurements, we haversstermi
the evaporation coefficient for pure,® and pure BO to be 0.62 £ 0.09 (2 standard
deviations) and 0.57 + 0.06 (95% confidence interval), respectively (2, 3).re@ent
study of ammonium sulfate solution showed no change, with a value of 0.58 (5905
confidence interval) fory, (15). In the present study, we perform similar measurements

of 4M sodium perchlorate solution. As in our study of ammonium sutfaemnaximum
thermodynamic evaporation rate for the sodium perchlorate solwsiatetarmined by
Equation (1) will be slower than that for pure water (by ~1@%ha result of the lower
vapor pressure of the solution (see below for details of the vapoupestimation); the
value determined foy, will therefore reflect the percentage of this lower maxm rate

at which evaporation actually proceeds. A 4M solution was the stiglomcentration
that did not result in clogged orifices or complications in the spleatralysis. This
concentration is lower than that expected for atmospheric inorganstituents such as
ammonium sulfate , which are often supersaturated by up to twicgatheation limit

(15).

Je=Ve
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The high precision of our experimental technique is due to the tfadt
experiments are performed in the absence of condensation, allowitliefdata to be
interpreted with a relatively simple evaporative cooling modele &isure that the
droplets produced in our vacuum chamber are in the regime where commemnsat
negligible by insuring the mean free path of evaporating molkecsilkarge compared to
the diameter of the droplets. We use the relationship betwedfntidsen number and
the number of collisions experienced by an evaporating moleculenghdrom the
surface of the droplet to an infinite distance to estimate the required droplet siz

_podr ) ,hdr oty 1
Ny (16, T) = Iﬁ =2mgn(o)r =+ o ke @

In this expressionN_, (r,T )s the number of collisions experienced by an evaporating

To

droplet starting at distanae from the droplet centerd(r,T) :[\/§ml2 n(r)]™ is the

coll

mean free path in the vapor phasg,s the radius of the droplet, is the collision
diameter of HO, n(r) is the number density of the vapor, akd = A/r is the Knudsen

number. ForKn >1, evaporating molecules undergo less than onesmoilion average,
ensuring that none return to the droplet and coselerDroplets used in this study were
between 9.15 and 12i8n in radius; the mean free path of evaporate fitoendM sodium
perchlorate solution reaches 1218 at temperatures of 283 K and colder. Only a kmal
portion of the data taken in this study was abdvie temperature (up to 285.5 K,
typically only one measured temperature point 20325 points per experimental run).
Given that our data do not show any dependenceapied size, and that our model fits
are unchanged when ignoring any temperature paimse 283 K, we believe that any
effects from gas-phase collisions in the first ng50f measurement are smaller than our
experimental precision. Even if vapor-phase doltis occurred in these cases, solid
angle considerations imply that only a fractiortte# colliding molecules would actually
impinge upon the droplet. Additionally, we havesrseno evidence for condensation
effects in our previous studies for droplet sizealéer than 2Qum radius (2, 3, 15).

4-2 Experimental:

Sample Preparation:

Anhydrous sodium perchlorate was obtained comrakyqiSigma, ACS reagent,
> 98%). Solutions were prepared volumetrically gdiftered and deionized 4@ (18.2
MQ resistivity, Milli-Q, Millipore). Solutions wereadditionally filtered through
disposable 0.um particle retention filters and stored in a sealedtainer when not in
use.

Experimental Apparatus:

The experimental apparatus has been describecketaul greviously (3, 15).
Briefly, the liquid orifice is mounted on a piezeelric ceramic which acts as a vibrating
orifice aerosol generator (VOAG). This allows ttheplets produced by the jet to be
forced into a uniform size by applying a square evdviving frequency from a function
generator. Orifices used in this study ranged betw4.3 and 6.6m radius and were
produced from 10@um ID fused silica tubing using a commercial Q&ser pipet puller
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(Sutter Instrument Model P2000). Orifices were dizaesing angle-resolved Mie
scattering as reported previously (3, 10). The VO#paratus is, in turn, mounted on an
XYZ manipulator and attached via bellows to the #rhical vacuum chamber, with the
droplet stream propagating downwards. The vacubamber is pumped by a 110 L/s
turbomolecular pump. The droplet stream is inteesk by the beam of an Afaser
operating at ~250 mW or less at 514.5nm. Ramatiesda collected at 90 degrees,
filtered, focused and sent via optical fiber to anmchromator (f/6.5) equipped with a
liquid nitrogen-cooled CCD detector. After thedadight has intersected the droplet
train, it is collected by a photodiode and senamooscilloscope. This allows real-time
monitoring of the droplets produced by the VOAG;drsplets pass through the laser
focus, there is a dip in signal on the photodiodesinusoidal signal on the oscilloscope
indicates the presence of uniformly sized dropletafter the droplets have passed
through the interaction region, they enter a liquitdlogen-cooled trap to freeze the liquid
and prevent any re-evaporation.

The OH-stretching region of the Raman spectrum 253900 cri) is used to
determine the temperature of the liquid to withi2 K. Calibration spectra of the 4M
solution were taken in a cuvette at temperaturesden ~ 273 K and ~325 K, monitored
with a thermocouple. Example calibration specteashown in Figure la, and show a
feature at ~ 3580 cindue to the perchlorate ion (24). This featurdigiy obscures the
H,O spectrum and causes slightly lower precisiorhatemperature derivation relative
to pure water, while still being within + 2 K. Spiec were split at 3422.6 ¢hand the
ratio of the area under the spectrum for frequenisedow this point to the area under the
spectrum for frequencies above this point was @iofigainst 1/T to create a temperature
calibration curve. In our previous studies, theulng curve was linear (2, 3, 15), but in
this study we observed a slight curvature and foanguadratic fit to reproduce the
calibration data more accurately, especially thveelotemperatures. Figure 1b shows a
sample calibration curve with both linear and qa#dffits.

In our study of ammonium sulfate, we predicted &-~¢bncentration increase to
occur during experiments as a result of evaporatise of water from the solution (15),
While this small change was not expected to affleetevaporation kinetics, we found
that the Raman spectral shape was quite sensitigertcentration changes, and that our
calibrations needed to account for the change éidaskewing our derived temperatures.
Specifically, we took a second temperature calibnatit 6% higher salt concentration
and interpolated between the two calibrations basedthe expected concentration
increase over time. To determine if the same ctoe is necessary for sodium
perchlorate solutions, we used a 4.24M solutionafdéest calibration, but found that the
spectral shape was relatively insensitive to thaceatration change. Corrections to the
derived temperatures were less than 0.1 K, muchlemman the precision of the
temperature derivation. Therefore we simply udddcdlibration curves for all data.

Evaporative Cooling Mode!:

The discrete evaporative cooling model used terpmet our temperature data has
been described in detail previously (2, 3, 15),e Thodel divides the droplet into 20
concentric spherical shells, each with its own terapure. The calculation is performed
in two steps; in the first the outermost shell llsvaed to evaporate and therefore cool,
and in the second step heat is propagated outviramisthe inner shells according to the
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thermal diffusion equation. This allows an acceiraépresentation of the surface
temperature of the droplet. Mass loss from theperation process is also taken into
account, and all shells are re-sized accordinglyhe process is then iterated. We

determiney, by matching the predicted cooling rate from thedeido that observed in

our experiments. The cooling rate of outermostl sbfethe modeled droplet can be
expressed as
dr _ y P, OH. 37 3)
dt ° N 27mKT Cp (I‘03 - rls)p ’
where p, is the saturation vapor pressumejs the mass of an evaporating molecule,

is the Boltzmann constant, is the temperature in KelvilAH, is the enthalpy of

vaporization (44.4 kJ/mol)C  is the specific heat capacity of the solutiopandr, are

the outer and inner radii of the outermost shepectively, andgo is the density of the

solution (15). The saturation vapor pressure ef4N sodium perchlorate solution was
determined using the empirical temperature-depéeretpration for the vapor pressure of
pure water presented by Murphy and Koop (25) amdyapy a water activity of 0.8308
as reported by Djogic and Branica (estimated tadmirate to £ 0.001) (26). The water
activity was assumed to be constant with tempegatie. the temperature dependence of
the vapor pressure was assumed to be of the sameaf® that for pure water in the
formula of Murphy and Koop. The specific heat lud solution was calculated using the
formula of Roth, Wolf and Wolf (27). The densitfthe solution was measured to be
1.580 g/ml. Heat is then allowed to flow into tbetermost shell from the shell
underneath according to the thermal diffusion equat

a@Q = —KAd—T : (4)

dt dr
wheredQ/dt is the amount of heat transferred per time skes the thermal conductivity
of the solution,A is the surface area of the inner shell, aiddr is the temperature
difference between the two shells. A thermal caetiglity of 0.5404 W mt K* was
calculated for 4M sodium perchlorate solution usihg formula of Riedel (28). The
thermal diffusion process is repeated iterativelydll shells, before moving to the next
time step and allowing the outermost shell to evaigoagain. The volume-averaged
temperature is also calculated; this is the vaha is compared to experiment. In our
study of ammonium sulfate, we discussed the vgliditthis comparison in detail; in
short, the Raman response from the droplet is mbonun in space, but empirical tests of
our model indicate that the volume-averaged tentperas a good approximation of the
experimental data (15). The only tunable paramatdre model isy,, which is adjusted

until the modeled temperatures match experimertales.
4-3 Results:

Seven cooling curves were measured on six diffetmplet sizes in the range of
9.15um to 14.05um radius. Unlike our previous measurements of amumo sulfate
solution, no icicles were observed to grow into theeraction region for sodium
perchlorate solutions, meaning that interferenaenfrsolid icicles both directly and
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indirectly (by providing a collision surface andabting condensation back on the
droplets) was not an issue (15). This is likely do a difference in salt crystal structure
upon freezing of the solution.

The averageg/, value from all data is 0.47 = 0.02 (95% confideimterval) with

a standard deviation of 0.03. The high precisibthe 95% confidence interval arises
from very high consistency across data sets, despitvidual temperature measurements
being slightly less precise than in our previougeginents. This value of, is lower by

~25% from our value reported for pure@®(3) and is outside of the uncertainty range
defined either as 95% confidence intervals (0.60.@3 for HO vs. 0.47 + 0.02 for
sodium perchlorate solution) or 2 standard dewmsti(0.62 + 0.09 for O vs. 0.47 £
0.06 for sodium perchlorate solution). An examgweling curve is shown in Figure (2),
for 12.05um radius droplets, with g, value of 0.48. Also shown are the representative

cooling curves fory, = 062the value we measured previously for pug®©Has well as
¥, =1 for contrast. As in our previous studies, thet lieso the data arises when there is
no assumed temperature dependenge t@, 3, 15).

4-4 Discussion:

The y, value of 0.47 = 0.02 found in this study for 4Mdson perchlorate

solution suggests that the perchlorate ion has all dout measurable effect on the
evaporation kinetics of liquid water. To ensurattthe observed decrease jip is not

due to incorrect parameters in our evaporativeiogahodel, we performed several tests
of the sensitivity of the model output to the inpohstants. The enthalpy of vaporization
used is that of pure water; in highly concentrasadt solutions this value might be

expected to change. In the absence of data foursogerchlorate solution, we used the
work of Apelblat and Korin on other saturated solug as a guide (29-31). Assuming a
~4% increase in enthalpy alters the model output<By5%. We also tested a

temperature-dependent value for the enthalpy bgwallg the enthalpy to increase

linearly from 44.4 kJ/mol at 295 K to the measuveduie of 46.467 kJ/mol at 240 K

reported by Murphy and Koop (25). This resultedess <0.1% change in model output.
Using the 3 m NaCl data of Murphy and Koop as aguive assumed a 5% increase in
heat capacity of the solution when cooled from %0 240 K, which changed the

model output by ~1%. This change is well withire threcision of our temperature

derivations. We also tested temperature-dependalies for density and thermal

conductivity, using the empirical formulas of Haed Sorensen and the International
Association For the Properties of Water and Staaspectively (32, 33). We modified

these pure water formulas by applying our measueusity and calculated thermal

conductivity, but retained the form of the temperatdependence, and found <0.1%
change in model output in both cases.

We also considered whether the evaporation oflthplets might produce higher
surface concentrations of the perchlorate ionhefions are unable to diffuse away from
the interface quickly enough. This would resultimigher surface concentration in our
experiments than would be expected from a 4M swiutiA 12.05um radius droplet is
expected to shrink by ~150 nm over ~8@€ during our measurements. Using the
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diffusion coefficient of 147x10°m?s* measured for the perchlorate ion in saturated
ammonium perchlorate solution by Hiquily and Ciiftq34), we estimate that a
perchlorate ion would diffuse ~im within this same time period. The diffusion
coefficient is expected to decrease as the draples, but it is unlikely to be lowered to
such an extent as to allow for concentrating ofgbechlorate ions in the surface layer
due to evaporation.

Another concern is whether our results could liecégd by organic impurities in
the salt crystals. Such impurities would likely fagface active and have been theorized
lower the evaporation rate of water (4). Such irt@s, however, would also be
expected to be present in our previous study of anmn sulfate solution, in which we
observed no change ip, relative to pure water (15). We also observediifference in

solutions made from different batches of sodiunciplerate, which might be expected to
show different amounts of impurities. Moreover,pumties would partition to the
surface of the solutions when stored in bottles$ solutions were loaded into the syringe
pump from the bottom of the bottles, implying tlaaty surface active impurities would
not enter the pumping system. Therefore we belithat any effects from such
impurities are significantly smaller than the pséan of our derived temperatures.

It seems likely, then, that the reducgdis due to the surface enhancement of the

perchlorate ion, but the exact nature of the kietiect is not immediately clear. While
experimental studies of sodium perchlorate solstibave shown evidence for a strong
surface partitioning of the perchlorate ion, thegrevunable to provide quantitative
information about the expected surface concentrattative to that of the bulk (18, 23).
If we assume a surface concentration of 4M, thiroeilsl be one perchlorate ion for every
11.24 water molecules. If each water moleculéhatdir-water interface is assumed to
have three hydrogen bonds to other species inidbél]) then one in every 3.74 water
molecules, or 26.7%, can be expected to be dir@uiéyacting with a perchlorate ion.
Theoretical studies of hydration of the perchlorate show a large hydration radius,
suggesting that the perchlorate ion forms relagiweeak hydrogen bonds with water
molecules (35, 36). This is supported by attertuabéal reflectance-Fourier transform
infra-red (FTIR-ATR) measurements, which indicateaker interactions between water
molecules and perchlorate ions than for water nubdscinteracting with other water
molecules (37). Ultrafast measurements of solvagrdhlorate ions, however, indicate
that while the interactions between the ions andemanolecules are weak, the
orientational correlation time is significantly sled for water molecules within the
perchlorate solvation shell (38, 39). Our own $iaon state theory (TST) model of
water evaporation suggested that the evaporatiwetiks are primarily influenced by the
hindered translational and librational motionshe liquid surface, although the specific
mechanism could not be determined (40). If perato ions hinder the librational
motions of surface water molecules, they may slowoonpletely inhibit evaporation for
these molecules, leading to a lower value fqrrelative to pure water, since fewer

evaporation attempts would succeed.

The results of the present study do show, howetat, inorganic solutes can
indeed affect the evaporation kinetics of liquidteva Further studies on other inorganic
solutes will likely prove interesting, although temall change observed in the present
study suggests that ion effects are not necessstriijmg and may be undetectable in
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many cases, even with high precision techniqueenBo, studies of other surface-active
ions, such as thiocyanate, will help determine Wwaesurface activity is the determining
factor for kinetic effects on evaporation or if ethspecific ion effects are involved.

Additionally, studies on acidic and basic solutiammild prove insightful, as there is

considerable debate over the role played by thedmum and hydroxide ions at the air-
water interface (41-43). Effects of hydronium a@@oration would also be pertinent to
the atmosphere, where low pH is common in liquitbsel. It seems likely, however,

that the largest determinant for vapor-liquid exafekinetics in the atmosphere is the
presence of surface active organic species on emogll3, 14). New experimental

techniques are needed to examine the effects df soatings on evaporation with

precision.

4-5 Conclusions:

Using liquid microjets in a free evaporation regimwe have measured the
evaporation coefficient of 4M sodium perchloratéuson to be 0.48 + 0.02, roughly
25% smaller than our pure water value of 0.62 @3 No such change was observed
in our previous study of ammonium sulfate solutid®). The smaller evaporation
coefficient is likely due to the expected surfacdhancement of the perchlorate ion,
allowing direct interactions between perchloratd amaporating water molecules. The
perchlorate ion has been shown to affect the @immal correlation time for water
molecules within its solvation shell (38, 39), seging that the ion may interfere with
the librational motions of surface water moleculdésading to an inhibition of
evaporation. Further theoretical work is neededxamine this possibility. While the
perchlorate ion itself is not relevant in the atptuere, its effects on evaporation suggest
that certain inorganic solutes can alter the ewatpmr and condensation kinetics of
water, especially if the solutes are expected terieanced in concentration at the air-
water interface.

Acknowledgements:

This work was supported by National Science Fouadabrant ATM 0639847 and the
Director, Office of Science, Office of Basic Ener8giences, of the U.S. Department of
Energy under Contract DE-AC02-05CH11231.

46



1.2 4

a)

— 273.35K
— 298.25K
— 324.95K

1.0+

0.8

0.6

0.4

Normalized Intensity

0.2+

0.0

T T T T T T
2800 3000 3200 3400 3600 3800
Raman Shift (cm™')

-0.1

b)

os)

-0.2 -

-0.3 -

In(l{©),, <, ) IN((0),,

0.4

I T I I | T
3.1 3.2 3.3 1_314 3.5 3.6x10°
1T (K

Figure 1.a) Representative spectra used to generate araumgecalibration curve. The
spectral feature at ~3580 ¢nis due to the perchlorate anion. The full caliloracurve
was constructed from 24 spectra taken at varyingp&atures between 273.35 K and
324.95 K (both extremes are shown). The dasheditidicates the frequency* =
3422.6 crit where the spectra were split in order to consttuetcalibration curve. b)
The calibration curve constructed from the specffae red line shows the quadratic fit
used for the calibration curve. The dashed blue $hows a linear fit, for contrast. The
guadratic fit was used due to better self-repradoadf the calibration temperatures.
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Figure 2. A representative cooling curve for 12, 0% radius droplets. The solid red line
is the fit from the evaporative cooling model, diely a y, value of 0.48 in this case.

The dashed line is what the modeled cooling curealdvbe fory, = 062 the value we

obtained previously for pure 8. The green line is the modeled cooling curve for
Y. =1, shown for contrast.
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Chapter 5 — Future Work

In this thesis, we presented measurements of the evmpocaefficient of pure
D,0O, as well as the coefficient for evaporation gfOHfrom solutions of ammonium
sulfate and sodium perchlorate. We showed that thpogation coefficient for ED is
identical to that of pure #D, and used a transition state theory (TST) model te $hat
this is due to competing energetic and entropic factors {1¢ also showed that water
evaporating from ammonium sulfate solution, in which ities are expected to be
depleted from the interfacial layer, has the sam@aetion coefficient as pure water,
whereas water evaporating from sodium perchlorate ealuin which the perchlorate
ion is expected to be strongly enhanced in the inteffdajeer, has an evaporation
coefficient ~25% smaller than that of pure water. GitRis result, there are many
promising avenues to explore with future experiments.

As noted in Chapter 4, the effects of other ions whighexpected to be surface
active (e.g. thiocyanate or iodide) should be examiridds will help determine whether
surface activity is the determinant for kinetic effestsevaporation or if there are other
specific ion effects involved. The effects of pH on evagion rates may also prove
interesting, given current debate about whether the hydromind hydroxide ions are
present in the interfacial layer (2-4). Further thgoaé study of the evaporation
mechanism for liquid water would be very helpful in intetprg experimental data and
guiding which systems to examine. As discussed in Chaptie spatial and temporal
limitations of theoretical methods such as moleculaadyics (MD) pose problems when
examining the evaporation and condensation process forcatadeliquids. A newer
technique, transition path sampling (TPS), shows promiskis regard, as it is capable
of examining rare events by sampling trajectory spaterahan modeling the system in
real space (5, 6). TPS has been successfully emplayechodeling rare event
phenomena such as autoionization in liquid water (7), prdddding (8) and nanocrystal
structural reorganization (9). Applying TPS to liquid wateaporation would provide
critical molecular information on the transition ppaty that would allow much better
interpretation of our experimental data.

There are several other experimental directions lwbauld be explored as well.
Other molecular liquids, such as methanol or otherhalisp could be examined, for
example. Our technique is currently limited to systemsvinich Raman thermometry
measurements are possible, typically systems with arst@tth, such as alcohols. The
study of mixed systems, such as alcohol/water mixtuesalso possible, but our
evaporative cooling model would need to be modified ¢ooant for the separate
evaporating species and evolving composition of the dropidas. possible that the CH
stretching region of the Raman spectrum could be used @exy for the remaining
amount of alcohol in an alcohol/water mixture. Changdbe temperature calibration as
well as thermal conductivity and density due to compositiohanges would need to be
accounted for as well.

Another mixed system that deserves more study is tkedmibO/D,O system.
Our TST study of evaporation indicated that for mixtwesl,O and DO, the specific
evaporation coefficients of the isotopomers show @eddence on the isotopic
composition of the mixture (1). It is theoreticallyssble for our Raman thermometry
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technique to be used to determine evaporation coeffidentke individual isotopomers,
but the small difference in enthalpy of vaporizationtfoe isotopomers (44.4 kJ/mol for
H.O vs. 45.7 kJ/mol for BD) will make it difficult, given the 2 K precisionf@ur
temperature derivation. Additionally, the temperataiécation would need to take into
account as the fact that the isotopic composition woldthge due to evaporation during
measurements, altering the spectrum. The addition afaas spectrometer to the
experimental system to examine the isotopic ratiohéndvaporate, as per our earlier
study of evaporation (10), could help overcome these dlifis.

Finally, the major outstanding question with regard ¢midi-vapor exchange
kinetics in the atmosphere is quantifying the effects afanic surfactant films in
inhibiting mass transport across the liquid-vapor fatsr (11-13). Unfortunately,
conducting such studies with our current experimental apmaistikely not possible, as
the organic coatings would need to be condensed onto tmpetdr after formation,
negating the free evaporation regime upon which the ewpets depend. Given our
results for sodium perchlorate solution, however, passible that even weak, soluble
surfactants could inhibit evaporation slightly. Using tonigs of water and short-chain
alcohols as discussed above as a starting point, sthall organic species of lower
volatility could also be mixed with water to examinéefs on the evaporation kinetics.
It might even be possible to immiscibly mix insolublganic liquids with water using
two syringe pumps, but it is unclear whether this would nséible liquid jets suitable
for vacuum studies. Additionally, such immiscibly mixggstems would be difficult to
calibrate for Raman thermometry. Futher experimeman this direction is needed to
determine the extent to which our experimental techniquexamine such systems.
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