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The adsorption and photochemical reaction of naphthalene vapor at theadér interface of water films

(22 um and 450um) were studied in a horizontal flow reactor. Experiments were conducted in the regime
where gas-phase mass transfer resistance did not limit the uptake. The equilibrium uptake was dependent on
water film thickness only below Am. Bulk water-air and air-to-interface partition constants were estimated

from the experiments. The equilibrium partition constant between the water film and air decreased with
increasing temperature. Photochemical reaction products were isolated in the water film after exposure to
UV light. Four main oxygenated products were identified (1,3-indandionél)li€dbenzofuranone (phthalide),
2H-1-benzopyran-2-one (coumarin), and 1-naphthol). The initial rates of product formation were 46 to 154%
larger for the thin film (22¢m) compared to both a thick film (450m) and bulk aqueous phase photooxidation.

The atmospheric implications of reactions in water films are discussed.

Introduction hv

Heterogeneous

Water films on aerosol particles and in the form of atmo- Solid phase reaction hv
spheric droplets have been known to affect the processing of . Homogencous reaction
organic compounds in the atmosphéfeln a recent work, [ /‘j
Sumner et at.summarized the interactions of thin films of water ":'\\‘. .
with various substrates of atmospheric interest and showed that °S0
on most surfaces water films can support a variety of hetero-
geneous reactions. Reactions that occur at very low rates in the
homogeneous gas phase are known to proceed much faster on
film surfaces via heterogeneous procegsdst which the
determining factor is the concentration of compounds in thin Heterogeneous -
films. The uptake depends on the air-to-interface partition | photochemical Diffusion of products " " equilibrium
constant of the organic compound, its hydrophobicity and the | reaction. Vo 4
presence of other surface-active compounds in thin films. :" Adsorption equilibrium
Reactions of organic vapors on the surface of thin films can at the s/w interface.
also lead to the production of secondary organic aerosolsFigure 1. Schematic of the various processes occurring at the
(SOA)® A major fate process for chemicals in both bulk and environmental airwater interface.
interface regions is the photochemical reaction initiated by solar )
UV radiation. There have been recent reports on the photo- Recent work has shown that large molecular weight hydrocar-
chemistry of several compounds in ice and sofv. bons adsorb to the aiwater |r_1terface anql their oxidation rates
The air/water interface, including both bulk air/bulk water PY 9a@s-phase ozone on micrometer-size water droplets and
interface and bulk airiwater dispersion (rain, fog, mist, snow, Planar water surfaces are dependent on the surface covérége.
ice, and aerosol) interface, is the largest interface in the Bulk phase photochemical reactions of dissolved PAH
atmosphere. Figure 1 shows the main physicochemical processe§°Mpounds with OH radicals generated by UV radiation are
which occur at this interface. As shown in Figure 1, two major Well documented and result in ring cleavdgé® Generally,
processes occur at the -aivater interface: mass partitioning PAHS are stable due to their delocalizeelectron cloud and
and photochemical reactions. Under the specific conditions (air/ large resonance energies. Despite their intrinsically low chemical
fog or airfice) that we are interested in, the ratio of surface area "éactivities, PAHs strongly absorb UV light (30820 nm) and
to bulk volume for the water phase can be quite large. As a undergo numerous photochemical reactions. The photoreactions

result, the interfacial effects become significant for the transport f PAHS can be broadly classified into two categories: (i)

Desorption of products AIR

at the a/w interface

“ Adsorption equilibrium

WATER /)
o o Solvation

and reactions of compounds. homogeneous reactions in bulk phases (air, water), and (ii)
Polycyclic aromatic hydrocarbons (PAHSs) are ubiquitous in N€térogeneous reactions involving adsorbed PAHs. Homoge-
the atmospherand are anthropogenic in orighh.Our work neous photoreactions of PAHs have been widely studied, among

focuses on the transport and photochemical transformation'Which the reactions of PAHs with oxygen or ozone in the

characteristics of PAHs at the air/water (fog and ice) interface. Presence of UV radiation are the most extensively stutfied.
Beltran and co-workers investigated the reactions of PAHs
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Figure 2. Sketch of the horizontal flow-tube reactor and ancillaries used for carrying out the adsorption and photooxidation experiments.

TABLE 1: Literature Values of the Physicochemical Propertie$® of Naphthalene

property value dimension
mol wt 128 g mot?
aqueous solubility at 298 K 0.090.265 mol nr3
vapor pressure (subcooled liquid) at 298 K 0-@103 kPa
bulk water-air Henry’s constant{wa at 298 K30 33-68
octanot-water partition constank,, at 298 K 1G-29—-1035°

peroxide, oxidation by ozone combined with hydrogen peroxide) the air-aqueous interfac®:16There is, however, a lack of data
and reported their kinetics and reaction proddétd! Photo- on the photochemical reactivity of PAHSs in thin films of water
reactions of PAHs and alkanes have also been studied undeunder ambient conditions of temperature and pressure. Hence,
conditions relevant to the prebiotic Earth and the interstellar this work was undertaken to understand the adsorption and
medium where carboencarbon bonds have been found to form photochemical reactivity of a typical PAH, viz., naphthalene,
in the photochemical alkylation of PAH8 Although there are in thin films of water formed on borosilicate glass surface in a
a large number of studies on homogeneous photoreactions ofhorizontal flow-reactor.
PAHSs, there is surprisingly little data on the photooxidation of
PAHs under environmentally relevant conditions. Some PAH Experimental Section
photoproducts have been obtained using light sources containing
high levels of UVC 280 nm), which is not present in sunlight. Naphthalene is the first in the series of PAHs and provides
McConkey et aP* studied the photooxidation of naphthalene @ simple example of potential photoreactions of PAHs in thin
in aqueous solution under natural sunlight and determined its water films. Besides, it also has industrial and commercial
photooxidation pathway, but not the kinetics of product forma- applications as active ingredients in mothballs, pesticides, crude
tion. Some of the products of UV photolysis are often more 0ils, and gasoline. Itis a ubiquitous pollutant in the atmosphere.
toxic than the parent compoui#?® The photolysis of PAH For example, in the air in Baton Rouge, it has been noted to be
compounds adsorbed to ice and water-ice is also reported inthe most prevalent PAH molecuiéTable 1 lists the physico-
the literature?® There is some evidence that under stratospheric chemical properties of naphthalene.
conditions PAHSs react to form higher molecular weight protein- ~ The schematic of the apparatus is shown in Figure 2. The
aceous compounds. reactor is similar to those used in previous work on heteroge-
The presence of thin water films, or so-called “adlayers”, on neous reaction&:33 The flow-tube photoreactor assembly is
particulates in the atmosphere opens up the possibility of comprised of a Pyrex tube, a rectangular borosilicate glass
reactions occurring on the water surface, via adsorption of channel, a half-circular cooling tube and a removable aluminum
reactive gases onto the water film; within the water layer, via block with UV lamps fixed inside of it. The cross-sectional view
dissolution of reactive compounds into the condensed phase;of the reactor assembly is also shown in Figure 2. The thin
and at the solid/water interface. Thus, the presence of waterwater film on which naphthalene was adsorbed and heteroge-
can potentially influence the reactivity at the surface of the neous photochemical reactions took place was coated on the
aerosol and the extent to which it is able to participate in bottom surface of the low-edge glass trough (length 0.92 m,
heterogeneous atmospheric reactions. Recent studies indicatevidth 0.035 m, height 0.005 m, wall thickness 0.0018 m), which
that even small amounts of strongly bound surface-adsorbedwas obtained by cutting a rectangular borosilicate glass tubing
water may play a critical role in the interaction of gases with (Wale Apparatus Co., Hellertown, PA) into halves. The tem-
surfaces traditionally presumed to be solidSompared to gas-  perature of the water film was maintained by the half-circular
phase homogeneous photoreactions, data on heterogeneousopper cooling tube that was placed under the glass trough. A
photoreactions of PAHs are sparse, especially those at the air fluid mixture of laboratory grade ethylene glycol (50%) and
water interface. Mmereki and Donaldson detailed the first study water (50%) was circulated through the cooling tube by a
of heterogeneous chemical reactions of PAHs with ozone at circulating bath (model 12101-31, Cole-Parmer Co., Vernon
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Hills, lllinois) that is capable of controlling temperature in a then washed clean with deionized water. The boat was placed
range of—30 °C to 150°C. The glass trough and the cooling in the cylindrical reactor and allowed to come to equilibrium
tube were both contained in the Pyrex tube (length 1 m, o.d. temperature determined by the coolant inside the cooling tube
0.0508m, wall thickness 0.0032m, Chemglass, Vineland, NJ) placed underneath. The gas flow was started and the background
through which two UV-B lamps (UVP Inc., Upland, CA) QMS signal was recorded. Thereupon, the naphthalene stream
delivered UV light of appropriate wavelength (mid rang&02 in air was introduced through the movable injector, which was
nm). Two fans on the wall of the aluminum block circulated placed at the entrance of the reactor. Therefore, the entire reactor
outside air into the block to keep the temperature of the air was used for adsorption. The reduction in MS signal because
around the Pyrex reaction tube from getting too high when the of adsorption uptake on the water film was monitored. When
UV—B lamps were turned on. Two thermocouples (copper adsorption was complete, i.e., when inlet and exit signals
constantan, SS 304 sheath, 1/16” sheath diameter, Omeganatched, the UV lamps were switched on and the photoreaction
Engineering Inc., Stamford, Connecticut) embedded in the of naphthalene on the thin film was allowed to occur for a given
cooling tube were in contact with the bottom of the glass trough. duration of time. The UV light intensity falling on the reactor
They were used to measure the temperature of the water film.was 1.85 Wm~2at the UV-B wavelength of 302 nm. The gas

The vapor generator (PAH saturator), shown in Figure 2, was Stream was monitored for the change in the naphthalene QMS
made of two serially connected tubular stainless steel columnsSignal. The liquid in the reactor was collected and analyzed for
(SS 316, 0.013 m o0.d., 0.37 m long each), each of which was the product compounds using HPLC. The experiments were
packed with 15 g of Chromosorb P (60/80 mesh size, acid repeated for different temperature and water film thickness.
washed, Supelco Inc., Bellefonte, P&)The Chromosorb P was To compare the reactions in water films with that in bulk
coated with naphthalene (99.9% purity, Fisher Scientific Co., Water, we also conducted experiments in the same reactor but
St. Louis, MO) by mixing it with a naphthaleréexane solu- with several small (i.d. 0.0254 m) vials containing 6 mL solution
tion, and then evaporating hexane. The average loading obtained®f naphthalene. To keep the conditions similar to the thin film
this way was about 0.02 g of naphthalene per gram of support.case (constant naphthalene concentration in the liquid phase)
The coated packing was loaded into the vapor generation We placed pure crystals of naphthalene in the vials during the
columns with glass wool on both ends of the columns to keep reaction as was done by McConkey ef4l.
the powder from flowing outside. Quantification of naphthalene and products in the aqueous

Air was used as the carrier gas and a mass flow controller Smples was done using liquid chromatography. Identification
(0—200 mL/min, Aalborg Inc., Orangeburg, NY) was used to ©f compounds was achieved by matching retention times of
obtain reproducible gas flow rates. An in-line stainless steel tube Standard solutions withie£0.1 min and by matching the UV
mixer (15 elements, 0.013 m o.d., Cole-Parmer Co., Vernon SPectrum of the standards and the sample. The instrument
Hills, IL) was connected with the PAH vapor generator to Consisted of an Agilent Technologies HPLC 1100 series with
provide efficient mixing of the PAH vapor and carrier gas. Water Online degasser (G1379A), quaternary pump (G1311A), auto-
vapor was introduced into the reactor to keep the relative S8mpler (G1313A), column thermostat (G1316A), diode array
humidity 100% in the air and reduce water evaporation during UV detector (G1315B), and mass spectrometer (G1956B) with
the experiment. A moveable injector (SS 316, 0.d. 32 cm) was atmospheric pressure photo ionization (APPI) interface. An Ultra
used to introduce the naphthalene vapor into the glass boat"*dueous C18 column of 0.25 m 0.0021 m with Jum particle
reactor. The temperatures of the liquid and gas were monitoredSiz€ (Restek Corp, USA) was used. The injection volume was
using thermocouples placed close to the surface. The top surfacet004L, and the column thermostat was set t"80 The mobile
of the half-circular copper cooling tube and the inner top surface Phase started at 100% ammonia formate buffer pH 3.0; 5 M
of the Pyrex tube were coated with a PFA film (2 mil thick, @mmonia formate solution and held for 10 min, then ramped

Berghof America, Coral Springs, FL) to avoid the adsorption UP t0 100% methanol within 60 min and held for 15 min at a
of naphthalene onto these surfaces. constant flow rate of 2« 10~7 m3min. The detection wave-

A Hewlett-Packard 5890 Series Il gas chromatograph with a length was set to 254 nm with 4 nm bandwidth and 4 nm slit.
Hewlett-Packard Mass Selective detector (MSD) was used to
analyze the gas stream on-line. A 6-port injection valve (Valco
Instrument Co., Houston, TX) and a digital valve sequence Data Analysis. The QMS signal intensity is related to the
programmer (Valco Instrument Co., Houston, TX) were con- apparent dimensionless partition constant (Henry’s constant),
nected to the GC-MS such that the gas-phase sample was<,y,* for naphthalene between air (gas) and water (film) as
injected into the GC-MS automatically. An untreated fused silica follows3!
tubing (Supelco Inc., Bellefonte, PA) was used as the GC
column and the retention time of naphthalene inside the column I(t) Qg
was reduced to about 0.8 min. With this blank column installed, Kuat = SV Q)
the gas phase was sampled every 3 min. The injection volume S

of the gas phase samples was L00determined by the volume ) ) ) )
of the sample loop. wherel(t) is the area (integral) difference between the baseline

t signal () from the blank experiment and the signal from the
without any water film. Either helium or pure air was used to water film experimentV is the volume of the water film ()

) . -t .
generate the saturated naphthalene stream. The carrier ga@nng Is the total volumetric flow rate (famin™) of the helium

containing naphthalene vapor was passed through the movabltream. Note thaKwa* is a composite of the bulk water-air

injector, and the QMS signal was monitored. Thin water films partitior_l constantKWA‘ .(the conventiona}l Henry's constant for
were prepared by coating the bottom surface of the glass troughabsorpt'on) and the atinterface adsorption constafia. Thus,
with a known amount of deionized water (FH6.3). To easily

obtain a uniform water film, the bottom surface of the glass K *=K + & )
trough was covered with 50 wt % NaOH solutiorr fbh and wa wa g

Results and Discussion

A blank experiment was first conducted using the boa
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Figure 3. Naphthalene signal for the two cases involving control and Figure 4. Effect of water film thickness on the partition constant for
water film experiments. naphthalene.

for naphthalene. These two sets of data are plotted in Figure 4.
A trend line (linear fit from Microsoft Excel) can be drawn such
that asdo — o (i.e., 16 — 0), the intercepKwa* — Kwa = 86
+23. The slope of the line whendlis large gives the air
water interface partition constankx = 21 + 1 um. The
correlation coefficient for the linear trend line fit2(= 0.97) is
acceptable. The experimental values at 293 K are compared to
available literature values in Table 2. The effect of the interface
thickness on the overall partition ratio for naphthalene becomes
evident only atd < 1 um. Obtaining the precise thickness of
the water film for smalld is precluded by the difficulty in
creating a uniform thin water film.

Effect of Temperature on Uptake into the Film. The
temperature dependence is described by the van’t Hoff equation

S

whered is the film thickness. A® — o and/or for small values
of Kia, the interfacial adsorption term is not significant and
Kwa* — Kwa. For small values o, the interfacial adsorption
term cannot be neglected.

Figure 3 is a typical naphthalene QMS signal at the exit of
the reactor for two cases. The first one is the control experiment
where the glass boat reactor was empty, i.e., without any water
film and the second one is that in which a 4@& water film
was placed in the glass boat. The injected gas is initially exposed
to a fresh surface upon which there is rapid uptake immediately
following the downstream of the injection point. This leads to
the initial drop in the naphthalene signal at the outlet of the
reactor. The maximum value of the concentration corresponds
to the inlet gas concentration upstream of the reactor and is
reached after uptake equilibrium is reached. The slow rise of AL H1 A
the signal to that of the inlet stream shows that the film has InK,*=— g;W T—l— g;W 3)
reached saturation uptake.

For semivolatile compounds such as naphthalene, the mass Experiments were conducted on a 150 water film within
transport from the gas phase to an aqueous phase can be gagr temperature range of 27803K. At this film thickness,
phase diffusion limited® The gas-side mass transfer resistance absorption into the bulk phase of the thin film is dominant over
will be lowered as the gas-flow rate (velocity) increases. the surfaceadsorption term. At the lowest temperature uptake
Increasing gas flow rate therefore should increase the overalloccurs on a water film only 5K above the freezing temperature.
mass transfer coefficient. To ascertain the mass transfer regimerigure 5 is a plot of IrKwa* vs 1/T which gives an enthalpy of
in the reactor a set of initial experiments was undertaken for a solvation, AgwH of — 22 + 6 kJ mol ! and an entropy of
relatively thick film (950um). The measured concentration ratio ~ solvation A4S of — 41 + 20 }mol~1-K~1. The correlation
increased with increasing gas flow rate at a temperature of 293 coefficient was 0.882, indicating that over the temperature range
K. We observed that at flow rates larger than 100-min~! the fit is satisfactory.
there was no discernible change in the partition constant. For Photochemical Reactions in the Thin Film Figure 6 shows
the subsequent experiments, the gas flow rate in the reactor was typical HPLC chromatogram of a sample of thin water film
fixed at 100 ml:min~™. (450um) with adsorbed naphthalene exposed to UV irradiation

Effect of Water Film Thickness on Partitioning to the for 16 h. There are several peaks in the chromatogram, eight of
Film. The effect of water film thickness on the overall partition which have been unequivocally identified by matching the UV
constantKwa* was studied by varying the water film thickness spectra and retention times with those of authentic reference
in the reactor from 45 to 950m at a constant temperature of standards. Our analyses demonstrated that the major photo-
293K and a flow rate of 100 mmin~1. The bottom surface of  oxidation products of naphthalene on thin films were several
the glass trough was always fully coated with the water film oxygenated products. We focused on four major products that
and its surface area was determineay(# 317 cn?). Varied were always observed in the aqueous samples, these are peaks
water film thicknesses were obtained by changing the volume 1, 2, 3, and 7 identified respectively as 1,3-indandionet){3
of the water while keeping the surface area of the film constant. isobenzofuranone (phthalide)H2l-benzopyran-2-one (cou-
The partition constant increased only slightly with increasing marin), and 1-naphthol. Quantification of compounds was also
surface area per unit volume ¢1/The variation in surface area  done on the HPLC.
per unit volume was from 10 to 230 crhand the corresponding The mechanisms of photooxidation of PAHs are well
increase in the partition constant was 18.6. In previous work established in the literatufé3” The possible route for the
from our laborator§f we used an inverse gas chromatography formation of these compounds is by the addition of oxygen to
(IGC) technique to obtain very thin water films (0.025 to 0.2 the naphthalene ring by either {2 2] or [2 + 4] photocyclo-
um) and correspondingwa* values varying from 200 to 900  addition mechanis and shown schematically in Figure 7. The
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TABLE 2: Experimental and Literature Values of Partition Constants for Naphthalene at 293 K

parameter data reference
air—water bulk phase partition constatya/[-] 86 + 23 this work
64 extrapolated from NIST handbd8k
72 Alaee et af®
air—water interface partition constart,./um 2141 this work
2742 Raja et aP®

two types of endoperoxides so formed undergo further trans- which easily undergoes hydroxylation and a carbon atom loss
formations. Although most oxidizing reactions produced dimer- leading to 1,3-indandione. Thus, in the UV photodegradation
ized or larger ring products, none was observed in this work. of naphthalene some products are unstable intermediates while
1-Naphthol is a major compound obtained from one of the others are stable products.

endoperoxides, which has been shéWio easily lead to 1,2- As stated in our previous woi€, there is a substantial free
naphthoquinone. The endoperoxide can also lead directly to 1,2-energy minimum {24 kJ/mol) for naphthalene adsorption at
naphthoquinone by elimination of a molecule of. Maphtho- the air/water interface from the gas phase. This is equivalent to

guinone was observed in some of our samples. However, it wasa 16 000 times enrichment at the interface over the gas phase.
quickly subjected to further chemical reactions, and did not It has been reported by Vacha ettathat molecular dynamics
accumulate in sufficient concentration to be detected in our simulations showed that oxygen also has a free energy minimum
analytical system under all conditions. 1,2-Naphthoquinone is of —0.5 kJ/mol for adsorption at 300 K which translates to a
known to lead to the formation of coumarin. Although coumarin 240% enhancement of, @t the interface compared to the gas
is knowr?® to form dimers under certain conditions, no such phase. Thus, it can be hypothesized that the reaction starts by
dimers were detected in our system. TheH2] cycloaddition adsorption of naphthalene and reaction with oxygen at the air
endoperoxide is known to form 1fB-isobenzofuranone (ph-  water interface to form either a §2] or a [2+4] adduct
thalide) upon photolysis by elimination of an acetylene molecule, molecule as shown in Figure 7. The adduct molecule further
which is known to be a stable compound. Thet{24] cyclo- reacts and converts to products that are water-soluble and have
addition product also is knovitto produce 1,4-naphthaquinone  very low volatility (Figure 7). The reactor data can be explained
based on the following “global” mechanism:

4.6

hv hy
N=Pl1=P2
4.4 1 E ke ke
421 f where N is the adsorbed naphthalene, and P1 and P2 are
Yo P8 products of photoreaction. Note that béthandk; in the above

scheme are overall rate constants that include the photochemistry
in the bulk phase and surface reactiéh&or the special case
where the amount of N is constant the overall rate of product
formation is given b{?

4.0

In Kjya

3.8 1

3.6

ke w
Cra(t) kZCNO[l e ] (4)

0.0033 0.0034 0.0035 0.0036 Thus, for this general case, the product concentration
1T 1K exponentially reaches a constant value given Katkg)Cno. If

Figure 5. Effect of temperature on the naphthalene partitioning to the Pl is a stable prOdU_Ct’ further degradation can be neglected. In
thin film. this case, one obtains

Cpa(t) = kyCyot )

Thus for the special case where P1 is a stable product, a linear
increase in product concentration with time will be noted. Fitting
the data to eq 5 will givéy andk; for a specific product.

Figures 8 and 9 show the change in the concentration of
various products and naphthalene in the liquid phase as a
3 J/ function of time for reactions respectively in a thick film (450
/ , um) and a thin film (22um). In each case, the average of five
/ replicate experiments is shown. The concentration of three

products (coumarin, 1,3-indandione and 1-naphthol) reached a
maximum whereas that of phthalide continued to increase. The
rate constants of formation of producks)(and their dissipation
(ko) obtained by fitting data to eq 5 are given in Table 3. The
fit to the nonlinear equation was good in all cases. The rate
Figure 6. Detailed HPLC trace of the aqueous film sample after 16 h conSFant for the formation of the product from naphtha}ldxmg,
exgposure to UV light (full HPLC trace g the inset). Thepcompounds was in all cases larger for the thin film than for the thick film
identified are 1,3-indandionel), phthalide ), coumarin ), 1-ind-  ¢@Se. In other wordsy, was larger when the surface area per
anone 4), 1,4-naphthoquinonéy, 2-naphthol §), 1-naphthol 7), and unit volume of the water film (]IY) increased, indicating
naphthaleneg). contribution from heterogeneous reactions. Moreover, for the

Absorbance at 254 nm

20 25 30 35 40 45 50 55 60
Retention Time [min]
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Figure 8. Photooxidation of naphthalene vapor on a 480 water
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Figure 9. Photooxidation of naphthalene vapor on 22 water film.

bulk reaction, we observed that the rate constants were very We established earlier that surface effects are negligible for
similar to those for the thick film reaction. Increases of 30% bulk (or thick film) reactions, which therefore, give us directly
(coumarin), 192% (phthalide), 31% (indandione), and 80% the value ofkhomo = Kipui. Using eq 7 the value dineteroCan
(1-naphthol) were observed as the surface area per unit volumebe calculated from the overak; obtained for the thin film

increased 568-fold.

The measuredhitial rate of product formation in the flow

reactor is given by

. I'no
Hrpg= khomoCNO + khetercq (6)

wherel'yo (Molkm~2) is the surface concentration of naphtha-
lene, ¢ is the film thickness (m), an@yp is the bulk aqueous

phase concentration of naphthalene (fmoP)-knomoe (Min~) is

the homogeneous (bulk liquid phase) reaction rate constant an
Knetero (MiN™1) is the heterogeneous (surface) reaction rate
constant. Sincd,no = (Kia/Kwa)Cno, we can rewrite the above

equation as

khetero KIA )CNO (7)

+rP0=(khomo+ 5 .K_WA

reaction. The values d.etero(min~1) obtained were 9.% 1073
(coumarin), 1.66< 10-3 (phthalide), 2.3x 1073 (indandione),
and 3.0x 1072 (1-naphthol).

Atmospheric Implications. In films of water that comprise
aerosols and fog, reactions can be expected to occur similar to
those observed in thin water films. The rates of product for-
mation in water films can rival or exceed those observed in
bulk water reactions. In the atmosphere, the loss of naphthalene
via photooxidation in thin water films on particles and dispers-
oids should be weighed against other dominant reaction loss

Jorocesses. The competing reactions include (i) the homogeneous

gas-phase oxidation of naphthalene by photochemically gener-
ated hydroxyl radical and (ii) the heterogeneous oxidation of
adsorbed naphthalene on solid particles by photochemically
generated gas-phase hydroxyl radical. Let us conside? fm

air containing 1 ppmof gas-phase naphthalene and estimate
the reaction lifetime in the atmosphere due to the three processes
considered above.
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TABLE 3: Kinetic Rate Constants for Product Formation in Water Films in the Reactor?

thin film (22 um) reaction thick film (450 um) reaction bulk liquid reaction
(1/0 = 4.54% 10*m™Y) (1/6=22x10°m™) (1/6=80nr?)
compound ky/min~t ko/min~t R? ky/min~t ko/min~t R? ky/min~t ko/min~t R?
coumarin 4.8< 1074 2.7x 1073 0.969 3.3x 104 3.6x 1078 0.945 3.7x 104 4.0x 108 0.982
phthalide 2.8x 10 0.981 1.1x 104 0.976 9.6x 10°° 0.991
1,3-indandione 1.% 10 2.2x 1078 0.956 8.7x 1075 2.2x 1073 0.950 8.4x 1075 2.3x 1073 0.972
1-naphthol 7.4x 10°° 52x 1078 0.927 4.3x 10°° 3.1x 103 0.952 4.1x 10°° 34x 103 0.903

aR? is the correlation coefficient for the data fit to eq 5.

The lifetime due to homogeneous oxidation in air by hydroxyl Force Office of Scientific Research is gratefully acknowledged
radical is given by for the HPLC/UV/MS instrument, purchased through Grant
FA9550-05-1-0253.
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