Environ. Sci. Technol. 2004, 38, 763—768

Adsorption and Transport of
Gas-Phase Naphthalene on
Micron-Size Fog Droplets in Air

SURESH RAJA AND

KALLIAT T. VALSARAJ*

Gordon A. and Mary Cain Department of
Chemical Engineering, Louisiana State University,
Baton Rouge, Louisiana 70803

Aromatic hydrocarbon vapors adsorb to the air/water
interface and are transported by wet deposition processes
via fog, mist, and rain. A falling droplet apparatus was
used to study the adsorption and uptake of naphthalene
vapor on water droplets with diameters ranging from 14 to
200 um. Uptake of naphthalene vapor greater than that
predicted by bulk (air—water) phase equilibrium was noted
for diameters less than 50 um and was attributed to
surface adsorption. The experimental values of the droplet—
vapor partition constants were used to obtain the mass
accommodation coefficient for naphthalene at the interface.
The effect of temperature on the mass accommodation
coefficientwas measured. The effects of a synthetic surfactant
and a natural organic carbon surrogate (Suwanee Fulvic
acid) on the uptake of naphthalene vapors on water droplets
were also examined. Small droplet diameter, decreased
temperature, and the presence of dissolved surface-active
material in water enhanced the uptake of naphthalene
into fog droplets.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are arguably
released to the environment by anthropogenic activities such
as combustion of fossil fuels, biomass burning, and even
organism biosynthesis. PAHs are also said to be the most
abundant class of carbon-bearing compounds in the universe
(). Many types of PAHs exist in the environment, but usually
those with 3—6 aromatic benzene rings, some with alkyl
substituents, are most common. These are hydrophobic and
tend to accumulate in organic-rich environments such as
soils, sediments, biota, and aerosols. Several of the PAHs are
suspected carcinogens or mutagens; hence, their behaviors
in the atmosphere with respect to deposition and reactions
have been the focus of much study. They are ubiquitous
contaminants in the atmosphere and have been transported
to high-altitude lake sediments, deep-sea sediments, arctic
ice, and snow (2—5). Although in the United States atmo-
spheric concentrations of PAHs were found to decrease in
the 1960s onward, there is evidence of an increasing trend
in recent times (6). Previous work showed that in the metro
Baton Rouge area a variety of PAHs exist in the ambient
atmosphere (7).

There is much information in the literature on the
equilibrium partitioning of compounds between the bulk
water and air phases (8). The partitioning to the solids in
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FIGURE 1. (A)Equilibrium between the bulk phases and the interface;
(B) dynamics of uptake into droplets.

aerosols has also been well studied (9). A number of earlier
papers have discussed the methodology of determining air—
water partition constants and their importance in reaction
and transport in environmental systems (10—12). Recently,
data have been forthcoming on the adsorption and parti-
tioning to the air—water interface (13—18). Water is present
inthe atmosphere as droplets (rain, fog, mist) and the surface
area to bulk volume for these entities can be quite large. As
aresult the interfacial effects may become significant for the
transportand reactions of PAHs. Two recent papers described
the adsorption of PAHs on the air—water interface (19, 20).
Previous work on the transport of PAH molecules by air
bubbles in the solvent sublation technique for wastewater
treatment also showed that adsorptive transport was a
significant pathway for hydrophobic molecules (20).

The equilibrium distribution of a PAH vapor between the
air—water interface and the bulk phases (air, water) is handled
via the Gibbs surface excess model as shown in Figure 1A,
where equilibrium between air (= A), the interface (= 1), and
bulk water (= W) are shown (22). The Gibbs surface excess
identifies the equilibrium concentration at the surface as
given by the changes in surface pressure with bulk air phase
concentration. The surface nucleation model gives the
dynamics of uptake at the interface where it is assumed that
the interface is dynamic, and aggregates (i.e., a solute
molecule complexed with solvent molecules) are continu-
ously formed and dissipated (23). The surface nucleation
model proposes two entities: n/?, the solute with a partial
solvation layer, and a critical cluster, n/¢, that is absorbed
into the bulk water. The surface concentration participating
in the kinetics of uptake is n, = nP + n,°. The uptake kinetics
is hypothesized in Figure 1B, where the adsorption involves
thermal accommodation at the surface followed by dissolu-
tion into the droplet.

Adopting the Gibbs surface excess model, one can obtain
the following standard free energy equation for equilibrium
transfer between the interface and the bulk gas phase (19)

K
A% =—RT |n(¥) (1)
(o]

where Kja (m) is the partition constant to the air—water
interface from the bulk air given by the ratio of the surface
phase to bulk air phase concentration (= I[1/P, =I'/C,), and
the standard state surface thickness 0, is 6 x 1071 m.
Estimates of Kjx are made either through surface pressure
(A) measurements as a function of bulk gas-phase partial
pressure (P,) or using inverse gas chromatography (IGC).
The surface pressure measurements are limited to com-
pounds with large vapor pressures. PAHs are only moderately
volatile and have very low vapor pressures. Hence, the inverse
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TABLE 1. Physicochemical Properties of Naphthalene at 298 K (19, 43)

molecular weight
molecular structure

aqueous solubility
vapor pressure of sub-cooled liquid

air—water interfacial adsorption partition constant, Kia
air—water bulk phase partition (Henry’s law) constant, Kwa

128

0.241 mol-m~3
0.037 kPa
272+ 1.8 um
53 + 4[]
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He- helium gas; Ar — Argon gas; SVG

saturated vapor generator; MFC

To GC column

mass flow

Controller; WDG — water droplet generator: PT — pressure and temperature gauge; GT-gas trap;
GWVW — glass viewing window: SP- sparger inlet; HRB — heated reactor body: SPV — six port valve;
LCC - liquid collection chamber; SL — sample loop; CG — carrier gas for GC, V- 3-way valve

FIGURE 2. Schematic of the falling droplet apparatus used to measure the uptake and mass transfer to water droplets.

gas chromatography technique was used to obtain the
thermodynamic parameters for aromatic hydrocarbons and
the effects of temperature on the partitioning to the air—
water interface (19). The air/water interfacial adsorption
constant for naphthalene and the partition constant between
the bulk phases (Henry’s constant, Kwa) are given in Table
1. As temperature increased K decreased, indicating that
the adsorption to the air—water interface became less
favorable at higher temperature. In this paper the dynamics
of PAH vapor uptake into water droplets is discussed.
Conventionally the uptake into droplets is calculated from
the equilibrium between the bulk air and water phases.
However, fogwater concentration of pesticides and organic
vapors beyond that predicted by bulk phase equilibrium in
the atmosphere is well documented (24, 25). The same
phenomenon has also been observed in mist scrubbing
technology for air pollution control (27). In an earlier work,
a hypothesis was presented that adsorption to the air—water
interface may explain the large concentrations of organic
compounds in fog and mist droplets (26). In this work, the
above hypothesis is tested. It is believed that the effects of
increased partitioning to the air—water interface will become
evident for those environmental systems with large surface
area compared to bulk liquid volume (e.g., fog and mist which
have droplet diameters of the order of 1 to 100 um). To
estimate the uptake of PAH vapors into water droplets in air
we need both the equilibrium adsorption coefficient K, and
the mass transfer rate coefficient, K for transport into the
droplets. The mass transfer rate coefficient contains infor-
mation on the mass accommodation coefficient, o, which
gives the fraction of collisions of the gas-phase species with
the surface that results in incorporation into the droplet (28—
30). Although values of a have been measured for a variety
of organic compounds including some aromatic compounds
(33), data are nonexistent for the mass accommodation
coefficients of PAH vapors. Hence, the uptake of semi-volatile
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PAHSs by water droplets was studied using a falling droplet
apparatus that was modified from the one used for highly
volatile gaseous species (32). The variation of o with
temperature was also ascertained. Finally, we explored the
effects of dissolved surface-active materials upon uptake that
would simulate the presence of surface-active organic carbon
in fog and mist.

Experimental Section

The compound considered in this work is a PAH, viz.,
naphthalene. The relevant physicochemical properties of the
compound are given in Table 1. Naphthalene has a low vapor
pressure (0.01 kPa), and is hydrophobic. Naphthalene was
the volatile PAH most detected in the metro Baton Rouge
atmosphere (10) and hence was chosen for this work.

Droplet uptake experiments were conducted using a
falling droplet apparatus modeled after that of Jayne et al.
(32) (Figure 2). Acontinuous, saturated stream of naphthalene
vapor in heliumwas fed to the reactor along with a continuous
stream of water droplets.

The vapor generator was made of two tubular stainless
steel columns (SS 316, 0.762 m long, 0.013 m 0.d.) connected
serially and each packed with 15 g of Chromosorb P (60/80
mesh nonacid washed, obtained from Supelco Inc., Belle-
fonte, PA). The Chromosorb P was mixed with a hexane
solution containing pure naphthalene (99.9%, Fisher Sci-
entific Co., St. Louis, MO). Excess hexane was evaporated,
thereby obtaining naphthalene-coated Chromosorb P. The
average loading obtained this way was about 0.02 g of
naphthalene per gram of support. The coated packing was
supported with glass wool on both ends. To obtain repro-
ducible carrier gas flow rates in the chamber a mass flow
controller (Sierra instruments Inc., 8100 series) was used to
set the helium flow rate to the saturation chamber at 55 x
1076 m3/min.



The droplet generation assembly was made of high-
density polyethylene (HDPE) with a reservoir volume of
1.16 x 10™* méd. The droplets were generated using a
commercially available sapphire orifice assembly (O’Keefe
Controls Co., Trumbull, CT) with the desired orifice diameter
(30—100 um). A piezo-ceramic crystal (American Piezocer-
amics Inc., Mackeyville, PA) placed above the orifice was
mechanically vibrated to generate droplets of a given size
that depended on the frequency of voltage modulation (31).
Distilled, deionized water was fed to the droplet generator
using a model LGP pump (Graylor Dyneco Co., Cape Coral,
FL). The droplets passed through a long cylindrical stainless
steel reactor (0.0245 mi.d., 0.32 m long) and exited the bottom
into a collection chamber. The droplet stream was photo-
graphed using a Tiffen 62-mm standard hot mirror lens
connected to a desktop computer by a 30-frame-per-second
interface frame grabber. The pictures were analyzed using
OPTIMAS 6.2 version software. The naphthalene vapor was
fed to the entrance of the reactor at the top through a porous-
frit sparger placed within the reactor in the form of a
perforated ring, which assured a uniform distribution of the
gas stream across the cross-section of the reactor. The gas
stream had naphthalene concentrations that ranged from
0.7 to 1.5 ppmv.

The uptake experiment was conducted with a constant
vapor concentration of naphthalene fed to the reactor
throughout the experiment, whereas the exiting liquid stream
composition was determined by the residence time and mass
transfer within the reactor. The liquid from the collection
chamber was analyzed using liquid chromatography. The
exiting gas stream at the bottom of the reactor was analyzed
on-line by directing it to a gas chromatograph through a
six-port sample valve. The entire reactor and the flow lines
were heat traced using heating coils to maintain a constant
temperature within the reactor using temperature controllers
(Series 6100 from Omega Engineering Inc., Stamford, CT)
and Omega model DT462 temperature indicators. The reactor
pressure was maintained at <10 Torr. The reactor had two
vertical glass side ports that could be used to photograph the
bubbles and determine their sizes, when desired.

A Hewlett-Packard 5890 GC with a flame ionization
detector was used to analyze the gas stream. A stainless steel
column (0.023 m long x 0.0063 m i.d.) packed with Chro-
mosorb P was used for chromatographic separation. The
carrier gas flow rate was 70 mL/min and column head
pressure was 200 kPa (29 psi). Vapor-phase samples were
injected into the GC by a manually actuated 6-port injection
valve (Valco Instrument Co., Inc., Houston, TX). The injection
volume for all vapor phase samples was 1 mL through a
sample loop. The column temperature was 250 °C. The liquid
samples were analyzed using a Hewlett-Packard (Series 1100)
liquid chromatograph with a diode array detector, with an
Envirosep—PP HPLC column (1.25 cm long x 0.0046 mi.d.,
Phenomenex, Torrance, CA).

Results and Discussion

Mass Transfer of PAH Vapor to Water Droplets in Air. For
agivendroplet diameter the ratio of the molar concentration
of naphthalene in the water droplet [C4] leaving the reactor
to the molar concentration in the vapor phase [C,] exiting
the reactor at the bottom was obtained. This ratio is called
the droplet—vapor partition constant, Kpy. The rate of mass
transfer to the droplet is controlled by the concentration
driving force between the gas stream and the droplet (35).

dcy 6 Cyq
ar - Keg|Cv ~ 6 2

(KWA + aKIA)
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90 - — Model fit to data [R,, = f(d)]

— — Model fit to data [ R, = 1]
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FIGURE 3. (A) Drople—vapor partition constants (measured and

fitted) versus droplet sizes for naphthalene uptake. Gas/droplet
contact time = 52 ms.

Integrating the above equation with constant C, we obtain
the following equation:

c
Koy = C—“ = RHKWA[l - exp(—KCR# 91)] 3)
" HKWA d

where Ry = 1 +(6/d)(Kia/Kwa) represents the deviation from
conventional Henry’s law partitioning between the bulk air
and water phases. Note that Kwa (dimensionless molar
concentration ratio) represents the vapor partitioning to the
bulk water phase, whereas (6/d)K;a represents the vapor
partitioning to the air—water interface. K. (m/s) is the mass
transfer coefficient from the vapor phase to the droplet. Note
that d (m) is the droplet diameter. J (s) represents the gas/
liquid contact time in the reactor and is given by u/L, where
L (m) is the gas/liquid contact length in the reactor and u
(m/s) isthe droplet stream velocity in the reactor. The overall
mass transfer coefficient, K. (m/s) for the organic compound
from vapor to the droplet in the reactor is given by the
following equation (28):

1 d1 41 1 T

K. (2 DG) + (E (x) + (RHKWA 4DL) “)
where the three resistances, viz., gas-phase diffusion, mass
accommodation at the surface, and liquid phase solubility,
respectively, are represented by the three terms on the right-
hand side. Note that because of limited mixing within the
droplet in the reactor setting one has to consider all three
resistances to be important under the laboratory experimental

conditions. In the atmospheric chemistry literature K. is also
given in terms of an overall uptake coefficient, y, so that

C
KCZVZ

In the above equation, C is the average thermal speed of the
molecule in the gas phase (222 m/s for naphthalene) and a
is the mass accommodation coefficient that determines the
probability that a molecule striking the surface will be
transferred to the droplet (28). D (= 5.7 x 10™* m?/s) and
DL (=7 x 1071 m?/s) are, respectively, the gas-phase and the
liquid-phase diffusion constants of naphthalene. Note that
as per eq 3, the ratio Kpy is afunction of the droplet diameter,
d, through Ry and the gas/liquid contact time. The droplet
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diameters in the single droplet apparatus were obtained
experimentally as described earlier and were in agreement
with the relationship d = 1.89drifice @5 Noted by Shi et al. (33).
The measured average gas/liquid contact time, 7, was 52 ms
in the reactor.

Figure 3 (open circles) displays the ratio Kpy determined
experimentally as a function of droplet diameter for the given
reactor length of 0.32 m. Equations 3 and 4 can be combined
to fit experimental values of Kpy as a function of d with o as
the only fit parameter in eq 3. This is shown in Figure 3 (solid
line). It was observed that the value of K. in the lower range
(10—200 um) was only a weak function of droplet diameter,
and the average value of K. was (4.7 & 0.6) x 10° m/s. The
corresponding value of o. was determined to be (2.2 & 0.6)
x 10~*for naphthalene at the temperature of our experiments
(296 K).

The value of a for naphthalene is less than that for other
more soluble organic compounds (33, 34). Estimated value
of a for pyrene and anthracene on planar water surfaces by
Mmeriki et al. (17) is 1 x 107° based on laser-induced-
fluorescence measurements, and when converted to K. gives
5 x 1074 m/s which is an order of magnitude smaller than
that for naphthalene measured in the present work. The
measurements by Mmereki et al. (17) were done in such a
manner that the corresponding mass accommodation coef-
ficient o for either pyrene or anthracene could not be
extracted from their experiments.
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The term

1 6
o) = 1~ exp{ ~ Ko &}
in eq 3 is the approach to equilibrium uptake for a droplet
in the reactor. For small droplet diameters, ¢(7) approaches
1. Hence, RuKwa determines the value of Kpy(z) for small
diameter droplets. Under these circumstances, RyKwa in-
creases linearly with decreasing droplet diameter since

Ry=1+ 6 K
d Kya

This is shown in Figure 3 (solid line) where Kpy exceeds Kwa
at diameters less than 50 um. However, when adsorption to
the droplet surface is neglected (Ry = 1), Figure 3 (broken
line) shows that Kpy approaches a constant equilibrium value
at small droplet diameters given by Kwa. This observation
corroborates our starting hypothesis that estimates of droplet
uptake will be underestimated without surface adsorption
consideration for small-diameter droplets. It should be noted
that the fitted values of Kpy for d < 50 um were slightly smaller
than experimentally observed values, whereas those for d >
50 um were slightly larger than experimental values. There
is the possibility of heterogeneous nucleation of naphthalene
due to evaporation of water. Smolik and Schwarz (39) reported
that the evaporation of large stationary water drops (1—2-
mm diameter) in a mixture of steam and naphthalene vapor
resulted in heterogeneous condensation of naphthalene
vapor as a supercooled liquid even at temperatures below
the melting point of naphthalene. However, in the present
experiments water evaporation was not observed and hence
this mechanism was discounted.

The value of a is a function of temperature. Using the
nucleation model for uptake into droplets it has been shown
that the following relationship describes the temperature
dependence of o for the transition state between the gas and
the solvated cluster (23)

In( a ) __ AobsHo 1 AobsSO (5)
1—q R T R

Therefore, a plot of In(o/1 — o) versus 1/T will give the
standard enthalpy as the slope and entropy as the intercept
(Figure 4). The resulting values are shown in Table 2. It is
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FIGURE 5. Effects of (A) dissolved SDS and (B) dissolved SFA on the droplet—vapor partition constant for naphthalene on a 95-gm water

droplet. Lines are merely linear fits to the data.
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TABLE 2. Enthalp¥ and Entropy Associated with Mass
Accommodation for Naphthalene

—123 kJ-mol~*
—482 J-K tmol*

enthalpy of mass accommodation, AgpsH°
entropy of mass accommodation, AgpsS°

interesting to compare the enthalpy of mass accommodation,
which is negative (exothermic) with the excess enthalpy of
solution reported to be +2.3 kJ'mol™! (19). The excess
enthalpy of solution is a measure of the interaction between
the solute and water, and positive values indicate low
solubility. This indicates that considerably less energy is
required to form the cluster at the surface than it is to
completely solvate a hydrophobic PAH molecule in water.
The entropy associated with mass accommodation is also
largely negative just as the entropy of dissolution, indicating
the unfavorable nature of the local structuring of water
molecules induced by the solute in both clustering and
complete solvation. Similar arguments and observations have
also been put forward for the mass accommodation of other
aromatic compound types such as phenol and substituted
phenols (33).

In addition to the effect of temperature on ¢, it also affects
the value of Kja. As was noted earlier decreased temperature
increased the value of Ko for compounds that have an
exothermic value of the enthalpy of adsorption. For example,
the Kja value for naphthalene at a subambient temperature
of 10 °C is 113 um as compared to 27 um at 25 °C. Therefore,
atthe low temperature Kpy will increase and therefore a higher
concentration in the droplet will result.

The situation in the natural atmosphere is complicated
by the fact that fog contains a significant fraction of organic
matter (OM), some of which is surface active (39, 40). This
increases the dissolved concentration of PAHs that associate
with OM and adds to the overall load of PAHs in fog. In an
attempt to understand the effects of dissolved surface-active
material in the droplet on naphthalene vapor uptake, we
conducted a few experiments using a typical anionic sur-
factant (sodium dodecyl sulfate, SDS) and a dissolved organic
carbon (Suwanee Fulvic Acid, SFA) in water. SFA has been
shown to be a good reference compound for humic-like
materials in clouds, fogwaters, and water—aerosol extracts
(42). Figure 5 shows our data on Kpy for naphthalene on a
95-um droplet at 296 K in the falling droplet apparatus. It is
clear that Kpy increases linearly with increasing SDS and SFA
(total organic carbon) concentrations investigated. SDS
adsorbs on the surface of the droplet with its hydrocarbon
tail exposed to air. Increasing SDS surface coverage makes
the droplet surface more hydrophobic thereby promoting
adsorption and uptake of naphthalene vapor. Recent works
by others (17, 41) have shown that on a planar organic-coated
water surface the adsorption of pyrene and anthracene is
enhanced 2 to 3 times that on a pure water surface. This
provides further proof that organic surface-active films on
fog droplets may modify the uptake of hydrophobic organic
vapors.

The overall conclusion is that for micron-size fog droplets
the increased organic matter and increased air/water in-
terfacial adsorption at subambient temperatures would lead
to asignificant fog depositional flux of aromatic hydrocarbon
vapors from the lower atmosphere (38). Further field
measurements of PAHs in size fractionated fog droplets are
necessary to confirm these predictions.
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