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The uptake of 2-nitrophenol, 2-methylphenol, 3-methylphenol, and 4-methylphenol on aqueous surfaces was
investigated between 278 and 303 K, using the wetted-wall flow tube technique coupled with UV absorption
spectroscopic detection. The uptake coefficientsγ were found to be independent of the aqueous phase com-
position and of the gas-liquid contact times. In addition, the uptake coefficients and the derived mass accom-
modation coefficientsR show a negative temperature dependence in the temperature range studied. The mass
accommodation coefficients decrease from 5.2× 10-3 to 8.3× 10-4, from 5.0× 10-3 to 3.1× 10-4, from
6.7 × 10-3 to 7.3× 10-4, and from 1.2× 10-2 to 5.9× 10-4 for 2-nitrophenol, 2-methylphenol, 3-methyl-
phenol, and 4-methylphenol, respectively. These results are used to discuss the incorporation of these species
into the liquid using the nucleation theory. These data combined with the Henry’s law constants were used
to estimate the partitioning of the phenolic compounds between gaseous and aqueous phases and the
corresponding atmospheric lifetimes under clear sky (τgas) and cloudy conditions (τmultiphase) have then been
derived.

I. Introduction

Phenols and nitrophenols are known to be hazardous to
health1 and are among the most important classes of toxic
anthropogenic organic compounds in the atmosphere.2 Phenolic
compounds occur naturally in various plants, in crude oil, and
coal tar. Low levels of concentration are present in automobile
exhaust, stack emissions from municipal waste incinerators, and
emissions from the incineration of vegetable matter. Methylphe-
nols (cresols) have a wide variety of uses as solvents or
disinfectants or as intermediates in the production of numerous
other substances. These compounds are most commonly used
in the production of fragrances, antioxidants, dyes, pesticides,
and resins. 2-Methylphenol (ortho-cresol) and 4-methylphenol
(para-cresol) are used in the production of lubricating oils, motor
fuels, and rubber polymers, whereas 3-methylphenol (meta-
cresol) is used in the manufacture of explosives. 2-Nitrophenol
is used mainly to make dyes, paint coloring, rubber chemicals,
and substances that kill molds.

In the atmosphere, nitrophenols and methylphenols are orig-
inated by the gas phase reaction of benzene and toluene with the
OH radical in the presence of NOX or the nitrate radical.3-10

Phenolic compounds have been identified and quantified in
atmospheric air in the ng m-3 range and in different condensed
phases in the atmosphere (rain, snow, fog) from the level ofµg
L-1 for alkyl phenols up to the range of mg L-1 for nitrated
phenols.1,11-23

To better predict the fate, the transport, and the removal of
these pollutants in the troposphere, the uptake kinetics of gas
phase phenolic compounds by aqueous surfaces has to be inves-
tigated. Heterogeneous processes begin with precursor gas mole-
cules colliding with the surface of liquid droplets in clouds, fog,
and dew then crossing into the bulk. A key parameter that deter-

mines the transfer rate of trace gas into atmospheric droplets is
the mass accommodation coefficient,R, which is the prob-
ability that a molecule striking a liquid surface enters the liquid
phase. It determines the maximum flux of gas into a liquid.
However, the mass accommodation coefficient does not describe
the overall uptake kinetics because it does not take into account
limitations introduced by diffusion processes (in both phases),
by saturation phenomena of the interface or by chemical
transformation in the liquid phase. To take such limitations into
account, the overall uptakeγ can be defined and considered as
a sequence of resistances of the individual processes:24

whereγdiff , γsat, andγrxn correspond to the uptake coefficient
according to gas phase diffusion, saturation and reactivity
limitations, respectively. If experimental parameters are chosen
so that one of these terms becomes rate limiting for the uptake,
γ can be approximated by relatively simple analytic expressions
for a cylindrical flow tube geometry:

whereDg andDa are the gaseous and aqueous phase diffusion
coefficients,ω is the mean molecular velocity of the trace gas,
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r is the radius of the flow tube,H is Henry’s law constant,R is
the perfect gas constant,t is the gas/liquid contact time, and
krxn is the pseudo first-order rate constant for a reaction in the
liquid phase.

The reaction between aqueous solution of alkaline hydroxide
(XOH) with a dissolved phenolic compound (PhOH)

has been routinely used in the laboratory to determine the
concentration of the phenolic compounds in the gas phase.28

The use of this liquid phase scavenger of phenols enabled a
direct estimation of the mass accommodation coefficient ensur-
ing that the total liquid phase resistance is negligible in
comparison to the interfacial resistance due to gas phase
diffusion and mass accommodation for the gas/liquid contact
time scale used under our experimental conditions (see section
III for detailed discussion). Equation 1 then is simplified to

and the uptake coefficient reflects the mass accommodation
coefficient adjusted for the rate of gas transported to the surface.

This paper is devoted to the uptake kinetics of a series of
four phenolic compounds onto aqueous surfaces over a tem-
perature range of tropospheric interest. The experiments were
performed using the wetted-wall flow tube technique coupled
to a wavelength-resolved UV spectrometer. The values of mass
accommodation coefficients obtained in this study are critically
compared with the previously reported values for 2-nitrophenol
and 3-methylphenol by Mu¨ller and Heal.29 To the best of our
knowledge, it is the first time that the mass accommodation
coefficients have been determined for the 2-methylphenol and
4-methylphenol. Reactivity trends and implications in tropo-
spheric multiphase chemistry are also discussed.

This article is organized as follows. Section I (current)
presents an introduction. Experimental methods are reported in
section II, and the results are presented and discussed in section
III.

II. Experimental Methods

Uptake coefficients were measured using a wetted-wall flow
tube combined with a UV spectrometer. A similar technique
has been used to study the transport of gases into liquid for
many years.25,27,29-37 The flow tube (Figure 1) consists of a
vertically mounted Pyrex glass tube (90 cm long, and with an
internal diameter of 1.4 cm) with a thermostated jacket to control
the temperature of the aqueous film flowing slowly down the
inner walls of the reactor. From a pressurized storage tank, the
aqueous solutions are transported into a reservoir at the top of
the flow tube where the upper 7 cm section is separated from
the reaction zone by a glass cone internally recovered by a
Teflon joint sleeve. To obtain a uniformly covered glass surface
for each experiment, cleaning of the tube with a mixture of
deionized water, and potassium hydroxide followed by thorough
rinsing with deionized water was necessary. The aqueous
solutions were collected at the bottom of the flow tube into a 6
L flask, which was refrigerated to a temperature below the one
used in uptake experiments to prevent back-streaming of the
water vapor up to the flow tube. Different contact times between
trace gas and liquid surface were attained by changing injector
position.

Over the temperature range of tropospheric interest, phenolic
compounds are in their condensed physical state. Nonhumidified
carrier gas passed through a thermostated trap filled with the
phenolic compound providing a continuous and constant
concentration during the time of experiment.

The flow rates of the liquid film were in the range (0.3-0.5)
cm3 s-1. The thickness and the flow velocity of the liquid film
were estimated using the equations reported by Danckwerts.27

At 293 K, for a typical flow rate of 0.4 cm3 s-1, the film was
about 140µm thick and its maximum velocity,υmax, at the
surface, was estimated to be about 10 cm s-1. Uncertainties in
the calculation of the water thickness have been estimated to
be about 10%. The Reynolds number of the liquid film was
calculated as described by Utter et al.30 to be about 10.
Therefore, the film was expected to be in laminar flow under
our experimental conditions (Re < 250-400). Ripples in the
film’s surface were apparent for higher liquid flow rates (>1.0
cm3 s-1) leading to enhanced mass transport into the liquid.25,30

Visual inspection confirmed the absence of rippling in our
experiments.

Regulated flow rates of trace gases were introduced in the
reactor via a movable injector of 6 mm outer diameter. The
main flow of He was passed through a thermostated water
bubbler to avoid evaporative cooling or drying of the liquid
film and introduced at the top of the reactor. No water was added
to the He flux transporting the trace gases through the injector
and the ratio of He (injector)/He (main) was kept as low as

PhOH+ (X+, OH-) f (PhO-, X+) + H2O (5)

1
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Figure 1. Schematic diagram of the wetted-wall flow tube.
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possible in all experiments, with a maximum of 15% of
nonhumidified carrier gas entering through the injector. Hanson
et al.25 showed that the He carrier gas entering the top of the
flow tube was uniformly saturated with water vapor within
approximately 10 cm. The upper 15 cm of the aqueous film
was not used for uptake measurements to allow thorough mixing
and equilibration of water vapor and main pre-humidified He
flow. Under these conditions, the total gas flow velocity can
be estimated by the following equation:25

whereF is the sum of the measured flow rates for all dry gases
(cm3 s-1), T andr are respectively the temperature (K) and the
radius (cm) of the flow tube,P is the total pressure in the flow
tube (Torr), andpH2O is the vapor pressure of water (Torr) atT.
The partial pressure of the water vapor was determined from
the humidity measurements and the partial pressure of the
phenolic compounds were considered negligible. The Reynolds
number for a mixture of helium and water was calculated
according to Utter et al.30 Depending on gas flow velocity, it
varied from 5 to 20, so that a laminar gas flow can be assumed.
Uncertainties in the calculation of the gas flow velocity have
been estimated to be about 5%.

The gases left the flow tube through a sidearm below the
wetted-wall flow tube and into a 100 cm length absorption cell.
Changes in the trace gases concentration were measured by
wavelength-resolved UV spectroscopy at the wavelength of
maximum absorption cross section typically in the region of
270-280 nm. The output of a deuterium lamp (Hamamatsu
L7295) was collimated through an absorption cell (100 cm long
Pyrex cell equipped with quartz windows) and focused into the
entrance slit of af/3.5 aperture monochromator equipped with
a 1200 groove/mm grating (Jobin Yvon H10), which dispersed
the light onto a photomultiplier detector (Hamamatsu R212).
The monochromator is provided with a computer controlled
wavelength stepping motor drive and a computerized data
acquisition system consisting of analogue to digital circuitry.
The initial concentrations of the phenolic compounds used in
this work were in the range (2-7) × 1014 cm-3 corresponding
to a level of concentration of 60-110 mg m-3. Typical
experimental conditions are reported in Table 1.

Chemicals.Pure 2-nitrophenol (C6H5NO3, GC grade,g98%),
2-methylphenol (C7H8O, GC grade,g99.5%), 3-methylphenol
(C7H8O, GC grade,g99%), and 4-methylphenol (C7H8O, GC
grade,g98%) were obtained from Fluka Chemical Company
and used without further purification. Helium (BTG-GTB,
>99.996%) was purified by circulating through molecular sieves
with indicator. Solutions of KOH (Riedel de Hae¨n, >85%) used
as the scavenger of phenolic compounds varied in concentrations
from 10-6 to 1 M. The solutions were prepared using deionized
water (resistivity 18 MΩ cm) and reagent-grade pellets.

Measurement Procedure.The trace gas loss rate in the flow
tube was measured as a function of the position of the movable
injector, i.e., as a function of gas/liquid contact timet. The length
l of interaction zone could be varied up to 55 cm. The measured

rate constantkw was always first-order with respect to the gas
phase concentration of the phenolic compound (PhOH):

where [PhOH]Z1,2 are the PhOH concentrations at injector
positionsz1 andz2 and∆z represents the distance between the
two positions. The ratio∆z/c defines the gas residence time
more often named gas/liquid contact time.

In our operating conditions, the plug flow approximation has
been assumed taking into account the fact that the relative
velocity of gas flow and liquid film leads to estimated
uncertainties of 10-20% inkw and then inγ values. By taking
into account the geometric liquid surface exposed to the gas
phase and the volume of the flow tube, one can extract, from
eq 8 after time integration, an expression for the uptake
coefficientγ:38

As an example, Figure 2 shows the variation of the ln
([2-nitrophenol]/[2-nitrophenol]0) as a function of the contact
time t corresponding to the uptake kinetics of 2-nitrophenol onto
aqueous films of [KOH]) 0.01 M at different temperatures.
The slopes yieldkw and thus defineγ according to eq 9 for
each experiment. The mass accommodation coefficients corre-
sponding to each rate constantkw are obtained by the use of eq
6. Depending on the temperature and on the phenolic compound,
the mass accommodation coefficients reported in this paper
correspond to the average of a series of 7 to 16 replicates during
which the rate constantskw were obtained by moving the injector
from 4 to 8 different positions. Estimated uncertainties cor-
respond to the 95% confidence limit intervals using the student’s
t-distribution.39

At a total gas flow velocityc of 40 cm s-1 and at high uptake
rates, the correction due to radial diffusion estimated using eq
2 can be significant on the uptake values (from 5% to a factor

TABLE 1: Typical Experimental Conditions for the Uptake Kinetics of Phenolic Compounds by Water Surfaces

compound T (K) pH pHe (Torr) pH2O (Torr) Dg (cm2/s)

2-nitrophenol 283-298 8.1-13.7 142-156 4-14 1.08-1.22
2-methylphenol 278-298 11.9-14.0 125-150 3.5-18.5 1.10-1.27
3-methylphenol 283-298 11.9-14.0 140-172 3.5-18.5 0.99-1.19
4-methylphenol 283-303 11.5-13.9 154-170 4-25 0.97-1.11

c ) 760FT

273πr2(P - pH2O
)

(7)

Figure 2. Evolution of ln([2-nitrophenol]/[2-nitrophenol]0) as a function
of the contact timet at different temperatures corresponding to the
uptake kinetics of 2-nitrophenol onto aqueous films of [KOH]) 0.01M.

[PhOH]z2 ) [PhOH]z1 exp(-kw
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of 2). Equation 2 has been used to correct the measured uptake
from the effect of the gas phase diffusion. The geometry-
dependent factor of 3.66 in eq 2 is valid when axial diffusion
can be neglected; i.e., if the flow velocity is much greater than
the axial diffusion velocity. This condition is true when the
Peclet number40 (2rc/Dg) is greater than 10. Peclet numbers
between 40 and 80 were typical of the experimental conditions
used in our work.

The value of the overall gas phase diffusion coefficientDg

(in cm2 s-1) was calculated for each experiment from the
following equation:

wherepH2O andpHe are the partial pressures of water and helium
in each gaseous mixture experimentally investigated,Dg(X/H2O)
and Dg(X/He) the diffusion coefficients for the binary gas-
systems (X/H2O and X/He), respectively. As the binary diffusion
coefficients for all species X studied here were not experimen-
tally known, they should be calculated from theoretical meth-
ods41 or methods using empirical correlations.42,43 Table 1S of
the Supporting Information gathers all molecular parameters
necessary for these calculations. Due to the good agreement
obtained between the calculated and experimental values of
diffusion coefficients for a great number of binary gas systems,
the methods proposed by Fuller et al.43 have been largely used
in the literature even for gas systems including polar compo-
nents.29,44,45Table 2 gives the values of the pressure-independent
binary diffusion coefficientsDg(X/H2O) andDg(X/He) obtained
for all species studied here from Fuller’s methods. However,
as shown in Table 1S, all phenolic species of interest are
characterized by a dipole moment, suggesting a better choice
in the use of methods taking into account the dipole-dipole
interactions. To evaluate the effects of dipole-dipole interac-
tions on the estimates of diffusion coefficients under our
experimental conditions, we have applied to the most polar
species investigated in this work (2-nitrophenol,µ ) 6.35 D46)
a method suggested by Brokaw47 and presented by Reid et al.41

for binary mixtures containing polar components. The calculated
values of the binary pressure-independent gas diffusion coef-
ficients are reported in the Tables 2S of the Supporting
Information. For 2-nitrophenol at 298 K,Dg(X/H2O) and
Dg(X/He) are respectively about-40% and+7% different from
the values given by the Fuller treatment. The mass accommoda-
tion coefficients calculated for all compounds using this
treatment are reported in the Table 3S of the Supporting
Information. When applied to our experimental conditions in
the case of the 2-nitrophenol, the values of the mass accom-
modation coefficients using the Brokaw method47 for the
estimation of the diffusion coefficients were different only by
5% to 20% compared to the values obtained by the application
of the Fuller et al. method,43 which does not consider the
dipole-dipole interactions. In the case of the cresol isomers

that exhibit dipole moments (about 1.5 D) much less than
2-nitrophenol, and at the two lower studied temperatures (278
and 283 K), the use of the Brokaw method47 leads systematically
to decrease the mass accommodation coefficients by a factor
of about 1.4 to 2.6. At these temperatures, polar interactions of
phenolic compounds with water are expected to be less
important. The differences observed in the calculated values of
the mass accommodation are due to the interactions of phenolic
compounds with helium under our operating conditions. For
binary systems including only few polar components (alcohols)
and aromatic species (benzene, bromobenzene), the Fuller et
al. procedure yielded the smallest average error of 5.4%.43

However, even if the values of the mass accommodation
coefficients obtained using Fuller’s method are in relatively good
agreement with the ones calculated using the Brokaw method,
this does not imply that Fuller’s method including polar
components is not entirely correct. For only comparison
purposes with previously reported paper for phenolic com-
pounds,29 we have chosen Fuller’s method for estimation of
binary gas diffusion coefficients.

III. Results and Discussion

III.1. Determination of the Rate-Limiting Step for the
Uptake. As shown in eq 1, the overall uptakeγ can be
considered as a sequence of resistances of the individual
processes. To determine the rate-limiting step for the uptake of
the gas phase phenolic compounds, experiments were performed
by varying the composition of the aqueous phase and the gas/
liquid contact time. All uptake experiments used for the
determination of the mass accommodation coefficients were
performed for pH values of the bulk solution greater than the
pKa value of the phenolic compound.

In this section, the results obtained for 2-nitrophenol are
presented as an example. Similar results have been obtained
for the three isomers of cresol.

The chemical equilibria describing the solubility of the
gaseous phenolic compound (PhOH) are as follows:

As pointed out by Schwartz and Freiberg,48 the solubility of
PhOH can be expressed as an effective Henry’s law constant
given by

whereH ) 90 M atm-1 49 is the physical Henry’s law constant
for 2-nitrophenol at 293 K. If an equilibrium state at the interface
between the gaseous 2-nitrophenol and its aqueous counterpart
is assumed, it becomes possible to calculate the value of the

TABLE 2: Pressure-Independent Diffusion Coefficients (Torr cm2 s-1) of Phenolic Compounds in Water and Helium Using the
Method of Fuller et al.43

2-nitrophenol 2-methylphenol 3-methylphenol 4-methylphenol

T (K) Dg(X/H2O) Dg(X/He) Dg(X/H2O) Dg(X/He) Dg(X/H2O) Dg(X/He) Dg(X/H2O) Dg(X/He)

278 69.4 184.9
283 72.1 195.3 71.6 190.7 71.6 190.7 71.6 190.7
288 74.4 201.4 73.8 196.7 73.8 196.7 73.8 196.7
293 76.6 207.5 76.1 202.7 76.1 202.7 76.1 202.7
298 78.9 213.8 78.3 208.8 78.3 208.8 78.3 208.8
303 80.7 215.0

PhOH(g)T PhOH(aq) HPhOH (11)

PhOH(aq)+ H2O T PhO-(aq)+ H3O
+(aq) Ka (12)

H*PhOH) HPhOH(1 +
Ka

[H3O
+]) (13)

1
Dg

)
pH2O

Dg(X/H2O)
+

pHe

Dg(X/He)
(10)
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pH at the liquid film’s surface (pH* ) by solving the equilibria
equations to give

where

where [H3O+]0 is the initial concentration of the hydronium ion
(bulk concentration) andKw is the equilibrium constant for
water.

According to eqs 14 and 15, calculated values for pH* and
the ones of the effective Henry’s law constant are given in Table
3. It is worth noticing that the solubility of 2-nitrophenol
increases only significatively for pH* higher than the pKa value
(pKa ) 7.239) suggesting that the observed values ofγ for
2-nitrophenol should be higher when the surface’s pH is
increased. Figure 3 depicts the evolution of the measuredγ
uptake coefficient as a function of the surface liquid film pH*
at 293 K for 2-nitrophenol. In the contrast of the expected
evolution ofγ as a function of pH* , any significant dependence
of the uptake coefficient was not observed under our operating
conditions within estimated statistical uncertainties (95% con-
fidence limit interval). However, the solubility effects can be
evaluated using the characteristic timeτp necessary for the
surface to be saturated, as demonstrated by Schwartz and
Freiberg:48

In the case of the 2-nitrophenol at 293 K (R ) 8.3 × 10-4, H
) 90 M atm-1,49 ω ) 21296 cm s-1, Da ) 8.1 × 10-6 cm2

s-1), the calculated value forτp is about 2 s sothat the solubility
effects should not be seen in our operating conditions. Further-
more, the exposure time of the liquid film to the gas is much
lower thanτp.

Otherwise, the thickness of the water film accessible during
the exposure time can be evaluated from the expression
(Dat)0,5 50 to be about 17µm, which is largely smaller than the
thickness of the liquid film (140µm).

Based on these observations and due to the fact that the
measured uptake coefficient is independent of the bulk con-
centration in the studied pH range, it was possible to conclude
that the limitation due to aqueous phase reaction was not rate-

limiting then γrxn, defined by eq 4, could be neglected and eq
1 is simplified as follows:

If γsat is replaced by its expression taken from eq 3, we obtained

As shown in Figure 4, no dependence of 1/γ - 1/γdiff as a
function of the square root of the gas/liquid contact timet was
observed for the uptake of 2-nitrophenol onto aqueous films of
[KOH] ) 0.01 M at 298 K. Same results were obtained by
varying the temperature and the composition of the liquid film.

It is possible to conclude that the saturation of the aqueous
phase was not rate-limiting step for the uptake of phenolic
compounds by aqueous surfaces, thusγsat, defined by eq 3, could
be neglected. Consequently, under our experimental conditions,
the mass accommodation coefficient is equal to the overall
uptake corrected for limitations due to gas phase diffusions as
expressed in eq 6.

III.2. Mass Accommodation Coefficients.Table 4 gathers
the mass accommodation coefficientsR determined for the
studied phenolic compounds at different temperatures. It can
be noticed that the mass accommodation coefficients for all
species studied show a negative temperature dependence. This
behavior seems to be a general feature of mass accommodation
for water-soluble species. Within the isomers of cresol, the
magnitudes ofR are ranked as 2-methylphenol< 3-methylphe-
nol < 4-methylphenol and are consistent with the solubility of
these compounds in water. For instance,R(293 K) of 4-meth-
ylphenol is approximately 4 times higher than that obtained for
2-methylphenol showing that the position of the-CH3 group
on the aromatic ring largely influences the uptake process.

Figure 3. Uptake coefficient for 2-nitrophenol as a function of pH*
at 293 K.

[H3O
+] ) H′ ( (H′2 + Kw + Ka[PhOH])1/2 (14)

H′ ) ([H3O
+]0 - Kw/([H3O

+]0)/2 (15)

τp ) (4RTH/ωR)2Da (16)

Figure 4. 1/γ - 1/γdiff plotted as a function oft1/2 for 2-nitrophenol
for the uptake of 2-nitrophenol onto aqueous films of [KOH]) 0.01
M at 298 K.

TABLE 3: Effective Henry’s Law Constant H* for
2-Nitrophenol at 293 K for Different pH Values at the
Surface of the Liquid Film

pH (bulk solution) pH* (surface) H* (M atm-1)

8.1 4.4 90
10.2 4.9 91
11.9 6.6 112
13.7 8.4 1502

1
γ

) 1
γdiff

+ 1
R

+ 1
γsat

(17)

1
γ

) 1
γdiff

+ 1
R

+ ωxπt

8HRTxDa

(18)
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Values of the mass accommodation coefficients for 2-nitro-
phenol and 3-methylphenol have been previously measured by
Müller and Heal29 and they are listed in Table 3 for comparison
purposes. Mu¨ller and Heal29 have employed a wetted-wall flow
tube combined to UV absorption detection and molecular
bromine as the scavenger for the phenolic compounds. In the
case of 2-nitrophenol, their values ofR closely agree with ours
especially if we take into account the quoted uncertainties. It
can be noticed that the values reported by Mu¨ller and Heal29

for the 3-methylphenol do not agree with our measurements at
the two common studied temperatures. Their values are
respectively 3.8 and 1.9 higher than ours at 293 and 288 K.
Moreover the temperature dependence of the mass accommoda-
tion clearly does not exhibit the same behavior as the one
obtained for all isomers of cresols, which seems to be largely
more consistent with the observed reactivity patterns.

It has been shown by Jayne et al. that the mass accommoda-
tion coefficient could be expressed as26

The parameter∆Gobs
q can be regarded as the Gibbs free energy

barrier of the transition state51 between the gaseous and solvated
states (∆Gobs

q ) ∆Hobs - T∆Sobs). The values of∆Hobs and
∆Sobscan be obtained from the experimental results by plotting
the ln[R/(1 - R)] as a function of 1/T as displayed in Figure 5
for the studied phenolic compounds. The slope of such a plot
is equal to- ∆Hobs/R and the intercept is∆Sobs/R. However,
the temperature range is considered too much limited to enable
us to assess∆Sobs with a good precision. The magnitudes of
∆Hobs and ∆Sobs are inversely proportional to the hydrogen

bonding ability of the species. The more hydrophilic the species
the smaller are the magnitudes of the values for both∆Hobs

and∆Sobs. Their values for all the studied species are listed in
Table 5. The magnitudes of∆Hobs and∆Sobs for the phenolic
compounds are ranked as 2-nitrophenol< 2-methylphenol<
3-methylphenol< 4-methylphenol.

To explain the negative temperature dependence of the mass
accommodation coefficient, Davidovits et al.24 have developed
a model, later modified by Nathanson et al.52 for the description
of the dynamics. The penetration into the liquid was described
as a continuous nucleation process at the interface where only
clusters reaching a critical sizeN* were taken up by the liquid
phase. A molecule can enter water much more easily than its
ability to act as a center of nucleation will be higher. Indeed
the result of the observations, as reported for other water soluble
compounds, is that an entropic barrier both controls gas/liquid
accommodation kinetics and separates the surface state from
the liquid. The nucleation theory accounts for the barrier in terms
of critical cluster binding energy and surface tension. It was a
simplified approach using bulk liquid phase properties based
on the assumption of isotropic diffusion within the surface.

In this model, the parameterN* was defined as the number
of molecules in the cluster or the number of hydrogen bonds
used to form the cluster by condensation. The value ofN*
depends on the structure and the functionality of the specific
molecule undergoing the uptake process. In this theory,
Davidovits et al.24 and Nathanson et al.52 demonstrated a direct
relationship between∆Hobs and ∆Sobs, governed byN*. The
changes of entropy∆Sobsand enthalpy∆Hobscan be determined
from N* by using the following equations reported by Nathanson
et al.:52

Using these two equations, the calculatedN* values are 4.2,
4.4, 4.5, and 4.6 for 2-nitrophenol, 2-methylphenol, 3-meth-

TABLE 4: Mass Accommodation Coefficients of the Studied Phenolic Compounds over the Temperature Range of Interesta

T (K) 2-nitrophenol 2-methylphenol 3-methylphenol 4-methylphenol

278 (5.0( 0.4)× 10-3

(1.2( 0.6)× 10-2 b (1.2( 0.3)× 10-2

283 (5.2( 0.6)× 10-3 (3.2( 0.5)× 10-3 (6.7( 1.6)× 10-3 (1.2( 0.2)× 10-2

(8.2( 2.5)× 10-3

288 (3.3( 0.4)× 10-3 (1.2( 0.1)× 10-3 (3.7( 0.4)× 10-3 (5.7( 0.6)× 10-3

(5.9( 1.8)× 10-3 (6.9( 2.1)× 10-3

293 (1.2( 0.3)× 10-3 (6.6( 0.4)× 10-4 (1.6( 0.5)× 10-3 (2.7( 0.3)× 10-3

(1.5( 0.5)× 10-3 (6.0( 1.8)× 10-3

298
(8.3( 0.3)× 10-4 (3.1( 0.4)× 10-4 (7.3( 0.8)× 10-4 (1.2( 0.2)× 10-3

303 (5.9( 0.5)× 10-4

a The given errors are calculated with a 95% confidence interval limit using the student’st-distribution.b Values in italics are taken from Mu¨ller
and Heal29 where errors have been estimated to 30%.

R
1 - R

) exp(-
∆Gobs

q

RT ) (19)

Figure 5. Evolution of ln(R/(1 - R)) as a function of 1/T for
2-nitrophenol, 2-methylphenol, 3-methylphenol, and 4-methylphenol.

TABLE 5: Measured Values of ∆Hobs and ∆Sobs
a

molecule ∆Hobs (kJ mol-1) ∆Sobs (J mol-1 K-1)

2-nitrophenol -91.6( 25.5 -345.0( 92.8
2-methylphenol -98.4( 12.1 -397.1( 41.9
3-methylphenol -105.2( 13.0 -412.6( 44.8
4-methylphenol -108.5( 3.2 -419.8( 10.9

a The given errors are calculated with a 95% confidence interval
limit using the student’st-distribution.

∆Hobs) (-10(N* - 1) + 7.53(N*2/3 - 1) - 0.1× 10)×
4.184 (kJ mol-1) (20)

∆Sobs) (-13(N* - 1) - 19(N* - 1) + 9.21(N*2/3 - 1) -

0.1× 13)× 4.184 (J mol-1 K-1) (21)
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ylphenol, and 4-methylphenol, respectively. These noninteger
values represent an average number of molecules in a critical
cluster at the interface. Because the chemical structures of the
studied species are very similar, only small differences are
observed for theN* values.

Our results (∆Hobs, ∆Sobs) are in very good agreement with
the theoretical values calculated using eqs 20 and 21 and the
experimental results given, for example, by Jayne et al. for
aliphatic alcohols,26 by Müller and Heal for phenol,29 by Raja
and Valsaraj for naphthalene,53 or by Katrib et al. for diethyl
carbonate,45 as shown in Figure 6 where the black points
correspond to the theoretical values calculated using eqs 20 and
21 for a data set containing 22 molecules.52

For values of the critical clusterN* larger than 3, a better fit
to the experimental data (∆Hobs and∆Sobs) could be obtained
using a second-order polynomial function (dashed line in Figure
6). Unfortunately, the data set used to obtain numerical values
in eqs 20 and 21 contained only molecules for which the values
of the critical sizeN* are between 1.5 and 3.0.52 WhenN* is
greater than 3, it seems to be a general trend that a better fit to
the experimental points (ours and those reported in refs 45 and
53) is obtained with the second-order polynomial function.
However, experimental uncertainties reported for∆Hobs and
∆Sobs are important and great care must be taken about the
assumption that the model of nucleation will not work for large
cluster sizes.

It is also worth noticing that the size of the critical cluster
depends on the nature of a molecule containing an alcohol
functional group. For a series of aliphatic alcohols, the value
of N* was estimated to be between 2 and 326 whereas the value
of N* obtained for phenol was about 3.2.29 From the point of
view of the uptake model, this implies that a critical cluster is
more easily formed for aliphatic alcohols than around the
aromatic species or that the phenyl ring decreases the effective-
ness of the molecule as a nucleating agent.

III.3. Implications for Atmospheric Chemistry. The at-
mospheric implications of this work can be obtained from the
comparison of the lifetimes (τ) of the phenolic compounds in
the troposphere with respect to their removal by OH radicals
in both the gas phase54 and the aqueous phase.55 To evaluate

the impact of a cloud on the atmospheric chemistry of phenolic
compounds, we compare in this section their atmospheric
lifetimes under clear sky (τgas), and cloudy conditions (τmultiphase).

The lifetime of A in the gas phase (τA,gas) taking only into
account the reaction of A with OH radicals, is defined as
follows:

wherekOH,g is the rate constant of the gas phase reaction of OH
radicals with A, [OH]g is the mean concentration of OH radicals,
and [A]g is the concentration of A in the troposphere.

If we consider now the cloudy atmosphere as a multiphase
reactor where both the gaseous and aqueous phases coexist, then
the multiphase lifetime of A can be defined as56

where [A]aq is the concentrations of A in the aqueous phase.
At equilibrium, the fractions of A in the gas (fA,g) and aqueous
phases (fA,aq) are the following ones:

whereR the ideal gas constant (in L atm mol-1 K-1), H the
Henry’s Law Constant (in M atm-1), andLwc is the dimension-
less liquid water content of the cloud (typically 4.2× 10-7).
Lwc is related to the condensed phase surface to gas volume
ratio (cm2/cm3) Ac by the following equation:

whered is the diameter of droplets contained in tropospheric
clouds (typically 50µm).57

Mass accommodation can limit the rate of gas uptake. The
accommodation time-scaleτaccomcan be estimated from the mass
accommodation coefficientR as

The mass accommodation coefficientsR have been determined
in this work and their values at 298 K are respectively equal to
8.3 × 10-4 for 2-nitrophenol, 3.1× 10-4 for 2-methylphenol,
7.3 × 10-4 for 2-methylphenol, and 1.2× 10-3 for 4-meth-
ylphenol. From the values ofR, the calculated accommodation
time scale varies between 7 and 18 min. In regard to the
tropospheric lifetimes of phenolic compounds in the gas phase
(see Table 6), mass accommodation is indeed a fast process.
Therefore, the uptake of these compounds by atmospheric
droplets will not be limited by mass transport.

Assuming that equilibrium is effectively rapidly reached, eq
23 can be written as follows:

where kOH,aq is the rate constant of OH reaction with A in

Figure 6. Plot of ∆Hobsversus∆Sobs. The data (black circles and solid
line) correspond to the use of eqs 20 and 21 as reported in ref 52. Data
reported for aliphatic alcohols (methanol, ethanol, and 1-propanol),
phenol, naphthalene, and diethycarbonate are taken respectively from
refs 51, 29, 52, and 45. The dashed line corresponds respectively to a
second-order polynomial fit to the represented data. Our experimental
results are represented with error bars given at the 95% confidence
interval limit using the student’st-distribution.

τA,gas)
[A] g

-d[A]g/dt
) 1

kOH,g[OH]g

(22)

τA,multiphase)
[A] g + [A] aq

-d[A]g/dt - d[A]aq/dt
(23)

fA,g )
[A] g

[A] g + [A] aq

) 1
1 + HRLwcT

(24)

fA,aq )
[A] aq

[A] g + [A] aq

)
HRLwcT

1 + HRLwcT
(25)

Ac )
6Lwc

d
(26)

τaccom) 1
1/4ωAcR

(27)

τA,multiphase)
1 + HRLwcT

(kOH,g[OH]g) + HRLwcT(kOH,aq[OH]aq)
(28)
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aqueous phase and [OH]aq is the mean concentration of OH
radicals in the tropospheric aqueous phase.

The rate constants of OH reaction with the studied compounds
in both aqueous and gaseous phases have already been
reported,58-61 and are shown in Table 6 together with the
Henry’s law constants given by US EPA for 2-nitrophenol,49

and by Feigenbrugel et al.62 for isomers of cresols. By analogy
with other methylphenols, the rate coefficient of OH reaction
with 3-methylphenol was estimated to 1.2× 1010 M-1 s-1.
These data have then been used to estimate the atmospheric
lifetimes of these organic compounds under clear sky (τgas), and
cloudy conditions (τmultiphase), by using typical concentrations
of OH radicals in the gaseous and aqueous phases: [OH]g ) 1
× 106 cm-3 and [OH]aq ) 1 × 10-13 M.63 We assume here
that the OH concentration in the gas phase is the same under
clear sky and cloudy conditions although it is reduced as soon
as clouds are formed, and the magnitude of the decrease strongly
depends on the pH value of the droplets.64

At 298 K, the calculated aqueous fractions are the follow-
ing: 2-nitrophenol, 9.2× 10-4; 2-methylphenol, 4.4× 10-3;
3-methylphenol, 8.2× 10-3; 4-methylphenol, 11.2× 10-3. At
298 K, the temperature at which most experimental rate
constants were measured, the atmospheric lifetimes of meth-
ylphenols are slightly reduced in the clouds as shown in Table
6 whereas the impact of multiphasic chemistry is more
pronounced for 2-nitrophenol. However, the average temperature
of tropospheric clouds is 283 K, and therefore, the calculated
aqueous fraction of phenol rises when the temperature decreases
from 298 to 283 K. Assuming that the rate constants of OH
reactions with phenol or cresols in the gaseous and aqueous
phases do not vary a lot between 283 and 298 K as it was
already observed for many oxygenated volatile organic com-
pounds, we can then estimate the multiphase lifetimes of these
compounds at 283 K. These calculated lifetimes at 283 K (in
units of days) are significantly lower than those at 298 K (in
parentheses): 2-nitrophenol, 4.98 (7.42); 2-methylphenol, 0.17
(0.22); 3-methylphenol, 0.13 (0.19); 4-methylphenol, 0.11 (0.18).
These results showed that aqueous phase reaction could have
more impact on the global loss rate at 283 K than at 298 K for
all studied compounds. Therefore gaseous and aqueous phase
loss processes could really compete in tropospheric conditions.
Mechanisms of OH oxidation in aqueous phase are therefore
needed to identify the products that can be deposited to ground
by wet deposition and consequently to better estimate the
environmental impact of phenolic compounds.
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