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Mass Accommodation Coefficients of Phenol, 2-Nitrophenol, and 3-Methylphenol over the
Temperature Range 278-298 K
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The reactive uptake of phenol, 2-nitrophenol, and 3-methylphemal€sol) was measured in a vertical wetted-

wall flow reactor over the temperature range 2288 K using bromine as an aqueous phase scavenger.
First-order decays in gas-phase concentration as a function of increasdatjgakcontact time in the reactor

were monitored by UV absorption downstream of the contact zone. Mass accommodation coeffigients,
were derived from measured uptake coefficients by correcting for limitations to mass transfer from radial
gas-phase diffusion. Temperature-dependent expressions fitted to the data yielded veltiest efecrease

from 3.7 x 1072 to 6.6 x 102 for phenol, 1.5x 1072 to 1.1 x 1072 for 2-nitrophenol, and 1.x 1072 to

5.1 x 1073 for m-cresol over the range 278 K to 298 K. (Estimated overall uncertairiialues of~+30%).

These are the first published accommodation data for the latter two aromatic species. The thermodynamic
data derived from the values af were interpreted in terms of the critical cluster model for mass
accommodation, yielding average critical cluster sizes of-8.2.6, 4.1+ 1.0, and 2+ 0.5, for phenol,
2-nitrophenol, andn-cresol, respectively. The larger critical cluster size for 2-nitrophenol is likely attributable

to its strong intramolecular hydrogen bonding which significantly reduces the hydrogen bonding strength of
this species relative to the other two phenols. It is also demonstrated that the magnitude of the observed
enthalpy of mass accommodation for these aromatic compounds correlates well with their excess energy of
dissolution. The studied aromatic compounds are important intermediates in the tropospheric oxidation of
monoaromatics and react readily in the aqueous phase. Thus knowledge of the mass accommodation coefficient
is required to accurately quantify their rate of aqueous phase oxidation.

Introduction performed by bringing the gas and liquid into contact under
precisely controlled conditions and measuring the loss of gas
due to uptake by the liquid. In the past decade a wide range of
experimental techniques have been developed for carrying out
such uptake measurements and mass accommodation coef-

Heterogeneous processes involving the liquid or solid con-
densed phase are acknowledged to have a highly significant
role in the chemistry of both the troposphere and the strato-
sphere. For example, the presence of rain, cloud, and fog

) S . ficients have been measured for trace gases such g3,
droplets can S|gn|f|ca_nt_ly affect_ Fhe oxidative capacity of t_he Os, NO, CINO,, HNOs, and aliphatic alcohols and acids.
troposphere by providing additional or alternative reaction

pathways for trace atmospheric spedies. The oxidizing capacity of the troposphere and the fate of
Since the bulk of the chemistry of the troposphere occurs on Volatile organic compounds (VOC) emitted to the atmosphere
fairly rapid time scales it is not sufficient to describe hetero- are intimately entwined. One Important class of such compounds
geneous interactions solely in terms of equilibrium thermody- &' the monoaromatic compougdss, typical gasoline blends have
namics. Instead, a quantitative understanding of the kinetics of 21 aromatic content of 2680 vol % Various laboratory studies
molecular mass transport between, and within, the gas anghave demonstrated that the gas-phase oxidation of aromatic
aqueous phases is required. According to the kinetic theory of €0Mpounds such as benzene and toluene, by OH angd NO
gases, the pseudo-first-order rate coefficient for the rate of loss'adicals, leads to phenol and mono- and dinitro-substituted
of a species from the gas phase to the liquid phase is given byphenols. However, th_e fate of these compounds with respect to
(y/4)wAc, whereA: is the surface area per unit volume of liquid ~ the aqueous phase, i.e., the uptake of the gaseous species and
phasew is the mean gas-phase molecular velocity, arid a subsequent reactions in the liquid phase, are less well under-
net uptake coefficient that quantifies the overall probability of St00d- Only recently have laboratory studies of aromatic
transfer from gas to liquid phases under the given conditions. COMPounds with free radicals in the aqueous phase been carried
A fundamental parameter within the expression fofs the out®~13 Measured rate coefficients for reactions in the aqueous
interfacial mass accommodation coefficiemtwhich is defined phase are much larger (e.g-5 orders of magnitude for reaction
as the fraction of collisions of the gas-phase species with the ©f Penzene with N@) than the equivalent reaction in the gas
surface that results in incorporation of the species into the Phas€’ This suggests an important atmospheric pathway for

condensed phase. Values afare required in atmospheric aromatic compounds that may compete with gas-phase reactions.

models to calculate the rate of condensed phase reactionsFurthermore, hydroxy- and nitro-substituted ring-retaining prod-

Laboratory studies of gadiquid interactions are usually ucts of gas-phase aromatic oxidation, which are more water-
soluble than the precursor hydrocarbons, can transport into the

* Corresponding author. Fax:-+44) 131 650 4743. E-mail: m.heal@ ~ adueous phase and undergo further reactibins.addition to
ed.ac.uk. the importance for the fate of the aromatic compounds, the
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aqueous phase reactions between aromatic compounds and freeactor,H is the Henry’s law coefficientT is the temperature,
radicals may also significantly influence the free radical budget t is the liquid-gas contact timeP, is the liquid diffusion
in the aqueous phase and alter the oxidizing strength of the coefficient, andkrxny = K" [X] is the pseudo-first-order rate
aqueous medium. coefficient for a second-order reaction with rate coefficight

At present, data are virtually nonexistent with respect to between the transferred species and a reactant X in the liquid.
accommodation of aromatic compounds into the aqueous phase. |n experiments to measueeit is useful to arrange conditions
Heal et al'® have previously measured the mass accommodationsg that its value can be extracted more directly from eq 1. By
coefficients of phenol, toluene, and aniline using the droplet adding an efficient chemical scavenger for the trace species
train technique. Here, we measure the accommodation of phenolit is possible to ensure that the total liquid-phase resistance,
2-nitrophenol, and 3-methylphenoin{cresol) over a tropo-  1/(I'so. + T'rxn), is negligible in comparison with the interfacial
spherically relevant temperature range, using a wetted-wall flow resistance due to gas diffusion and mass accommodation,
reactor. Phenols and nitrophenols have been identified in rain, (1/a. + 1/T'g). In this work, bromine was added as the scavenger
snow, surface water, and fog, as well as in air samples, atfor the phenols on aqueous surfaces.
concentrations exceeding those which can be accounted for by
primary emissiof24 The phytotoxic properties of some

. Experimental Section
nitrophenols has also led to the proposal that they could be one P

contributor to forest declin®. The reactions leading to nitro- Wetted-Wall Flow Reactor. Uptake coefficients were mea-
phenol formation (in either the gas or liquid phases) impacts sured using a vertical wetted-wall flow reactor, constructed of
upon the distribution of N@species in the troposphet&?’ Mass Pyrex glass, 90 cm long, and with an internal diameter of 1.6

accommodation coefficients are required to help elucidate the cm. The experimental setup was similar to that described by
atmospheric source and fate of these important environmentalUtter et al* and a schematic diagram is shown in Figure 1. A

species. thin aqueous film flowed continuously down the internal walls
_ o of the reactor. A gas stream entrained with the trace species of
Formulation and Measurement of Gas-Liquid Uptake interest flowed along the center of the reactor at subambient

The net transfer of a gas into a liquid is the result of a series Pressure. This experimental method has the advantages that the
of processes: gas-phase diffusion to the surface, mass accomliquid surface is constantly renewed, so the composition of the
modation, Henry's law solubility, liquid-phase diffusion, and liquid film remains essentially constant, and that mass transport
liquid-phase reaction. Since these processes do not occur intheory for cylindrical flow can be applied to the data analysis.
isolation, the overall gasliquid mass transfer is described ~ To maintain a constant experimental temperature the flow
mathematically by coupled differential equations. Only for tube was surrounded by a glass jacket containing ethylene glycol
limited cases can exact solutions be fodhdh the resistance  as a coolant fluid. A recirculating chiller (Cole-Parmer, Polystat)
model of gasliquid mass transfer, the resistance to mass pumped the coolant through the jacket and also through two
transfer of each of the processes is considered independentlyfurther glass coiled heat exchangers to pre-cool the agueous
of each other to obtain a simple approximation based on steady-solution and the carrier gas prior to their entry into the flow
state solutions. The resulting equation expresses the observedube. All aqueous flow lines consisted 8f-in. nylon tubing
net gas-to-liquid uptake coefficient, in terms of the contribu- ~ which were jacketed by foamed rubber tubing for temperature
tion of the resistances of the individual processes to the overall insulation.

uptake resistance, 11,/2° The water used to make aqueous solutions was deionized to
a resistance of 10 K2. The aqueous solution was pumped into
i_1.,1, 1 1) the top of the reactor fro a 6 L storage tank above the flow
y TI's o Tgo+ Trxn tube using a liquid pump (L/S Masterflex). A pulse dampener

(Cole Parmer) was fitted into the line to eliminate pulses in the
By continued analogy to the terminology of an electric circuit, liquid flow. After passing through the heat exchanger the liquid
o is the conductance due to interfacial transfer, andItge filled a small annular collecting reservoir in the upper part of
T'soL, andT'rxn functions are the conductances (dimensionless the flow tube. The solution spilled over the lip of the retaining
mass transfer coefficients) for gas-phase diffusion, Henry’s law wall of the reservoir to form a thin film of downward flowing
saturation, and liquid-phase reaction, respectively. The individual liquid, uniformly wetting the entire inner surface of the flow
conductances can be expressed explicitly using gas kinetictube. At the bottom of the reactor assembly the solution collected

theory appropriate to the geometry under consider&fiéh. into a 6 Lflask, which was cooled to aboutl5 °C by an ice-
salt mixture in order to prevent back-streaming of water vapor
o _ 2(3.60) into the flow tube.
Gas diffusion I'e= wr It was necessary to clean the inner surface of the flow tube
(for cylindrical flow-reactor geometry) (2) regularly to ensure uniform wetting. This was done by washing

with detergent, followed by thorough rinsing with deionized

o N aHRT /Do water.
Liquid solubility: Fsoo =5 T (3) The trace gas of interest, entrained in a flow of He, entered
T the reactor through a movable glass injector with an inner
diameter of 3 mm. Different exposure times between trace gas
. . 4HRT/D kgyy and liquid surface (the gadiquid contact timet') were achieved
Liquid reaction Frxn = o (4) by varying the injector position. A rigid injector holder ensured
the central alignment of the injector within the flow tube.
In egs 2-4, w = ~/8kT/zm (wherem is the molecular mass) is The main flow of He carrier gas entered the reactor at a

the mean molecular velocity of the trace species in the gas phasesidearm above the wetted film. The gas was humidified before
Dg is the gas diffusion coefficient, is the radius of the flow entering the reactor to avoid evaporative cooling of the liquid
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Figure 1. Schematic diagram of the wetted-wall flow reactor system.

film and to maintain a well-defined temperature in the reactor.  Although the reactor had a maximum gdguid contact
Humidification was achieved by passing the gas through a length of 80 cm, the first 12 cm region was not used in order
thermostatically controlled water bubbler containing deionized to allow laminar gas flow to establish and water vapor to saturate
water. The relative humidity in the flow reactor was measured the He stream. The remaining 68 cm of interaction zone typically
using a humidity meter (Vaisala, HMP 234). led to contact times of gas with liquid surface in the range©.03
Experiments were performed in the temperature range-278 0.3 s. For comparison, contact times of the liquid surface with
298 K. The temperature of the flowing liquid and the gas were gas ranged between 0.5 and 5.0 s, depending on particular
checked by inserting thermocouples (type K) into the bottom combinations of water and gas flow rates.
of the reactor. The gas temperature measured by the thermo- UV Absorption Detection. Changes in trace gas concentra-
couple could be corroborated against the temperature readingions following exposure to the aqueous surface were measured
at the humidity meter. using wavelength-resolved UV absorption spectroscopy. The
The flow reactor was operated at low pressures, typically in gas exited the wetted-wall flow reactor through a sidearm
the range 16100 Torr, monitored using two capacitance beneath the aqueous surface and passed through a 90 cm long
manometers (Edwards, Barocel 600AB) with-100 and cylindrical gas cell made of Pyrex glass with quartz windows
0—1000 Torr scales. Pressure within the system was measuredU. Q. G., Spectrosil B).
at the top of the flow tube as well as at the UV cell. The partial ~ The collimated UV light from a 150 W Xe lamp (Osram,
pressure of water vapqu,o, was determined from the humidity =~ XBO) passed first through an iris, then the gas cell, and was
measurements, and the partial pressure ophlepy subtraction focused on to the entrance slit (30m) of an /4 grating
of pu,o from total reactor pressur@, The partial pressure of  spectrometer (Instrument SA, 270M Rapid Scanning Imaging
trace specied, was assumed negligible. Spectrograph) of focal length 270 mm. The light was dispersed
Gas flow rates were regulated by calibrated electronic massby a 300 groove mmt grating with a 250 nm blaze, covering
flow controllers (Tylan, FC 280 SA; control box RO-28). The a wavelength range from about 170 to 500 nm. The dispersed
total gas flow was varied in the range of 8.3 L min~1 (STP) light was detected with a 1024 element photodiode array
which corresponded to linear gas velocities of2000 cm st (Instrument SA, QuikScan) of total area 25.6 nxm2.5 mm.
under the experimental conditions used. Spectral wavelength resolution was about 0.9 nm for a grating
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dispersion of approximately 12.4 nm mtintegrated software ~ (I'soL + T'rxn) 7%, is very small compared with the combined
(Instrument SA, SpectraMax) controlled the spectrograph and resistance due to gas diffusion to the surface and mass
the data acquisition. Values of absorption were measured at theaccommodation. For example, using data for typical experi-
wavelength of maximum absorption cross-section in the region ments with phenol at 293 KH = 4300 M atnt13¢ ¢ =
250—-300 nm. For example, for phenat,= 2.5 x 1017 cn? 256 x 10*cm st, Dg = 2.5 cn? s71 (see later)D. = 9.2 x

at4 = 269 nm3! The absorption cross-section of gaseous Br 107¢ cn? s (calculated using the Wilke-Chang metRfd

is more than 4 orders of magnitude smaller at this wavelefigth. t=2's, andkrxny = 2 x 10* s71), the term [soL + Trxn) 2 =
Changes in gas-phase aromatic absorption were referenced7 + 0.02)! ~ 0.1. (Published values df for phenols vary
against a background absorption not containing the aromaticwidely. Consequently this group have undertaken new experi-
species. mental determinations for use in this work. For example also,

Chemicals. The aromatic compounds investigated are in a H (293 K) = 121 M atmr?® for 2-nitrophendi). Since, by
condensed physical state at the temperatures at which thedefinition, o cannot exceed unity, the maximum the term
experiments were performed. Crystalline phenols (BBBI9%) (TsoL + Trxn)~* can contribute to the observed uptake resis-
were ground in a mortar and transferred to a small 10 cm trap tance, 17, in eq 1 is 10%. For anticipated valueswf< 0.1,
upstream of the flow reactor. He for the trace gas flow passed the maximum contribution of liquid-phase resistance to overall
through this trap via a sintered disk in order to maintain a direct Uptake resistance is less than 1%. Therefore, the aqueous
contact between the gas and the aromatic compound. Thisconcentration of bromine is not important as long as it is
approach was found to provide a continuous and constantsufficient to ensure that the term containingdn in eq 1 has
concentration of trace gas entrained in the helium gas flow. @ negligible contribution to overall mass transfer.
Measurements of trace gas absorption spectra indicated that trace Under these experimental conditions, eq 1 reduces simply
gas concentrations were typically in the range {@lp x 10* to,
molecules cm?.

The bromine solution used as the liquid-phase scavenger for
the phenols was prepared by addiagy mL of bromine (Fisher,
>99%) into 2.5 L of deionized water and stirring overnight.

The solution was then transferred to the reservoir tank above!n other words, to a very good approximation, the mass
the flow reactor. accommodation coefficient is equal to the observed uptake

coefficient corrected for limitations to mass transfer arising from
diffusion of the trace specieg,in the gas phase to the wetted
wall of the cylindrical reactor. When uptake ioihto the liquid

Phenols undergo facile electrophilic substitution with bromine 1S large, gas-phase diffusion limitation leads to a radial
in solution. Thus, the addition of bromine to the liquid phase concentration gradient dfand this correction term becomes

enhances the uptake rate by maintaining a flux of the trace gas'significan'.[. The experiments were conducted at relatively low
across the interface. In terms of the individual resistances Pressure in order to reduce the magnitude of this correction as

expressed in eq 1, the effect of the scavenger is to make thef@r @s practicable.

r
7.3D, ®)

1,
08

< I

Data Analysis and Results

resistance termlisoL + Trxn) ! arising from the liquid-side _ !n cylindrical geometry, the observeq first-order rate coef-
transfer negligible (through a large value @y in Trxn) in f|C|en't,.kW, for loss from the gas phase is related to the uptake
comparison with the resistance to uptake due to gas diffusion COefficient through,
and mass accommodation. ork

Bell and Rawlinsof? have measured the rate coefficient for y=— (6)
the reaction of phenol with bromine as x-810° M~ s71 at @

298 K, although they acknowledge a low accuracy for this value Values ofk,, were derived from the first-order decline in gas-

since the reaction between phenol and bromine in aqueous h trati Sfwith i . liquid tact
solution is very fast. A more recent value for the rate coefficient, phase concentration atwith increasing gasliquid contac

also at 298 K, has been given by Tee et“alhese workers time, t,

report that the reaction is first order in each reactant with a i

pH-dependent rate coefficient calculated friiim= k; + ka Ka/ — = —k,[i] (7
[HT], wherek; andk, are the rate coefficients for the reaction dt

of undissociated phenol and phenoxide iorsHED™) with
bromine, respectively. The values kof= 4.3 x 10° M~1s7?
andk, = ~1.2 x 10° M~1 s71 given by Tee et a* were used

to calculatek” = 1.98 x 10° M~1 s for pH = 7. (A value of
pKa = 9.89 for the phenol acid dissociation constant at 298 K
was usetp).

In practice, this means that values lqf were obtained from
gradients of plots of In absorbance against injector position,
converting injector position to gadiquid contact time using

the gas flow velocity calculated for the pressure/temperature
conditions. An exampli, plot is shown in Figure 2. The uptake

. S and mass accommodation coefficients corresponding to each
. The aqueous phase concentration of brqmlne in the wettedkW were derived from sequential application of eqs 6 and 5 as
film was estimated to be about 0.01 M usingg, of 3.1 g described above. The value of the gas diffusion coefficat,

cm? at 293 K35 This leads to a value fdtrxn Of 2 x 10* s71 ; ; .
appropriate to each experiment was calculated from the equation,
usingk’ =1.98 x 1®* M1 s, Values ofkrxy =5 x 1P st pprop P q

and kexy = 1 x 10* s1 were likewise calculated for the

: . : . p
reactions of 2-nitrophenol and-cresol, respectively, with the 1 _ 0 + Prie (8)
bromine scavengét. Do D10y Doyt
Using these values, and other parameters appropriate to the
experimental conditions, it is easy to show from egstlthat wherepy,0 and pyewere the partial pressures of water and

the liquid uptake resistance from solubility and reaction, helium, respectively, in the reactor for that experimental run,
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TABLE 1: Pressure-Independent Binary Gas Diffusion Coefficie
Temperature, Calculated from the Method of Fuller et al372

Mudiller and Heal

nts for Trace Gasj, in H,O and He, as a Function of

phenol 2-nitrophenol m-cresol
Dga—H 0)/ Dg(i—He)/ Dg(i—H 0)/ DZ(i—He)/ Dg(i—H 0)/ Dg(i—He)/
T/IK Torrcn?s? Torrcn¥ st Torrcn? st Torrcn¥ st Torrcn? s Torrcn¥ st
278 76.5 205.1 69.9 189.3 69.4 184.9
283 72.1 195.3
288 814 218.2 74.4 201.4 73.8 196.7
293 83.9 224.9 76.7 207.6 76.1 202.7
298 86.4 231.6
a2 The quoted significant figures do not represent the presumed precision in the method.
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A" i 0.05 henol
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Figure 2. Plot of In absorbance vs injector position for uptake of phenol
onto bromine water at 293 K and with a gas velocitycof 251 cm
s™L. The gradient gives-ki.

TABLE 2: Mass Accommodation Coefficients of Phenaol,
2-Nitrophenol, and m-Cresol at Different Temperaturest

o8

Figure 3. Mass accommodation coefficients of phenol, 2-nitrophenol,
andm-cresol measured in this work as a function of temperature. Error
bars aret:30% as discussed in the text. The solid lines correspond to
the fits of eq 9 to the data as shown in Figure 4. Also shown is the
single datum for phenol from Heal et &l(open square).

on exact control of the humidity in the flow reactor. Relative

T/IK phenol 2-nitrophenol m-cresol
278 3.7x 1072 1.2x 1072 1.0x 1072
283 8.2x 1073

288 1.2x 1072 59x 103 6.9x 103
293 8.3x 1072 15x 1073 6.0x 103
298 6.6x 1072

a Estimated uncertainty in each valuedt30%.

and Dz(i_HZO) and Dg(i_He) are the pressure-independent binary
diffusion coefficients ofi in H,O and He, respectively. These

latter coefficients were estimated using the molecular diffusion

volume method of Fuller, Schettler, and GiddifgsThe
calculated values used are given in Table 1.

The uptake of the phenols on bromine water were measure
in the temperature range 27898 K. The resulting mass

accommodation coefficients are given in Table 2. Each value

of a is an average of at least five experimental runs with
different observed first-order loss coefficienks, obtained at
different pressures. Each valuelgfis derived from absorbance

humidity is a strong function of temperature so temperature
needs to be accurately controlled and maintained. Humidity was
measured continuously at one point within the flow tube, and
temperature at two points. Nevertheless, a realistic estimate of
error in y due to the effect of uncertainties and variation in
humidity is probably £20%. There is also likely to be
uncertainty intrinsic to the empirical relationship used to derive
the binary gas diffusion coefficients for correctipgto give
o. Assuming this error amounts to approximately a further
+20% (as discussed by Reid ef§l.and that uncertainty arising
from determination of relative trace gas concentration by UV
absorbance (for example, from random fluctuations in UV
output) is+5% to +£10%, then a realistic estimate for overall
duncertainty ina is ~4+30%. These error ranges are indicated
in Figure 3.

Discussion

The measured values for the mass accommodation coefficient
of phenol range from 3.% 1072 at 278 K to 6.6x 103 at 298

measurements at six injector positions. A plot of the mass K. The expected negative temperature dependencdsitlear
accommodation coefficients as a function of temperature for (Figure 3). The single mass accommodation valuenof

both compounds is shown in Figure 3.

There are a number of potential sources of error in determin
ing y anda. It is essential that the inside of the wall is wetted
uniformly. Experiments were performed only when the wall was

(2.7 &£ 0.5) x 1072 for phenol at 283 K published by Heal et

- al.’> using a droplet train apparatus (also shown in Figure 3)

fits the temperature trend measured in this work.
The mass accommodation coefficient of 2-nitrophenol is

observed to be completely wetted. Ripples in the surface weresmaller than that of phenol, as shown in Figure 3, and its

apparent for water flow rates in excess of 150 mL miiand
this can lead to enhanced mass transport in the ligfilchese
high flow rates were therefore avoided.

Uncertainty in relative humidity during an experiment will

temperature dependence stronger. On the other hand, the
temperature dependence danfor m-cresol is weaker than for
phenol There are no previously reported measurements of
for 2-nitrophenol om-cresol, nor for any other phenol or nitro-

lead to uncertainty in derived uptake data since the calculation containing compound for comparison. The only other literature

of the gas flow velocity and the gas diffusion coefficients rely

mass accommodation coefficient for a substituted aromatic
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Figure 4. Plot of In(a/(1 — o)) against 1T for phenol, 2-nitrophenol,
andm-cresol. The estimated error ranges shown in Figure 3 are plotted
here as an example for phenol only.

TABLE 3: Values of Enthalpy and Entropy Associated with
Mass Accommodation for Phenol, 2-Nitrophenol, and
m-CresoP

AHopdkd mol? ASypdJ mort K1

phenol —62+8 —250+ 25
2-nitrophenol —89+ 25 —354+ 86
m-cresol —24+2 —123+ 4

a Quoted errors represent ontyl standard deviation of error in the
linear regression fits shown in Figure 4.

compound (other than phenol) is a single valuewcf (1.8 +
0.5) x 102 at 283 K for the amino-substituted mono-aromatic,
aniline1®

It can be noted that since all derived valuesocofre less
than 4x 1072, the assumption in the previous section that liquid-
phase resistance is negligible in comparison to interfacial
resistance is entirely justified.

By consideration of the transition state between gas and
solvated state, Davidovits and co-workers have formulated the
following relationship between and the observed Gibbs free
energy,AGops for accommodatio@?40

In( o3 ) __ AGobsz _ (AHobs_ TASobs)

l1-a RT RT ©)
The associated enthalpyHq,s and entropyAS,,s for accom-
modation are derived from the slope and intercept, respectively,
of a plot of In@/(1 — o)) against 1T. Such a plot is shown in
Figure 4 for the data obtained here. The resulting thermodynamic
parameters are tabulated in Table 3. The fitted lines in Figure
4 yield the following relationships for deriving values afas

a function of temperature (illustrated also in Figure 3):

o= (exp(— @Jr 30.]) n 1)7l

-1
(ex;{— 10700, 42.j n 1)

phenol:

2-nitrophenol: a = T

m-cresol:

T

-1
a= (exr{— 2830 14.% n 1)

T T T T
5 m-cresol
5 0} .
g
©
e 3
\g ASF phenol T
I 4
<1
20 F 4 J
o, .
2-nitrophenol )
-25 ( " | 1 (
-100 -80 -60 -40 -20 0

-1 -1
AS,_,, /calmol” K

Figure 5. Plot of AHqss againstAS,ys for phenol, 2-nitrophenol, and
m-cresol. The solid line connects calculated valueAdfns and ASyss
according to the model by Davidovits et“af? The numbers refer to
the critical numbeN* in this model.

bonding ability of species of comparable size af#Hgps
whereas Davidovits et dlobserved an inverse correlation for
aliphatic alcohols and acids, in which species with presumed
greater hydrogen-bonding tendency (for example, diols) were
associated with less negative value\éfops In response, these
latter workers have formulated a critical cluster nucleation model
of gas uptake to try and interpret the thermodynamics of
observed mass accommodation coefficiéhtS.In this model

it is suggested that uptake is controlled by the aggregation of
water molecules (solvent) around the incoming trace gas
molecule at the interface. The interface itself is viewed as a
dynamic region where these aggregates (clusters) continually
form, fall apart, and reform. A cluster is composed Mf
molecules, which is the sum of the trace gas molecule and the
surrounding water molecules. Clusters smaller than some critical
size N* fall apart, whereas clusters larger thhlfi serve as
centers for further condensation and grow in size until they
merge into the bulk liquid.

The equilibrium density of clusters at the surface is propor-
tional to the molar free energ&Gops = AHgps — TASps fOr
the formation of a cluster oN molecules. On the basis of
experimental data mainly for aliphatic alcohols, haloethanols,
and aliphatic acids, Davidovits et #land Nathanson et &
have provided expressions to calculatél,ps and ASs for
selected values dfi*. These are plotted in Figure 5, together
with the experimental data obtained in this work for phenol,
2-nitrophenol, andn-cresol.

It is interesting to note from Figure 5 that the relative values
of AHgpsandASypsfor the phenols studied here follow the same
linear relationship derived in the critical cluster model from the
data for the aliphatic alcohols. Applying the formulas &dflops
and ASs given by Nathanson et &?,the measured values of
AHgpsand ASps correspond to values &* ~ 3.2,~ 4.1, and
~ 2 for the critical sizes of cluster for phenol, 2-nitrophenol,
andm-cresol, respectively, in the mass accommodation process.
Carrying through the estimated overall uncertaintiesain
discussed above (illustrated as error bars in Figure 4) yields
corresponding estimates of uncertainty in the derived values of
N* of £0.6, £1, and+0.5.

The critical numbeN* is assumed to represent a measure of
There are no previous literature thermodynamic parameters forhow readily a molecule is incorporated into the bulk liquid.
aromatic accommodation coefficients against which to compare. Davidovits et al'® postulated that the numb& required to
It remains a matter to try and rationalize observed trends in form a critical cluster depends on the structure of the specific
values of AHgps for mass accommodation of different com- molecule undergoing the uptake process. They further proposed
pounds into aqueous surfaces. The previous cavity model ofthat the ease with which the cluster is formed is determined
gas uptak® predicted a direct relation between the hydrogen- primarily by the number of hydrophilic functional groups, and
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0 ' ' Tt ' . . aliphatic alcohols for which bothHS anda. values are known
' maniline v have negative values @}HE.

20 HO,y e The aromatic compounds on the other hand show positive
g e .3_ # m-cresol values of AHE, and there appears to be a fairly strong
E 40|  propanole f formicac _ relationship betweem\HS and AHqps for these compounds.
gm ethanol @ ol N-a 2-nitrophenol has the largest value aHS, i.e., relatively
T 6ol u phenol ] more energy is needed to dissolve it. It therefore seems
“ reasonable that accommodation of 2-nitrophenol should dem-

8ol Noea | onstrate the greatest temperature. depend.e.nce and consequently

‘ = 2-nitrophenol have the highestHq,s and hence highest critical cluster number

| N*, of the aromatics studied. AIthoug@HE and AHqps data
100 T 0 o 10 20 30 40 30 are not both available for other aliphatic alcohols, there is a

AR, 1kJ mol” general trend foAHE to increase with increasing chain length,

. . o e.g. AHS = +0.5 kJ mot? for octanol andAHS = +10.7 kJ
Figure 6. Plot of AHobs against excess enthalpy of solutiohHs. mol-! for dodecanof® It will be instructive to determine
Values ofAHopsfor phenol, 2-nitrophenol, ana-cresol were measured whether the temperature dependence. fior such compounds

in this work, while AHps for aniline is that reported by Titcomide. . . . . E
Values ofAHE for the aromatic compounds were estimated from a fits the relationship withAHg observed for the phenols.

plot of In(solubility) vs 174858 solubility values were taken from A value of a < ~107 is the value at which mass
Landolt-BansteinPhysikalisch-Chemische Tabell@rvalues ofAHqps accommodation rather than gas-phase diffusion, becomes the
for aliphatic compounds (circles) were taken from Davidovits éPal.  limiting factor to interfacial mass transfer to typical sized
and of AHE from Schwarzenbach et #and Maskill4? All data refer aqueous droplets in the atmosph&&he mass accommodation

to room temperature. The lines bf are based on values dfHos. coefficients reported here are thus in thdimited regime for

T > ~280 K for 2-nitrophenol andn-cresol andl > ~290 K
that once the critical cluster is formed around the hydrophilic for phenol. If there is no chemical reaction in the aqueous phase,
part, the cluster continues to grow independently of the size of the exact value ofx is not particularly important since the
the hydrophobic portion of the molecule. The argument is that concentration of the solute fairly rapidly reaches Henry's Law
a greater hydrogen-bonding capability in the incoming molecule equilibrium, and no further net transfer from gas to liquid takes
requires less additional water molecules to bind to it to form place. However, the atmospheric aqueous phase reactions of
the critical cluster. Thus species with more hydrogen-bonding the aromatics investigated here are, or are likely to be, fast.
functional groups give rise to less negative valuesAbfyps Therefore their relative fate with respect to gas and aqueous
However, although this model successfully addresses manyphases needs to be modeled explicitly as a kinetic process for
general observations regarding valuex\éfyps it remains the which values ofo (as a function of temperature) are required.
case that values akHys for individual species cannot yet be  For example, Buxton et &t report a rate coefficient of 1.8
accurately predicted in advance. Thus, no attempt has been mad&0*® | mol~* s7* for reaction between phenol and OH, while
to correlateAHqps directly with the effective hydrogen bond  Herrman et a. give a rate coefficient of 8.4 10° L mol~*
acidity of the incoming solute, or indeed with combinations of s for reaction betweem-cresol and N@ Using estimated
other possibly relevant solutsolvent interaction parameters aqueous phase concentrations ok 6013 mol L~ for OH!
such as the solute effective hydrogen bond basicity, the soluteand 1012 mol L~ for NOs>? yields pseudo-first-order reaction
polarizability, or the solute characteristic volufeFor the rate constants of-0.01 s for both reactions. These are
aromatics species studied here, it can be noted that strongcertainly large enough for rates of heterogeneous processes (i.e.,
intramolecular hydrogen-bonding within 2-nitr0phen0| consider- the combined effect of interfacial transfer and agueous reaction)
ably reduces the magnitude of its hydrogen-bonding acidity in t0 compete with rates of gas-phase reactions of the aromatics
comparison with phenol anai-cresol** which likely explains ~ With OH and NQ.
the larger—AHgps Of the former. It should be noted, however,
that the critical cluster approach is only one model for
accommodation at the surface. Molecular dynamic simulation (1) Lelieveld, J.; Crutzen, P. Nature199Q 343 227—233.
methods have been applied to the accommodation of ethanol ~(2) Worsnop, D. R.; Zahniser, M. S.; Kolb, C. E.; Gardner, J. A.;
and ethylene glycol on water surfa¢e and predict lower %%tsogé"‘ifs'éy;‘fg?re”’l M.; Jayne, J. T.; Davidovits] Fhys. Chem.
barriers to solvation and larger accommodation coefficients for  (3) Jayne, J. T.; Duan, S. X.; Davidovits, P.; Worsnop, D. R.; Zahniser,

these species than experimentally determined. M. S.; Kolb, C. E.J. Phys. Chem1991 95, 6329-6336. .
. . . . (4) Utter, R. G.; Burkholder, J. B.; Howard, C. J.; Ravishankara, A.
As an alternative approach we examine the relationship r, 3. Phys. Chem1992 96, 4973-4979.
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