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Uptake of Organic Gas Phase Species by 1-Methylnaphthalene
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Organic compounds are a significant component of tropospheric aerosols. In the present study, 1-methyl-
naphthalene was selected as a surrogate for aromatic hydrocarbons (PAHs) found in tropospheric aerosols.
Mass accommodation coefficients)(on 1-methylnaphthalene were determined as a function of temperature
(267 K to 298 K) for gas-phage-xylene, ethylbenzene, butylbenzenepinene,y-terpinenep-cymene, and
2-methyl-2-hexanol. The gas uptake studies were performed with droplets maintained underjégpad
equilibrium conditions using a droplet train flow reactor. The mass accommodation coefficients for all of the
molecules studied in these experiments exhibit negative temperature dependence. The upper and lower values
of a at 267 and 298 K respectively are as follows: fexylene 0.44+ 0.05 and 0.26: 0.03; for ethylbenzene

0.374+ 0.03 and 0.22+ 0.04; for butylbenzene 0.4¥ 0.06 and 0.3kt 0.04; fora-pinene 0.47 0.07 and

0.10+ 0.05; fory-terpinene 0.37 0.04 and 0.12+ 0.06; forp-cymene 0.74+ 0.05 and 0.36t 0.07; for
2-methyl-2-hexanol 0.44t 0.06 and 0.29+ 0.06. The uptake measurements also yielded values for the
productHD,*? for most of the molecules studieth (= Henry’s law constant, D= liquid-phase diffusion
coefficient). Using calculated values Df, the Henry’s law constants] for these molecules were obtained

as a function of temperature. Thievalues at 298 K in units M atm™* are as follows: fom-xylene (0.48

+ 0.05); for ethylbenzene (0.5 0.08); for butylbenzene (3.9% 0.93); for a-pinene (0.53+ 0.07); for
p-cymene (0.23t 0.07); for 2-methyl-2-hexanol (1.8% 0.29).

Introduction about inorganic aerosols. However, much about the formation,
evolution, and important interactions of organic aerosol particles

Organic compounds are abundant in many regions of the ) Z
remains unknows:

troposphere and represent a significant mass fraction of tropo-
spheric particles. For example, fine particle (diameter less than Organic compounds in atmospheric aerosols cover a wide
2 um) composition studies showed that, in the United States, range of species with widely varying solubilities, reactivities,
organic compounds represent approximately 30% of fine and physical properties. This complexity makes them difficult
particulate mass in the eastern United States (both in urban ando identify 189 In the face of such complexity, to obtain basic
rural locations) and between 30% and 80% mass in urban areasnformation about the atmospheric behavior of organics, in
of the western Ul’llted StatéBased on the aVailabIe measure- |ab0rat0ry experiments one must Study Surrogate Compounds

ments, Liousse et &l.reported that the calculated average representing classes of organic species found in aer#sols.

organic submicrometer particle concentration is-®2%g m—3 . . s
in the United States. This figure is as high as-1@ g m-3 in In our previous studies of gas uptake by organic liquids, we

central Europe, the Amazon basin, west central Africa, easternchose ethylene glycol as a surrogate for hydrophilic organic
China. and northern Australfa. compound®' and 1-octanol as surrogate for hydrophobic

It is now recognized that organic compounds play an oxygenated organic compountdg3We measured uptake of gas-
important role in chemical balance, cloud formation, radiative Phase HCI and HBr on pure ethylene glycol and on ethylene
forcing, and health effects in the atmosphk#e® For example, glycol—water solutions as a function of water mole fractior-(0
Zimmerman and co-workePsestimated that approximately 480 1) under liquid-vapor equilibrium conditions. On the 1-octanol
Tg of terpenes are emitted as gases each year from naturaburface, we measured the uptake of several atmospherically
sources. The terpenes are a significant sink for ozone duringrelevant organic gases, gas-phase hydrogen halides (HCI, HBr,
nighttime hours and during periods of high organic emisdion. HI) and acetic acid. The uptake was measured as a function of
Organic matter can significantly contribute to the mass of cloud temperature and relative humidity. The uptake studies yielded
condensation nuclei (CCN) particfeand thus also indirectly  the mass accommodation coefficiea) for the species, defined
affect the atmospheric radiative budget. During the past decade s the probability that a gaseous molecule striking a liquid
considerable phenomenological information has been gatheredgface enters into the bulk liquid phase. This parameter is of

fundamental importance to the understanding of interactions of

* To whom correspondence should be addressed.

t Current address: Mykrolis Corporation, 129 Concord Road, Billerica, 985 Molecules with a liquid surface. The experiments also
MA 01821. yielded Henry’s law solubility constants and provided informa-
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tion about the nature of both hydrophilic and hydrophobic Droplet Generation Chamber

organic surfaces as a function of relative humidity. i
In the present study, 1-methylnaphthalene was selected as a

surrogate for polycylic aromatic hydrocarbons (PAHs) found

in tropospheric aerosol particles. Polycyclic aromatic hydro-

carbons are produced by high-temperature reactions, such as

incomplete combustion of fossil fuels. PAH compounds are one

of the major toxic organic constituents found in aero$tiEhe Mass Spectrometer

Liquid
Reservoir

PAHSs undergo thermal decomposition and react with a number High Pressure
. . . . . itrogen 5
of atmospheric chemicals resulting in products which can be x !
Helium —= —= Pump

more toxic than the original compountfs.

1-Methylnaphthalene is a hydrophobic, low vapor pressure
liquid. Its vapor pressure at 298 K is 0.068 Torr. The solubility
of 1-methylnaphthalene in water is 25.8 mgilat 298 K16
However, 1-methylnaphthalene is soluble in benzene, ether, andrigure 1. Schematic of the droplet train flow reactor apparatus.
alcoholl” (Reprinted with permission from Nathanson et al., 1996. Copyright

Using a droplet train apparatus, uptake on 1-methylnaphtha-1996, American Chemical Society.)
lene was studied as a function of temperature (2898 K) for
the organic gas-phase speciesylene, ethylbenzene, butyl-
benzene,a-pinene, y-terpinene,p-cymene, and 2-methyl-2-
hexanol. The experiments yielded the mass accommodation
coefficients for each species as a function of temperature<267
298 K). The uptake measurements also yielded values for the
productHD* for most of the molecules studiet = Henry's To a good approximation these effects can be de-coupled, and
law constantD; = liquid-phase diffusion coefficient). Using  ,, can pe expressed as
calculated values dD;, the Henry’s law constant$l for these
molecules were obtained. 1 _ 1 n 1 i 1 3)

The aromatic hydrocarbons+xylene, ethylbenzene, and Ty o Tgy
butylbenzene are emitted by combustion of a variety of
hydrocarbon fuel$®-20 and wood burning! The average gas- Isaitakes into account evaporation of trace gas molecules that
phase concentration of Xy|en&'n.¢(y|ene + p_xy|ene) and have entered the bulk |ICIUId phase (iEatrepresentS the effect
ethylbenzene was measured to be 4.3 ppb in southern Califor-0f gas/liquid partitioning).I'sac can be approximated by the
nia22 which was 21% in mass of the total gas-phase aromatic €xpression used and validated in our previous studies:
compounds measured in the same study.

The monoterpenes are emitted into the atmosphere by various 1 c H\/E (4)

Dl

-

surface may be expressed in terms of a measured uptake
coefficient, ymeas

n.C
Tneas= 2 @

Vmeas

evergreen trees. The atmospheric concentration of monoterpenes rsat_ 8RT

was observed to be as high as 2.9 ppbv in a fir fofé3the . o o o )
molecule 2-methyl-2-hexanol was selected as a convenientHereD1 is the liquid-phase diffusion coefficient of the species

surrogate for biogenic alcohols, such as 2-methyl-3-buten-2-ol in 1-methylnaphthalengis the gas-liquid interaction timeR

(MBO),2* (32)-hexenol5 and n-hexanoR® which are also is the gas constant in unit L atm& mol~1, T is temperature,

emitted by evergreens and certain types of oak. andH (M atm™) is the Henry's law constant. Note thBta
measures the extent to which the gas-phase species is out of

Gas—Liquid Interactions equilibrium with the liquid. As equilibrium is approachelts,

In t_h_e abs_en_ce of surfac_e reactions, the mass accor_’nm_odatior?1 pgtr]%asgre;m%tef 4i takes into account the effect of gas-phase
coefficient limits the maximum fluxJ, of gas into a liquid, itysion on the uptake. It has been demonstrated that a modified
which is given by Fuchs-Sutugin formulatioR® 30 for T'yr takes into account

- appropriately the effect of gas-phase diffusion on the uptake as
== ) 1 _0.75+0.28Kn )
L Kn(1 + Kn)
Hereny is the molecular density of the gas molecules of interest
andc is their average thermal speed. If reactions occur at the
gas-liquid interface, then the flux of species disappearing from
the gas phase may exceed that given by eq 1. Of course, th
flux cannot exceed the collision ratag)/4.

Two additional effects limit the net flux. First, as the gas
molecules enter the liquid, new molecules have to move towar
the liquid surface to replenish the depleted region near the liquid
surface. The rate of transport toward the liquid surface is
determined by gas-phase diffusion that can limit the rate of In the droplet train apparatus shown in Figur& 3! a fast-
uptake by the liquid. Second, as the gas-phase species entersioving monodisperse, spatially collimated train of droplets is
the bulk liquid, a fraction evaporates back into the gas phase. produced by forcing a liquid through a vibrating orifice located
This process is governed by gas/liquid partitioning. In experi- in a separate chamber. In this experiment, the liquid is
ments subject to these effects, the measured flyx.§ into a 1-methylnaphthalene obtained from Sigma-Aldrich Inc. A-6C

Here,Kn is the Knudsen number defined a#/&, where/ is

the gas-phase mean free path @ncepresents the diameter of
dhe droplets. The mean free path is here express@d=a8Dy/

C, whereDy is the gas-phase diffusion coefficient of the species.
For the droplet train apparatus, = (2.0 £ 0.1)d,, whered, is

o the diameter of the droplet-forming orifice.

Experimental Description
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mass spectrometric measurement has shown its purity to be 0.30 T T T T T

better than 99%. The speed of the liquid droplets is in the range

of 1500-2800 cm s! determined by the orifice diameter and 025 _
the pressure of the gas that forces the liquid through the orifice. e y-terpinene, at 274 K

The droplet train passes through~a30 cm long, 1.4 cm Ymeas = 0.24 % 0.01

diameter, longitudinal low pressure<29 Torr) flow reactor 0201~ m
that contains the trace gas species, in this cag@nene, >

y-terpinene,p-cymene, 2-methyl-2-hexanofp-xylene, ethyl- £ 0.15 - _
benzene, or butylbenzene at a density between1®'3 and 3 <

x 10" cm~3. The flow tube wall is heated to about 8CQ to - 010

improve the stability of the experiment.

The trace gas is entrained in a flowing mixture of an inert
gas (usually helium) and 1-methylnaphthalene vapor at equi- 0.05 | —
librium pressure with the liquid 1-methylnaphthalene droplets.
The trace gas is introduced through one of three loop injectors A | | | |
located along the flow tube. By selecting the gas inlet port and 0'0%.0 0.2 0.4 0.6 0.8 10 12
the droplet velocity, the gas-droplet interaction time can be ZA A4F
varied between about 2 and 15 ms. 9

Depending on the frequency of orifice vibration and the liquid Figure 2. Plot of In(n/ny) as a function oEAA/4F,, for y-terpinene

flow rate, the 7Qum diameter orifice used in this study generates &t droplet temperaturg = 274 K. Solid line is the least-squares fit to
droplets with diameters in the range of 5800 «um. Droplet the data. The slope of the line jg.as Terms are defined in the text.
formation frequencies range from 6 to 56 kHz. The uniformity
of the droplets, and the droplet velocity along the flow tube are . ) . -
monitored by passing cylindrically focused HNe laser beams pressure in t.he f.IOW tbe is set by thg necessary inert carrier
through the droplet train at three heights along the flow fibe. gas flow, Wh_'Ch IS about 6 Torr of helium. )
The droplet velocity along the flow tube is measured to be As shown in Figure 1, the gas-phase molecules are monitored
constant to within 3%. Note that these droplets are large enoughPY @ mass spectrometer. In all cases, the uptake of the gas-
that their curvature has a negligible effect on the equilibrium Phase species is monitored by a mass spectral line that does
vapor pressure. not overlap with the mass spectrum of methylnaphthalene.

The diameter, and hence the surface area of the droplets Overall pressure balance in the flow tube was checked by
by Changing the driving frequency app“ed to the piezo Ceramic the Concentl’ation Of an inert reference trace gaS, iﬂ '[hIS case
in contact with the droplet forming orifice. The density of the Xe. This gas is effectively insoluble in the liquid droplets. Any
trace gas is monitored with a quadrupo|e mass Spectrometer_change in the reference gaS concentration with droplet SWitChing
The uptake coefficientymea) as defined by eq 2 is calculated ~determines the “zero” of the system and was subtracted from

from the measured change in trace gas signal via ¥q 6. observed changes in trace gas concentration. In the present
experiments, this correction was always less than 5%.

is low (only about 0.068 Torr at 298 K), the lowest operating

_ 4Fg I ng 6 .
Vmeas™— mnn_é (6) Results and Analysis

Uptake Coefficients (/meag. As an example of experimental

Here Fq is the carrier-gas volume flow rate-{00-500 cn? data, we show in Figer2 a plot of Infy/ng) for y-terpinene
s71) through the systemAA = A; — A; is the change in the (274 K) as a function oEAA/4F,. HereCAA/4F, was varied
total droplet surface area in contact with the trace gas,gnd by changing the gas flow rate and the droplet surface a¥ég (
andny are the trace gas densities at the outlet of the flow tube Each pointin the figure is the average of at least 10 area change
after exposure to droplets of arda and A, respectively. cycles. In all figures, the error bars represent one standard

An important aspect of the experimental technique is the deviation from the mean in the experimentally determined
careful control of all of the conditions within the apparatus, Vvalues. As is evident from eq 6, the slope of the line in Figure
especially the 1-methylnaphthalene vapor pressure in the droplet2 yields the value of meas in this case with a precision 6f5%.
generation chamber and in the flow tube. Experiments with These data yieldymeas= 0.24+ 0.01 fory-terpinene. Similar
1-methylnaphthalene were performed between 267 and 298 KPplots were obtained for a wide range of experimental parameters,
where the equilibrium 1-methylnaphthalene vapor pressure for which the uptake fractionng — ng)/ng varied from 3% to
varies from 0.004 to 0.068 Torr. The liquid 1-methylnaphthalene 50%. As is evident in eq Zimeasincludes the effect of solubility
delivery lines were cooled to the desired droplet temperature. and gas-phase diffusion viasa and it
The temperature of the droplets in the reaction zone is We tested the effect of water vapor on the uptake of gas-
maintained by introducing a partial pressure of 1-methylnaph- phasep-cymene at 275 K. The uptake coefficient was measured
thalene equal to the equilibrium vapor pressure at the droplet with the trace gas in a pure helium carrier flow at 7.6 Torr and
temperaturé! The required equilibrium 1-methylnaphthalene with 3.4 Torr of water vapor added to the flow. Our usual
vapor is produced by bubbling helium gas through the liquid treatment of gas-phase resistance via eq 5 recovered the same
1-methylnaphthalene in a temperature controlled bubbler and uptake coefficienty, = 0.354 0.02 to better than 5%.
flowing the gas into the droplet generation region at the entrance  Uptake of the gas-phase specieg0;, and HCI was also
of the flow tube reactor. studied and was found to be below the detection limit of the

To minimize the effect of gas phase diffusion, uptake is droplet apparatus. This implies that the uptake coefficigftas
usually measured at the lowest possible overall gas pressurefor these species is less than-2dor trace gas/liquid droplet
Because the equilibrium vapor pressure of 1-methylnaphthaleneinteraction times up to 1.5 1072 seconds.
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05 T TABLE 1: Measured Values of HD|\Y2 for m-Xylene,
Ethylbenzene, Butylbenzenegq-Pinene,p-Cymene, and
2-Methyl-2-hexanol on 1-Methylnaphthalene Droplets at the

04l i Temperatures Showr?

D2 (M om atm ' s 17)
03 gases 265 K 267 K 275K 298 K
§ ’ m-xylene 4.26+ 0.22 3.07£ 0.12 1.05t 0.02
E |- % _________ % _______________ % ........... ethylbenzene 3.4 0.16 3.57+0.28 2.79+0.14 1.08+ 0.08
= butylbenzene 41.9 0.50 26.6+1.50 8.00+ 1.10

021 7 2-methyl-2-hexanol 3.14 0.22 2.32£0.24 1.10+ 0.05
o-pinene 4.12+ 0.64 2.45+0.20 0.47+0.09
p-cymene 10.2: 0.59 10.9+0.88 3.70+ 0.25

01 ] aQuoted errors are one standard deviation from the mean.

| | | | | TABLE 2: Values for (1/a + 1/T4s) for m-Xylene,
00, 5 2 5 5 0 - Ethylbenzene, Butylbenzeneg-Pinene, p-Cymene, and
- . 2-Methyl-2-hexanol in 1-Methylnaphthalene at the
Gas-liquid contact time (ms) Temperatures Showr
Figure 3. Uptake coefficientymeasfor y-terpinene as a function of 1o + 1Tt
gas-liquid contact time at droplet temperatufe = 274 K. Dashed :
line is the best straight-line fit to the data. gases 265K 267 K 275K 298K
m-xylene 2.70£ 0.16 3.50+ 0.18 5.05+ 0.24
05 T ethylbenzene 3.12 0.17 3.15+0.26 4.18+0.23 5.71+0.71
butylbenzene 2.7220.20 3.01+0.03 4.43+0.28
— 2-methyl-2-hexanol 2.86:0.27 3.22+0.49 4.53+0.02
04 & Duylenzene, 1= 20K ek - a-pinene 257042 424044 11.9+ 350
y : p-cymene 1.98: 0.08 1.99+ 0.09 3.98+ 0.23
2Quoted errors are one standard deviation from the mean.
03 —
g \M\%\ TABLE 3: Calculated Values of Liquid Phase Diffusion
£ Coefficients (D) for m-Xylene, Ethylbenzene, Butylbenzene,
0.2 | a-Pinene,p-Cymene, and 2-Methyl-2-hexanol in
1-Methylnaphthalene at the Temperatures Showh
D, (10%cm2s?)

01 B gases 265K 267K 275K 298K

m-xylene 1.60 2.39 4.69
00 | | | | | ethylbenzene 1.63 1.75 2.40 4.70

o 2 4 g a 10 12 butylbenzene 1.62 2.05 4.01

- . 2-methyl-2-hexanol 1.73 221 4.23

Gas-liquid contact time (ms) a-pinene 1.60 213 424

Figure 4. Uptake coefficientymeasfor butylbenzene and 2-methyl-2- p-cymene 1.62 2.39 4.01

hexanol as a function of gasiquid contact time at droplet temperature

Ty = 275 K. Solid lines are the best fit to the data via egs 3 and 4. “Note: The accuracy of s + 15%.

The uptake coefficientyneas for mexylene, ethylbenzene,
o-pinene, andp-cymene are likewise time-dependent on the
scale of the experimental gabquid interaction time. The
productsHD,Y2 and the values for (& + 1/Tys) obtained for
the species via fitting of the time dependenkasare shown in
Tables 1 and 2 respectively.

Although the liquid-phase diffusion coefficien® for the
other temperatures studied. gas-phase species studied in this work have not been measured,

. . values for this parameter can be calculated from the Hayduk-

In contrast toy-terpinene, the uptake coefficientgeasfor Minhas correlatior$2 with an estimated accuracy of about 15%.
the other gas-phase species in this study are time dependenbeails of the calculations for these species are given in
indicating that the Solub”lty term Eéatin eq 3is Signiﬁcant. Appendix 2 of Zhang et dR The values OD| obtained in this
As an example of time dependent uptake in Figure 4, we show way are listed in Table 3. Using these valuesBarthe Henry's
Ymeasa$ @ function of gas-droplet contact time for butylbenzene |5, coefficientsH were computed from the measured values

Solubility. In Figure 3,ymeasfor y-terpinene on 1-methyl-
naphthalene at 274 K is plotted as a function of gas-droplet
contact time. As is evident, on the scale of the experimental
gas-liquid interaction time, the uptake of gas phastrpinene
is time-independent. That is, referring to eq 3;s3/is negligible
compared to (Mg + /o). Similar plots were obtained at all

and 2-methyl-?-hexan_o| ?t 27_5 K. o of HD\2. The resulting values dfl are listed in Table 4. The
For the species studied in this work, values for the coefficients uncertainties in théi values were estimated by taking account
H andD; are not available in the literature. The prodtiid, /2 of the uncertainties i, and HD,2,

is obtained by optimal fitting of the experimentally determined  The Henry’s law constantH) tabulated in Table 4 can be
time dependenymeasdata via eqs 3 and 4. The solid lines in expressed as a function of temperature

Figure 4 are such plots 9f,easyielding values foHD\Y2 The

best fit to the data in Figure 4 yield$D*? = 26.6+ 1.50 M InH (M/atm)= A+ (B x 10°/T 7)
cm/(atm /) for butylbenzene and 2.32 0.24 M cm/(atm &?)

for 2-methyl-2-hexanol. Similar plots were obtained at the other HereT is temperature (K). The constafAtandB are tabulated
temperatures and for all the molecules studied. The fitting in Table 5. The data in Table 4 are also shown graphically in
procedure also yieldgmeasatt = 0 which is (16 + 1/Tgis). Figure 5, parts a and b.
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TABLE 6: Gas-Phase Diffusion Coefficients, Dy (atm cm?
s1), Calculated at 298 K

trace gas carrier gas (He)
m-xylene 0.32
ethylbenzene 0.32
butylbenzene 0.28
2-methyl-2-hexanol 0.31
o-pinene 0.21
y-terpinene 0.21
p-cymene 0.28

TABLE 7: Mass Accommodation Coefficients ¢) for
m-Xylene, Ethylbenzene, Butylbenzeneg-Pinene,
y-Terpinene, p-Cymene, and 2-Methyl-2-hexanol at the
Temperatures Showr

o
gases 265 K 267 K 275K 298 K

m-xylene 0.44+ 0.05 0.33+ 0.04 0.26+ 0.03
ethylbenzene 0.3Z 0.03 0.37+0.04 0.27+0.05 0.22+ 0.04
butylbenzene 0.4# 0.06 0.43+0.03 0.31+ 0.04
2-methyl-2-hexanol 0.44 0.06 0.38+0.06 0.29+ 0.06
a-pinene 0.4# 0.07 0.27+0.06 0.10+ 0.05
y-terpinene 0.340.04 0.32+-0.04 0.12+ 0.06
p-cymene 0.74£ 0.05 0.67+ 0.05 0.36+ 0.07

aQuoted errors are one standard deviation from the mean.

coefficientsDy used to calculat&Kn are obtained using the
method described by Reid et#&IThe temperature of the gas
for the Dy calculation was assumed to be the average between
the wall temperature and the droplet surface temperatdree
values ofDyq for the species in He at 298 K are listed in Table
6. The accuracy of these numbers is estimated to be about
+10%. Because the experiments were done at a relatively low
pressure of He, the gas-phase diffusion correctioby(dy is
small. In these studies,ds in the range of 1.368.13, whereas
1/T g is from 0.62 to 3.77, a correction of about 30%. The
mass accommodation coefficients) (for the species studied
are listed in Table 7 and are plotted as a function of temperature

2-hexanol on 1-methylnaphthalene as a function of temperature. Solidin Figure 6a-c.
lines are obtained via eq HA values are also listed in Table 4.

TABLE 4: Henry's Law Constant (H) for m-Xylene,
Ethylbenzene, Butylbenzenegq-Pinene, p-Cymene, and
2-Methyl-2-hexanol on 1-Methylnaphthalene at the

Temperatures Showrt

H (103 M atm™1)

gases 265 K 267K 275K 298 K
m-xylene 3.37+0.47 1.98+ 0.25 0.48+ 0.05
ethylbenzene 2.78 0.36 2.69+ 0.46 1.80+0.25 0.50+ 0.08
butylbenzene 32.93.21 18.6+2.71 3.99+0.93
2-methyl-2-hexanol 2.38 0.38 1.56+0.31 0.53+0.07
o-pinene 3.26+ 0.83 1.68+0.29 0.23f 0.07
p-cymene 8.0Gt 1.18 7.10+1.22 1.85+0.29

a2 Quoted errors are one standard deviation from the mean.

TABLE 5: Values of A and B in Equation 7 for m-Xylene,
Ethylbenzene, Butylbenzenegq-Pinene,p-Cymene, and
2-Methyl-2-hexanol on 1-Methylnaphthalene

gases A B
m-xylene —(7.20+ 2.17) 4.064+ 0.58
ethylbenzene —(5.81+ 2.08) 3.66+ 0.56
butylbenzene —(16.9+ 3.52) 7.33+ 0.95
2-methyl-2-hexanol —(9.95+ 1.49) 4.76+ 0.41
o-pinene —(15.7+ 1.39) 6.36+ 0.37
p-cymene —(3.96+ 2.40) 3.514 1.47

Mass Accommodation

effect of gas-phase diffusion on the uptake is taken into account

Coefficient ¢). To obtaina, the

Discussion

Mass Accommodation.As is shown in Figure 6ac, the
mass accommodation coefficients for all of the gas-phase species
studied here show negative temperature dependence. A negative
temperature dependence farwas observed in our previous
uptake studies conducted with about 30 hydrophilic gas-phase
species on aqueous surfaééss well as for HCI, HBr, DCI,
and HO on ethylene glycol surfacé and HCI, HBr, Hl, acetic
acid,o-pinene,y-terpinenep-cymene, and 2-methyl-2-hexanol
on 1-octanol surfaceég:13As discussed in our previous publica-
tions, the mass accommodation coefficient can be expressed
as34

o @ _ exp(_AGsoIIRT) _ eX%AGObS) 8
10 Ko oxpCAGRRD A RT) ©

The parameteAGops = AHops — TASpsis the Gibbs energy of
the transition state between molecules in the gas phase and
molecules solvated in the liquid phase. The valuesAbiyps
and ASps can be obtained from the experimental results by
plotting In(@/(1 — o)) as a function of IF. The slope of such
a plot is—AHqpdR and the intercept iAS,d/R. The AHqpsand
ASyps values for the species studied are listed in Table 8. (N*
listed in the table is defined below.)

The functional form ofAGgps depends on the theoretical

by T'gir calculated from eq 5. Here the gas-phase diffusion formulation of the uptake process. Therefore, the parameter
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a 08 T T T T T TABLE 8: AHops ASyps, and N* for m-Xylene, Ethylbenzene,
Butylbenzene,a-Pinene, p-Cymene, y-Terpinene, and
2-Methyl-2-hexanoP

A butylbenzene
O m-xylene AHops ASops
06 O ethylbenzene 7 gases (kcal mol?) cal moft K1) N*
m-xylene —(3.95+£0.91) —(15.5+3.3) 1.65
ethylbenzene —(3.93+£0.93) —(15.9+3.4) 1.65
3 butylbenzene —(3.87+£0.48) —(14.7+£1.7) 1.60
2-methyl-2-hexanol —(3.62+1.10) —(14.1+3.9) 1.55
o-pinene —(12.2+2.69) —(46.1£9.9) 3.38
y-terpinene —(7.79+£0.73) —(29.9+2.7) 2.50
p-cymene —(9.46+0.68) —(33.0+2.4) 2.75

aQuoted errors are one standard deviation from the mean.

o T T | T
oo | | | | | O 2-methyl-2-hexanal
250 260 270 280 290 300 30 21| © ethylbenzene P
<& mexylene
T(K) A butylbenzene . N=15
b 4~ W 9yterpinene -
10 I I I I = A p-cymene
] ® cepinene N*=2.0
g B B calculated 7
O p-cymene ©
0B O E:Ltgrpinema . 50’ 8 =25 B
A0+ ]
0.6 ) =3.2
3 A2 4
N*=3.5
0.4 A4 ]
| | 1 1
-50 -40 -30 -20 -10 0
0.2 AS {calimoliK)
()] Figure 7. Experimental and calculated values/ifiops and AS;ps for
2-methyl-2-hexanol, ethylbenzemaxylene, butylbenzene-terpinene,
0.0 L L l l L p-cymene, a-pinene. Symbols are identified in the figure insert,
250 260 270 280 290 300 310 calculations are shown as crossed squares. The dashed line in the figure
TK) is the calculated\Hqps — ASyps relationship for water.

C 10 | | | | | values for the molecules studied in these 1-methylnaphthalene
experiments likewise exhibits a straight-line relationship as is
shown in Figure 7. Further, we note that the valueblofi.e.,

08 A 2-methyl2-hexanal - AHgpsand ASypg are not well correlated with the Henry’s law
® orpinene constantH. For example, values adfi* for butyl benzene and
2-methyl-2-hexanol are about the same, Hufor the alcohol

0.6 is 0.5 at 298 K, wheread for butyl benzene is 3.99. This lack

- of correlation was first noted in our earlier measurements of

for various gas-phase species on wétébwhere we compared
04 AHops and ASys to liquid-phase solubility valuedHso and
ASso. The observation that the mass accommodation process
did not correlate with solubility led to the development of the
02 nucleation model for mass accommodation. The Henry's law
() constant is determined by the change in enthalpy and entropy
00 | | | | | for the species between its gas phase and its fully solvated state
250 260 270 280 290 300 310 in the bulk liquid, whereaf\Hqps and ASyps the parameters

TK) determiningN* are the enthalpy and entropy changes for the
. . . species between its surface adsorbed state and its critical cluster.
Figure 6. Mass accommodation coefficientg)( (a) for butylbenzene, The ob d relati hio betweda dA t
m-xylene and ethylbenzene; (b) fprcymene and-terpinene; (c) for € Observed relationsnip Detweairions an Sobs suggests
a-pinene and 2-methyl-2-hexanol on 1-methylnaphthalene as a functionthat the critical cluster model of mass accommodation may also
of temperature. Solid lines are obtained via eq 8 Wittyns aNd AS,ps apply to uptake on the 1-methylnaphthalene surface.
values listed in Table 8. Brief Description of the Model. In the critical-cluster model,
the surface of the liquid is envisioned as a sharp but finite
AGgpsserves as a bridge between experiment and theory. Uptaketransition region several molecular diameters in thickness within
studies on water surfaces led to the formulation of a nucleation- which the density changes from liquid phase to gas phase values.
like critical-cluster model for mass accommodation that suc- This interface is a dynamic region where small clusters or
cessfully explained several features noted in our earlier uptakeaggregates of molecules constituting the liquid (in this case
studies on aqueous surfaces including the observation that al-methylnaphthalene) are expected to be continually forming,
plot of AHgpsversusASypsfor all of the species studied exhibits ~ falling apart, and re-forming. The driving force, as described
a straight-line relationshiff:3> The plot of AHgps VersusASyps by nucleation theory, is such that clusters smaller than a critical
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size (N*) fall apart, whereas clusters larger than the critical size
serve as centers for further aggregation and grow in size until
they merge into the adjacent bulk liquid. In this model, gas
uptake proceeds via such growth of critical clusters. The

incoming gas molecule upon striking the surface becomes a
loosely bound surface species that participates in the surface
nucleation process. If such a molecule becomes part of a critical

sized cluster, it will invariably be incorporated into the bulk
liquid via cluster growth.

The ease with which an incoming gas molecule is incorpo-
rated into bulk liquid depends on its ability to enter the
nucleation or aggregation process with molecules of the liquid
at the interface. The critical cluster consists of a specific number
of moleculesN* which is the sum of the trace molecule plus
the additional number of 1-methylnaphthalene molecules re-
quired to form the critical cluster leading to growth and
subsequent uptake by the bulk liquid. This numK&required
to form a critical cluster depends on the structure of the specific
molecule undergoing the process of uptake. Molecules with the
ability to form strong bonds with 1-methylnaphthalene form
critical clusters more easily and thus exhibit a smaN&r

In the nucleation critical-cluster model of mass accommoda-
tion, AHgps and ASyps can be expressed As°

AH = (N* — 1)AH, +
%2/3 Vi

(N —1) AEN,, FNAV - AHvaps 9)
AS,,.= (N* — 1)[AS, + RIn(E/MRT)] +

N*23 — 1) 47SN V| - A 10

( ) SUUW F'\IAV S/aps (10)
Here,N* is the critical cluster size.

In the expressions fohHqps (€9 9) andASys (eq 10) there

are 4 and 5 unknown parameters, respectively. To obtain
solutions forAHgps and AS)ps We must make some reasonable

guesses about the values for these parameters. Our choices

described below cannot be fully justified nor are they unique,
since different combinations yield similar results. The purpose
of the calculation is simply to demonstrate that the nucleation
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TABLE 9: Values for Heat (AH.) and Entropy (AS;) of
Condensation, and for Surface Energy Es) and Entropy (Ss)
for 1-Methylnaphthalene?

1-methylnaphthalene

AH. (kcal moi) —14.0

AS (cal molt K™%) -17.0

Es (cal cnT?) 1.7x 10°®
S(calcn?2K™) 2.6x 10°
f1 0.17

fa 0.35

a8 The parameter§ andf; related to egs 9 and 10 are also shown.

TABLE 10: Calculated Values for AHqps and ASops
Obtained via Equations 11 and 12

AHobs AS:bs
N* (kcal mof) (cal mort K1)
1.5 -39 —12
2.0 —5.6 -21
2.5 —-7.8 —-29
2.8 -9.3 -35
3.2 -11 —43
35 -13 —48

is the negative of the free energy of condensation, AGyap
—AG..) (See Nathanson 19%6for a more detailed discus-
sion.)

Equations 9 and 10 now contain two unknown parameters:
f1 andf,. Our strategy is to obtain values fiarandf; for selected
values ofN* so as to provide a fit to the set of experimentally
determined values afHqpsand ASypslisted in Table 8. Fitting
values off; andf, are listed in Table 9. With these and other
previously obtained numerical values for the relevant parameters,
we obtain

AHgpe= —14.0N* — 1) + 18.7(\**° — 1) —

0.17 x 14.0 (kcal MY (11)
AS, = —17.00* — 1) — 14.9N* — 1) +
28.6(\N**% — 1) — 0.35x 17.0 (cal M K™Y (12)

Calculated values ahHqpsand ASops for selected values afi*
are shown in the Table 10. These values, together with the values

model provides a picture of mass accommodation consistentobtained from the measurements as listed in Table 8, are plotted

with experimental results.

AH; (eq 9) andAS: (eq 10) are related to the free energy of
condensation for the liquid under consideration, in this case
1-methylnaphthalene. That iAG; = AH. — TAS. AG. is the

free energy of transferring a mole of gas phase 1-methylnaph-

thalene into liquid 1-methylnaphthalene without volume change

in the Figure 7. The solid line is a straight-line fit to the
calculatedAHgps and ASyps Values shown in the figure as small
squared crosses. As is evident, the calculations are in good
agreement with the experimental values.

N* is the number of molecules required to form a critical
cluster resulting in entry of the trace gas into the bulk liquid.

rather than the usually tabulated standard free energy of The smaller the critical cluster sidé, the greater is the facility

condensationAGyap.s = AHvaps — TASsapsis the free energy
of the gas-phase specigg, with respect to the surface species,
ns (see ref 33). The parametdesandS; are related to surface
tensiong expressed g8 = Es — TS, The values of parameters
AH;, AS, E;, and S were calculated by using the data
compilation by Daubert and Dann&rand are listed in Table
9.

The pressure parametprin eq 10 is an equivalent density
of 1-methylnaphthalene (i.e., the surface density of methyl
naphthalene= p/RT) in the surface region where the incoming
trace molecule collides with the interface and is adsorbed. We
use the same value f@ras was determined from fits to data
for aqueous surfacé8,i.e.,p = 67 Torr. (This is an arbitrary
choice to simplify the calculations.) Then we obtd&nin(p/
MRT) = —14.9 for 1-methylnaphthalene. In our calculations
we assume thahGyaps= f1 AHe — f2 AST. (Note thatAGyap

of a given trace gas molecule itself to form a critical cluster.
Thus,N* is expected to depend on the structure of the specific
molecule undergoing the uptake process. Specifically, we would
expect that a trace gas with a structure similar to 1-methyl-
naphthalene and/or one that exerts a larger attractive force on
1-methylnaphthalene will be associated with the smaiter
These expectations are supported by the data in Table 11
which displays\*, structure, dipole-moment, and vapor pressure
for the organic gases studied. First we note thatNh@alues
for mxylene, ethylbenzene, butylbenzene, and 2-methyl-2-
hexanol are almost the sami*(= 1.55-1.65) and small,
wheread\* values fory-terpinenep-cymene, andw-pinene are
larger ranging from 2.50 to 3.38.
The three aromatic compounds with the smaN&rvalues
all have larger dipole moments and a planar configuration similar
to the liquid 1-methylnaphthalene than the molecules in the
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TABLE 11: Formula and Structure of Organic Gases Studied and 1-Methylnaphthalene (the Liquid)

. Vapor
Name and Formula | N* Structure B:JI:'? (lje h)/[oment Pressure
m (torr, 293K)
2-methyl-2-hexanol | 55| oy (cH),C(CH).0H | 4.93 1.36
C7H160
Butylbenzene H,CH,CH,CH
’ 1.60 @C St P 071
CIOHH
Ethylbenzene @—CHchs
1.65 1.97 7.19
CBHIO
CH3
m-xylene 1.00
1.65 . 6.30
CBHIH
CHj,
. HaC.
Y-terpinene 2,50 8
. — >—c <1.00 0.76
CIUH16 Hac H3
HaC,
p-cymene CHz
C,H, 2.75 H3C> < > 0.00 1.03
. HaC CHs
O-pinene 3.38 Kq 1.20 3.54
CIUH16 /CH
3
CHj
1-methylnaphthalene
C, H,,(the liquid) OO 1.70 0.05
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