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Adsorption of Gas-Phase Nitric Acid to n-Hexane Soot: Thermodynamics and Mechanism
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The adsorption of gas-phase nitric acidrehexane soot was measured as a function of temperature, relative
humidity (RH), and nitric acid partial pressure in a coated-wall flow tube coupled to an electron-impact mass
spectrometer. The specific surface area (SSA) of the soot, determined from the BET isotherm of Kr at 77 K
for each sample, was 8872 times larger than the geometric surface area. The SSA increased linearly with
soot mass for thin samples but saturated at high mass. For the most part, the nitric acid adsorption was
reversible in the submonolayer regime, and no indication of HONO formation was observed. The uptake
increased with decreasing temperature and, for surface coverages betiesmmd113° molecules cm?, the

average enthalpy of adsorption was5.8 + 7.7 kJ mol'. A Langmuir-Freundlich model with the
heterogeneity parameter equal to 0.5 closely describes the uptake data, implying either that the surface sites
are energetically heterogeneous or that nitric acid is dissociating on the surface. The nitric acid adsorption
isotherms were independent of relative humidity up to 80% RH at 243 K. Exposure to ppm levels of ozone

for abou 1 h had no effect on the adsorption. The atmospheric implications of this work are discussed.

1. Introduction from fuels such as diesél and kerosené?!® amorphous
carbord®2! and graphite spark-generated s8&¥In addition,

Soot aerosol particles form from the incomplete combustion there is a particular lack of knowledge about the specific surface
of carbonaceous fuels and have an average global source P 9 P

estimated to be as high as 24 Tg-y#2 They have been €2 and the surficial chemical composition of carbonaceous
observed to comprise tens of percent of the total aerosol carbo
in both rural and urban areds? Carbonaceous aerosols have

large optical absorption coefficients, which leads them to have . . !
a significant impact on Earth’s radiative balance by absorbing perf_ormed at particularly high, non-atmospherically relevant

both incoming solar radiation and outgoing infrared radiafion. partial pressu.r.es. o .

They may also act as cloud condensation nuclei (CCM). In the specific case of nitric acid, some studies demonstrated
particular, the adsorption of water-soluble species such,as H that a reactive interaction proceeds efficiently, which leads to
SO, and HNQ is thought to facilitate the activation of soot the formation of NQ, i.e., both NO and N@ along with other

materials used in laboratory studies as well as in the atmosphere.
nLast, the results from some laboratory studies of trace gas
interactions may not be applicable, since the experiments were

particles as CCN-10 species such as.2122One characteristic of these studies is
Heterogeneous chemistry occurring on black carbon may alsothat high surface coverages of nitric acid must have been
affect atmospheric levels of trace gases such as 6§ and prevalent given the high partial pressures employed. Two other

NO, species. In particular, since these particles represent astudies, both employing coated-wall flow tubes, found little
chemically reducing substrate in an oxidizing atmosphere, it evidence for a reactive interaction when the partial pressures
has been suggested that there is a heterogeneous reactiowere kept lowi®*7Indeed, the study of Choi and L¥ishowed
converting HNQ to NO,.1112 This could impact @formation that substantial irreversible loss of nitric acid proceeds if the
rates and help explain why some models have [HNRO,] partial pressures are higher tharr4@orr on amorphous black
ratios that are 510 higher than those found by ambient carbon and graphite soot surfaces, but reversible uptake
measurement®:13 although new gas-phase kinetics measure- describes the behavior at lower partial pressures. In addition,
ments may be able to account for some of this discrepacy. at high partial pressures, they report that the reactive process
Similarly, there is evidence that interactions of N@ith soot requires an initiation period before products were observed,
give rise to HONO, a potent OH sourt&These reactions have ~ Which probably represents the time required for sufficient surface
the potential to be atmospherically significant, given the high coverages of nitric acid to develop. Additional studies have
levels of soot in urban air and that the specific surface area of confirmed this low reactivity?2°22For example, it was shown
soot in the upper troposphere and lower stratosphere may beusing FT-IR spectroscopy to monitor the chemical state of the
similar to that of sulfuric acid during volcanically quiescent Soot substrate that irreversible modification of the soot does
periods!® occur at fairly low partial pressures:(0~* Torr) but with long-
There remain large uncertainties in assessing the chemicalterm uptake coefficients of roughly 1@'° Similarly, a smog
effects of carbonaceous aerosols in the atmosphere for a numbeghamber study conducted on time scales of a few days showed
of reasons. In particular, in laboratory studies a wide variety of that the reactive uptake coefficient for loss of nitric acid was
different carbonaceous substrates have been used: hydrocarboless than 107.22 These small uptake coefficients are not easily

soot from methan¥, propané.’” hexane®~20 and decané’ soot measured in coated-wall flow tube systems. Most recently, a
study of the interaction of nitric acid with a decane-soot surface
* Corresponding author. E-mail: jabbatt@chem.utoronto.ca. formed from a fuel-rich flame reported very high yields for the
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production of HONO, with steady-state reactive uptake coef- of 419-449 sccm of a helium carrier gas (high purity grade,
ficients of 5x 107411 Air Products) at 0.77 Torr was established for-1ib min prior

An uncertainty that pertains to these studies is that the specificto beginning an experiment. When a humidified carrier gas was
surfaces areas of the samples under consideration were notequired, a portion of the helium was diverted through a bubbler
measured directly. Instead, BET surface areas, either measuredontaining doubly distilled deionized water. The flow and
or taken from the literature, of similar powder samples were pressure of helium entering the bubbler was measured with a
used. From an atmospheric modeling perspective, uncertaintiesnass flow meter (MKS Instruments Inc., Model 0258C-
also arise because the temperature dependence of the nitric aci@20005V) and a 10 Torr full scale capacitance manometer (MKS
uptake has not been well established, having only been Instruments Inc., Model 122AA-00010AD), which allowed for
investigated once, at 220, 295, and 508 ISimilarly, the effect a precise determination of the relative humidity in the flow tube.
of atmospherically relevant relative humidities (RH) has only The uptake experiments were conducted from 228 to 295 K by
been examined once, at 50% RHeven though it is known using a low-temperature circulating bath (Neslab, Model ULT-
that RH affects the soot heterogeneous chemistry of reactive80).
nitrogen specied and the uptake of semivolatile organics A differentially pumped electron-impact mass spectrometer
species to aerosof8:?’ Last, the effect of surface oxidation (UTI) sampled the composition of the gas exiting the flow tube
on the uptake of nitric acid has not been investigated, even by monitoring in single-ion mode mass 46 for Hyl@nd mass
though this has been shown to influence the extent of the 47 for HONO?3¢ The detection limits for nitric acid were
adsorption of water on hexane sébt. between 107 and 10°° Torr. Nitric acid was added to the flow

Given that there is now considerable evidence that under tube through a movable injector initially positioned with its tip
relevant atmospheric partial pressure conditions, the uptake ofbeyond the downstream end of the soot film. Before each
nitric acid to hydrocarbon soot occurs primarily via a nonre- experiment the system was passivated with HN@ 20—30
active, reversible process, we have undertaken systematicmin to obtain a stable signal. In all cases, the flow exiting the
adsorption studies of nitric acid to hexane soot. The motivation injector tip never exceeded 10% of the total flow in the flow
is to assess the mechanism of the adsorption process and teube, which ensured that mixing into the bulk flow was rapid.
better determine whether physical scavenging by soot will have The partial pressure of the nitric acid in the flow tube was
significant effects on atmospheric levels of gas-phase nitric acid. determined from the pressure drop with time from a glass
Hexane soot was used as a proxy for carbonaceous aerosols,eservoir containing nitric acid diluted in helium. The mixture
since it contains both elemental carbon and organic carbon andof nitric acid in helium was made by drawing on the headspace
its structure and physical properties have been extensivelyof a 3:1 mixture of 96% KSO, and 68-70% HNG; (Fischer
studied?® 32 We have performed the studies over a wide range Scientific) that had been purified of air by three successive
of relatively low nitric acid partial pressures and at atmospheri- freeze-pump—thaw cycles.
cally relevant temperatures and relative humidities. For the first  The uptake experiments were conducted by pulling the
time, we have measured the BET specific surface area (SSA)injector back over the soot film by a distance of either 5, 10, or
for each sample used so as to obtain a more representative valugQ cm, the exact value being determined by the need to see a
of the accessible surface area. Finally, the soot surfaces weresufficiently large change in signal indicative of partitioning to
exposed to ozone to gauge the potential effects of atmosphericor reaction with the surface. The injector was then pushed back
“aging”. to the starting position after the signal from the mass spectrom-
2. Experimental Section et.er had gpproa(;hed a steady-state value. The Io.ss of signal after

i ) withdrawing the injector was integrated to determine the amount

The uptake experiments were conducted in a low pressure, of pitric acid lost to the surface, where a criterion of 85% signal
coated-wall flow tube coupled to an electron-impact mass recovery was used to determine the point at which the surface
spectrometer similar to that used previously to measure theas saturated. By referencing this amount to the surface area
adsorption of gases onto thin films of ié&.Briefly, soot exposed, an uptake (or surface coverage) is obtdhed.
produced from am-hexane flame from an alcohol burner, For the oxidation experiments, ozone was prepared by
provided with an air flow of 1813 SLPM, was evenly  nhotolyzing oxygen (Air Products, Extra Dry Grade) flowing
deposited on the inner walls of.a 22 cm long, 2.3 cm i.d. Pyrex through a cell irradiated with a UV lamp at 185 nm (Jelight
tube held 5-10 cm above the tip of the burner. The soot was company Inc., Model 100). To trap the ozone, the resulting
deep black and the mass deposited ranged from 0.0076 to 0.378 iy re of oxygen and ozone was flowed through a bed of silica
g, covering a geometric surface area of 15&.cfine SSA of  qq| immersed in ethanol that had been cooled with liquid
the soot samples was determined by measuring the BET pjirggen. The ozone was then transferred to a bulb by pumping
adsorption isotherm of Kr on the soot sample at 7#Rhis o the headspace above the silica. The concentration of the

was achieved by exposing the soot-coated Pyrex tube, housed,;one in the bulb was determined by measuring the absorbance
ina 22 cm long, 3 cm i.d. stainless steel cylinder equipped with ot 554 nm.

copper gasket seals and immersed in liquid nitrogen, to different

known amounts of Kr. The_number of mole_s of Kr ao_lsorbeo_l 10 3 Results and Discussion

the soot surface was obtained from the difference in the final

pressure after exposing the soot sample to Kr and that which ~ A. Specific Surface Area.Experimental adsorption isotherms

would have been obtained from the expansion of the Kr into for Kr on a soot film at 77 K are typical of a type Il isotherm,

an empty chamber. The final pressure was then measured withas identified by Brunauer, Emmett and Teller, which arise from

a capacitance manometer (MKS Instruments Inc., Model physical adsorption with multilayer formation (see FiguréL).

122AA-0010AD). The surface area was then determined from  The knee of the isotherm (pfp® ~ 0.2 in Figure 1), referred

the linearized form of the BET isotherm using the method to as the B point, can be taken as the point of completion of a

recommended by IUPAE. monolayer. By knowing the number of moles required to form
To perform an uptake experiment the soot-coated tube wasa monolayer and the cross-sectional area of the adsorbate gas,

inserted into a double-jacketed flow tube through which a flow the surface area can be obtained.
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Figure 1. BET isotherm for the adsorption of Kr on soot at 77 K for
a 0.0561 g sample with a specific surface area of2.@.1 n?. Figure 3. Specific surface area of the soot samples as a function of
mass as determined from the linearized BET isotherm.
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Figure 2. Linearized form of the BET isotherm for the adsorption of Time (s)

Kr on soot at 77 K for a 0.0561 g sample with a specific surface area
of 2.4+ 0.1 n? (x = p/p°, wherep is the partial pressure aqd is the
saturation vapor pressure, amgs the number of moles of Kr adsorbed
on the soot sample).

Figure 4. Mass spectrometer signal as a function of time for the uptake
of nitric acid on a 0.0901 g soot sample with a specific surface area of
4.2+ 0.3 n? at 283 K with a nitric acid partial pressure of 59107°

Torr.

A more accurate method to determine the surface area is to

fit the adsorption isotherm to the linearized form of the BET arbitrary. Figure 3 shows the experimentally determined surface

areas for a series of soot samples as a function of sample mass.

tion3*
equatio It was found that the specific area was-8872 times larger
plp° 1 c—1 than the geometric surface area of the soot sample. Figure 3
m = @ + n.C (p/p°) Q) shows that there is not a corresponding increase in surface area

with sample mass beyond a certain point. This is consistent with
previous Knudsen cell kinetic studies, which measured uptake
wherep is the pressure of the gas above the surfatés the coefficients of nitrogen oxides on mineral dust that increased
saturation vapor pressure of the gas at the temperatureuised, |inearly with sample mass at low sample masses but then leveled
is the number of moles adsorbeth is the monolayer capacity  off for larger sample massé%.The explanation for our
(i.e., the number of moles of the adsorbate in a monolayer), opservations (and those in the Knudsen cell work) is that at
andC s a constant. By plotting the left-hand side of eq 1 versus |arger soot masses only the top portion of the sample is being
p/p° (see Figure 2), one should obtain a straight line, generally probed by the Kr. Previous studies have referenced their results

within the range ofp/p° of 0.05-0.35% to BET surface areas quoted by the manufacturer, given as area
The slopes = (C — 1)/nnC and intercept = 1/n,,C, can be  per unit mass, or else, only a rough estimate has been given.
rearranged to yield the monolayer capagity = 1/(s + i).%° Given the results in Figure 3, the SSA’s used in some studies
The surface are@a(BET), is then obtained from may have been smaller than thought, especially if large sample
masses were used.
a(BET) = n,Npok, 2) B. Nitric Acid Adsorption. A typical uptake profile for nitric

acid on soot, at 283 K, is shown in Figure 4. The initial drop in

where Na and ok, are Avogadro’s number and the cross- the signal corresponds to pulling the injector back, thus exposing
sectional area of a Kr atom (generally taken to be 0.20% A the soot sample to the nitric acid, which then partitions to the
respectively. surface. Pushing the injector back to the start position leads to

The surface areas obtained from the B point method and thethe observed increase in the signal, because the nitric acid
linearized BET isotherm agreed within 20% of each other. desorbs from the soot. The adsorption and desorption areas are
However, the surface areas quoted hereafter were all obtainedsimilar to each other, to within at least 20%, and repeated
from the linearized BET isotherm, since this method is less uptakes at equal pressures on the same film yielded uptake areas



Adsorption of Nitric Acid Gas t;m-Hexane Soot J. Phys. Chem. A, Vol. 107, No. 50, 20081033

3.0x10" : . . . T T
10" | . 0 E
. 2.5x10° -
o i
5 £
o2 5}
3 2.0x10" - 2
2 ig
~ 13
2 15x10° 8 e OF E
8 4
<3 S
S 5
) 13 ©
1.0x10 .
4
£ g
I
5.0x10" 7 102k E
0.0 L L 1 L

0.0 6.0x10°  9.0x10°  12x10*  1.5x10°

HNO, Pressure (Torr)

3.0x10° 1x10* 10°

HNO, Pressure (Torr)

Figure 5. Nitric acid adsorption isotherm on soot for a 0.1169 g sample  gigyre 6. Nitric acid adsorption isotherm for soot on a 0.0901 g sample
with a specific surface area of 3% 0.2 nf at 283 K fit to the  yjith 4 specific surface area of 42 0.3 nt it to the Langmuir-
Langmuir-Freundlich isotherm withv = 0.5 andK = 38 & 1 Torr ™. Freunlich isotherm withv = 0.5 at various temperatures (squares

. ) 295 K, circles= 283 K, crosses= 273 K, triangles= 263 K, and
that had a precision of:15%. In runs where the desorption  diamonds= 228 K).

was observed over a long time scale, the areas were very similar,
with agreement to within 10% or so, with the desorption peak surface will be described by the Langmufreundlich equation
usually smaller than the adsorption peak. From these observawith v = 0.54! In this case, the isotherm is more commonly
tions it was clear that a very large fraction of the uptake was referred to as the dissociative Langmuir isotherm. This is the
reversible. first evidence that we are aware of that suggests that nitric acid
From a temporal perspective, there is a short-term componentcould be reversibly dissociating on a soot surface.
of the uptake, where the nitric acid signal rapidly decreases and |t should be noted that the Freundlich isotherm, wreaad
then increases, which is followed by a long term component n are empirical parameters, also gives a reasonable fit to most
(e.g. after 75 s in Figure 4), where the nitric acid signal slowly of the experimental dat#:
recovers back to its initial level. This long-term component may
be due to slow diffusion of the nitric acid into the underlying
layers and pores of the soot film. The rapid surge in the signal
after pushing back the injector indicates that the desorption
lifetime for nitric acid from the soot is less than the time required
to push the injector back, i.e., on the order of a second. This
suggests that the soot surface readily reaches equilibrium with
the gas-phase nitric acid over the exposure time scales used
Figure 5 shows a typical adsorption isotherm for H\@h

1x10°

6 = apP*n (4)
However, our preference in using the Langmthireundlich
model is that there was evidence for surface saturation in the
absorption isotherms at high surface coverages, achieved by
using low temperatures and high nitric acid partial pressures,
e.g. at 228 K and 3 10~ Torr of nitric acid in Figure 6.

. . For these conditions, partial saturation of the surface was
soot obtained at 283 K. As expected, the uptake increases as ' .10 oceur at values E):Iose t010% molecules cm?. This

the partial pressure of H.NQS mcreased. To help c!etermlne specific surface coverage is significant because< 2104
the nature of the adsorption mechanism, the experimental data

) . e .- “molecules cm? corresponds roughly to the formation of a
were fit to a variety of adsorption isotherms. A very good fitis complete monolayer for molecules of the size of nitric acid
obtained with the LangmuirFreundlich isotherd? P Y ’

suggesting that there is no multilayer adsorption taking place
at this point. Indeed, saturated surface coverages »f1D"
molecules cm? have been measured for HyGN ice surfaced’

Note that the LangmuitFreundlich model predicts that surface
saturation will occur, whereas the Freundlich model does not.
where@ is the surface coveragé;, is the surface coverage for The only other study in the literature where the adsorption
a monolayer, which we take to be 2 104 molecules cm? isotherm of nitric acid to soot has been measured is that of Choi
(see below)P is the partial pressure of the adsorbate gas over and Leu!® Also using hexane soot, these workers see a clear
the surfaceK is the gas-surface equilibrium constant; and partial pressure dependence to their uptakes and evidence of
is a heterogeneity parameter. The Langmuir isotherm, where it surface saturation at partial pressures near 30~ Torr of

is assumed that all sites are equivalent and the ability of the nitric acid at 295 K. Comparing this study to our results, we
molecule to bind is not affected by the occupation of neighboring are well in the submonolayer regime and see no evidence for
sites, does a poor job of fitting the data. Addition of the surface saturation under these high-temperature conditions. Choi
heterogeneity parameter, in the LangmuitFreundlich iso- and Led® use a Langmuir model to fit their data, although only
therm takes into account the presence of adsorption sites withfour points are included in the fit, whereas we find the Langmuir
different binding energie®.As v tends to 1 the surface becomes model does a poor job of fitting our data. Previous work done
more homogeneous until eq 3 becomes the Langmuir isothermon the uptake of SPand NH; on n-hexane soot has shown

6 _  (KP)

Om 1+ (KP)" ©)

whenv equals unity.

For the experimental data the Langmtifreundlich isotherm
provided a good fit (see Figure 5) with a consistent value of
close to 0.495+ 0.065 for all the films. This value for the

that the adsorption isotherms were better modeled by a sum of
different Langmuir isothermswhich is essentially equivalent

to the use of a LangmuitFreundlich equatiorreach one
representative of a particular type of adsorption 4it8.

heterogeneity parameter is significant, since a mechanismHowever, as mentioned in the Summary section, these data for

involving adsorption followed by reversible dissociation on the

SO, uptake are also extremely well fit by a dissociative
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Langmuir isotherm, i.e., a LangmuiFreundlich model with a 1.0x10° F— T T T T T
heterogeneity parameter equal to 0.5.

It should be noted that the reversibility of the uptake for nitric
acid was found to depend on the manner by which the hexane 1.0x10°
soot film was prepared. For all the results presented so far (and
for those in sections €E), the flame was kept well away from
the soot deposition region. If the flame was allowed to come in s 1.0x10
contact with the soot deposited on the Pyrex tube, then the *
observed uptake was no longer fully reversible. Quite frequently,
the signal recovered to a steady-state value below the initial 1.0x10°
value, for example to 91% of its initial value when the injector
was withdrawn 10 cm, corresponding to a steady-state uptake
coefficient of 1.2x 103 at 295 K for 2.7x 107° Torr of HNOs. 1.0x10°
In one particular case, when high surface coverages of nitric et et et
acid developed at 228 K and>56 107> Torr of nitric acid, there 00034 0003 00038 ?’0040 00042 00044
was a pronounced loss of nitric acid for which an uptake 1_”“() -
coefficient ofy = 2.8 x 10-3was calculated. This was a steady- Figure 7. vanf’t Hor:'f ploé of thg exp?rlmgntal gdas-to-surface equmbrlurln
siate loss over an observaion period of 1005, during which C2p 2K 0 ' adsoroorof i ace o 00901 sanple
there was no observed change in the level of reactivity. We ¢qnstants obtained from the Langmffreundlich isotherm withy =
were unable to reproduce this pronounced reactive behavior ing 5 fit to the data in Figure 6.
other soot films formed by allowing the flame to come in contact
with the soot deposited on the inside of the Pyrex tube. high surface coverages of nitric acid. However, we should point

Note that the uptake coefficients;, just quoted were out that this is only a preliminary assessment of whether HONO
calculated from eq 5 and using the geometric surface area ofis indeed formed. Although Rossi and co-workers have reported

it

the soot film detection of HONO as HONOusing electron-impact mass
spectrometry® without a calibrated source of HONO we are
_2rk (5) uncertain of the degree to which HONO yields its parent ion in
Y= our electron-impact MS.

C. Nitric Acid Adsorption Thermodynamics. We report
wherer is the radius of the flow tubek is the first-order loss detailed nitric acid adsorption experiments from room temper-
rate coefficient, andw is the mean thermal speed of the ature to 253 K for three films and down to 228 K for a fourth
reactant*k is determined in the standard manner by measuring film. As expected, the uptake of nitric acid and the time required
the nitric acid signal as a function of injector distance in the to saturate the soot surface increased as the temperature was
flow tube. The correction for gas-phase diffusion to the wall is lowered (see Figure 6, for example). For a constant nitric acid
small for uptake coefficients of this magnitude and, given that partial pressure, the shape of the uptake profile also changed
kinetics is not the focus of this work, we do not attempt to with temperature, since more time was required to saturate the
correct for the roughness of the film. surface at lower temperatures. This caused the overall uptake

The observed steady-state uptake was probably due to theprofile to appear more rounded at lower temperatures. Since
flame activating the soot in some manner over the time during temperature-dependent values of the equilibrium consknt,
which the soot was collected. We highlight these observations were obtained from the LangmuifFreundlich isotherm, we
to illustrate how the nature of the interaction between nitric acid could extract an enthalpy of adsorptiakidgd2"Hoff for nitric
and soot may be significantly altered from the largely reversible acid on soot from a standard van't Hoff plot as defined from
behavior observed at low surface coverages, i.e., that which iseq 6.
the primary focus of this paper. In particular, high partial
pressures, well beyond atmospheric levels, and/or flame- AH_vantHoff _ _ a(In K) ©)
activation of the soot may lead to irreversible loss of the nitric ads a(L/m)
acid. We note that in this work we were unable to monitor the
formation of NO or NQ, since they share the same ion signals Figure 7 shows the resulting graph obtained from eq 6 for one
as nitric acid, namelyn/z 30 and 46. To circumvent this would ~ soot film, i.e., using the data in Figure 6.
have required monitoring nitric acid atz 63, which is a To obtain a unitless equilibrium constant in the van't Hoff
significantly weaker signal. plot, Ksuri, we have referenced the equilibrium constant obtained

The prevalence of a reactive process at high partial pressurefrom the Langmuir-Freundlich isotherm to the standard state
is in accord with the findings of other researchers, where NO of Kemball and Rideal for a molecule adsorbed onto a surface
and NO were formed as the main produ€ts®2123 For in terms of volume per molecuf®.At 273 K, assuming that
example, Choi and Leu have invoked a bimolecular decomposi- the average volume per molecule is 36 939 this gives a
tion mechanism to explain their observation of nitric acid standard state of 1.& 10'2 molecules cm?, roughly 1% of a
decomposition at high nitric acid partial pressures leading to monolayer.
the formation of N@, NO, H,O, and unidentified volatile An isosteric heat of adsorptio\HogdS°se"¢ was calculated
productst8 It is also important to note that Salgado Munoz and from the fit of the Freundlich isotherm to the dé#fa:

Rossi have observed the formation of HONO with yields of up

to 50% when decane soot, prepared from a fuel rich flame, was AH_ isosteric_ g d(In P) @)
exposed to nitric acidt Accordingly, we monitored the mass ads aam /e

47,i.e., HONO, during several uptake experiments on different

films that had been processed by the flame, but we observed In this case, the heat of adsorption was obtained from the
no increase in the signal above the background level, even withslope of the plot of IrP vs T~ for a specific surface coverage,
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TABLE 1: Heats of Adsorption of HNO 3 to n-Hexane Soot
Obtained from the Langmuir —Freundlich and Freundlich
Isotherms

soot film AHadsvantHoff AHadsisosteric
area (M) (kJ mole™d) (kJ mole™d)
1.37+£0.12 —58.84+ 8.8 —58.2+ 8.7
35+0.2 —53.6+1.6 —53.1+1.1
4.24+0.3 —64.54+ 2.7 —55.5+3.1
59+0.2 —46.5+5.4 —44.3+ 6.5
average —55.84+7.7 —52.846.0
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Figure 8. Nitric acid uptake on a 0.1169 g soot sample with a surface
area of 3.5+ 0.2 n? at 253 K with dry a carrier gas (circles) and with
a humidified carrier gas with a relative humidity of 27% (triangles).

which was within a factor of 2 of & 10 molecule cm? for

all films. The pressure of nitric acid required to obtain this
surface coverage was calculated from the Freundlich isotherm
fit to the data. Table 1 lists the enthalpies of adsorption that
were obtained for four different soot films using the two
approaches.

The adsorption energies measured by both the van’t Hoff and
isosteric approaches are higher than t21 kJ 4+ 1 mol?!
adsorption enthalpy for NHon hexane soot measured by
Muenter and Koehlé? and the value of-26 & 4 kJ mol™ for
SO, on hexane soot measured by Koehler eflalf the
molecules are binding to specific polar functional groups on
the soot surface, then one would expect the adsorption energie
to scale with the relative polarities and the dipole moments of

the molecules. This is what is observed as the dipole moments

for HNOs, SOy, and NH are 2.17, 1.6, and 1.47 D, respec-
tively.47

D. Uptake Dependence on Relative HumidityThe uptake
experiments were also performed as a function of relative
humidity. To keep the overall pressure in the flow tube in the
plug flow regime, the highest relative humidities were achievable
at cold temperatures. In particular, we could reach 80% RH at

243 K, and a number of experiments were also done at higher

temperatures (and lower RH). Within the precision of the
experiments, which is on the order &f10%, the humidified
carrier gas had no discernible effect on the uptake of nitric acid
on soot. An example of adsorption isotherms measured with
and without water vapor in the flow is shown in Figure 8.
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Figure 9. Nitric acid uptake on soot before ozonation (circles) and
after ozonation (triangles) with-12 ppm of ozone for 55 min on a
0.0479 g sample with a specific surface area of H30.12 nt.

suggest that the nitric acid is not dissolving into a multilayer-
thick film of water on the soot surface. In particular, the
experimental adsorption enthalpy55.8 kJ mof? on average,

is significantly lower than the enthalpy of dissociation-of1.1

kJ mol! for gas-phase nitric acid dissolving into water: HNO
(g) — H'(aq) + NOz~ (ag)#! This implies that the degree of
ion hydration present in liquid water is greater than that
occurring on the soot surface, if dissociation is indeed occurring.

E. Ozonation Experiment. Two separate soot films were
ozonated with +2 ppm of ozone for 45 and 55 min,
respectively. Relative to the unoxidized films, no increase was
observed in the uptake of nitric acid at room temperature on
the film ozonated for 45 min, and a negligible increas&%%)
was seen for the film ozonated for 55 min (see Figure 9). Note
that we performed some other experiments at very high levels
of ozone of a few tenths of a percent, and nonreproducible
results were obtained. In one case, a significant enhancement
of close to an order of magnitude was observed, but in three
others the nitric acid uptake did not increase within the
experimental uncertainties.

The negligible increase in adsorption seen in the films treated
with ppm levels of ozone is somewhat surprising, since the
oxidation of the surface is expected to render it more oxygenated

nd to lead to an increase in the adsorption of polar species
such as nitric acid. However, this negligible effect could be due
to a low density of surface reactive sites available to ozone,
consistent with the relatively small reactive uptake coefficients
that have been measured for ozone on $68t>°For the films
treated with ppm levels of ozone, the fit to the Langmuir
Freundlich isotherm was similar before and after ozonation,
suggesting there was no change in the adsorption mechanism.

4. Summary

A. Adsorption Mechanism. From the experimentally deter-
mined heat of adsorption;55.84 7.7 kJ mof! on average, it
can be deduced that condensation onto the soot surface is not
the driving force for adsorption, since the heat of condensation
for nitric acid, which is—39.1 kJ mot1,47 is lower than the
heat of adsorption. However, the heat of adsorption is not as

From measurements of the surface residence time of waterlarge as that arising from dissolution into water, followed by

on n-hexane soot from a fuel-rich flame, Alcala-Jornod et al.

dissociation into hydrated ions, i.e.71.1 kJ/mol

have determined the surface density of water adsorption sites At this point, two models can describe the full adsorption
to be (3% 1) x 103 sites cm2 between 298 and 243 . mechanism. In the first, given the structure of nitric acid, with
Given this fairly low surface density of adsorbed water, it is three electronegative oxygen atoms and an electropositive
probably not surprising that there is little effect on the levels of hydrogen atom, it seems likely that it can strongly hydrogen
adsorbed nitric acid. The adsorption thermodynamics also bond to the soot surface. The formation of two or three hydrogen
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bonds, with roughly a strength of 20 kJ méleach?! would x 10" molecules cm? (see Figure 6). With a total soot surface
be consistent with our experimental heats of adsorption. Indeed,area of 2x 107% cm? cm3, we estimate that about 1 part in
Akhter et al. have shown that the surface of hexane soot containsl0* of gas-phase nitric acid will be scavenged, i.e., a negligible
many carbor-oxygen functionalities such as carbonyls, ethers, quantity. This fraction will increase at lower boundary layer
hydroxyls, carboxylic acids, and acids anhydrides, which could temperatures but not to such a degree as to make scavenging
readily form hydrogen bonds with nitric act®#3°The presence by soot an important process for nonreactive removal of gas-
of these different adsorption sites could also explain why the phase nitric acid. A similar conclusion can be reached for the
Langmuir isotherm, which is derived for an energetically conditions of the upper troposphere where surface coverages
homogeneous surface, fits the data poorly. The value of the may be much higher, perhaps even approaching a significant
heterogeneity parameter in the Langmthireundlich isotherm fraction of a monolayer, but total soot surface areas are low.
being less than unity would also indicate a heterogeneous Even though most of our experiments were conducted with dry,
surface. “unprocessed” soot, the small dependence of the uptakes on

On the other hand, the fact that this heterogeneity parameterf€lative _humidity and ozone exposure suggests that these
is very close to the specific value of 0.5 is strongly suggestive conclusions. will hold under most atmosphleric conditions. The
of a reaction mechanism involving dissociation on the soot One caveatis, of course, the degree to whichrehexane soot
surface, or else bonding of the nitric acid molecule to neighbor- Matches that present in the atmosphere.
ing Lewis acid and base sites. The lack of a dependence of the Even though nonreactive adsorption will lead to little effect
uptakes on relative humidity may simply be a reflection of the ©On gas-phase nitric acid, it will definitely alter the surficial
relatively small number of water molecules that bind to the soot Properties of the soot. This is likely to be significant with respect
surface, with binding strengths unable to compete with those t0 the role_ of soot particles as cloyd condensation nuclei and,
of nitric acid to these acid/base sites. Strong, albeit indirect, P€rhaps, in heterogeneous chemistry. For example, does ad-
support for the dissociative mechanism comes from analysis of SOrbed nitric acid react with coadsorbed organics? These effects
data published in the literature for $@ptake tar-hexane sodt will be most likely to occur under cold temperatures, where we
Our analysis of this data set, in the form of a4dgg plot of have shown that significant fractions of a monolayer will be
uptake versus Spartial pressure (not shown), is highly linear Prevalent. o . .
with a slope of 0.51. Similar behavior for the adsorption oSO~ When only nitric acid is present, we are in agreement with
to ice has also been observed, where it was hypothesized thafMoSt of_the recent sFudles that indicate little irreversible loss of
SO, was dissociating, via reaction with,8, to form bisulfite33 nitric acid when partial pressures are low (and when the surface
By contrast, in unpublished work from our laboratory, we have has not been “activated” by exposure to the flame). In addition,
shown that the uptake to soot of species that cannot dissociatee see no evidence for HONO production, as has been recently

such as benzene, is well fit by the conventional, nondissociative "ePorted on soot produced from fuel-rich decane flata§e
Langmuir isotherm. cannot rule out that irreversible loss of nitric acid was occurring

with small uptake coefficients in our flow tube, but long-term
experiments conducted in smog chambers suggest that the
reactive uptake coefficients for nitric acid can be very low, less

We are currently pursuing the use of surface spectroscopic
methods to determine more definitively the chemical nature of

nitri i r it bin h rface. i .
tric acid afte t b ds.to t € surtace _ _ than 107.22 However, given the importance of HONO to the
B Atmosphgnc 'mP"‘?a“OF‘S- To determine whether SIg- atmosphere, we nevertheless plan future experiments, using
nificant quantities of nitric acid will adsorb to soot surfaces in  ~|\s detection to see if small yields are prevalent and to

the a}tmosphere, we need estimates for the amount of soot preseqhvestigate the effect of coadsorbed water on the reactive nature
and its surface area. For the former, we consider urban poIIutedof soot.

conditions of roughly 5« 1071 g cn3, of which up to 10%
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