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Heterogeneous Reaction of N@on Hexane Soot: A Knudsen Cell and FT-IR Study
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In this study, the reaction of Non freshly prepared hexane soot has been studied using a Knudsen cell
reactor and FT-IR spectroscopy. Initial uptake coefficients were determined using gas-diffusion models that
account for the surface area of the top layer of soot particles as well as the accessible underlying layers of
soot particles. Under dry conditions, the initial uptake coefficient was found to be neat®?® at a gas
concentration of 2.5« 10t molecules cm® and a temperature of 295 K. In addition to reporting an initial
uptake coefficient, uptake coefficients averaged over time and/or coverage are reported so as to compare to
other values in the literature. Accounting for the increased surface area due to the underlying layers of soot
particles, there is better agreement between the value of the uptake coefficient reported here using a Knudsen

cell reactor and values determined from other experimental methods. The total amount afadt@d per
unit surface area of soot and the conversion of,N®OHONO have been quantified. From these data, the
atmospheric implication of the heterogeneous reaction of di0soot particles to form HONO is discussed.

Introduction fellow et al# reported that the uptake coefficient at 262 K, 27%

Jelative humidity, and N@ gas concentration of 2 101

molecules cm? to be in the range of (24) x 10~ for propane

and methane soot, & 1075 for kerosene soot, and £ 1075

for hexane soot using the geometric surface area of the soot
urface. In another study using a Knudsen cell reactor to measure
he heterogeneous kinetics, the initial uptake coefficient for the

reaction of NQ on ethylene soot was reported to be 0.Q95

Heterogeneous reactions have been reported to be of som
importance in the tropospheteln particular, carbonaceous
aerosol may provide a reactive surface for trace atmospheric
gases including €? SQG;% and nitrogen oxide$!®> The
heterogeneous reaction of ozone with soot aerosol has bee
investigated by Kamm et &lThey report that the kinetics of

ozone decomposition on soot is complex and that ozone loss . .
: PPN 0.007 by Gerecke et alat 296 K using a N@gas concentration
on soot particles may be nonnegligible in the polluted boundar .
P y gig P Y 0f 7 x 10" molecules cms. The geometric area of the sample

layer, where the mass concentration of soot particles is extremelyh d d to determine the initial ubtak Hicient |
high. However, under most conditions in the troposphere and older was used to determine ne initial uptake coetiicient in
that study. The heterogeneous reaction of,ld® commercial

lower stratosphere, the reaction is of negligible importance. ;
Recently, Koehler et & .studied the heterogeneous uptake of and freshly prepared soot generated from the combustion of
' toluene, diesel, and kerosene was also investigated using a static

SO, on n-hexane soot over the temperature range fre80 -
tooi40 °C using FT-IR spectrometr;? It was shogvn that there reactor® Mean uptake coefficients that accounted for the BET
' surface area of the commercial soot samples were determined

is rapid uptake of S@on soot under dry conditions and low 6 .
temperatures=70 °C), similar to the conditions of the upper to be ~10 gt 236 K for the co'nsumpt|on of N,
troposphere and lower stratosphere. molecules cm? at a gas concentration of 25 ppm.

The heterogeneous reaction of nitrogen oxides, in particular From the discussion above, it is clear that there is a range of
NO;, on carbonaceous aerosol has been studied by severavalues, from 0.095 to 16, reported for the heterogeneous
groups using a variety of experimental technigtiéd.It has ~ uptake coefficient of N@on soot, a range that spans nearly 5
been shown that NOcan react with soot particles to produce orders of magnitude. The discrepancy in the values of the uptake
HONOZ#8 It has been proposed that this reaction may account Coefficient arises in part because the soot samples investigated
for the high concentration of HONO observed during night time, were from different sources. Commercial soot differs from

when the homogeneous reaction, shown below, is insignifi€ant: freshly prepared soot, and even the later can be prepared in
different ways using different hydrocarbons. This means that

NO(g) + OH(g) — HONO(g) from study to study soot particles can have different sizes,
different BET surface areas, different chemical composition,

To assess the atmospheric importance of the heterogeneou?”d’ therefore, different reactivitie;. 'Experimental conditions
reaction of NQ and soot, the kinetics of the reaction must be Such as temperature, relative humidity, and pressure of NO
known. Most often a heterogeneous uptake coefficignts were also varied from one study to study.
reported for surface reactions. The heterogeneous uptake coef- Another source of discrepancy is that the accessible surface
ficient, also referred to as a sticking coefficient, is defined as area for reaction must be accurately accounted for when
the ratio of the rate of molecules lost from the gas phase to the calculating uptake coefficients. NGnay diffuse through the

total gas-surface collision rate. Using a flow reactor, Long- interparticle void areas and access underlying layers of par-
ticles®1”However, in some of the above studféslonly uptake

*To whom correspondence should be addressed. on the first layer of soot was considered, and thus, the exposed
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TABLE 1: Knudsen Cell Reactor Parameters is O-ring sealed by a blank flange. Table 1 lists the Knudsen
Reactor parameter Value cell parameters used in this study. The most important param-
eters for the Knudsen cell are the escape constaptand the
Volume,V 964 cn?¥ . - L
Total calculated surface area 1002%cm residence time of the molecules inside the reaatowherer
Geometric area of the sample holday, 11.95 cm = 1hkeso
Effective area of the escape aperttlg,er  0.0677 cm When the sample compartment is opened to a steady-state
kescfor NO, 0.651s'°(r = 1.5f flow of NO, loss of NQ to soot surface competes with escape
0370st(r=2.7f through the exit aperture, causing a decrease in the mass
a Effective area after accounting for the Claussing factées. = spectrometer signal. Thus, the geometric uptake coefficignt,

CAnerf4V; T=(BRTIZM)Y2 ¢ 7 = 1lkeso ¢ kesceXperimentally determined.  also referred to as the observed uptake coefficigpts is
determined from eq22:2
geometric area of soot was used in calculatingThis may

explain the very highy values reported in some studies Aeiflo — 1
compared to others. In addition, in all of the studies discussed Vg~ As [ )~ Vobs 1)
above, surface areas were not measured for the soot samples

under investigation. This is usually done using the BET method ] ] ]
and N8 Instead, values were taken from the literature, which Where Aner and As are listed in Table 1), is the mass
may or may not accurately represent the true values because ofPectrometer signal for NOprior to opening the sample
differences in sample preparation. The fractal nature of soot cOmpartment, andl is the mass spectrometer signal when the
also makes the characterization of the available surface areaSO0t is exposed.
difficult. As noted by Longfellow et ak,in order to apply Freshly prepared samples whexane or toluene soot were
laboratory measurements of the heterogeneous uptake measuréleposited directly on the sample holder by burning the vapor
ments to the atmosphere, the surface area of the soot must b&f about 30 mL ofn-hexane (EM Science, purity 98.5%) or
considered. toluene (EM Science, purity 99.5%) in a small beaker. The
Another difference in the literature values is that the initial S@mple was placed at a height-e6 cm from the top of the
uptake coefficient is reported in some cases, whereas a stead€@Ker so that soot is collected from the top part of the flame.
state or an average value is reported in others. This means that’@rticle characterization studies of hexane and toluene soot were
the reactivity of a surface covered with adsorbed molecules is Performed in order to have some insight about the nature of
compared to the reactivity of the unreacted surface. Because oft€S€ particles. These characterization studies include particle
site-blocking, adsorbateadsorbate interactions, and electronic  S1Z€ distribution analysis using transmission electron microscope
effects, uptake coefficients are typically coverage dependent andMages, specific BET surface arease$ and bulk densityp,
usually decrease as a function of cover&e. measurements. Figure 1 shows representative TEM images of

In this study, the reaction of NKwith freshly prepared hexane n-hexane soot and toluene soot. Table 2 lists the physical
soot has been studied using a Knudsen cell reactor and FT-|RParameters of hexaf‘e and toluene soot. It should be noted that
spectroscopy. A limited number of experiments were done on ghe size of trl')e parnc_lels ufsed ggre IS clc;fe trcl)étaheS}I)nm
toluene soot as well. The uptake coefficient for the 800t lameter carbon particles ound in aircraft ex st
reaction was measured using a Knudsen cell reactor. Using ' the Knudsen cell experiments, soot sarr;ples were evacu-
models that take gas diffusion into account, an uptake coefficient 21€d Overnight to reach a pressure~d$ x 107 Torr inside

that takes into consideration the accessible surface area and thi!€ reactor. Theosample holder was then sealed and NO
increased number of gas surface collisions within the underlying (Matheson, 99.95% purity, used as received) was introduced to
layers is determined. We report here initial and average valuesthe reaction chamber through a leak valve to passivate the walls

of the uptake coefficient in order to compare to literature values. ©f the reactor. Experiments were run atl Naressures near 8

In addition, we have quantified gas-phase reactants and product&10"" (eduivalent to 11 ppb or 2.5 10" molecules cm?)..

in order to determine the total amount of N@acted with the The gas pressure inside the reaction chamber was monitored
soot surface as well as the branching of N@take on the by an absolute pressure transducer (MKS 690 A.1TRC, range

A _ 6 .
hexane soot surface to the production of HONO. FT-IR 0-1-107° Torr). All experiments were done at 295 K.
experiments were done in order to gain some additional insight ~ Prior to each experiment, calibration of pressure vs mass
into the heterogeneous reaction of N soot and the possible ~ SPectral intensity data for pure gaseous NO/e = 46) was

role of adsorbed water that has been reported for this reattion. Made. By using pure Nffor this calibration, the contribution
of 15N, (m/e = 47) to them/e = 47 ion signal monitored during

the course of the experiment can be calculated. The calibration
of pure NQ also provides information about the fragmentation
A Knudsen cell reactor coupled to a quadruple mass of NO, to NO (m/e = 30). Calibration of HONO is more
spectrometer was used to study the kinetics of the uptake ofdifficult, since there is no readily available source of pure
NO; on hexane and toluene soot and to quantify gas-phasegaseous HONO. The mass spectrum of HONO shows a parent
reactants and products. The reactor consists of a stainless steabn peak atm/e = 47 and two major fragments at'e = 17
cross that serves as the reaction chamber. The region betweeOH™) andm/e = 30 (NO"); there is no apparent fragment at
the reaction chamber and the mass spectrometer is separatemve = 46 (NO,").22 However, the parent ion peakie = 47)
by a gate valve and the escape aperture or escape hole. Thaas two contributions, the mass spectral intensitiiO, and
size of the aperture can be changed in a vacuum using a linearHONO. Since the contribution d#NO, to them/e = 47 signal
rotary motion feedthrough. The quadruple mass spectrometeris known from thel“NO,-signal, the mass spectral intensity of
(UTI, 100C) is pumped by a 150 L/s ion pump, and the region HONO can be determined. In addition, calibration of pure
between the reactor and the mass spectrometer is pumped by gaseous NO (Matheson, 99%) pressure versus mass spectral data
70 L/s turbo pump (both from Varian). The stainless steel sample of m/e = 30 ion signal was also done. The production of NO
holder sits on top of a tee support in the reaction chamber andcan be calculated by correcting for contributions to the ion

Experimental Section
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(a)

(b)

Figure 1. (a) TEM image ofn-hexane soot taken at 100 000
magnification. (b) TEM image of toluene soot taken at 100000
magnification. The bar in the left corner of each micrograph is
equivalent to 100 nm.

TABLE 2: Physical Parameters of n-Hexane and Toluene
Soot

Parameter n-Hexane soot Toluene soot
Particle diameter, nm 3913 584+ 17
Bulk density, g cm?® (13+6) x 102 (8+2) x 102
Specific BET area, Ag? 76+ 3 55+ 5
True density,g cnr3 2.0 2.0

aThe errors are I ¢ statistical error® Reference 27.

channel (/e = 30) from fragmentation of N@to NO. The
fragmentation of HONO to NO is taken from the literatdfe.
By using gas kinetic theory in conjunction with the experimen-
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Figure 2. (a) Knudsen cell data for the heterogeneous uptake of NO
on soot (15.1 mg sample). The soot particles are exposed takén

the sample lid is open. The QMS intensity fofe = 46 is shown. (b)
Observed uptake coefficient calculated via eq 1 from the data shown
in part a.

molecules (NO and HONO). Data were acquired every 0.5 s
for each ion monitored during the course of the experiment.
The IR cell used in this study has been modified from that
previously described The new infrared cell now consists of a
Teflon-coated stainless steel cube which is placed on a linear
translator inside the sample compartment of the FT-IR spec-
trometer (Mattson RS-1, MCT narrow band detector). Freshly
prepared hexane or toluene soot was deposited directly on half
of a tungsten grid (3 cmx 2 cm) (Accumet Materials Co.).
The grid is then mounted inside the IR cell and evacuated
overnight. The linear translator allows each half of the sample
grid to be scanned by the IR beam in order to obtain spectra of
gas-phase and adsorbed reactants and products. Each spectrum
was recorded by averaging 250 scans at an instrument resolution
of 4 cnmt. NO, pressures ranging from 5 to 100 mTorr
(equivalent to 7132 ppm or (1.6-32.0) x 10* molecules/
cm?) were used in the FT-IR experiments. Distilleg®(Milli-
Q) was subjected to several cycles of freepamp—-thaw before
use.

Results

A. Knudsen Cell Measurements for the Heterogeneous
Uptake of NO, on Soot.Soot was directly deposited onto the
Knudsen cell sample holder, which is 11.95%im area. The
initial uptake coefficient for the reaction of NQvith hexane
soot was measured as a function of sample mass (and thus
sample thickness). Representative Knudsen cell data are shown
in Figure 2. The QMS intensity of NO(m/e = 46) was
monitored during the experiment (Figure 2a). When the sample
lid is open and the soot particles are exposed to the reactive
gas, there is a decrease in the QMS intensity. The QMS intensity

tally determined cell parameters and calibration data, massof NO; is then converted to the observed uptake coefficient via
spectral intensities of ions can then be converted to flow eq 1, as shown in Figure 2b. The initial observed uptake

(molecule s?) for the reactant molecule (NP and product

coefficient,yo obs is taken as the maximum value foand found
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0.025 observed initial uptake coefficient is independent of the sample
} 5 mass. The region above 8 mg shows that the probe depth of
00207 Yot=7x10 the gas-phase molecules measured during this initial time is

—a—

constant and equivalent to the probe depth reached for a sample
mass of 8 mg. In other words, on the time scale of the
measurement of the initial uptake coefficient, N@olecules
are diffusing into only a portion of the soot sample estimated
0.005 to be on the order of 1000 layers. For thin samples, the time
scale for the observed uptake coefficient to reach its maximum
0.000 . . . . . . value is on the order of the residence time (approximately 2 s).
00 5.0 l&gss 01f5h-gxan§05~got (r2n5g~§> 300 350 For a sample mass of 7.7 mg, this time scale is slightly longer,
on the order of 3.5 s for the molecules to diffuse through all of
the underlying layers. The diffusion constant can then be
calculated from these data, the measured soot density, and eq

0.0154
Yo,obs

0.010

Figure 3. Mass dependence (thickness dependence) of the initial uptake
coefficient for the reaction of NQwith hexane soot. Filled circle®]
represent experimental data, and the solid ling i€ a fit to the data

that corrects for gas diffusion into the soot powder, giving a true initial
uptake cofficient of 7x 1075 (see text for further details).

g | = (2Dt)"* (2)
TABLE 3: Observed, BET, and Average Uptake Coefficient

Values of NGO, on n-Hexane Soot Using Different

Experimental Conitions wherel is the root-mean-square of the distance travel®ds

the diffusion constant, ands the time. The parametécan be

Sample mass (mg) Yo.obs(x107%)? YogeT (x1075)P determined from the sample mass where the plateau region
0.6 1.80 4.72 begins (taken as 7.7 mg) using the geometric area of the sample
0.8 1.50 2.95 holder and the experimentally determined density of the soot
%-g 1;-32 g-gg material (given in Table 2). The parameteis taken as the
151 179 186 experimentally determined time for to reach its maxiumum
19.9 18.4 1.45 value (i.e.t = 3.5 s) at the plateau region. Using a valué of

s Calculated vi b Calculated vi - h | 5.0 x 103 cm and atime of 3.5 s, the diffusion constant for

alculated via eq I Calculated via eq 3 For these two samples, N, i hexane soot is calculated to be 351076 cn?/s.

the masses were in the p[ateau region, so using th.e.total BET area of Table 3 sh he initial ob d k ffici f h

these samples will result in a smaller uptake coefficient, because the able 3 shows the 'n'_t'a observe upta € coe '?'?r_]t oreac

entire BET area was not accessed by the gas-phase molecules. of the masses shown in Figure 3 along with an initial uptake
coefficient that has been recalculated using the entire BET area

to be 0.018 from the data shown in Figure 2. It can be seen of the soot samples according to ed®3:

from the data plotted in Figure 2 that over time the value of the

uptake coefficient decreases as the reaction proceeds. This Ag

decrease occurs because the surface becomes less reactive with Yo,BET ~ Yo,0bs X Ager 3)

continued exposure of NOand is interpreted as a coverage

dependent uptake coefficient. - o Using the entire BET area is an overcorrection for samples that
The value of the observed initial uptake coefficient was found 5,6 ahove-8 mg as not all of the surface area is being accessed
to depend on the number of layers of soot present. The observed,y the NG molecules during the time scale of the measurement
initial uptake coefficient measured as a function of the sample of the initial uptake coefficient. Indeed after correcting for the
mass is plotted in Figure 3. Since the sample holder is of a gntire BET surface area, the two lowest values obtained are for
fixed area, 11.95 chyincreasing the sample mass increases the ihe two samples whose masses are above 8 mg. The average of
number of layers of soot. The line through the data is determined e first four values OfogeT is 4.2 x 1075,
from the gas diffusion model that Keyser et al. adapted from  Eqy the same experihental data shown in Figure 3, average
the catalysis aréato atmospherically relevant heterogeneous qpserved uptake coefficients were calculated over a 140 s time
reactiong?® This is a semiempirical model that accounts for gas period. The data plotted in Figure 4 shoWe obsas a function
diffusion into porous samples and corrects the observed uptakeys mass ofn-hexane soot. It is seen thag;,e wbsis a linear
coefficient for contribution from underlying layers of particles.  f,nction of sample mass over the entire rahge. The average
The parameters listed in Table 2 were used as input data in theypiake coefficient can be corrected for the accessible BET area
diffusion model for the reaction of NQwith hexane soot. There  sing a linear least-squares fit of the line through the data points.
are two parameters that are adjusted in order to obtain a goodrhis correction is then obtained from eq 4:
fit: the true initial uptake coefficienty,; which takes into

account the accessible surface area of the underlying layers, A (sz)

and the tortuosityz, which is related to the diffusion of the Y avegeT= SlOpE (mgl) X % (4)
molecules through the sample. A value of 1 for the tortuosity ’ Sger (cmmg )

and a value of & 1075 for the true initial uptake gave the best

fit to the data. The slope of the line in Figure 4 is 75 1074 mg™! and the

A limited number of experiments was done on toluene soot. value ofy; calculated using eq 3 is 12 1075, This is a factor
Initial uptake coefficient values of NfOon toluene soot were  of 6 times lower than the true initial value of the uptake
lower than those measured for hexane soot by a factor of 4. coefficient. Although the application of the diffusion model in

As discussed in Underwood et &t.there are two distinct  Figure 3 predicts a nearly linear mass regime to be in the range
regions in the plot shown in Figure 3. The region that extends from 0 to 8 mg for the initial uptake coefficient, the dependence
from O to approximately 8 mg shows that the observed initial of the average uptake coefficient on the mass is still linear up
uptake coefficient has a nearly linear dependence on sampleto 19 mg, as shown in Figure 4. The linear region for any time-
mass. The portion of the plot above 8 mg shows that the averaged uptake coefficient can be predicted from the diffusion
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Figure 4. Linear mass dependence of the average uptake coefficient,

averaged over 140 seconds. Filled circl® (epresent experimental
data, and the solid line<) represents a linear least-squares fit to the
data of the formy = mx The slope of the fit is 7.% 107 mg2, with
anR value of 0.986.
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Figure 5. Calibrated flow of NQ reacted and HONO produced (7.7
mg sample).
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constant determined above, i.e5 [2 x (3.5 x 1076 cn¥/s)
x 1402 = 3.2 x 102 cm. It is predicted that, in a 140 s period,
the uptake coefficient would be linear up to a diffusion length
of 3.1 x 1072 cm. From the soot density of 0.13 g/érand

Al-Abadleh and Grassian

TABLE 4: Values of the Uptake Coefficient

(a) Initial and at Specific Surface Coverages

Mass of BET surface yoger Y0.LBET  Y0.25BET  Y0.50,BET
soot (mg) area(cr) (x10% (x107% (x10°% (x1079)
0.6 456 4.72 1.00 0.31 a
0.8 608 2.95 1.26 0.73 0.42
2.0 1520 5.68 1.01 0.44 a
7.7 5852 3.25 0.37 022 a
15.1 11476 1.86 1.12 0.76 0.32
19.9 15124 1.66 0.82 0.48 0.33
(b) Averaged over Time And Surface Coverages
Mass of J/ave,BET(X 105)
soot(mg) atl40s at300s 0.1coverage0.28 0.5¢
0.6 0.83 0.74 1.41 0.69 a
0.8 0.84 0.51 1.77 1.17 0.69
2.0 1.86 1.03 1.72 0.76 a
7.7 0.93 0.58 0.80 0.48 a
15.1 1.37 1.00 1.37 0.99 0.71
19.9 1.15 .99 1.03 0.76 0.60

aSome experiments were ended before a coverage of 0.50 was
reached® Surface coverage values of 0.1, 0.25, 0.5 were calculated
using the maxim coverage of NOn soot, which under the conditions
of this study (pressure of 8Torr) is taken as 1.4 10 molecules
cm,

to be 36+ 5%. The remaining N@taken to the surface may
correspond to the formation of surface-bound products (vide
infra) and other gas products such as NO. The percentage of
HONO produced in this study is lower than that reported in
another Knudsen cell studyThis may be a result of using a
different hydrocarbon as a soot generator and collecting soot at
different heights from the flame base both of which has been
shown to effect HONO productiot®

From the calibrated data it is also possible to determine the
absolute number of N&molecules reacted per unit surface area
(or unit mass of soot). For small masses of soefl (mg),
complete saturation of the surface can be obtained by continuing

sample geometric area this diffusion length is equivalent to a the reaction until no further uptake of N@ observed. This

mass of 48 mg. These data show thatM@lecules can access

means that over time the uptake coefficient goes to zero. The

additional underlying layers of the soot sample over time and data in Figure 5 can be used to determine the total amount of

that the probe depth of NOthrough the powdered sample
increases with time.
In some experiments, the parent peak of HN@/e = 63)

NO. reacted per unit surface area. For thin or low mass samples,
complete saturation occurs over the time period of the experi-
ment, whereas for thicker samples with larger mass, the data

was monitored. No change in the mass spectral intensity of are fit to a double exponential form, and the fit is then

HNO; was observed, suggesting that HNi® not formed as a

extrapolated to the limit of no further uptake of MN©orre-

gaseous reaction product. This result agrees with the study ofsponding to a saturated surface. From all of the data, it is

Kalberer et al” in which HNO; was not detected either in the

determined that the total amount of N@hat can react at a

gas phase or adsorbed on the aerosol particles or the walls oforessure near 8Torr is determined to be (1.4 0.5) x 1013

the reactor. The HONO mass channeld = 47) was also
monitored. There was an increase in thée = 47 signal as
NO, reacted with the surface. Quantification of the HONO
production is described below.

B. Calibrated Flow Experiments Used To Determine the
Branching of NO, to HONO and the Total Uptake. The QMS
intensity for the parent ions of NGand HONO,m/e = 46 and

molecules cm?2. This value is used as a saturation coverage
for NO, on soot at 295 K and a pressure ofi8orr.

Using a saturation coverage of 1410 molecules cm?,
the uptake coefficient can be calculated at specific coverages.
These data are presented in Table 4, which lists initial uptake
coefficients and those determined for NEoverages of one-
tenth, one-quarter, and one-half (0.1, 0.25 and 0.5) of the

47, respectively, were calibrated and converted to molecular saturation coverage, which corresponds to £.40%, 3.5 x
flow through the Knudsen cell. These data are shown in Figure 10*2, and 7 x 10 molecules cm?, respectively. All of the

5. The flow of NG has been offset and inverted to show the
amount of NQ that reacts per second. Since thie = 47 signal

numbers reported in Table 4 have been corrected for the entire
BET area of the soot sample. It is seen from the data for a

from the mass spectrometer contains two contributions: the specified mass of soot thatdecreases as the coverage of NO

parent ions of HONO and the natural abundaffélabeled
NO,. Calibration of thewe = 47 signal for HONO production

was done according to the procedure outlined in the Experi-

increase. The reaction of NQvith soot is not catalytic under
the conditions used in the study, and therefore active sites are
either blocked by reaction products from irreversible NO

mental Section. From the calibrated data presented in Figure 5,adsorption or from chemical deactivation.

the amount of HONO produced per N@acted is determined

For one set of experimental data, the variatiorygfr with
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TABLE 5: Assignment of Vibrational Bands of Surface
Bound Species from the Adsorption of NQ on Hexane Soot

Surface species Wavenumber (¢in
R—-ONO 128121280
R—NO, 132321340°
COs?™ (ad) 1413
R—NO, 153121540
R—N—NO; 1565+P
R—-0O—-NO 16532 1660
lactone and alkyl carbonyl groups 1779773

aThis work.? Reference 9¢ Reference 13.

of the gas phase, the infrared spectrum of the surface remains
nearly identical, with only a small decrease in intensity of the
bands between 1400 and 1675¢mOn the basis of literature
assignments, the absorptions bands of the surface-bound species
can be assigned to different functional groups present on the
soot surface after reaction with N@see Table 5).

Several additional pressures of B@ere introduced into the
infrared cell containing the soot sample until there was no longer
any more changes in the surface spectrum. To try and reactivate
the soot sample, the infrared cell was evacuated overnight and
then 5.0 Torr of distilled HO was added to the infrared cell
for 20 min, as water has been shown to reactivate the soot
surface*® A spectrum of the surfaceafter evacuation of water
was compared to that before the addition of water to see if water
caused a change to the surface or not. The bending mode of
adsorbed KO at 1625 cm! was seen in the spectrum. After
that, successive pressures of N@ere added to the surface in
the same manner. Spectra of the surface were referenced to that
after evacuation of pD. These spectra show an obvious

Figure 7. FT-IR spectra of hexane soot surface recorded as a function decrease in the intensity of the 1625 and 1779 tbands due
of NO; pressure (5, 11, 23, 46, 63, and 91 mTorr). Spectra were tg the loss of HO and G=0 groups from the surface after the
recorded in the presence of gas-phase [¢@s-phase absorptions were  54dition of 52, 75, and 95 mTorr of NOAddition of pressures
subtracted out). of NO, less than 52 mTorr did not show bands of adsorbed
NO, coverage was determined in order to further understand NO, on the surface. HONO(g) bardst 1264, 1703, and 3591
the coverage dependenceyofFigure 6 shows a plot the log of  cm~! were not observed in any of the gas-phase spectra recorded
yeer as a function of N@ coverage in molecules cri The in the presence of N This may be a result of using a short
data can be fit to two straight lines corresponding to a double IR path length, since relatively small amounts of HONO are
exponential fit. At low coverages of NOthe linear least-squares  produced from the reaction of N@vith hexane soot. However,
fit of the data isy = —4.18 — (1.46 x 10)x. However, at the loss of water from the surface and the growth of the
higher coverages of NQdata fits the linear equation= —4.52 carbonate band at 1413 cinsuggests further oxidation of the
— (2.96 x 107 13)x. It is not clear what the exact fundamental surface.
nature of the coverage dependence is due to. This type of
coverage dependence may be explained by several resdns,
including surface site heterogeneity and repulsive adsotbate
adsorbate interactions. As will be discussed in the next section, In two recent studies of the NQeaction on soot aerosol,
adsorbed N@does remain on the surface of the soot particles. the analysis of the data obtained for the same reaction using a
C. FT-IR Study of the Heterogeneous Reaction of N@ Knudsen cell reactor has been called into questirThis is
on Soot.Figure 7 shows the FT-IR spectra of hexane soot (1 because in Knudsen cell studiesften referred to as bulk
mg) as a function of N@pressure. FT-IR experiments were studies-uptake coefficients are usually calculated using only
done at higher pressures (ppm) than the Knudsen cell experi-the geometrical surface area of the sample hdld&using the
ments, because of the lower sensitivity of the technique. The geometric area as the effective surface area for heterogeneous
infrared spectra recorded as a function of increasing pressureuptake may introduce a major under estimation of the available
of NO, from 5 to 91 mTorr are shown in Figure 7. These spectra surface area for reaction. This will especially be true for small
were recorded in the presence of gas-phasg; i@ unreacted particles with high surface areas, such as soot. Soot is a porous
soot surface was taken as the reference background spectrunmaterial, and with its fractal geometry, a relatively large amount
The spectra showing only surface-bound products are obtainedof surface area may be accessible for;N@adsorb and react.
by spectral subtraction of gas-phase absorptions. The intensityln this study, initial uptake coefficient values calculated using
of the bands at 1281, 1323, 1531, 1565, and 1653'éncrease the geometric area were corrected to take into account the
as the coverage of NOs increased. There is a decrease in the diffusion of NG, into the interparticle pores of the soot sample
intensity of the band at 1779 crh suggesting the loss of the and its ability to access underlying soot layers. By doing so the
C=0 group from the carbonyl surface, presumably due to the true value of the initial uptake is determined to be<71075,
formation of gas-phase Gr CO, as has been observed in significantly lower than the value obtained using the geometric
other studies done at high pressures obNQJpon evacuation area.

Discussion
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TABLE 6: Comparison of Initial, Specific Coverage, and TABLE 7: Uptake Coefficient Values Reported in the
Average Uptake Coefficients Literature Corrected for BET Surface Area
Uptake Geometric  BET uptake
coefficient Average values Range of values BET surface uptake coefficient,
Initial Uptake Coefficients Soot Mass (mg) area (Mg coefficient,yq VBET
Yo.0bs (1.8-18)x 103 a. Longfellow et ak
Yo.BET (3.4+1.6)x 10°° (1.5-5.7)x 10°° Methane 2.6 25 3.610% 25x10°
4 6
Uptake Coefficients at Different Coverages Eropane fg lgg 1 g_g ig5 gg X ig7
Y0.1.8ET (9.34+0.3)x 1078 (3.7-12.6)x 1078 éxane - 26 U 25 x 107
0.25 BET (49+£0.2)x 10°® (2.2-7.6) x 10°° K 21 5.010° & g
YosBET (3.6+0.6)x 107 (3.2-4.6)x 107 erosene - na : :
. - b. Gerecke et &.
Time Averaged Uptake Coefficierts
YaveBET 140 1.2+ 0.4) x 10°5 (0.8-1.9) x 10°5 Ethylene 8.0 76 9.5 102 3.0x10*
Vave,BET (3005) (8.2+22)x 10°° (5.1-10.3)x 10°® aFor Longfellow et al. study (ref 4)ger was calculated using eq
Coverage Averaged Uptake Coefficiénts 3 with the geometric area of the flow reactor equal to 55.chine
Yave BET (0.1) (1.4+0.4)x 105 (0.8-1.8)x 105 given BET surface area in Longfellow et al. was 89gn® BET area
Y ave BET (0.25) (8+2)x 10°® (5—11) x 10°® determined in this study.na: not availabled For Gerecke et abtudy
Yave,BET (0.5) (6.7+0.6) x 10°® (6.0-7.1)x 1078 (ref 5), yger was calculated using eq 3 with the geometric area of the

. . . . sample holder equal to 19.6 ém
a Uptake coefficients averaged from tirhes O to the indicated time.

b Uptake coefficients averaged from a coverage of zero to the indicated The dat d fi d b d
coverage. e data averaged over time and coverage can be compare

to some of the measurements made using different techniques.

Itis also typical to report initial uptake coefficients determined Longfellow et al* studied the reaction of NoOon methane,
for very short reaction times in Knudsen cell experiments. In Propane, hexane, and kerosene soot using a flow reactor. Uptake
other measurements using aerosol chambers, flow reactors, angO€fficient values reported in their study are corrected for BET
other static reactors, average or steady-state values are ofteguface areain Table 7. It can be seen that the steadysiate
reported. Wherya.eis reported in the literature, it corresponds 1 the hexane soot is a factor of @0 times lower than the
to the reaction occurring over longer time scales. From study 2verage (coverage and time) reported in Tables 4 and 6. This
to study, uptake coefficients are averaged over different time M&Y be due to a temperature effect, since their experiments were

scales and, therefore, over different surface coverages. Here Wéjone at 262 K. ) )
reportyser averaged over coverage. This is a more fundamental  Kleffmann et aP studied the consumption of NOon
quantity for surface reactions than time since different soot cOmmercial soot samples with a well-characterized BET surface
samples of varying mass can reach the same coverage af'€a- Mean uptake coefficient values were derived from the
different times. The major assumption made in this analysis is SI0pes of the first-order decay constants during the first 5 min
that the underlying layers and the top layers of the soot sample©f the reaction as a function of the BET surface area of the
are reaching the same coverage at the same time, when in facB00t samples._ThosevaIéJes were_(getermmed to bel0™® for
there may be a coverage gradient with the top layers being atthe consumption of-10'* NO, cm™, close to the values that
higher coverages compared to the bottom most layers. FurthetVe obtain for hexane soot. In their study, uptake coefficient
analysis of the data would require detailed knowledge of values were not determlngq for freshly prepared soot samples,
saturation effects of NEadsorbed on soot samples. An analysis because of the unavailability of the BET surface area values
of this type is currently underway. for these samples. o _
Table 6 summarizes the uptake coefficients calculated in To determine the atmospheric significance of the reaction of
different ways (initial uptake coefficients determined using NO to yield HONO, the reactive uptake coefficient must be

geometric and BET areas, uptake coefficients at specified knovv_n. Under the dry _cond|t|ons reported her(_-:-, the initial
coverages, and uptake coefficients averaged over coverage an active uptake coe_ff|C|ent would be the fractlon_qf NQ
time). Initial uptake coefficients corrected for the BET surface Converted to HO'\éO times the mesasured uptakg coefficient, i.e.,
area of soot samples have a narrower range than the observe -36 X.(7 X 1¢) = 2.5 x 10. ) Atm(_)sphenc models to .
uptake coefficient using the sample holder geometric area. The etermine the importance of this reaction under atmospheric
coverage and time-average determined uptake coefficients areCondltlons would need to tal_<g into_account the coverage
lower than the initial ones. The FT-IR data show that the surface dependence of Fhe uptake cgeﬁlment and the fagt that 'ghe Surf?‘ce
becomes covered with adsorbed molecules as the reactionbecomes de_actlvat(_eq overtlme._Further_ analysis of this reaction
ould require additional experimentation under more atmo-

proceeds. Once the surface was covered, it was not possible tgvou'd o
recover the reactivity of the soot particles. spherically relevant conditions that span the temperature and

o __ relative humidity range of the troposphere.
The data generated in this study can be used to reexamine

measurements made in other laboratories. The geometric uptakeConclusions

coefficient reported by Gerecke et®alising a Knudsen cell

reactor can be corrected for diffusion of N(see Table 7). In this study, the heterogeneous reaction of,M@h freshly
They reported an initial uptake coefficient for NOn ethlylene prepared hexane soot has been studied using a Knudsen cell
soot to be 0.095t 0.007. An 8.0 mg sample of soot reported reactor and FT-IR spectroscopy at 295 K. The FT-IR data show
in their study has a BET surface area of 608 ¢assuming that adsorbed products remain on the surface in agreement with

that the BET surface area of ethylene soot equals 7§1). another very recent FT-IR investigation of the N®oot
Using eq 3 with the geometric area of the sample holder equal reaction®® HONO was detected as a gas-phase reaction product,
to 19.6 cni, y, e can be calculated to be aboutx3 1074, accounting for 36% of the NOreacted. Initial uptake coef-

which is approximately a factor of 4 times greater than the initial ficients were determined by accounting for the accessible surface
uptake determined here of\7 107° using a gas-diffusion model.  area of the soot samples on the time scale of the measurement.
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The time scale is on the order of the residence time of the gas

J. Phys. Chem. A, Vol. 104, No. 51, 20001933

(10) Kalberer, M.; Ammann, M.; Gggeler, H. M.; Baltensperger, U.

molecules inside the Knudsen cell reactor. On this time scale, Atmos. Eriron. 1999 33, 2815.

diffusion into the bulk powder can occur. Diffusion of gases

into the bulk of the material may be important in other systems

involving solid particle surfaces as well, thus making the

(11) Rogaski, C. A.; Golden, D. M.; Williams, L. RGeo. Phys. Res.
Lett 1997 24, 381.

(12) Kalberer, M.; Tabor, K.; Ammann, M.; Parrat, Y.; Weingarther,
E.; Pighet, D.; Resler, E.; Jost, D. T.; Tler, A.; Gageler, H. W.;

geometric area inappropriate for use in determining the uptake Baltensperger, UJ. Phys. Cheml996 100, 15487.

coefficient. Uptake coefficients averaged over longer times and
higher coverages were nearly an order of magnitude lower than

the initial uptake coefficient. Comparison to values reported in

(13) Smith, D. M.; Welch, W. F.; Graham, S. M.; Chughtai, A. R;;
Wicke, B. G.; Grady, K. AAppl. Spectroscl988 42, 674.

(14) Chughtai, A. R.; Welch, W. F.; JR.; Akhter, M. S.; Smith, D. M.
Appl. Spectroscl99Q 44, 294.

the literature using other techniques are now in better agreement (15) Choi, W.; Leu, M.-T J. Phys. Chem. AL998 102, 7618.

with the Knudsen cell data when the BET areas of the soot
samples are considered and average values of the uptak

(16) Harrison, R. M.; Peak, J. D.; Collins, G. Nl. Geophys. Re4996

éOl-Dg 14429.

(17) Aumont, B.; Madronich, S.; Ammann, M.; Kalberer, M.; Bal-

coefficient are compared. This discrepancy was previously 5 tensperger, U.; Hauglustaine, D.; Brocheton) Fseophys. Re4999 104-

orders of magnitude, making it difficult to fully assess the
importance of the heterogeneous reaction of,N@ soot to
form HONO in the atmosphere.
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