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Nitric Acid Uptake and Decomposition on Black Carbon (Soot) Surfaces: Its Implications
for the Upper Troposphere and Lower Stratosphere
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The uptake and decomposition of Hil@n black carbon (soot) surfaces were investigated in order to evaluate

the proposal that HN@decomposition on aircraft-generated soot aerosols may alter thi@R¢partitioning

in the upper troposphere and lower stratosphere. The experimental measurements were performed by using
a fast flow-tube reactor coupled to a quadrupole mass spectrometer. Black carbon samples used as surrogate
material for aircraft soot in this study included Degussa FW2 (an amorphous carbon black comprising medium
oxides), graphite, hexane soot, and kerosene soot. The measurements of uptake were performed by varying
P(HNQ3) in the range of 5x 1077 to 5 x 107 Torr at 220 and 295 K. The results are summarized as
follows. Significant HNQ decomposition was observed on FW2 at 295 K ViRthINO3) > 1 x 10°“ Torr,

while it did not occur at 220 K. Similar HN§decomposition behavior on graphite was also observed under

the condition ofP(HNQOs) = 10~ Torr andT = 295 K, although the extent of the decomposition was much
smaller than that on FW2. The decomposition of HNfD soot produced NO, NDH,O, oxidized soot

surface, and some unidentified volatile products. To explain the observed decomposition behavior at higher
partial pressures of HNfa bimolecular HN@ decomposition mechanism on soot surfaces was proposed.
However, HNQ immediately decomposed on an FW2 surface at 503 K even at lower partial pres&aré (

Torr). On flame-deposited hexane and kerosene soot film, no HiMOomposition was observed up to
P(HNO;) = 5 x 10°% Torr. Moreover, the uptake and desorption of HN@ere reversible at 295 K and
irreversible at 220 K. Adsorbed HN®@nolecules on hexane soot film were saturated to a monolayer coverage
atP(HNO3) ~ 2 x 10~ Torr according to Langmuir adsorption isotherm; further increas®htNO3) resulted

in multilayer adsorption. Under the experimental conditioP@4NOs) = 5 x 1077 Torr andT = 220 K),

the uptake of HN@was found to involve purely physical adsorption without showing any sign of irreversible
decomposition over all black carbon samples. Subsequent heating of the sample following the uptake at 220
K desorbed most of the adsorbed HN@olecules. Physical adsorption of HY@as found to take place on

the surface of concentrated,$00,-coated soot at 230 K, but decomposition of HNGok place at 296 K.

Finally, the present results suggest that the HME&composition on soot aerosols through a directgasid
interaction, which was proposed as a possiblgAactivation mechanism in the atmospheric modeling of
upper troposphere and lower stratosphere, should be dismissed.

Introduction lower stratosphere. Although the amount of black carbon
collected in this altitude (1611 km) accounts for only a few

Black carbon particles (soot) are formed as a result of
b ( ) percent of the total aerosol (sogt sulfate) mass, the black

incomplete combustion processes and are ubiquitous in the
atmospheré2 The lower troposphere contains plenty of soot carbon surface area can be up to 50% of the total surfacé area.

particles whose principal sources are fossil fuel and biomassThe specific heteroggneous reactlon_s on soot that have been
combustion at the ground levét. In the upper troposphere and most frequent_ly considered as potential perturbations of atmo-
lower stratosphere, however, the only significant source of soot SPheric chemical balance are those of,SRIO;, HNGs, and
is known to be the exhausts of aircraft engiR€ésUnlike the Os. It has been reported that @as oxidized to sulfate on
other components of atmospheric aerosols, black carbon aerosol§00t particle$'?and Q reactively decomposed on soot to give
have a large optical absorption coefficient and can have a Oz CO, and CQ@as productd**? Smith and co-workef$ have
significant impact on radiative balance by direct light absorp- investigated N@-soot interaction by using a Fourier transform
tion.” Soot particles are also thought to play an important role infrared spectrometer to look for the formation of new surface
as cloud condensation nuclei and may indirectly affect climatic species. It has been also suggested thaj W&s reduced to
forcing® Furthermore, black carbon aerosols can provide NO on black carbon surfacés!®
surface sites for heterogeneous atmospheric chemical reactions. Recently, it has been reported that the [HIfNO,] ratios

The possibility of heterogeneous atmospheric chemical reac-in photochemical models was overestimated by a factor-df®
tions on black carbon aerosols has been invoked, especially inin comparison to tropospheric measureméfit3.o resolve this
relation to aircraft-generated soot in the upper troposphere anddiscrepancy, a heterogeneous reduction of HN® carbon
aerosols forming NO or N
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Figure 1. Schematic diagram of the flow reactor coupled to an electron-impact ionization mass spectrometer for the measurements ef the HNO
uptake on soot surfaces. Both a cylindrical tube reactor and a bottom-flattened tube reactor (shown in the figure) are used in the uptake measurements
Soot samples are either directly flame-deposited on the wall of the cylindrical reactor or laid down on the recessed bottom of the reactor.

has been proposed as a renoxification mechanism on the basisninute). The total pressure in the flow tube, which was
of preliminary laboratory results (see belot®)!® Since monitored by a high-precision capacitance manometer (MKS
distribution of nitrogen oxides (N@ is closely related to Instruments, Model 390 HA, 10 Torr full-scale), ranged from
photochemical @balance, a possible renoxification of HYO 0.3 to 1.0 Torr. The pressure measured at the downstream end
on soot aerosols has direct impact on pathways of ozoneof the reactor was corrected8%) for the viscous pressure
production and destruction. drop between the measuring point and the midpoint of the flow
Thlibi and Petit® studied HNQ reactions on soot in a static  tube?? For the low-temperature measurements the flow tube
reactor at 303 K and reported the decomposition of HNO was cooled te~220 K by circulating chilled methanol through
forming NO and NQ. Rogaski et af® reported that HN@ a cooling jacket. The temperature monitored by an -on
reacted heterogeneously on amorphous carbon (Degussa FW2yonstantan thermocouple remained constant wittfirk during
to give NO, NQ, and HO as products with a conversion the experiment. A heating tape wrapping around the reactor
efficiency of two-thirds. In addition, they obtained a value of was used for high-temperature measurements.
y = 0.038 at 298 K, which was adopted in atmospheric  Nitric acid was prepared by reacting concentrate8®j, (96
modelst®18 However, the experimental conditions of pressures wt %) with NaNG; in a vacuum, and the HNOvapor was
and temperatures employed in the above-mentioned studies wergollected in a Pyrex vessel held at liquid nitrogen temperature.
too unrealistic to be extrapolated to the actual atmospheric The HNQ; thus prepared was further purified by vacuum
conditions. distillation and stored at 76 K. Nitric acid was introduced into
In this article we describe an experimental investigation of the flow reactor by flowing helium through the HN@eservoir
physical and chemical interactions of HN®ith soot surfaces  vessel in a temperature-controlled bath. The partial pressures
under widely varying experimental conditions. As surrogate of HNO;zin the flow tube were calculated from the known vapor
materials for atmospheric carbon aerosols, a commercial carbonpressure of HN@at a specific reservoir temperatiffe.
black sample (Degussa FW2), graphite, and laboratory-prepared  Fquy gifferent carbon black samples were tested in this study.
soot samples were used in this study. Decomposition of INO  F\w2 (channel type black), which contained about 18% volatiles
on soot has been observed under the conditions of its high partialyhen heated to 1100 K, was supplied by the Degussa €orp.
pressure £10~* Torr) and room temperature, and a relevant Gyaphite powder of 42 um sized particles was purchased from
mechanism is proposed. The soot reactivity for H¥@s been  Ajdrich. Hexane soot was prepared in the laboratory by burning

closely investigated under the atmospheﬁc.conQitian(br- hexanes (J. T. Baker) which contained mixturesidfexane,
NO;) ~ 1077 Torr andT = 220 K, and its implications for  methylpentane, methylcyclopentane, and diethylbutane. Kero-
upper troposphere and lower stratosphere are discussed. sene soot was also prepared in the laboratory by burning

kerosene (Aldrich, low-order). The B.E.T. (Brunauer, Emmett,
and Teller) surface areas of each sample were measured with
The uptake measurements were performed by using a fastpowder or substrate-coated forms by using Kr as an adsorptive
flow-tube reactor coupled to an electron-impact ionization mass gas. The measured B.E.T. surface area of each carbon sample,
spectrometer (EIMS). The flow reactor/EIMS apparatus has the physical form of sample used in the flow reactor, and the
been described in detail earl@rand only a brief summary is  total sample mass in the flow reactor are listed in Table 1.
presented here. The schematic of the experimental setup is Various physical forms of carbon black were made out of
shown in Figure 1. The mass spectrometer housed in anpowder in order to immobilize carbon samples in the flow
ultrahigh vacuum chamber was operated at a fixed 70 eV reactor which was continuously evacuated by a high-capacity
electron impact energy and-B mA emission currents. Two  mechanical pump. Graphite powder was pressed into disk
flow-tube reactors made of borosilicate were used in this study. pellets 1 in. in diameter. If there was a need to increase the
A cylindrical tube reactor 21 cm in length and 2.6 cm inside surface area in some experiments, the disk pellets were broken
diameter was used for measurements on hexane soot. Anothemto smaller chips. Although the graphite powder was pressed
reactor 20 cm long and 2.9 é&in cross-section had a flattened into chips (or pellets) under high pressure (about 10 ton), there
bottom (as shown in Figure 1) in order to hold the samples in was no difference in the measured specific B.E.T. surface area
place. This reactor was used for measurements on kerosen€l5 n¥/g) between the powder and chip (or pellet) samples. This
soot, FW2, and graphite. Helium (Matheson U.H.P.) was used implied that each pressed chip (or pellet) was still microporous
as a main carrier gas in the reactor. The flow rates of He and that the internal surface of the chips might be available for
measured by a mass flowmeter (Hastings Instruments) were inHNO3 uptake to a small extent. Since FW2 powder could not
the range of 156450 sccm (standard cubic centimeter per be made into disk pellets due to its mechanical brittleness, it

Experimental Section
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Figure 2. Scanning electron micrographics of flame-deposited kerosene soot on a silicon wafer chip (a and b) and a pressed chip of FW2 powder
(c and d). Figure (a) was taken from a lightly deposited area on the silicon wafer in order to single out the image of individual soot particles, while
figure (b) was taken from a heavily deposited area. Figures (c) and (d) were imaged from the same area of FW2 chip.

TABLE 1: Black Carbon Samples Used in HNG; Uptake Measurements

BET surface the physical form of the sample mass in
carbon sample area (nd/g) carbon sample in the flow-tube reactor the flow tube
Degussa FW2 368 chips (irregular shape) or 3.1lg

a pressed layer on a stainless steel plate 0.48¢g
graphite 15 disk pellets or chips (irregular shape) 9.4 g (chips)
hexane soot 46 flame-deposited film on the flow-tube wall 58 mg
kerosene soot 91 flame-deposited film on a stainless steel plate —11 g

was instead transformed into small chips having irregular shapes. The morphology of the flame-deposited kerosene soot film
Another sample for FW2 was prepared by pressing a layer of and the pressed chip of FW2 was investigated by a scanning
powder on a stainless steel plate (18 gmi.7 cm) in order to electron microscope (SEM, Camscan Series 1l). Their SEM
define a precise geometric surface area and was used for uptakénages are shown in Figure 2. The kerosene soot film was
coefficient measurements. Hexane and kerosene soot weraleposited on a silicon wafer chip. The samples were gold-
directly flame-deposited on the reactor wall and a stainless steelcoated by using a gold sputter coater prior to the SEM analysis.
plate (18 cmx 1.7 cm), respectively. Although the instrumental resolution was not high enough to
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catch clear images of individual particles, the micrograph (Figure HNO, on FW2 at 294 K

2a) showed that the kerosene soot particles were highly ™ T ' T "
aggregated into chain (or fractal) form with a typical individual HNO, exposed to FW2

particle size of~0.1um or less. The size and morphology of ¢ HNO, off _

the kerosene soot particles were quite similar to those of soot ¢ il
particles collected in the upper troposphere and lower strato- = $

spheré The kerosene soot film (Figure 2b) that was used for
the uptake measurements showed very porous structure. The
bulk density of the kerosene soot film was estimated by
weighing the soot mass on a substrate with a known surface
area and measuring the film thickness by SEM. The bulk
density was found to be 0.038 g/émwhile the true density of
soot was known to be in the range of £B9 g/cn?. The
particles of FW2 were so smalll & 13 nm§* that they were

arb. unit

ignal

Mass S

not resolved at all in the SEM image. Unlike the kerosene soot 100 2140 125 163 198

film, the pressed chip of FW2 showed no porosity at jfne ‘ s R . R I ]

scale (Figure 2, parts ¢ and d). 0 20 40 60 80 100
Every measurement of HNQuptake was performed after Time (min)

baking the black carbon sample in the flow reactor under Figure 3. The uptake of HN@ on FW2 chips at 294 K and the
vacuum. Baking was done by wrapping a heating tape aroundSubsequent thermal desorption. The experimental conditions are
the tubular reactor and leaving it for a few hours at 523 K. F(HNO2) = 4.3 x 10 Torr, P = 1.0 Torr, v = 935 cm/s Fino; =
Samples were baked again after each measurement. Nog.8><_10l moIect_JIes/s. Theve 30 and 46 S|gnals,_v_vh|ch are calculated

. S . y using eq 2, directly represent the decomposition products of HNO
decrease in uptake coefficients or reactivity was observed overgn soot surface. All the decomposition peaksrté 18, 30, 44, and 46
repeated uses. Thermal desorption studies were also carriechround 18 min are synchronous and are accompanied by a small dip in
out by heating the flow tube in the same way and monitoring the nve 63 signal.
the desorbing products mass-spectrometrically.

The detection of HN@and its decomposition products were Wwhere S is the geometric surface area of soot coated on the
done by monitoring the mass signats/¢) of 30 (NO"), 46 stainless steel plat&/ the reactor volume, and the average
(NOz1), and 63 (HN@"). Since both HN@and decomposition =~ molecular velocity of HNGQ.
products gave mass 30 and 46 signals, the observed mass signals
(S were subtracted by the daughter ion signals of HN® Results and Discussion
give the decomposition product signalS)(by using the

following equations: HNOz + FW2. The uptake and decomposition of HMEn
FW2 chips under the conditions B{HNO3) = 4.3 x 10~ Torr
S30= S50 (S3dSs3) Sis (2a) andT = 294 K are shown in Figure 3. The sliding injector of
HNO;3; was placed at the downstream end of the flow reactor
Si6= Sug— (S4dS°69) Sz (2b) and then was moved upstream exposing FW2 surfaces. Mass

signals of 18 (HO™), 30 (NO"), 44 (CQ™"), 46 (NG;™), and
whereS® was the mass signal when HN@as not exposed to 63 (HNO;*) were simultaneously monitored during the uptake
soot. and the following thermal desorption. Immediate uptake of
The uptake coefficients of HN§on black carbon surfaces HNOz was observed, and the subsequent appearance of product
were determined in a manner similar to our previous stédelies peaks ofn/e 18, 30, 46, and 44 (very small) followed. The
and will be briefly described below. The mass sigmalk 46, plotted mass 30 and 46 signals, which were subtracted by the
which had the highest intensity, was measured as a function ofdaughter ion signals of parent HN@nolecules using eq 2,
inlet position,z. The reaction time was calculated by using directly represented the actual decomposition products of HHNO
Zlv, wherev is the average flow velocity. Then the first-order molecules. All the decomposition peaks around 18 min were
rate constantsk, of HNOsz uptake were obtained by plotting  synchronous and accompanied by a small dip inrtite 63
IN(S1/S°46) vst. The axial gas-phase diffusion correction kor  signal. The flow of HNQ was closed at 45 min, and then the
was made by using the following equation to give the corrected heating of the flow tube was started at 78 min. Nitric acid
rate constantg, molecules desorbed upon heating, but the total desorbedsHNO
could account for only 10% of the total uptake. Water,,CO
ky=k(1+ kD/?) 3) NO, and NQ desorbed as decomposition products from the
heated surface along with HNO However, the observeaie
whereD, the diffusion coefficient of HN@in He, was estimated 30 and 46 signals could not be fully ascribed to the decomposi-
to be pD = 495 Torr cn? s! at 296 K. A temperature tion products of NO and N©® In the presence of the
dependence o176 for the diffusion coefficient was assumed decomposition products of NO and h6nly, the mass 30 signal
for the estimation ofD at 220 K. Since the symmetrical, should be greater than the mass 46 signal at least by 50%.
cylindrical tube was not used for the uptake coefficients However, the mass 30 signal was smaller than or about equal
measurements, correction for radial gas-phase diffusion was notto the mass 46 signal in some parts during the experiment as
taken into account because this correction was considered toshown in Figure 3. Unidentified decomposition/reaction prod-
be imprecise. However, we estimated that it was less than 10%.ucts havingm/e 30 or 46 fragment ions apparently desorbed
The uptake coefficientyy, was then calculated by using the along with NO and N@
following equation, The occurrence of the HNOdecomposition peaks around
18 min in Figure 3 was further investigated by varyP@INOs),
Vg = AkVIwS (4) and the results are presented in Figure 4. The appearance of
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HNO, on FW2 at 294 K were poorly defined in this study. As more surface sites become

12 p——T—=re available _wi';h desorbing decomppsition p_roqlucts, the second

: shallow dip in the HNQ uptake (Figure 3) is induced. After
the initial decomposition of HNg) there remains an oxidized
soot surface that is not active for further decomposition of
HNO;. Heating the oxidized soot surface gives off £&% a
04} 1 product and restores the original surface. Due to the bimolecular
(a) P(HNO,) = 4.6 x 10* Torr nature of the above mechanism, the decomposition of HINO
X ) ) occurred only aP(HNOs) > 10~ Torr where the soot surface
40 60 80 was saturated to a monolayer coverage (Figure 12a). Although
the above-proposed mechanism seems to be oversimplified, it
explains the main observed features of H\f&@composition.

02} 1 To see how HN@ interacts with soot under atmospheric

conditions, the uptake and desorption behaviors of HNQ

FW2 at both 220 and 294 K were investigated unei@gtNOs)

=5 x 1077 Torr (Figure 6). A pressed layer of FW2 on a

(b) P(HNO,) = 1.1 x 107 Torr stainless steel plate was used instead of irregularly shaped chips

0.0 o 2‘0 4‘0 6'0 8‘0 in order to define a geometric surface area of soot. The uptake

0.08 of HNOs at 294 K quickly saturated and the subsequent

desorption was reversible. No sign of Hil@ecomposition

was observed. The HNQOsurface saturation concentration

([HNOg]y) at 294 K that was obtained by integrating the uptake

area was 1.8« 10' molecules/cr (based on the geometric

area of the stainless steel plate). On the other hand, HNO

irreversibly condensed on FW2 at 220 K. Such condensation
on the Pyrex reactor wall was not observed at the same

002 20 20 60 20 temperature. Although the integrated HiN@take area at 220

K corresponded to a surface concentration greater tharx 7.2

10% molecules/cry which was at least four times [HNQQ at

08F

Mass 30 Signal

0.0

o
N[
o
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01} 1
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Mass 30 Signal

(c) P(HNO,) = 5.3 x 10°° Torr

Time (min)

Figure 4. The appearance of the decomposition peaks at 294 K (shown 594 k it showed no sign of surface saturation. It is possible
in Figure 3) is found to be strongly dependent on the partial pressures ’

of HNOs;. The appearance time of the/e 30 peak is significantly that multilayer adsorption occurs at 220 K.

delayed when the HNQpartial pressures lower from (a) 4:6 104 Since it was not certain whether HNGnolecules were
Torr to (b) 1.1x 10°* Torr. The peak does not appear at all at (¢) physically adsorbed or chemically dissociated on soot surfaces
P(HNO;) = 5.3 x 107 Torr up to 90 min after soot exposure. The 4t 220 K, a thermal desorption experiment that was similar to

) o — 6 . . f
?nxsggm:;?)/ c_orgiigog;/fso'ra e_acr Ocizeirazz)lﬁau’qo; _ i‘% f( 18116 one presented in Figure 3 was performed. The result is shown
= k= 1. , 3 — O

molecules/sy = 2872 cm/sP, = 0.75 Torr, and (CFno, = 1.4 x in Figure 7. At such a low concentration of HNGonly m/e
10 molecules/sy = 2873 cm/sP;, = 0.74 Torr. Them/e 30 signal is 30 and 46 signals were measurable. The mass 30 and 46 signals
the raw data which is not subtracted by the H\Nfaughter ion signal. plotted in Figure 7 were scaled to give the same intensity so

that the two signals should fall on the same trace during the

course of uptake and thermal desorption, unless glti&aom-

poses. The deviation between two sign&s & Si) at T >

80 °C indicated that adsorbed HNQmolecules started to
ecompose at this temperature. Possible decomposition prod-
cts yielding the extrave 30 ion signal al > 80°C are either

NO and NQ that originate from the destruction of HN®@r

something else that originates from the reaction of HM@h

the peak (monitored atve 30) was delayed from 8 min after
soot exposure aP(HNOz) = 4.6 x 107* Torr to 42 min at
P(HNO3) = 1.1 x 107* Torr and was never observed up to 90
min at P(HNO3) = 5.3 x 107> Torr. On the other hand, the
appearance of the decomposition peak was not observed at 22
K, even withP(HNO3) = 4.4 x 1074 Torr. It also critically
depended on the conditions of the soot surface. When a-NO

uptake experiment was repeated under the same condmons_agoot surface carbon. Judging from the fact that two mass signals
that of Figure 3, except that the soot sample was not baked in” """~ . ;
coincided during the early stage of thermal desorption, no

a vacuum after exposure to the atmosphere, the decomposition

peak was not observed either. However, as long as the Sootdlssoc:lated products seemed to be formed on FW2 at 220 K.

was sufficiently baked up to 523 K for a few hours in a vacuum dCompatrlsors of tr'[]ekuptatke a;nld 1dfe3(:;]pt|on peilé ar easl ga\c/jeltge
after each experiment, the decomposition peak of HM@s esorption-to-uptaxe ratio ot 1.1 for the mass 46 signai and L.

repeatedly observed with no sign of sample deterioration. for the mass 30 signal.

The observed pressure-dependence of k€ omposition The irreversible uptake of HNébn FW2 at 220 K seems to
on FW2 suggests that the decomposition is a bimolecular procesde a result of some interactions (e.g., hydrogen bonding)
operating at high surface coverage. To explain the behavior of between HN@and surface functional groups. Soot is generally
HNO; decomposition on soot, the following mechanism is considered to have an aromatic surface structure covered with
proposed as shown in Figure 5. As the surface coverageOxygen-containing functional groupsearly every type of
increases, two adsorbed HN@nolecules approach in close functional group known in organic chemistry has been proposed
proximity. Bond breakage and rearrangement are then initiatedto be present on soot surfacég:*3¢ Semiquantitative energy-
on soot surfaces to form volatile products such as NOp,NO dispersive microanalysis using a scanning electron microscope
and HO. The soot surface reactivity in this step seems to be (Camscan Series Il) showed that both FW2 and kerosene soot
critically dependent on the surface temperature and the surfacecontained a few percent of oxygen. In agreement with the above
conditions (i.e., structure, composition, and cleanness) which argument, we found that HNQptake/desorption on NaCl and
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Figure 6. The uptake and desorption of HNOn a pressed layer of
FW2, which is supported on a stainless steel plate. The uptake starts

70

when the HNQ inlet probe is pulled from downstream to upstream - ' -
end 5 min), and the desorption started when the probe is pushed the external graphite surface area was increased by breaking

back to the downstream end 86 min). The uptake and desorption of

HNO; are mainly reversible at 294 K, while those at 220 K are

irreversible. The experimental conditions @¢HNO3) = 5 x 1077
Torr, P, = 0.37 Torr,u = 2064 cm/sFuno, = 8.4 x 10" molecules/s
for the uptake at 294 K, anB(HNO3) = 5 x 1077 Torr, P, = 0.38
Torr, v = 1580 cm/sFuno, = 9.8 x 10" molecules/s for the uptake
at 220 K. The data at 294 K are shifted upward for clarity.

NaNQ;, which did not have any surface functionality, was

largely reversible at 223 K in our previous woti

While the adsorption of HN@at low surface coverage was

immediately decomposed on a hot soot surface at a temperature
of 503 K, as shown in Figure 8. Mass 30 and 46 signals were
monitored while HNQ flowed through the heated reactor and
then bypassed it. Upon exposure to soot tile 30 signal
immediately increased, which implied an instant decomposition
of HNO3; to NO or NG,. The result is consistent with that
obtained by Thlibi and Petif

HNO3; + Graphite. Graphite was chosen for this study as
a reference black carbon sample since its structure and composi-
tion are relatively well-known, although most of carbon aerosols
in the atmosphere are thought to be amorphous. Typical data
collected at 295 K are shown in Figure 9. Nitric acid uptake
on graphite pellets was as small as that on the Pyrex reactor
wall. However, it should be noted that the uptake of HN@
graphite pellets, although quite small, showed little sign of
saturation in the time scale of a few minutes and that this small
uptake was irreversible.

Since the reaction was relatively slow on graphite pellets,

the pellets into smaller chips. The reactivity study performed
by using these chips is shown in Figure 10. Nitric acid was
also found to decompose on graphite chips at 295 K, although
the extent of decomposition was much smaller than that on FW2
(Figure 3). The mass 30 and 46 signals were modified
according to eq 2 similar to those shown in Figure 3 to directly
represent the decomposition products of HN@pon exposing
HNO; to graphite, the mass 18 (water molecules) and 30 signals
gradually increased while the mass 46 signal immediately rose
above the mass 30 signal. Singg should always be higher

of largely physical nature at room temperature and below, FINO than S with the presence of the decomposition products NO
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Figure 7. The uptake of HN@on a pressed layer of FW2 at 220 K and the subsequent thermal desorption. The signals of mass 30 and 46 are
scaled to give the same intensity. Without any decomposition of iN€se signals are expected to fall on the same trace. The deviation of the
two signals afl > 80 °C indicates that HN@starts to decompose on FW2. The experimental conditionB@BOs) = 5 x 1077 Torr, P, = 0.35

Torr, v = 1659 cm/s, andFuno, = 9.6 x 10" molecules'/s.

HNO, on FW2 at 503 K HNO, on Pyrex and Graphite at 295 K

0.07
m/e 46
0.06 -
= = Pyrex wall
S 006f = | fyiEsRwaR o Y
> 5
g 2 oos
g m/e 30 :@
P =
2 S, 004+
t(ln) 177} Graphite pellets
%] ©
< e TN A Y v Y SRR
= 2 0.03
soot exposed soot exposed g
0 10 20 30 40 0.02 -
Time (min) . . . . \
. N ] 0 2 4 6 8 10 12
Figure 8. The decomposition of HNgon FW2 chips at 503 K. Upon Time (min)

the exposure of HN®to FW2, the mass 30 signal immediately
increases, which suggests an instant decomposition of 3HN@e
experimental conditions afg(HNOs) = 2.1 x 107 Torr, P, = 0.86
Torr, andv = 4230 cm/s.

Figure 9. The uptake and desorption of HNOn graphite pellets (7
pieces; each with a size of 1 in. diameter and a thickness-@frhim)

at 295 K are compared with those on a Pyrex surface. The experimental
conditions in both cases aR{HNO3) = 4.1 x 107° Torr, P, = 0.72

and NQ, there seemed to be other unidentified decomposition Torr, » = 970 cm/s, andFuno, = 1.1 x 10" molecules/s. The data for

products as in the case of FW2. The slight decrease of the masd$yrex wall are shifted upward for clarity.

63 signal that was concurrent with the slowly rising decomposi-

tion product signals was reproducibly observed. All of these 40 min resulted from the water desorption from the external
features were very similar to what was observed on FW2 in probe surface when it was pushed into the vacuum from the
Figure 3. It is quite likely that the mechanism proposed in atmosphere.

Figure 5 also works on graphite but with much less efficiency.  Graphite is known to react with concentrated aqueous nitric

As expected from the mechanism, the extent of HNl@&com-
position got smaller with decreasii®{HNO3) and was negli-

acid to form a graphite “oxide” that contairdC=0 and—C—
OH groups?® The reaction takes place not only on the outer

gible atP(HNO3) < 1074 Torr. The huge mass 18 peak around surface but also between the graphite layers. A similar type of
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HNO, on Graphite at 295 K

0.5
HNO, exposed to graphite

63

Mass Signal (arb. unit)

Time (min)
Figure 10. The uptake and desorption of HN¥®n graphite chips at 295 K. The experimental conditionsR{¢NO3z) = 5.1 x 10°* Torr, P, =

1.0 Torr,v = 938 cm/s, anduno, = 4.6 x 10' molecules/s. Then/e 30 and 46 signals are calculated by using eq 2 to directly represent the
decomposition products of HNO

reaction is expected to take place at the gaseous#gxéphite results shown in Figure 11. The observation clearly suggests
interface. Nitric acid molecules not only adsorb on the outer that the interaction of HNghexane soot is mainly physical
graphite plane but also penetrate between the layers. Since thexdsorption.

spacing between two adjacent layers in graphite is 3.38 A,
there is enough space for a planar HN@olecule to be
intercalated. The trapped HNG@nolecules in the interlayer or
interparticle space would react or diffuse out slowly. This may
explain the irreversible uptake of HN@n graphite pellets.

Graphite showed some reactivity for HN@ this study and

The above-mentioned results suggest that hexane soot is less
reactive for HNQ than graphite, although the former has more
surface functionalities than the latter. However, the observed
reactivities among different carbon samples in this study are
not directly comparable because the total reactive surface area

would form oxygen-containing surface functional groups on it |nvollvedf|n each sa;mrf)lehls quite d|ﬁi.rlent.. For ex?mr;:e, the
as a result of the reaction. However, its uptake capacity and ot@! surface area of the hexane soot film is 2.65while that

reactivity were much smaller than FW2. The relatively slow Of graphite chips is much larger, 141%nfTable 1). As
reactivity seems to be mainly due to the lack of surface mentioned earlier in the Experimental Section, both the graphite
functionality for graphite, which may play a significant role in ~ chip and the graphite powder have the same specific B.E.T.
determining the reactivity of black carbon. The relationship surface area. Even if only 10% of the total graphite chip surface
between the structure and reactivity of soot needs to be furtheris available, it is still five times larger than the total hexane
investigated in the laboratory. soot surface. Therefore, it should not be concluded from the
HNO3 + Hexane Soot. The uptake and desorption of H§O  present results that hexane soot is nonreactive or less reactive
on flame-deposited hexane soot film were also investigated. for HNOs than graphite.
Typical data at 295 K are shown in Eigure 11. The deposited A series of HNQ uptake experiments on hexane soot at 295
soot mass was 58 mg. The geometric and B.E.T. surface areg \yas performed by varying the partial pressure of Hi\N&hd
of soot were measured and found to be 177 amd 2.65 m, then the adsorbed amounts of Hi@vere calculated by
respectively. If the bulk density of hexane soot film is assumed integrating the uptake peak area. An adsorption isotherm of
to be equal to that of kerosene sopif = 0.038 glcr), the HNO3; on hexane soot, which is shown in Figure 12a, was

deposited film thickness is estimated to be about86 which . . .
corresponds to about 1200 patrticle layers. In Figure 11 the massortgae’\(ljoby pI?:]tlng thel adsorbed argotj]nt (.)fﬁ\lé@ a:;unctlor_] |
signals of 30, 46, and 63 were simultaneously monitored during of P( 3). e results suggested that it followed a typica

the course of the uptake and the following desorption at behavior of gdsorptioq isotherm. The soot surface was rapidly
P(HNOs) = 3.1 x 1075 Torr and 4.0x 104 Torr. The signals ~ Saturated with increasing HN@artial pressure @&(HNOs) <

of m/e 30 and 46 were scaled to give the same intensity to the 1 x 107 Torr, reached a monolayer coverage aroB(idNOs)

m/e 63 signal and were shifted upward in order to avoid = 2 X 1074 Torr, and started to show multilayer adsorption at
overlapping. Without HN@decomposition on soot, the signals  P(HNOs) > 2 x 107* Torr. The first four data points in the

of m/e 30, 46, and 63 should follow the same trajectories during lower P(HNO3) were fitted to the Langmuir adsorption isotherm
the course of uptake and desorption. These are exactly the(eq 587 as shown in Figure 12b:
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HNO, on Hexane Soot at 295 K HNO, on Hexane Soot at 295 K
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Figure 11. The uptake and desorption of HN®On flame-deposited . o .
hexane soot at 295 K. The mainly reversible uptake and desorption ~19Ure 12. (&) The HNQ adsorption isotherm on hexane soot which

: . . btained by plotting the adsorbed amount of HNG a function of
behaviors are demonstrated at two different H@rtial pressures of IS 0 ] ) 0=
(@) 3.1 x 105 Torr and (b) 4.0x 10 Torr. The eF;perimentaI P(HNQO;) and (b) the fit to the Langmuir adsorption isotherm (eq 5)

conditions for each case are @)= 0.89 Torr,v = 1758 cm/SFuno, ];(Z)rn(tjri]t?or::uarred(;litr?qilg(rmtncfsthﬁts;ov;/\?ernTr?blgiprfr?lirle& Experimental
= 9.6 x 10> molecules/s, and (B); = 0.94 Torr,v = 641 cm/sFuno, 9 9 '

= 4.5 x 108 molecules/s.
x HNO; + Kerosene Soot. Kerosene soot was flame-

P(HNO,) 1 1 deposited on a stainless steel plagg € 31.6 cnf) and the
= P(HNO,) + ——— (5) deposited soot mass was found to be 10.9 mg. The B.E.T.
Vad Vimono KadVmono surface area of soot was also measured and found to be 0.99

m2. A rough estimate gave about 2500 particle layers for the
where Vimono is the HNQ volume at STP corresponding to  soot film on the basis of the measured bulk density (0.038%/cm
monolayer coverage arqis the Langmuir adsorption constant  and the B.E.T. surface area. The kerosene soot is expected to
of the HNQyhexane soot system. The valuesv@fono = 0.37 have composition and structure similar to those of hexane soot
cm? andKqg = 5.4 x 10* Torr~! were obtained from the slope  because they were prepared in the same way under identical
and intercept of the straight line shown in Figure 12b. It should combustion conditions. Therefore, their reactivities would be
be noted that the reported valueskf; for the adsorption of ~ similar. The uptake and desorption of HAGn kerosene soot
nitrous oxide, ethylene, and nitrogen on charcoal surface at 293at 295 K were largely reversible at boB(HNOs) = 2.1 x
K were all in the range of 1@ to 104 Torr-1,28 much smaller ~ 107*and 6x 10~" Torr (Figure 13). No sign of decomposition
than present value dfaq for the HNOyhexane soot system. Of HNOs was observed even &(HNOs) > 107 Torr. A

The extreme stickiness of the HN@olecule could be ascribed ~ Similar thermal desorption experiment shown in Figure 7 was

to the formation of hydrogen bonding on the soot surface. al_so performed for kerosene soot. The result is presented in

The monolayer surface concentration of HN\btained from Figure 14. The uptake of HN{on kerosene soot at 219 K
was found to be irreversible. The plotted mass 30 and 46 signals

i 6 4
Vm°|”° alnd Sr%Ot smkjlrface area hls 56 10° or 3.8 x 10° were scaled to give the same intensity as in Figure 7. Unlike
molecules/c on the basis of the geometric or B.E.T. surface e case of FW2 (Figure 7) where the deviation started at
area, respectively. The average cross sectiofiud;) of an 80 °C, the deviation between the two signals occurred around

adsorbed HN@molecule using the B.E.T. surface area is 26.3 T = gge°c (the center of the desorption peak). Although the
A2 while ounos based on the geometric surface area of the origin of the extra mass 46 signal in this region was not
reactor is only 0.18 Awhich is considered to be unreasonably ynderstood, it surely indicated that volatile decomposition
small. It should be noted that the valuesgf, that is commonly products, which were not NO or NQdesorbed from the soot
used for the B.E.T. surface area measurements is 1%6.TAus, surface. Comparison of the uptake and desorption peak areas
a value ofonno, = 26.3 A using the B.E.T. surface area seems gave the desorption-to-uptake ratio of 1.1 for mass 46 and 0.9
to be much more reasonable. This implies that the adsorptionfor mass 30.

of HNO;z on soot film at saturation is accessible to the underlying  Uptake Coefficients of HNO; on Soot. A typical first-order
carbon layers, not just limited to the top layers. plot of HNQO; signal loss on soot surfaces as a function of
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HNO, on Kerosene Soot at 295 K The uptake coefficients measured in this work showed a
strong time dependence in some cases due to the surface
saturation (or deactivation) effect. In Figure 16 the HNO
uptake coefficients on FW2 at 220 and 295 K are plotted as a
function of the exposure time. Thegy at 295 K rapidly
decreased from its initial value to a negligible value within 30
min even undeP(HNOs) = 5 x 1077 Torr, while yg at 220 K
showed only a slight decrease at the same time scale. Strong
time-dependent behaviors gf were also observed with other
black carbons at room temperature. Thevalues listed in
Table 2 are the initial values measured at shorter time scale.

It should be kept in mind that theg, values listed in Table 2
. . . . are all based on the geometric area of the reactor covered with

0 10 20 30 40 soot. Recently Keyser et &l.have suggested that the internal
surface area must be taken into account in determining the true
4 uptake coefficient i) if the morphology of substrates is
(b) P(HNO,) =6 x 10”7 Torr measured. While the pressed FW2 showed little porosity in
the SEM images of Figure 2, kerosene soot film exhibited a
highly porous structure which contained a large internal surface
area. Considering this internal surface area, the true uptake
coefficient ;) of HNOz on kerosene soot would be much
smaller than the listegly while y4 for FW2 substrate seems to
be a pretty good approximation ¢f.

To investigate the effect of the internal surface area on the
uptake coefficient measuremengg,was measured by varying
the total deposited mass of kerosene soot (i.e., the total surface

(a) P(HNO,) = 2.1 x 10" Torr
0.20 | 1

0.15 -

Mass 46 Signal (arb. unit)

Mass 46 Signal (arb. unit)

0 5 10 15 20 25 30 area) on the same geometric substrate area. The total B.E.T.

Time (min) surface area of the deposited soot was found to be directly

Figure 13. The uptake and desorption of HN®n flame-deposited proportional to the soot mass from 1 to 11 mg. The estimated
kerosene soot at 295 K at (®(HNOs) = 2.1 x 10~ Torr and (b) numbers of soot particle layers are 230 for 1 mg of soot mass

P(HNOs) = 6 x 1077 Torr. The experimental conditions for each case and 2500 for 11 mg of soot on the basis of the measured bulk
are (a)P; = 0.38 Torr,v = 2152 cm/sFuno, = 3.9 x 10 molecules/ density and BET surface area. The results are plotted in Figure
s, and (b= 0.37 Torr,y = 2150 cm/sFino, = 1.0 x 10* molecules/ 17 whereyy showed little dependence-0%) on the internal
S- surface area. This is not unexpected because of the very large
TABLE 2: Summary of HNO ; Uptake Coefficient layers of packing in the substrate used. Itis further r}oted thgt
Measurementg the morphology of the kerosene soot as shown in Figure 2 is
not simply packed (i.e., either hexagonal close packing or simple
295 1) K Yo 0 G K cubic packing) which may be required in the theoretical model.
1) 1) In a similar study, Fenter et &l.measured the reactive uptake
Eerose”e 3605" g-ggg &8-8827 0.093 €:0.002) coefficient of HNQ on NaCl or KBr grains as a function of
exane sodt 023 (-0.004) the salt grain layer (210 layers) and found no mass dependence
Degussa FW2 0.067 €0.005) 0.1340.01) . . . N
while the model calculation according to Keyser et?%al.
a All measurements except for hexane soot were performed at the predicted it. They ascribed this mass independengetofthe
conditions of P(HNOs) = 5 x 1077 Torr and P, = 0.37 Torr The sticky nature of HNQ. The sticky collision of a HN@

experimental conditions for hexane soot w&@INO;) = 2 x 10°© . i . .
Torr andP; = 0.88 Torr.? A flame-deposited soot film on a stainless molecule, which means a nonnegligible residence time on the

steel plate¢ The error limit indicates one standard deviation from eight Surface, makes the HNQiffusion into the internal surface
or nine measurement$A flame-deposited soot film on cylindrical ~ much slower than predicted by the diffusion model and prevents
Pyrex reactor wall® A pressed layer of powder on a stainless steel the HNG; molecule from reaching the underlying layers. The
plate. same argument could be applied to the present bidtot
system. If the stickiness keeps the HN®@olecules within the
reaction time (i.e., the injector position) is shown in Figure 15. top few layers, the increase of the underlying soot layers has
From the slope of this plot they was determined by using egs little effect ony. However, if sufficient time is allowed to reach
3 and 4. The results for kerosene soot, hexane soot, and FW2an equilibrium saturation, the internal soot surface would be
are summarized in Table 2. FW2 gave slightly highgvalue eventually available for HN@uptake as mentioned earlier.
than the kerosene soot. Thgincreased by 55% for kerosene  Unfortunately, their study was performed using rather large
soot and by 94% for FW2 when the temperature dropped from HNO; concentrations, about 2 or 3 orders of magnitude greater
295 to 220 K. The observation is consistent with the typical than the work in the present study. As discussed in the previous
behavior of the physical adsorption process. Fhen hexane sections, the uptake mechanisms may change from high
soot at 295 K was also measured to be 0.028.004). The concentrations to low concentrations.
uptake coefficient of HN@on graphite pellets was as small as  Effect of Concentrated H;SOs-coating on Soot Surface.
that on Pyrex (Figure 9) and was not determined. The varying The possible role of aqueous acid chemistry in decomposing
yg values over different kinds of soot samples could be also HNO3;to NO in the presence of soot should be also considered
ascribed to differences in the density of surface functionalities since many soot particles found in the lower stratosphere are
and morphology of soot substrates. incorporated in sulfuric acid aerosols. Nitric acid is known to
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HNO, on Kerosene Soot at 219 K
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Figure 14. The uptake of HN@on kerosene soot at 219 K and the subsequent thermal desorption. The signals of mass 30 and 46 are scaled to
give the same intensity as in Figure 7. The experimental conditionB(&&O3) = 5 x 1077 Torr, Py = 0.35 Torr,v = 1662 cm/s, andFyno, =

9.8 x 10" molecules/s.

HNO, on FW2 at 222 K

P(HNO,) = 5 x 167 Torr
P,=0.37 Toir
v=1585cm/s

In (S/Sq)
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Figure 15. A typical first-order plot of loss of HN@signals as a
function of the reaction time (i.e., movable inlet position) on a pressed
layer of FW2 at 222 K. The experimental conditions B{eINO3) =

5 x 1077 Torr, Py = 0.37 Torr,» = 1585 cm/s, and&, = 23.4 cn?.
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Figure 16. The time-dependent HNQuptake coefficients measured
on a pressed FW2 layer at 220 and 295 K are compared. The partial
pressure of HN@and the total pressure in the flow tube are 8.0~7

Torr and 0.37 Torr, respectively.

The different symbols represent the repetition of the measurements

under the same conditions.

dissociate to give nitronium ion (NO) in strong acid (reaction
6).26 The nitronium ion may take part in a redox reaction
(reaction 7) on soot surfaces to produce NO and/op,NDich
would be subsequently volatilized out of the aqueous phase du
to its low Henry’s law constant.

HNO, + H,SO, <> NO," + HSO,” + H,0  (6)

NO," + soot— NO, + soot (oxidized) 7)

One set of data is shown in Figure 18. We coated
concentrated sulfuric acid>@0 wt %) on hexane soot at 296

[S)

K. The mass 46 signals clearly show irreversible uptake while
the mass 30 signal evolved from soot surfaces. The results
strongly support the proposed mechanism.

We also performed a series of experiments by coating 120
mg of concentrated sulfuric acid-@0 wt %) on an FW2 surface
at 296 K under similar experimental conditions. The mass of
FW?2 substrate was also measured to be about 0.5 g. Again,
the pronounced formation of the mass 30 signals during the
uptake of HNQ occurred. However, when the temperature of
the reactor dropped to around 230 K, we found that the uptake/
desorption peaks are reversible It appears that reaction 6
proceeded very slowly at low temperature and the mechanism
shifted from the reactive uptake to the physical uptake.
Furthermore, the results for experiments using sulfuric acid of
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Total Soot BET Surface Area (m?) T~ 220 K. l\_litric acid molecules simply physisorbed on soot
surfaces until the surfaces were saturated to a monolayer
0.0 0.2 04 06 0.8 1.0 coverage atP(HNOz;) = 1074 Torr. Since such a high
- 1 concentration of HN@does not exist in the upper atmosphere,
| J the HNG; coverage on soot aerosols is always far below the
monolayer saturation. In addition, it should also be considered
i } i that some of the soot samples used in this study were baked in
1 a vacuum prior to each uptake measurement. Otherwise, they
showed little reactivity perhaps due to the presence of water on
soot surfaces. The black carbon used in this study intends to
i P(HNO,) =5x 107 Torr ] mimic the atmospheric soot aerosols which are always covered
- P,=0.37 Torr 1 with a thin layer of water and/or sulfuric acid to some extent.
S, =31.6cm’ Another interesting aspect is the high-temperature reactivity
of soot for HNQ (Figure 8). The high-temperature reactivity
o , . o s 1o 12 does not have significant atmospheric implication, but it may
have some effect in the jet and dispersion of aircraft plumes.
Mass of Kerosene Soot (mg) Thlibi and Petit® addressed a similar issue related to NO
Figure 17. The dependence of HN@ptake coefficienty,) at 295 K destruction in the jet regime and estimated this effect to be
on the mass of flame-deposited kerosene soot. The total BET surfacenegligible. The destruction of HNOn the jet regime, if any,

area of the deposited kerosene soot is measured to be directlyseems to be too transient and localized to have a major
proportional to the soot mass. The experimental conditionB@&s Os) atmospheric impact

=5 x 1077 Torr, P, = 0.37 Torr,v = 2090 to 2150 cm/s, an§, = )
31.6XC”;. ' ’ % Recently, Chatfiel#f and Jayne et &8 have suggested a

renoxification mechanism that the aqueous-phase reaction of
Hexane Soot Coated with H,SO, at 296K HNOs; and HCHO in aerosols or cloud droplets produce HONO
0.06 or NO and NQ. A kinetic and mechanistic study of this redox
reaction has been reported by Hatvat al®* Since various
carbonyl and aldehyde groups could exist on soot surface in
005 - ] aircraft plumes, the heterogeneous counterpart of homogeneous
HNO; + HCHO reaction in liquid phase may proceed on soot
HNO, exposed to soot 46 to produce similar products. But, it should be noted that the
004 ’ concentrations of HCHO in the upper troposphere and lower
stratosphere are very small, possibly in the ppt range. We do
not expect it will play a major role in atmospheric chemistry.
The overall results of this work suggest that the direct
":»..,_,W 30 reactivity of black carbons for HNQif any, is not important
R ] under the atmospheric conditions of upper troposphere and lower
stratosphere. However, the conclusion should not be definitive
unless the real soot aerosol materials about which we have little
oot 20 ' " 0 information are tested. To get more conclusive answers, future
research should be directed for characterizing atmospheric soot
aerosol samples and understanding their heterogeneous chem-
Figure 18. The uptake of HN@on hexane soot coated with sulfuric  istry.
acid at 296 K. The experimental conditions 8@INO3) = 5.3 x 1076
Torr, Py = 0.875 Torry = 1738 cm/sm(H,SQy) = 20 mg, andn(soot) Conclusions
= 58 mg. Significant NO evolved during the uptake of HNO In the present work we investigated the chemical and physical
) . interactions of HNQ@ with black carbon under various condi-
6070 wt % also suggest the physical uptake of HNO This tions. Under the condition & HNOs) = 104 Torr and room-
observation has significant implications for atmospheric chem- temperature HN@decomposed to give NG&nd HO as main
istry as discussed below. products on black carbon FW2. A bimolecular decomposition
Atmospheric Implications. Since almost any heterogeneous mechanism on the soot surface has been proposed in order to
surface reaction shows a strong dependence of its reactivity Onexplain the observed facts. However, the mechanism seems
the choice of the solid substrates, it is essential to have a well- not to work at much lower surface coverage. Graphite showed
defined surface for better understanding of the reaction. 3 similar but much lower reactivity for HNOthan FW2.
However, soot is a very poorly understood material which does Hexane and kerosene soot showed little sign of reactivity for
not have any uniquely defined structure. The structure and HNO,. It is rather difficult to directly compare reactivity over
property of soot vary greatly depending on its carbonaceous different black carbon samples, because a wide range of total
starting materials and its combustion conditions. Therefore, syrface area associated with different physical forms was
atmospheric carbon aerosols cannot be truly represented by angmployed in the HN@ uptake measurement. However, all
single black carbon material. Nevertheless, the present studyplack carbon samples tested in this study showed no reactivity
that used four different black carbon samples may provide useful for HNO; either atP(HNOs) = 5 x 1077 Torr or atT = 220 K
information for assessing the role of carbon aerosols in the where nitric acid was found to physically adsorb with i
heterogeneous chemistry of HN@ the atmosphere. value in the range of 1 to 10°1. Judging from this fact, it
Although each black carbon sample displayed different seems to be very unlikely that HNGs reduced to NQon
reactivity for HNG;, they all showed little sign of reactivity  aircraft-generated soot aerosols in the upper troposphere and
under the atmospheric conditionsPHNOs3) ~ 10~ Torr and lower stratosphere.

¥, (x10?)
N w E-N [4,] [} ~ (o]
——

Mass Signal (arb. unit)

Time (min)
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