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The interaction of HO vapor with flame soot has been investigated in the molecular flow regime with use

of the molecular diffusion tube technique over a sizable temperature range. The primary real-time data consist
of time-dependent mass spectrometric signals and enable the determination of the initial uptake coefficient
yoM'C, the surface residence tinagof adsorbed kD, and the numbens of adsorption sites per square centimeter

of soot substrate surface after applying a Monte Carlo trajectory model that accounts for surface saturation
by the HO pulse propagating across the tube. Typical values ati29& areyM® < 2 x 102 andzs < 5 ms

for toluene, acetylene, and diesel soot whereas decane soot does not show any measurable interaction at 298
K. A detailed study of the interaction of@ with well-characterized decane soot at lower temperature results

in the following Arrhenius parameters for desorption gOHrom gray soot generated from a fuel-rich diffusion
flame, log(1ts) = (8.8 £ 0.5) — (7.0 + 0.5)RT, and from black soot generated in a lean decane diffusion
flame, log(1ty) = (8.5 + 0.5) — (9.0 + 0.6)RT with R = 1.987 x 1072 kcal/(mol K). These expressions
revealrs of 160 ms at 193 K and 400 ms at 243 K for gray and black decane soot, respectively. Spiking the
fuel with thiophene (GH.S) up to 500 ppm mass fraction (0.05%) does not lead to any change in@e H
adsorption behavior, and saturation experiments wih pulses reveal the limited number of®ladsorption

sites on soot accounting for a few percent of the surface carbon atoms. Some atmospheric implications are
discussed.

Introduction evaporate when the ambient air is dry or persist for hours when
. ) ) the air is supersaturated with respect to Sc8tatistically
Atmospherlc gero§ol particles represent thq 53'”9'9 most significant trends in Cirrus cloudiness over the last two decades
uncertain factor in climate change owing to radiative forcing paye heen found at certain latitué®S-and have been attributed
of the recognized contributors such as greenhouse gases ang, jncreases in air traffic within the high air traffic corridors of
tropospheric aerosols and remain therefore a focal point in \orth America. North Atlantic. and Europe.
atmospheric researé.Compared to the direct radiative forcing ! '
of aerosol particles involving solar and terrestrial radiation in
the upper troposphere (UT), the indirect effect of aerosols on
cloud formation is still not completely understood toda®f
primary concern is the formation of ice clouds in the UT, so-

Aircraft engines emit aerosol particles such as soot and metal
particles, gases such as CO, £QIO,, and SQ, organic
compounds such as hydrocarbons, and condensable gases such
as water vapor and sulfuric acid into the UT14 the latter of
) . which presumably forms liquid particles in the early plume by
called Cirrus clouds, that is enabled by the presence of Sma”homogeneous nucleation processes. Aircraft emissions may

(aerosol) particles that provide the nuclei for ice cry$tals ;nyce Cirrus cloud formation owing to the presence of sulfuric

together with the existence of large ice supersaturated regionsacid particles and o8t They contribute to the formation of
in the UT45 In addition, contrails are visible line-shaped ice

- ) ) persistent Cirrus clouds far from the emission source after
cIoqus_ th_at form in the wake of aircraft V\_/h_en th_e fe'a“"? medium to long-range transport giving rise to aviation-induced
humidity n the plumg qf exhaust. gases mlx!ng.wnh the air Cirrus clouds after heterogeneous ice nucleation on insoluble
temporarily reaches liquid saturation so that liquid droplets at particles of aviation exhau3s Black carbon (BC) particles
first form on cloud condensation nuclei and soon thereafter are found to be one of the main constituents of the background
freeze to ice particle3These conditions have been expressed aerosol in the UT where climate change owing to radiative
as the extended Appleman criteribﬁ,vvhich states that the j\pa1ance is most dominafit: 19 Blake and Kato have estab-
cont.ra|l becomes visible and stable only if thg atmosphesid H lished a correlation of BC abundance in the UT with air traffic
partial pressure Riy,0) exceeds the saturation pressure for ,,q ghservations in the near-field of aircraft have confirmed

supercoqled liquid v_vatenghis_, er_npirical relationship suggests that the insoluble aerosol mode of jet exhaust mainly consists
the transient formation of a liquid aerosol as a precursor to the of BC particles?02!

ice contrail particles although no pertinent in situ observations

. : ; . Laboratory-generated soot aerosol shows a surprising mani-
have been made. These ice particles may either qwckly]coI g b g

d of affinities for the interaction with kD vapor in terms of
cloud condensation and ice nucleation abilities, which among

* To whom correspondence should be addressed. E-mail: michel.rossi@ other factors depend on both the combustion device and the
epfl.ch.

tWork performed in partial fulfillment of the requirements for obtaining ~ fU€l mixt.ure?2v23.|_ik(.e graphite, freshly emitted soot from a
the degree Dr.®sc. at EPFL (Thesis No. 2655, 2002). combustion device is hydrophobic, that is nonwettable at 298
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+ 2 K, which leads to large measured contact angles measured Panel 1 15
for instance with the sessile drop technigée® Intuitively, the =
nonwetting properties of BC were taken as an indication of 1
repulsive interaction of soot toward water vapor. It also has led
to the hypothesis that the soot interface had to contain adsorbed
polar molecules or polar surface functional groups enabling
water adsorption to BC. Therefore, the concept of chemical
activation of soot through adsorption of water-soluble species 65 |
such as HSO, was introduced to retain soot as a substance with
potential ice nucleating abilitié%2” despite the fact that no
significant quantities of LBO, adsorbed on aviation soot
particles have been found in field experiments so far.

In contrast to the statement that soot particles should be
activated by HSOy before they are able to adsorb water vapor

25

in order to become hydrophilfe2-31 we show in the present 35

work that flame soot contains sufficient active surface sites for

H,O adsorption without the need of prior adsorption o5, (A) (B)

in what seems to be a sulfur-free pathway tgOHadsorption.

Field observations on the number density of soot aerosol as a N Fuel Aluminium ] Glass

function of contrail age resulted in strong evidence that a

significant fraction of soot aerosol, say roughly one-third, Panel 2

yielded ice nuclei without prior adsorption of,80,, which

therefore is evidence for a S-free pathway to contrail formation

based on soot as the condensation n#é&iSimilar conclusions

have been reached from Cirrus observations as well as from

laboratory workd2°:30.3335 Recently, Gorbunov et al. have

shown that the ice nucleating ability of soot aerosols is mainly

influenced by the particle size and the surface concentration of

functional groups that are able to form hydrogen bonds with

H>0O molecules. They observed ice particle formation in a cloud

chamber by using soot from a diffusion flame and exposed it

to an atmosphere supersaturated with respect & & show

here that flame soot generated in the laboratory may provide a

significant number of sites for # adsorption from 29& 2 K o

down to 193 K without prior activation by 1$0;. ‘!. s h
In the first part of this work that is exploratory in nature we

fuel reservoir
synthetic air

~/  flow meter

have focused our attention on the interaction e©OHat 298+ e e
2 K with five different types of soot generated from flames of rigyre 1. Schematic drawing of the burners used to generate soot
decane, octane, toluene, diesel (commercial sample), andfrom liquid fuels. Panels 1A and 1B display the dimensions of the
acetylene in air. The second part of the present work lays the simple burner and co-flow burner, respectively. Panel 2 presents a
groundwork for a molecular understanding of the initial stages functional description of the co-flow burner used to generate black and
of heterogeneous ice nucleation by measuring the adsorptiondray decane soot.

of H,O molecules on soot from a rich and lean decane diffusion o o ) ] )
flame in air at low temperatures down to 193 K. The rich decane €Xténding into the liquid fuel reservoir. Systematic comparison
flame leads to “gray” soot whereas the lean flame forms “black” of the physmal properties of qlecane soot generated in the 5|mple
soot where combustion takes place in a controlled diffusion PUrner with soot generated in the co-flow burner displayed in
flame. We show that a significant number of® molecules ~ Panel 1B and panel 2 of Figure 1 and discussed b¥losveals

stay adsorbed on the surface of decane soot during tens tdghat it corresponds to soot originating from a fuel-rich flame,
hundreds of milliseconds before desorbing at low temperature. SO-called gray ioqt. In addition, measured values of the surface
This result may have significant implications for the growth of residence times™ discussed below indicate the same. Acetylene
ice crystals and Cirrus cloud particles given the appropriate has k_)e_gn chosen because of its facile soot production and the
temperature and water vapor supersaturation conditions. APOSSiPility to allow for accurate fuel mass flow control and
preliminary account of parts of the present work has recently reproducibility in setting of the fuel/air ratio with use of a

been published® Bunsen _burner._ . _
As briefly pointed out above the first part of this study

involved an exploratory study of J@—soot interaction with soot
samples generated in a simple burner displayed in panel 1A of
For the study of the interaction of @ vapor on flame soot  Figure 1. This simple burner supports a diffusion flame equipped
atT = 298 + 2 K, the diffusion tube apparatus described in with a wick extending into the liquid fuel reservoir without the
detail by Koch et af”-38has been used. In the first part of this possibility of adjusting both air and fuel flow. It has been
work we have focused our attention oninteraction with replaced with a co-flow burner displayed in panels 1B and 2 of
five different types of soot, of which four, namely decane, Figure 1 that has been systematically used with decane fuel to
octane, toluene, and diesel (commercial sample), were generateénhance the reproducibility of the kinetic results discussed
from the combustion of liquid fuel in a simple burner displayed below. This co-flow burner supports a diffusion flame fed by a
in panel 1A of Figure 1 that is equipped with a cotton wick flow of compressed air (5% rh) controlled by a mass flow meter

Experimental Details
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TABLE 1: Soot Generation Parameters for Decane in the Co-flow Burner Displayed in Panel 1B of Figure 1 and Acetylene
Soot in a Bunsen Burner and Elemental Analysis of Decane and Acetylene Soot Obtained in the Co-flow (Panel 1B of Figure 1)
and a Bunsen Burnep

(A) Generation Parameters

flame height flame soot deposition air flow fuel duct soot
flame type [mm] color [mg min™Y] [L min~Y (pore@) [um] type
decane
rich ~60 orange-red 2805 1.2-1.4 1740 “gray”
lean ~55 yellow-white 0.8+ 04 1.3-1.5 11-16 “black”
acetylene ~35 yellow 1.7+ 0.5
(B) Elemental Analysis
type of soot C [% wt] H [% wi] N [% wit] O [% wi]
acetylene 98.26- 0.08 0.15+ 0.02 0.16+ 0.08 1.41+0.02
“black” decane 96.3% 0.22 0.19+ 0.01 0.27+ 0.09 3.22+0.25
“gray” decane 97.2% 0.05 0.83+ 0.04 0.2+ 0.18 1.65+0.19

@ The uncertainties correspond to one standard deviation.

(5 L min~ maximum flow). The glass hood is cooled by (residual MS), the combustion aerosol particle size distribution
ambient air circulating within the double wall, and the fuel is (DMA-CNC), and the analysis of the amount of adsorbed sulfate
fed by capillary forces across a cotton wick that is topped by a (IC) and total adsorbed sulfur (ICP) on both gray and black
fritted disk made out of Pyrex (3.3 bore) of defined porosity to decane soot may be found in the PhD thesis of Alcala-Jathod.
prevent the combustion of the cotton wick. Two porosities,  Soot samples have been generated by directly flowing the
namely nos. 3 and 4 corresponding to pore diameters-6#07 burnt gases of a diffusion flame through the diffusion tube. The
and 1116 um, respectively, afford the control of the flow of  diffusion tube experiment consists of injecting a known quantity
decane into the combustion zone of the diffusion flame. Panels of H,O vapor on the order of 26to 10" H,O molecules into
1A and 1B of Figure 1 present the dimensions of both burners a tube coated with soot and recording the arrival time gbH
in millimeters. monitored by time-dependent residual gas mass spectrometry
Two distinctly different kinds of decane soot resulting from (MS) at m/e 18 under molecular flow conditions after the
a diffusion flame have been generated in the co-flow burner admission of the water vapor pulse. This experiment (sample)
depending on the fuel/air ratio used. One type produced in ais compared to the noninteracting case (reference) where an
fuel-rich flame was called “gray” soot because of its gray tinge. identical HO pulse is propagating across a FEP (Fluorinated
The second type was obtained in a lean flame and was calledEthylene Propylene copolymer)-coated tube of the same dimen-
“black” because of its pitch black appearance. The rich flame sion as the sample tube. This technique enables the measurement
is characterized by an orange-red emission, is slightly diffuse, of the real-time kinetics of molecular desorption when an
and produces a soot plume-6 mm wide. The lean flame  appropriate assumption regarding the mass accommodation
resulting in black soot has a more intense emission characterizectoefficient is made. A simulation model with Monte Carlo
by a white-yellow flame and generates a thinner soot plume trajectories is used to fit the experimental time-dependent MS
2—3 mm wide. Characteristic data in relation to the production trace. The model has been described in detail béfgt&and is
of gray and black decane soot are displayed in Table 1A. No used when the experimental signals show a complex, that is
quantitative fuel-to-oxygen ratios of diffusion flames leading nonexponential decay owing to saturation of the soot surface
to black and gray flame soot have been measured in this workthat varies along the tube axis. The numerical simulations
in contrast to work performed on hexane and octane soot with succeed in modeling the experimental signals over a range of
the CAST (Combustion Aerosol STandard) buffét that experimental conditions with only three fitting parameters,
resulted in the corresponding black and gray soot, respectively.namelyzs, the surface residence time ob®l adsorbed on the
Acetylene soot has been obtained with use of a Bunsen burnersoot substrate, the initial uptake coefficierdC leading to
whose air duct was plugged to enhance the rate of sootirreversible removal of kD vapor, and, the number of active
production. The flow of GH, gas was regulated with a mass surface sites for the heterogeneousOHsoot interaction.
flow controller (1 L mim® maximum flow) whose flow was Experiments have been performed at ambient temperature of
commonly set to 67.5 cfmin~1, giving rise to a yellow flame 25+ 2°C (298+ 2 K).
4 cm high (Table 1A). The temperature-dependent diffusion tube experiments have
Black and gray decane as well as acetylene soot obtained inbeen performed exclusively on decane soot and consist of
the way described above have been characterized by numerougjecting a known quantity of kD vapor into a tube coated
methods®#1 The elemental analysis is presented in Table 1B, with soot that is maintained at the desired low temperature
which suggests that acetylene soot has a similar compositionthanks to the circulation of cold methanol (&80 °C) or
to gray decane soot whose BET surface area measured with N ethylene glycol (down te-30 °C). The temperature control in
at 77 K is 218 compared to 69%ng~! for black soo€® The both cases is to within 0.5 K. The same Monte Carlo simulation
diameter of the primary soot particles of gray soot is 40 nm as model with the three parameters mentioned above is used to fit
opposed to 20 nm for black so¥tOwing to the more important  the experimental time-dependent MS trace. Experiments have
fraction of organic material adsorbed on gray compared to black been performed from ambient temperature at23 °C down
soot, close-up TEM images of gray soot present a “sticky” to —80 °C (193 K) and—30 °C (243 K) for gray and black
appearance involving larger primary combustion particles that soot, respectively.
are aggregated to particles compared to black soot that is “drier” Two aspects of the interaction of,8 with soot have been
in appearance. Additional data including electronic microscopy emphasized in this work: The reaction mechanism as well as
(SEM, TEM), electron diffraction, the analysis of burnt gases the kinetics of the heterogeneous interaction. The uptake
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coefficientyg or reaction probability, defined as the fractional
probability per collision for the disappearance afdHrom the

gas phase on the time scale of the experiment, may be
determined by measuring the mass balance ratio of the surviving
fraction relative to the total number of injected molecules
However, because most soot samples showed saturatiogy H
vapor the resulting MS arrival time curves showed a complex
decay such that we had to resort to the Monte Carlo trajectory 0.5 A
model to simulate the experimental MS signal and to determine
the resulting kinetic parametens s, andyoMC by curve fitting

to the raw MS signalg® that is not to be confused with the
measured quantities™ and ™

A

1.0 4
a: FEP (reference)
b: decane (grey type)
c: Diesel
d: toluene

0.0

Results and Discussion

Interaction of H ;O with Different Samples of Flame Soot
at 298+ 2 K (Ambient Temperature). In an exploratory phase
of our work experiments have been performed ai®Hapor
interacting with five types of soot generated from a diffusion
flame of decane, octane, toluene, acetylene, and diesel fuel in
air using the simple burner displayed in panel 1A of Figure 1
to see whether there is a measurablgOKoot interaction.
Uptake experiments of #D in a Knudsen flow reactor at 298
+ 2 K did not result in any measurable interaction, presumably
because the surface-to-volume rat®\) of the flow reactor is
significantly smaller than that for the diffusion tube: a typical
value for a flow reactor i§V = 0.01 vs 2.0 for the diffusion
tube. The arrival timéy,, is defined as the inverse of the decay
constantk of the time-dependent MS signal. It is determined 0 W
by fitting the decaying portion of the MS sign#(t}) to a single- | ; . y . Y
exponential decay according to eq 1: 0 1 :

Time [s]

1 4

a: FEP (reference)
b b: acetylene

Normalized signal

(R
S

I(t) = |, expkt) with 1k =t,,, Q)
Figure 2. Scaled experimental arrival time of;8 monitored am/e

Under the normal operating conditions of molecular flow within 18 interacting on FEP (reference), toluene, decane (gray soot), and diesel
the diffusion tube the collision numbgris given solely by the 2?1?;’(:930';”;‘2‘152‘0? aér?grg”: dtlijr?eagsg 5%5)2(@’1’“1'5'8) ?”Seongri'lj
geomgtry of the tube and.is calculated by USi.ng the Monte Carlo B). The ir%ected dosgs range fromx610' to G.gx 10+ HZ)O Lrjnole((F:)uIes
numerical model for the different tubes used in the present work. 4 295+ 2k
For an interactive but nonreactive system such as the present
one the surface residence time of the average moleglitmay However, in the present case of simultaneous saturation and
be calculated directly by comparing the arrival time of the Possible reactive disappearance bgth and 7" cannot be
interactive gas/surface systemk)lib that of the noninteracting ~ determined separately and a numerical model must be used.

(reference, FEP-coated tube) case given tyddccording to As an example, Figure 2 displays the interactive and
eq 2: reference, that is the noninteractive MS signal feOH/apor
interacting with FEP-Teflon (reference), diesel, toluene, and
74" = (1K) — (k) Z 2 decane (gray) in panel A and acetylene soot in panel B. The

amplitudes have been scaled to emphasize the different shapes

This expression is based on the assumption that the arrivalof the temporal decay. Water vapor definitely has a measurable
time in the interactive case (/is the sum of the gas phase surface residence timg owing to the increase in the arrival
(zg) and surfacet) residence times, whereas the arrival time time of H,O for the interactive cases compared to the reference
for the noninteractive reference case equglsnly. We thus case. However, very few or no,® molecules are lost on the
have 1k + 1/ker = Zt = Z(tg + 75) that is equivalent to eq 2. soot substrate on the time scale of the experiment as a result of
This simple analysis breaks down in interactive cases thatthis interaction because the integrals of the interactive and
include chemical reaction and/or surface saturation processeseference MS signals are equal or very similar to each other,
in which case Monte Carlo trajectories have to be fitted to the thus indicating a nonreactive albeit interactive situation leading
experimental arrival time curves. Nevertheless, even in the to reversible uptake of #0 on soot. Table 2 summarizes the
present case where partial surface saturation during a pulse takesesults for HO interacting with the different types of soot with
place the measured valuesw@f andy™, the measured surface  use of the simple Monte Carlo model described in detail by
residence time and uptake coefficient, characterize the experi-Alcala-Jornod and Ros&:.The quality of the Monte Carlo fit
mental data and are therefore listed in Tablegl2ven though is excellent for all four tested soot substrates as may be seen in
they are not directly related to elementary processes of ¢ H  Figure 3 for the example of the interaction of® on diesel
soot system. The uptake coefficient is based on the number  soot, which clearly shows the nonexponential behavior of the
of surviving molecules effusing out of the diffusion tube and is decaying MS signal and therefore provides ample justification
determined by using a calibration plot that has been obtainedfor the application of the Monte Carlo model to the MS data
with the Monte Carlo trajectories for a given tube geometry resulting in the fitting parameterss, 7s, and yoM¢. These
according to a procedure described in the literat&fé?* parameters are compared in Table 2 to the measured velues
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TABLE 2: Kinetic Parameters for the Reaction of H,O on o
Toluene, Acetylene, Decane, Octane, and Diesel Sdat 1 ‘a
298 + 2K |
e 15 1E15
fitting parameters . B.0x10 4 : b )
w | |
tube dosé/10 7" 104, T &=
soot [cm? [molecule] 102%™ [rﬁs] [cm*zi 10 2yMC [mss] t—ﬂ:j L & BRI A T
toluene 2x35 6 02 0215 25 02 2 g a 0 ‘ 8 i2
2x 35 8 0.7 E 15
acetylene 2< 50 6.5 0 0.86 3 0 2.5 = 4.0x70 A | a: grey soot
2x50 7.3 0.017 1.9 4 0017 5 2 b: black soot (signal x 2)
2x50 7.2 0 0314
2x50 7.3 1.7 |
decane %35 6.9 0 0.01 1.7 0.1 0.2 | b
2x25 1.3 0 002 05 0 0.2 0.0 Leprmegd PP .
octane 2<35 6.9 0 0.04 T - — .
2x35 3 003 0.020.04 0 B 8
diesel 2x35 7 0.2 3.+3.2 0-0.05 46 Time [s]
2x35 6.9 0 0.1 3.2 0 3 Figure 4. Experimental arrival time of O monitored atm/e 18
3 x gg 2'23 8 8'30'4 interacting with black and gray decane soot performed in ax12D.5
X ) : cn? tube € = 1190) at 25+ 2 °C. The dose is 1.% 10 and 2.2x
aEvery entry corresponds to a new sampl&incertainty in the dose ~ 10* of injected HO molecules for experiments with gray and black
is 10-20%. decane soot, respectively.
saturation processes that occur on the surface of the soot sample
2x10'° 1 1 in our Monte Carlo trajectory. Finally, we may see thafor
decane soot is smaller by a factor-126 compared to the other
types of soot. This is apparent in Figure 2A where the arrival
£ gt time curve of decane is not significantly different from the
%J 1%10'5 - reference and indicates the unusually low valuedbr H,O
3] adsorbed on decane soot, presumably because of the presence
° a: experimental signal of the adsorbed organic phase that blocks adsorption sites for
= b: Monte-Carla simulation H»0 vapor. In contrast, black decane soot, which is produced
in a diffusion flame richer in oxygen and discussed below, has
0 ' ' a value ofts similar to that of toluene, acetylene, and diesel
0 1 2 soot at 298+ 2 K. This result therefore underlines the
Time [s] importance of controlling the combustion conditions within the
Figure 3. Experimental arrival time of KO monitored atm/e 18 flame as it determines to a large extent the reactivity of soot
interacting with diesel soot at 298 2 K performed in a 2< 35 cn? toward HO vapor.
tube € = 535) and the corresponding Monte Carlo fit with use of the Interaction of H,O with Black and Gray Decane Flame
one site model with the following fitting parametenss = 3.2 x 102 Soot in the Range 193 K to 298+ 2 K (Ambient Temper-
cm?, y'¢ = 0,7 = 3 ms, and a dose of 6.9 10 molecules. ature). This section deals with a detailed study of the kinetics

and 7" discussed above, where the latter value has beenof H20 vapor adsorption as a function of temperature on decane

obtained from the initial fast decaying portion of the arrival Soot whose flame conditions have been tightly controlled by

time curve as displayed in the logarithmic portion of Figure 3. using the co-flow burner and whose reproducibility has been
The main result averaged over all soot samples except decanéxperimentally verified. The first observation is thatshows

is an uptake coefficientoMC that is lower than 2« 1073, and a measurable interaction with soot already at 298 K as

surface residence timess between a fraction and a few may be seen in Figure 4, which displays a comparison between

milliseconds. Moreover, we note that the number of surface sites €xperiments of KO interacting with gray and black soot. This

ns is approximately the same for the four considered fuels is in agreement with experiments on®interacting with four

toluene, acetylene, decane, and diesel at comparable doses witHifferent types of soot at 29& 2 K described above (Table 2).

a maximum interval between the lowest and the highest value However, an important quantitative difference in the interaction

of a factor of 2. However, akin to the interaction of N®ith of H.O with the two types of substrates, namely gray versus

soot3we observe a dependencengfvith the dose where higher  black soot, has been detected. In fact, black soot shows a much

doses of HO require a higher value of;. We also may point stronger interaction with 0 compared to gray soot already at

out the good agreement betweefi displayed in the fourth 298+ 2 K because of the longer arrival time of signal b (black

column of Table 2 and its fitted valyeMC presented in column ~ soot) compared to signal a (gray soot) as displayed in Figure 4.

seven of Table 2 that is undoubtedly a consequence of its smallThe overall mechanism of the reaction is described in eq 3 where

value, which apparently leads to separability between irreversible ka and kg are the first-order rate constants for adsorption and

(yoM©) and reversible %) H,O adsorption. However, the desorption of HO on soot, respectively. The surface residence

discrepancy between™ andrs amounts to a factor of 10 or so  time of adsorbed £D is expressed as

that is due primarily to saturation processes that are not taken .

into account intg™. H,O molecules within the same pulse that Y

collide with an already occupied adsorption site do noF; contribute HZO(Q)E H,0O(ads) ®)

to the residence time of the average molecule and exit the

diffusion tube earlier than an average molecule interacting with s = 1/kg, which ranges from a fraction of a millisecond for

a less saturated substrate. This disagreement betw@emd gray soot to 15 ms on average for black soot at 298 K as

75 reveals once more the importance of taking into account displayed in Tables 3 and 4 for gray and black soot, respectively
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TABLE 3: Kinetic Parameters for the Reaction of H,O on
Gray Decane Soot Performed in a 1.1x 29.5 cn? Tube
(Z = 1190) at 298+ 2 K and Low Temperature?

fitting parameters

dosé/10" Py ™ 10%ng Ts
[molecule] [%]¢ 107 2ym [ms] [ecm™?] 10%yMC  [ms]
T=25+2°C (298+ 2 K)
20 91 0.008 0.03
20 123 0 0.07
6 104 0 0.02
18 n.m. 10 0.05 0.5
22 n.m. 8-12 0.02 0.30.3
21 n.m. 12 0 0.2
19 n.m. 12 0 0.1
19 n.m. 14 0 0.1
17 n.m. 11 0.05 0.5
T=-30°C (243 K)
18 83 0.015 0.06 14 0.1 1
22 76-85 0.013-0.02 0.04 12 0.06 0.4
22 85 0.013 0.03 15 0.1 0.5
21 66-82 0.016-0.04 0.3 195 0.2 5
19 85 0.013 0.13 16 0.15 3
19 75-94 0.005-0.026 0.17 16 0.15 3
17 86 0.012 0.2 15 0.1 4
T=—-80°C (193K)
21 51 0.071 12 23 0.2 100
19 61 0.05 8 19 0.15 200
19 71 0.033 9.2 22 0.05 50
17 40 0.1 25 17.5 0.1 300

2 Every entry corresponds to a new sampleincertainty in the dose
is 10-20%.¢ Yield of H,O expressed in percent of injected(
molecules.

TABLE 4: Kinetic Parameters for the Reaction of H,O on
Black Decane Soot Performed in a 1.2x 20 cn? Tube
(Z = 565) at 298+ 2 K and Low Temperature?

fitting parameters

dosé/10"* ®p,0 " 10N Ts
[molecule] [%]¢ 107%ym [ms] [cm™ 1072yMC [ms]
T=25°C (298 K)
23 n.m. 36 35 0 15
11 95 ~0 34 19 0 10
16 120 0 57 27 0 20
21 n.m. 3 40 0 10
110 n.m. 1 150 0 5
T=-10°C (263 K)
22 n.m. ~25 39 0 100
21 n.m. 20-22 35 0 100
11 n.m. 36-32 18 0 100
16 n.m. 28-30 27 0 200
T=—-30°C (243 K)
23 n.m. ~155 40 0 400
21 n.m. ~78 30 0 300
16 n.m. 150 27 0 500
17 83-94 0.0:-0.03
110 n.m. 77 180 0 300

aEvery entry corresponds to a new sampl&he uncertainty in the
dose is 16-20%. ¢ Yield of H,O expressed in percent of injected®
molecules.

As briefly pointed out above a comparison of the valuestfor

Alcala-Jornod and Rossi

As expected, the strength of the interaction between both
types of soot and D vapor increases as the temperature
decreases becaukgis only weakly dependent on temperature
and ky decreases with decreasing temperature owing to the
endothermicity of HO desorption, eq 3. Surface residence times
75, Which are summarized in Tables 3 and 4 for gray and black
soot, respectively, can reach on average 500 ms at 243 K for
black soot, which is the longest residence time measured in the
present study. In column 2 of Tables 3 and 4 the yield of
effusing HO is expressed in percent of injectegdmolecules.
This measurement has been performed by comparing the
integrals of the MS signals at low temperature with the ones at
298 + 2 K where the yield was considered as 100% despite
the small scatter in the integrals observed among the different
experiments al = 298 K. At 298+ 2 K the yield of effusing
H>O molecules on soot has been determined by comparison with
reference experiments of,@/FEP-Teflon. The scatter in the
yields obtained al’ = 25 °C is mainly due to the use of two
different pulsed valves, one placed on top of the reference tube
and the other on the sample, that is the soot-coated tube. To
enable the comparison of the doses dispensed by the two
different pulsed valves we had to introduce a scaling factor for
matching purposes that also varied with the opening time of
each valve. We therefore attribute an uncertainty in the dose
on the order of 1620%, which can lead to yields exceeding
100% as displayed in Tables 3 and 4. Alternatively, uncertainties
in the yields may also stem from the integration of MS signals
over too short a time period that would undercount some late
arriving molecules.

The yields of effusing KO that have not been measured are
labeled as “n.m.” (not measured) in Tables 3 andHe yield
of surviving O molecules in the case of the;®lblack soot
interaction at low temperature has not been measured in most
of the experiments because at the end of the observation period
the signals did not reach the baseline on the experimental time
scale that was limited to a maximum of 90 s for instrumental
reasons. However, a few experiments have been performed at
T = —30°C on a longer time scale of 6 to 10 min and showed
a yield of ~100%, which therefore leads to a value)gf= 0
as all O molecules are recovered on this time scale. This is
also in agreement with the Monte Carlo simulations which
successfully fit the time-dependent MS signals with usegof
= 0 for cases where the ;B vyield is 100% within the
experimental uncertainty (Table #,= 25 °C). Column 3 of
Tables 3 and 4 displays the experimental valy@galculated
from the yield expressed in column 2 and the Monte Carlo
simulated yield curves that give the yield of surviving molecules
as a function of a chosen value of for different tube
geometrie$®44 In conclusion, it seems that™ is small but
nonzero, on the order of 1&to 1072 for gray soot (Table 3),
whereasy™ seems to be<10~* for black soot (Table 4). We
speculate that the adsorbed organic phase present on gray decane
soot may include hydrophilic partially oxygenated complex
organic hydrocarbons that to a certain extent irreversibly interact
with H,O vapor, whereas such a specific interaction would be
largely absent in the case of black soot. This may explain the

of Tables 2, 3, and 4 confirms that soot generated in the simple Nonzero value foy™ or "¢ for gray decane soot despite the
burner resembles gray soot whose results are displayed in Tabldlocking of adsorption sites by the abundant organic phase.

3. Sample results for raw J@ time-dependent MS signals at

Columns 4 of Tables 3 and 4 display the surface residence

lower temperature are shown in Figure 4, which displays an time 7" obtained by choosing the initial slope, of the

example of the interaction of # with gray (upper panel) and
black (lower panel) decane soot at temperatures dowr8@
(193 K) and — 30 °C (243 K) for gray and black soot,
respectively.

logarithmic plot of the arrival time curve and then using eq 2
for the evaluation oftd™. The time-dependent MS signal does
not obey a single-exponential decay rate so that we decided to
take the initial, that is largest, slope because of the concave
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Figure 5. Experimental arrival time of HD monitored atm/e 18
interacting with gray (upper panel) and black (lower panel) decane soot
from 25+ 2 °C (2984 2 K) down to—80 °C (193 K) and—30 °C 415 o
(243 K) for gray and black soot, respectively. Experiments have been I
performed in a 1.1x 29.5 cn# (Z = 1190) and 1.1x 20 cn? (Z = _ T=-80"C
565) tube at doses of 2. 10% and 2.3x 10% of injected HO il "
molecules for gray and black decane soot, respectively. 2x10 7

shape of the logarithmic plot that always leads to the maximum
value in the beginning. We may recall that the experimental 0 *
valuesy™ and td" have been derived by ignoring saturation : 1 % % pr
processes and therefore do not represent the true kinetic values i
of the measured interaction but constitute a way to characterize Time [s]
and compare raw experimental signals. The last three columnsrigure 6. Experimental arrival time of kD monitored atnve 18
of both Tables 3 and 4 display the fitting parameters of the interacting with gray decane soot from 252 K (298 + 2 K) down
Monte Carlo simulations of the MS signals, namelyrs, and to —80°C (193 K) performed in a 1.k 29.5 cn¥ (Z = 1190) tube at
yoVC. These values take into account saturation of adsorption & dose of 1.7x 10" molecules and the corresponding Monte Carlo
sites on soot, which occurs during the pulse of injecte@H  1tS- The fitting parameters are the following: for panel#,= 0.5

. . ms,yo¥¢ = 0.05x 1072, ns= 11 x 10'2cm?; for panel B,zs= 4 ms,
molecules. The Monte 'Carlo trajectory model described by MC = 0.1x 102 ng= 15 x 102 cm2 and for panel Czs = 300
Alcala-Jornod and RosSihas been successfully used when the ms, o€ = 0.1 x 10°2, andns = 17.5 x 1012 cm 2,
experimental signals show a nonexponential decay owing to a
spatially nonhomogeneous saturation of the soot surface alongsignals of HO on gray soot at three different temperatures and
the tube axis that decreases toward the exit of the tube at thetheir corresponding Monte Carlo fits. Column 5 of Tables 3
detector end. and 4 shows the number of active surface sitder adsorption,

In contrast to the results for the soot samples examined atwhich is approximately twice as high for black compared to
298 + 2 K and displayed in Table 2 the interaction of gray gray decane soot. When we consider a commercially available
decane soot with 0 vapor seems to be governed py < pure amorphous carbon substrate with densities between 1.8
yoMC amounting to roughly a factor of 10 as may be seen in and 2.1 g/crh as is characteristic for “Pigment Blacks”
Table 3. Therefore, the uptake coefficiefitseems to be small (DEGUSSA) we may calculate a surface density of ap-
but nonzero. For the same reasof, seems to be smaller than  proximately 2x 10> C atoms per cr/ In that case, only 1 site
75 owing to the occurrence of saturation of adsorption sites on in 100 would represent an adsorption site fosCHin our
the gray soot substrate. The interaction of water vapor on black experiments for the case of low-dose experiments. However, if
decane soot seems to be characterized by an uptake coefficientalues more typical of the adsorption of polyatomic molecules
that is very small or zero as displayed in Table 4. Similapto  on soot on the order of 5 10 molecules crhare used, the
for gray decane sooty™ < 75by a factor of 3to 5, again owing  nominal coverage increases accordingly by a factor of 4.
to saturation of water adsorption sites on the soot substrate. InTherefore, we postulate that,@ adsorption occurs either on
addition, a cross comparison of between black and gray surface defects or on impurities of soot or surface functional
decane soot reveals the absolute value for the former to be largeigroups, most probably containing oxygen, which can form
by roughly 2 orders of magnitude. Black decane soot therefore hydrogen bonds with water molecuk#si%4546Moreover, it is
interacts more strongly with # vapor than gray soot under interesting to point out that black decane soot, which offers more
identical experimental conditions, presumably because theadsorption sites for pD, is also the soot whose oxygen content
adsorbed organic phase blocks surface adsorption sites@r H is the highest. Elemental analysis detailed by Stadler and Rossi
vapor. and displayed in Table 1B shows an oxygen content higher by

The good agreement between experimental signals and Monteapproximately a factor of 2 for black compared to gray decane
Carlo simulations with use of the simple one-site model may soot, thatis 3.22 and 1.65 [% wt] for bulk black and gray decane
be seen, for example, in Figure 6, which displays experimental soot, respectively.
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Figure 7. Arrhenius plots of the rate constant of desorptikn
expressed dg = 1/ts = Aq exp(—E4/RT), using the Monte Carlo fitting
parameters for the interaction of HO on gray and black decane soot.
The activation energy for water desorptiBa= 7.0+ 0.5 and 9.0t
0.6 kcal/mol for gray and black soot, respectively, whereas the
preexponential factor loy/s™t = 8.8 + 0.5 (gray soot) and 8.% 0.5
(black soot).

The activation parameters, namely the activation enékgy
and the preexponenti# factor for desorption of water from
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micrometers in diameter have been observed with Environmental
Scanning Electron Microscopy (ESEM) as described below.

Black soot shows a stronger interaction witkQHvapor
compared to gray soot, according to its highgy value.
Surprisingly, however, théy factor for O vapor adsorption
on both gray and black soot is lower by a factor of é6mpared
to expected values that are of the order 0fX0? for desorption
processes whose values may commonly be found in the
literaturé®-52 for first-order desorption processes. However,
such lowAq factors have been measured in the past and may
indicate an entropic bottleneck that may be explained by a fast
preequilibrium controlled by an entropically unfavorable step
such as surface diffusion, which we are unable to experimentally
resolve given the present technique.

In agreement with the unusually low values A&f for H,O
desorption the absolute values @f are higher by the same
amount in comparison to expected values from theory. We note
that the presented values farare larger by four to six decades
compared to an estimate given byrsher et al2® who base
their conclusion on experimental results of water adsorption on
graphite which has a similar enthalpy change compared to soot
examined here. The value of given by Kacher et af® is
estimated by means of statistical mechanics and is related to

the soot substrate, have been calculated for both gray and blackhe 10ss of entropy upon adsorption from the vapor state.
decane soot from the temperature dependence of its rate constantherefore, it does not constitute an experimentally measured

kg. It is equivalent to the enthalpy of desorption oftHfrom

absolute value as is the case in the present study. The fact that

the soot substrate in the absence of an activation energy forWe are able to measure absolute valuessa$ a consequence
H,O adsorption, which is usually assumed to be the case barringof the real-time kinetics performed in the present experiments.

any negative activation energy for adsorption which has been

observed on occasidi*8 The result isEq = 7.0+ 0.5 and 9.0

+ 0.6 kcal/mol for gray and black soot, respectively. The
Arrhenius representation of the rate constant for desorgkipn,
expressed aky = Aq exp[—E4/RT] has also been determined.
The values of logq (s7) are 8.8+ 0.5 and 8.5+ 0.5 for gray

Very little information exists on the hydration properties of
aviation soot from a fundamental point of view. In the initial
stages, soot from an internal combustion engine is expected to
be hydrophobic, that is non-wettalife?® However, a few
gualitative experiments have been perforéigd*éwhich show
that “n-hexane soot”, carbonaceous particles, or aircraft combus-

and black soot, respectively. Figure 7 displays the two Arrhenius tor soot may become partially hydrated under certain conditions.
plots for black and gray decane soot, using the Monte Carlo Recently, Gorbunov et & have shown that the ice nucleation

fitting parameters leading toky = 1/ 7s based on the values of
Table 5 that presents a summary of the kinetic parameters.
Compared to the enthalpy of sublimation of 12.2 kcal/mol
for H,O from bulk ice® we find a value for the desorption of
H,O from the two types of soot that is significantly smaller.
The water partial pressure during a pulse gfoHs not high

enough to maintain supersaturation conditions for ice formation.

We have calculated that the partial pressure g lih the tube

ability of soot aerosols is mainly influenced by the particle size
and the surface concentration of functional groups that are able
to form hydrogen bonds with water molecules by observing ice
particle formation in a cloud chamber. We would like to point
out that the molecular viewpoint of & adsorption on soot as
presented here is in disagreement with the picture obtained from
contact angle measurements with the sessile drop technique,
which addresses a property of bulk water interacting with a

reaches the saturation value of ice when all the injected macroscopic interface. We believe that the activation of the soot

molecules are distributed within the first 5 cm of a k129.5
cn? tube atT = 193 K, which are the most favorable conditions

for supersaturation. A Monte Carlo simulation shows that after

interface in the presence ob8 vapor at low temperatures has
to be addressed on a molecular level such as used in this work.

Influence of the Presence of Sulfur in Soot Samples on

0.1 ms 97% of the injected molecules are confined within the the Interaction H,O/Soot. In contrast to the belief that soot

first 5 cm of a 1.1x 29.5 cn? tube. Table 6 displays quantitative
data.

This means that in the first 0.1 ms following the injection of

particles should be activated exclusively by3,826.28-31.54
to become hydrophilic, we show in the following that flame
soot contains active surface sites faQHadsorption in sufficient

H,0 molecules supersaturation conditions are maintained, whichnumbers in what seems to be a sulfur (S)-free pathway fGr H
is insignificant in regards to the time scale of several minutes adsorption on fresh soot. Field observations of the number

during which BO vapor interacts with gray soot at 193 K after
admitting a HO pulse. Therefore, we do not expect to observe

density of soot aerosol as a function of contrail age resulted in
strong evidence that a significant fraction of soot aerosol, say

the growth of water droplets or ice particles on the soot surface roughly*/s, yielded ice nuclei without the incidence of sulfuric
using our technique as only the first step of wetting the soot acid, which thus constitutes indirect evidence for a S-free

surface with water is studied in our experiment. This wetting

or activation process may be thought of as laying the ground-

work for additional condensation of ;8 vapor given the

pathway to contrail formation based on soot as condensation
nuclei for atmospheric ice particlés32Similar conclusions have
been reached from Cirrus observatibres well as from

appropriate super saturation conditions which may ultimately laboratory work cited above and in ref 55.
lead to the nucleation of atmospheric ice aerosols. Nevertheless, We first embarked on a baseline experiment to quantitatively
water nucleation on black decane soot leading to droplets severaimeasure the potential presence of sulfur compounds adsorbed
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TABLE 5: Arrhenius Parameters for the Desorption Rate Constantky of H,O Adsorbed on Soot

T Ts 102ng EL log A
type of soot K] [ms] Yo [cm™3 [kcal/mol] [s7Y
gray soct 298 0.3+0.2 <5x 10 12+2 7.0+ 0.5 8.8+ 0.5

243 4+1 <2x 10 16+2
193 160+ 100 <2x 1073 20+ 2
black soot 298 15+ 5 <5x 10 30+ 10 9.0+ 0.6 8.5+ 0.5
263 125+ 50 <1x10°3 30410
243 400+ 100 <1x 10 30+ 10

a1.1 x 29.5 cn? tube.? 1.1 x 20 cn? tube.¢ The first-order rate constant for desorption ofQHfrom flame soot is expressed ks = Aq
exp(—E«/RT) with R = 1.987 x 1073 kcal molt K™%,

TABLE 6: Estimation of the Tube Portion in Which the H ;O Saturation Pressure Is Reached during a Diffusion Tube
Experiment

T [K] Psat,l—ho [Pa] Vsatél [Cm3] diSt(Z cm dia}) [Cm] diST(lAl cm dias) [Cm] c° [m/S] tsat(l.l cm dias [ms]
298 3159.55 1.3 103 4.1x 104 0.0014 594.2 2.3% 10°°
243 38.02 8.8% 1072 0.028 0.093 536.6 1.78 1072
193 0.0532 5.0 1.59 5.26 478.3 0.11

a\sal= N/Ps¢RT, with N = 1.66 x 10-° mol corresponding to a dose of #@nolecules andR = 8.31 J mol! K~ P Distance from the injection
point wherePy,,o0 = Psa o for the 2.0 and 1.1 cm diameter tube, respectivety= +/(8RT/xM), with M = 18. ¢ Time during whichPy,0 = Psatio
in the 1.1 cm diameter tube.

on nominally S-free decane soot. The thinking behind this presence of S-containing species, presumab§Q®, adsorbed
experiment was to investigate whether theOHadsorption on the soot sample. A comparison between raw MS signals with
properties on decane soot observed so far (Tables 3 and 4) wer¢hiophene-free and thiophene spiked black decane soot is
the result of significant amounts of adsorbegBiAy originating illustrated in Figure 8. Table 7 summarizes the experiments
from traces of S present in the used decane fuel. The performed with gray and black decane soot spiked with known
experimental procedure consists of extracting a sample of grayamounts of thiophene.

decane soot in methanol followed by the analysis of the soot We may see in Figure 8 that,B adsorption experiments

extraction by ion chromatography (IC) for its sulfate (3Q performed with thiophene-spiked decane fuel do not differ
and by ICP for its total S-content. The quantities extracted significantly from the ones performed with thiophene-free
indicated upper limits of 3.4x 10 and 4 x 107 of a decane fuel at all temperatures at variance with previous

monolayer of sulfate (IC) and total S (ICP), respectively, using studies?? This result may be compared to the observation on
the measured BET surface area of 69gn’ for gray decane the formation of airplane contrails of Busen and Schun®dnn,
soot3® These coverages are identical within experimental error who were not able to observe any visible difference in contrails
and correspond to-46% of the total available surface sitas formed by burning fuel containing 2 and 250 ppm sulfur.
of the extracted gray soot sample (column 5 of Table 3). In Nevertheless, further observations on airplane contrails made
addition, all sulfur species are speciated as adsorbed sulfateby Schumann et &.demonstrated a small but measurable
leaving no room for S-species other than S(VI). The conclusion influence of FSC on contrail formation with use of a sulfur mass
is that negligible amounts of sulfur are adsorbed on gray flame fraction of the jet fuel varying from 170 to 5500 ppm. The
soot generated from nominally sulfur-free decane despite apresent studies show that a significant FSC of up to 500 ppm
potentially significant S-content in decane fuel, which was not mass fraction will not have an impact on theGHadsorption
analyzed in this work. We may add that although the quantity properties of soot within the examined range of FSC in decane.
of water adsorbing on soot was generally expected to strongly This negative result may indicate that a 500 ppm FSC in
depend on the soot sulfur contéitfo our knowledge no decane does not lead to significant deposition 8@, onto
experiments have been undertaken so far to investigate thethe soot under the combustion conditions for the generation of
quantity of sulfur species adsorbed on soot. However, severalblack and gray decane soot. Conversely, had we observed an
observations of airplane contrail formation with fuel of high important change of the kinetic parameters gOHadsorption
(up to 5500 ppm mass fraction) and low (a few ppm, essentially on decane soot at 500 ppm FSC, we would have been forced to
S-free) S-contefi®® have been made, but without investigating conclude that a significant amount of$0, had been deposited
how much HSO, was in fact adsorbed on the emitted soot onto the soot during decane/thiophene combustion. Results of
particles. In most of these cases a high number of volatile H ancillary experiments dealing with the study of the change of
SO, aerosol particles were present in the gas pHamsabling adsorbed sulfate with increasing FSC in the range 0 to 5000
heterogeneous ice nucleation on liquid or frozen sulfuric acid ppm (by volume) carried out on hexane and octane soot revealed
aerosol particles. In addition, Arnold and co-workers have found an extremely small conversion efficiency transforming FSC to
small electrically charged soot particles that are emitted from adsorbed sulfate. For instance, this efficiency is of the order of
the exhaust of an aircraft gas-turbine engine combustor that may5 x 107 in the range 50 to 5000 ppm of FSC present as
indirectly alter the condensation and nucleation rates in the thiophene for black and gray octane soot. We therefore conclude
presence of so6t. that at least for flame soot generated in a diffusion flame of
To test the effect of the fuel sulfur content (FSC) on th©H decane/thiophene an exceedingly small percentage of the sulfur
adsorption properties of the resulting soot we have also ends up adsorbed on the soot if we take the quantitative results
performed experiments in which gray and black soot have beenobtained for black octane soot generation in a diffusion flame
generated from the combustion of decane fuel containing eitheras an example close enough to decane. It is obvious that the
50 or 500 ppm (by weight) of thiophene {d4S). The intent future understanding of the FSC effect on aviation contrail
was to test the influence of FSC regarding th€Hadsorption formation depends on the careful analysis of aviation soot in
capability of the resulting flame soot owing to the possible regards to adsorbed,HO, or “sulfate”.
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T o A TABLE 7: Kinetic Results of H,0 Interacting with Gray
and Black Decane Soot over a Range of Temperatures and
Spiked with Thiophene (GH,4S) of Varying Concentration
104 C oy, _ soot T concnof  dose&/10% A
— Black decane soot + 500 ppm thiophne type [°C] (C4HsS) [ppm] [molecule] [s] 1072ym
gray 25 50 19 0.008 0
50 20 0.008 0
50 16 0.008 0
14 500 18 0.014 0
—30 50 19 0.061 0
50 20 0.051 0
50 20 0.051 0.05
50 16 0.021 0
— —80 50 19 9 0.003
= B 50 20 8.1 0.03
g 50 16 1.6-2.7 0.007
= FeetD G 500 9 55 0.01
= 500 18 6.7 0.07
e black 25 50 25 0.8 0
2 500 9.6 11 0
h —10 50 25 17
= 500 9.6 33 0
—30 50 25 60
500 9.6 122

a2 The uncertainty in the dose is $@0%.
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Figure 8. Experimental raw MS signals of # monitored ate 18 10 0 10 20 30 40 50
interacting with black decane soot (gray traces) and thiophene doped
black decane soot (black traces: 500 ppm) at three different temper- Time (s)
atures,T = 25 + 2, —10, and— 30 °C. Experiments have been
performed in a 1.x 20 cn? (Z = 565) tube with doses of 1.4 10% Figure 9. Experimental raw signals of @ monitored atn/e 18 of a
molecules. saturation experiment where,® interacted with gray decane soot in

) ) ] pulses injected at intervals of 60 s into the diffusion tube (4.29.5
H-0 Saturation Experiments. To test the saturation of the  cn¢, Z ="1190) at a temperature of 193 K. The dose wasx4.T0'5

soot substrates with respect to adsorption gdMapor we have molecules.
performed three types of experiments permitting the determi-
nation of the degree of # saturation of the soot surface as a intervals of 60 s. We observe that already the second pulse fired
function of the dose of injected @ molecules as well as the 60 s after the first one shows saturation behavior, which is
time scale over which the saturation persists. The first type of visible in the higher number of early arriving molecules. The
experiment consisted of injecting pulses oftHmolecules at following pulses such as the 3rd, 4th, and the following are
regular intervals of 60 s and observing the potential changes inequivalent to the second pulse showing the same degree of
the shape and integral of the signals. The second type ofsaturation. This behavior has been observed for both gray and
experiment consisted of interrogating the surface with a small black decane soot.
pulse (probe pulse), then saturating the surface with a large pulse The second type of experiment consisted of successively
(saturation pulse) and finally testing the degree of surface injecting a probe (1.4< 10 molecules), a saturation (4
saturation by firing again a probe pulse. The third type of 10 molecules), and again a probe pulse to compare the shape
experiment was performed to determine the time during which and integrals of the two ¥ probe pulses. The results of these
the saturation of the surface persists by measuring the recoveryexperiments are illustrated in Figure 10, which presents a
time of the original arrival time curve. It consists of saturating comparison of the small probe pulses obtained as explained
the soot surface with two or three large pulses and probing the above for gray (panel A) and black soot (panel B) at 193 and
state of the surface at different times until the signal recovers 243 K, respectively. This experiment shows that a large pulse
its initial shape, which corresponds to a nonsaturated signal. of 4.7 x 10 H,O molecules is sufficient to saturate the soot
The first type of experiment shown in Figure 9 for gray surface. The second probe pulse fired 6 min after the saturation
decane soot at 193 K has been performed by using a series opulse shows saturation characteristics corresponding to a sharper
H,O pulses of 4.7x 105 molecules injected at regular time and an earlier peak, which means that a larger amount of
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g‘) Figure 11. ESEM pictures of water drops grown on a black decane
k7S B soot substrate at 100% relative humidity at 277 K. Panels a and b
UI'} a: 1™ pulse represent the growth of a water drop on a soot patch deposited on a
0.8- ] Pyrex substrate as a function of time, whereas panel ¢ shows the
= b: pulse after 1 large pulse development of water drops on the walls of a crack in the soot layer

deposited on an aluminum substrate. No droplets are formed on the
bare aluminum substrate whereas they grow on the coldest part of the
soot layer, which is closest to the substrate.

saturation of all adsorption sites. In support of this, the integrals
of successive pulses tend to slightly increase when pulses are
fired at short time intervals because desorbing molecules from
previous pulses are detected at the same time,@sfidm the
\ ’ \ , : : : pulse under consideration. In this way morgd-Hmolecules than
0 100 200 300 are contained in the original dose may be detected after firing
Time [s] a pulse on a saturated soot substrate.
Figure 10. Comparison between two small probe pulses gbH1.4 . The rate of regeneration of a soot su.rface saturatgd W.I'[h water
« 10" molecules) in a saturation experiment whergoHnteracted is faster for gray than for black soot with regeneration times of
with gray (panel A) and black (panel B) decane soot before and after 10 and 15 min at 193 and 243 K, respectively. Nevertheless,
the introduction of a large # saturation pulse (4.% 10%) into the growth of water droplets or ice crystals has not been observed
tube. Pulses of panel A (gray soot) have been fired at intervals of 1 under the present experimental conditions as expected because
min within a 1.1x 29.5 cnf tube ¢ = 1190) and a = 193 K. Panel  the partial pressure of 4 in the diffusion tube during a pulsed
B represents pulses on black decane soBta243 K fired at intervals valve experiment is not high enough to correspond to super-
of 6 min in a 1.1x 20 cn? tube € = 565). . " .
saturation conditions as shown in Table 6. The adsorbga H

surviving HLO molecules arrives during the first few seconds molecules desorb too rapidly to allow a persistent adsorption
because the saturation of gray and black soot persists on theof H,O vapor on already adsorbed® molecules, which is
time scale of 1 and 6 min, respectively, at low temperatures. the reason a raw MS signal once saturated does not change its

The third type of experiment has been performed to determine shape with further consecutive pulses. However, the growth of
the time necessary for soot to regenerate, that is the time afterwater droplets on black decane soot has been observed with
which a transient MS signal regains the same shape as theelectron microscopy at a relative humidity of 100% as explained
original probe MS signal after saturation of the soot sample by below.
the large HO pulse. From this last series of experiments we  Observation of Water Droplet Formation on Black Decane
have determined that the soot surface is regenerated aftefSoot with Environmental Secondary Electron Microscopy
approximately 10 and 15 min for gray soot Bt= 193 and (ESEM). Additional supporting observations have been made
black soot aflf = 243 K, respectively, owing to desorption of with use of an environmental electronic microscope (Philips
adsorbed KO molecules. The sample may thereafter regain the XL30 ESEM-FEG) at 100% relative humidity (rh), using a black
status of fresh soot surface ready for furthefOHadsorption. decane soot substrate deposited on a suitable support such as

In conclusion of the saturation experiments we may state that Al and Pyrex. At 277 K and 100% rh we have observed the
gray and black decane soot substrates show signs of saturatiomppearance of water drops on soot with a diameter of several
at low temperatures when they are exposed to successive pulsetens of a micrometer as displayed in Figure 11a,b,c. These drops
at doses larger than 4.7 10'> molecules. This manifests itself  always grew where the soot layer was thinnest, that is coldest,
in a higher number of kD molecules effusing out earlier of  because of its proximity to the cooling support, either on a small
the diffusion tube compared to an initial pulse on fresh soot soot patch deposited on a Pyrex substrate (Figure 11a,b) or on
owing to a weaker interaction ofJ with surface sites already  the coldest part of the side walls of a crack in the soot substrate
occupied by HO molecules from the previous pulse. In fact, at close to the aluminum substrate (Figure 11c). These images
the end of the second pulse of 4 105 molecules all suggest that fresh soot may offer adsorption sites @ tapor
adsorption sites on the soot seem to be already saturated. Eacleading to the appearance of bulk,® under the proper
successive bD pulse therefore interacts with a totally saturated supersaturation conditions. Interestingly enough, in not a single
surface. Moreover, we did not observe any loss gDtbn a case have we observed growth of water droplets on the support
saturated soot substrate compared to the initial interaction of material of Al or Pyre%?> whose molecular surface consists of
H,O vapor with a fresh soot substrate in agreement with Al,O3 and mostly SiQ together with oxides of B, K, and Na,
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TABLE 8: Estimated Rates of Adsorption R, and Desorption Ry of H,O from Combustion Aerosol Emitted from an Aircraft
Engine Approximated by Gray and Black Soot at Atmospheric Conditions

700 K 500 K 281 K 237K 223 K
distance behind nozzle [m] 0 0 15 ~200 o (background)
tlcm s 9.1 x 10 7.7x 10¢ 5.7x 10¢ 5.3x 10¢ 5.1x 104
H,OP (g) [molecules cm?] 3.1 x 10¢ 4.3 x 106 7.6 x 106 8.4 x 101 2.1x 10%
SVe[cm™] 5x10°% 5x 10°° 5x 107° 1x10° 3x 10710
kd=w [s7Y] 1.13 1 0.7 0.13 3.& 10710
R [molecules cm®s] 3.5 x 106 4.3 x 106 5.3 x 106 1.1x 10% 8.0x 10°
ke [s7Y (gray) 4.1x 10° 5.5x 10° 2.3x 10° 2.2x 10 8.7 x 10t
ka' [s71] (black) 4.9% 106 3.7x 10 31.6 1.6 0.48
Rs? [molecules cm®s™1] (gray) 4.1x 106 5.5x 10'° 2.3x 10t 4.4 x 10! 5.2x 10°
R4 [molecules cm®s™1] (black) 4.9x 10% 3.7 x 104 3.2x 101 3.2x 10 2.9x 10¢

at=[(8 x 8.31x T)/(m x 0.018)P*> x 100 cm s*. ® H,O (g) calculated fronPy,0 = 30 Pa at 237 K, 7 Pa at 223 K. The®! partial pressure
was assumed to be invariant in the range 700 to 281 K and equal to Z0¥ molecules cm? at 281 K (1.5 m behind the exit nozzle). No dilution
of H,O vapor was assumed between 0 and 1.5 m behind the exit néaibedilution of soot aerosol between 0 and 1.5 m was assufiiad=
(T/4)(8V). This corresponds to the maximum theoretically allowed rate constant in agreement with an uptake coefficient of unity and is numerically
equal to the gas-substrate collision frequengyt kg = 1088 70001980 f, = 1085 g~900011.98T) 9 Ry = ky(SV)(H,O(ads)), with HO(ads)=
2 x 10" molecules cm? as an upper limit.

respectively. We conclude that in the given competitive situation away from the aircraft corridor under appropriate super-
soot is more highly activated in regards to the growth eOH saturation conditions.
droplets than the inorganic oxides of the support material. We  H,O interacting with soot constitutes a complex physico-
thereby assume that the prerequisite for the activation of dropletchemical system, which includes interactive processes and
formation is prior molecular adsorption of,8 vapor on saturable adsorption. The one-site Monte Carlo model has been
appropriate adsorption sites. applied to fit the experimental signals corresponding to a
Atmospheric Significance of the Kinetic ResultsWe have complex decay and to determine the kinetic parameters: they
shown that HO has a surface residence timeon soot in the are the uptake coefficientMC, the surface residence time
range of a few to several hundreds of milliseconds depending and the number of adsorption sitag The model takes into
on temperature and type of soot. If we consider a specific caseaccount adsorption prior to reaction as well as surface saturation.
of an airplane trajectory assuming a surface area der8\y ( In fact, the saturation that occurs during an individual pulse is
of soot in the plume of 5« 1075 cn?/cn® close to the nozzle  responsible for the nonexponential decay of the MS signal.

exit of the airplang&-58and a water concentration of 7:610® Experimental arrival times have successfully been simulated for
molecules cm? at a temperature of 281 K at 1.5 m behind the all soot samples generated from liquid fuels in the simple burner
engine nozzlé! we may calculate the (maximum) rate of®1 as well as in the Bunsen burner for acetylene soot. The

adsorptionR, = 5.3 x 10'6 molecule cm?® st compared to interaction of HO with soot at 298+ 2 K as expressed by the
the rate of HO desorptionRy = 2.3 x 10 and 3.2x 101 kinetic results for soot produced by combustion of two liquid
molecule cm?® s71 for gray and black soot, respectively (see (toluene, diesel) and one gaseous fuel (acetylene) are very
Table 8). This indicates that already a few meters behind the similar. However, decane soot produced in the simple burner
engine nozzle aviation soot may be covered by adsorb€ H seems to interact more weakly with water and constitutes an
owing principally to the exponential drop Ry with decreasing exception among the four tested types of soot. At 298 K
temperature. At 200 m behind the airplane both the soot initial uptake coefficients/MC of H,O on toluene, acetylene,
concentration and #D partial pressure drop to 1®cn?/cm? and diesel soot are lower than210~2 and residence times

2158 and 30 Pa at 237 K, respectively. These values have beenup to 5 ms have been measured.

measured for a persistent contrail generated by a B-747 The study of two types of decane soot originating from a
aircraft28 At this pointRy = 1.1 x 10%, Ry = 4.4 x 10 and lean (black soot) and a rich (gray soot) flame, as a function of
3.2 x 1 molecule cm® s7! for gray and black soot, temperature, shows surface residence time$ adsorbed KD
respectively. It is apparent that the net rate @OHadsorption which increase with decreasing temperature. In faéhcreases

on soot increases with plume age and thus distance from thefrom s = 0.3+ 0.2 ms afT = 298 K to7s = 160+ 100 ms

engine. Even for atmospheric background conditiond & at T = 193 K for gray decane soot and fromp= 15+ 5 ms
223 K, a HO partial pressure of 7 Pdand a soot concentration atT = 298 K to7s = 400+ 100 ms afT = 243 K for black
of 3 x 10710 cm?/cms, 2158 we calculateR, = 8.0 x 10°, Ry = decane soot. The Monte Carlo simulation model is consistent

5.2 x 10° and 2.9x 10* molecule cm?® s~ for gray and black with an uptake coefficienyo"© and a number of adsorption
soot, respectively. This supports the important conclusion that sitesns per cn? which are essentially temperature independent.
soot is covered by adsorbed®leven at background conditions Therefore, we may claim that all the observed variation in the
owing to the low temperatures. The temperature at wilgh  interaction between ¥ and decane soot as a function of
approache&y corresponds to 700 K if soot aerosol resembles temperature is absorbed in the parametesr the desorption
black soot or 500 K for gray soot. This means that already within rate constanky of reaction 3. Surface adsorption sitesare

a few meters behind the exit nozzle soot is coated with an larger by a factor of 23 for black compared to gray decane
adsorbed KO layer, which persists under background conditions soot, but represent only 1% of a pure amorphous carbon surface,
as well. Once the soot has a hydrophilic coating gbilusters which contains approximately % 105 C atoms per crh
adsorbed to it, it is presumably activated and able to continue Therefore, we postulate that,8® adsorption occurs either on

to function as an ice nucleating agent finally leading to ice surface defects or on impurities of soot or surface functional
particles if the atmospheric humidity satisfies the Appleman groups, which are able to form hydrogen bonds with water
criterion’ We therefore postulate that fresh soot may partake molecules. We discard the possibility that the observed values
in the formation of aircraft contrails or may induce the formation of 75 may result from the sampling of potential micropores
of Cirrus clouds at a later point in time in a sulfur-free process, present in our soot samples becaugsshows an exponential
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mean surface residence timeglarger than the present ones,
IO I "I OI d I .I d _I. IO l .I because the delay in the arrival time of the MS signal measured
I. b HO 5, Io I OI H,0 O, .I .I in the HO—decane soot interactions leading to adsorption would
— be the result of a lower number of collisions. This in turn would

I o I‘. , o I o I o IV"OI .I 0, mean a proportionately longer residence time per collision

leading to adsorption, which would lead to an even lower

b b I OI. I .I 0,0 IO I OI factor for O desorption. We may therefore claim that the

I nl ® ,. I [ IO I .I nl 0, .I presentrs values represent a lower limit for the case thak

1 and that thed factors for desorption of $O are upper limits
to the true values.
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