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ABSTRACT

Six gases (N((CkJs), NH,OH, CRCOOH, HCI, NQ, 0Os;) were selected to probe the surface of seven
combustion aerosol (amorphous carbon, flame souod) taree types of Ti©nanoparticles using
heterogeneous, that is gas-surface reactions.gdbeiptake to saturation of the probes was measured
under molecular flow conditions in a Knudsen floeactor and expressed as a density of surface
functional groups on a particular aerosol, namelgia (carboxylic) and basic (conjugated oxideshsuc
as pyrones, N-heterocycles) sites, carbonyl@QFO)-R,) and oxidizable (olefinic, -OH) groups. The
limit of detection was generally well below 1% ofcamal monolayer of adsorbed probe gas. With few
exceptions most investigated aerosol samples oittawith all probe gases which points to the
coexistence of different functional groups on tame aerosol surface such as acidic and basic groups
Generally, the carbonaceous particles displayedifgignt differences in surface group density:
Printex 60 amorphous carbon had the lowest densisurface functional groups throughout, whereas
Diesel soot recovered from a Diesel particulaterfihad the largest. The presence of basic oxides
carbonaceous aerosol particles was inferred franrdtio of uptakes of GEOOH and HCI owing to

the larger stability of the acetate compared todhieride counterion in the resulting pyrylium salt
Both soots generated from a rich and a lean heddhesion flame had a large density of oxidizable
groups similar to amorphous carbon FS 101. ,Ti® had the lowest density of functional groups
among the three studied Ti@anoparticles for all probe gases despite thelsstaize of its primary
particles. The used technique enabled the measuterhthe uptake probability of the probe gases on
the various supported aerosol samples. The inifishke probabilityy,, of the probe gas onto the
supported nanoparticles differed significantly agpaine various investigated aerosol samples but was
roughly correlated with the density of surface greuas expected.
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Introduction

Aerosol particles occurring in the lower atmosphéirectly and indirectly affect
the radiative forcing of the climate, atmosphericgesses and the hydrological cytleln the
planetary boundary layer aerosols have a primdgyinoair pollution and control atmospheric
composition, visibility and human health on a regiband local scalé® Atmospheric
aerosols affect the radiation budget by scatteaimg absorbing solar and terrestrial radiation
and indirectly by acting as cloud condensation eiuitlat consist of particles larger than 50-
100 nm in diameter. However, the radiative effexisonly depend on the spatial distribution
of aerosols, but also on their size, shape and ichérmomposition that control their optical
constants. The interfacial chemical propertieatafospheric particulates control their ability

to act as cloud condensation or ice nuclei andremefore of relevance to the global climate

Recent epidemiological and toxicological studiegehshown that particulate matter
has a significant harmful effect on public healtht also on animals and plants. Particulate
matter PMo, PMxs and PM which comprise particles whose effective aerodyinasimameter
is smaller than 10.0, 2.5 and Juf, respectively, is sampled in the field on a noaitbasis. A
small fraction of PN, predominantly the ultrafine fraction of less tHE00 nm in diameter, is
thought to spontaneously cross cellular membrames,in vitro andin vivo, a process called
translocation*®. However, to date the molecular mechanism by i fine (< 1pm
diameter) and ultrafine (< 0Jdm) fraction cross cellular borders is not knownhagertainty.
This translocation phenomenon has been relatedawnting evidence that small particles
cause adverse health effects such as cancer,atespiland cardiovascular diseases, despite
some reports to the contraty It is the submicron ultrafine fraction of pahéis that reportedly
represents the highest health risk owing to thimedsions that are significantly smaller than
the characteristic size of cells and bactérigAs a consequence, a new field dealing with the
toxicology of the ultrafine fraction of aerosolsdananoparticles has recently emerged that is

called “nanotoxicology®.

Both the size of atmospheric aerosol particles a8 as their surface chemical
properties are important for their biological efteeand adhesion. It still is an open question
whether the particle surface area or the particdesaris the critical parameter that correlates
with various health outcomes. There are resulppaniing either, surface or volume (mass),

and a couple of particularly convincing exampletawor of surface scaling has been presented



by Oberdorster et af. Field studies frequently reveal that the numbmtcentration of the
submicron fraction of atmospheric particles is Bigantly higher than the supermicron
fraction. The fact that the particle surface ademreases more slowly with the particle
diameter than the volume (or mass) has led to uggestion that it is the surface rather than
the particle mass that is the critically importpatameter for the harmful effects of submicron
or nanoparticles. Beyond the choice “surface argaass” the question of the particle surface
composition and its effect on biological membraaed solid supports has hardly been raised
in the literature. The characterization of thetipl interface in terms of its physical and
chemical properties is key to the understanding] #drerefore control of the interaction
between a nanoparticle and its substrate on a olalelevel. The knowledge of nanoparticle
chemical properties at the interface is also ofartgnce in biological work where assays and

in vivo experiments will be affected by®it°

The present work deals with the application of tetweneous gas-surface titration
technique in order to afford an alternative quatitie characterization of the interface of
nanoparticles. It uses different probe gaseshbtgrogeneously interact with the functional
groups present at the nanoparticle interface amlies the measurement of the probe gas
uptake until saturation. The results are expresasda surface density of chemical
functionalities such as acidic, basic, carbonyl arilizable groups if the particle metrology
such as the patrticle size distribution functionsome other metric for the total internal and
external surface is known. This highly surfacesgere and specific chemical “interrogation”
of the particle complements other techniques peréal on environmental particulate matter
such as X-Ray Photoelectron Spectroscopy (XPS)gdafrilight Chemical lonization Mass
Spectrometry (TOFCIMS) and various high resolutioraging techniques**2  Work on
“chemical interrogation” of the complex interfacecombustion aerosol and ultrafine particles
such as Ti@has been performed some thirty years ago by Baaturhis group using liquid
phase reagents that specifically reacted with fatél functional groups in suspensions of
particulate matter in tens of gram quantitfesnd has been critically reviewed in the recent
past by Boehm**>

This work deals with gas phase probe moleculesgpetifically interact with the
interface of nanoparticles and has the clear adgenthat it does not perturb the state of
aggregation of the aerosol partictés The central working hypothesis is the assumptia it

is the unknown identity and abundance of functiagralups at the interface of nanoparticles



that are responsible for their reactivity, bothtlie gas- as well as in the condensed phase
including biological environments. We hereby prep@ direct gas-phase titration technique
with the following advantages: (@) it enables tise of MS-based techniques sensitive to less
than one per cent of a molecular monolayer; (b)dahesample mass requirement in the range
of one mg or so directly enables the investigabbrambient aerosol samples or from smog
chambers; (c) the present approach emphasizes ghsurement of interfacial or subsurface
physical and chemical properties of nanoparticles easily performed by spectroscopic
methods, especially when molecular informationequired. Setyan et a® have recently

successfully used this technique for the investigadf aerosols sampled in the field.

Experimental
Surface titration under molecular flow conditions using a Knudsen flow reactor.

The deposited powder samples have been “interrdgdig the probe gases at
ambient temperature using a Knudsen flow reactarsetuse for kinetics has been pioneered
by Golden, Spokes and Bensbh Briefly, the method rests upon measuring the it
disappearance of a gas under molecular flow camditin the presence of a reactive substrate
in comparison with its rate of effusion from thel reactor that is measured under the
relevant flow conditions. All experiments have gerformed using a Knudsen flow reactor
equipped with effusive molecular-beam phase sessithass spectrometric (MS) detection
based on electron-impact ionization. The used dihamber version adapted to the study of
heterogeneous reactions has been described it idetaé recent literatur€*® The gas flow
metered from a gas-handling vacuum line subsequeaticted with the sample once the
isolation plunger was lifted. The kinetics are mgsed as a heterogeneous rate consgant k
that depends on the surface-to-volume rati/ of the specific measurement system or as a
dimensionless uptake coefficiegt that has been normalized byJ/¥A, where A is the
geometric surface area of the support and V themelof the flow reactor. From the rate of
disappearance of the probe gas, the heterogeneaas constant k as well as the

dimensionless corresponding uptake coefficjgstgiven in the following equations:

Khet = (|0/| - 1)kesc (1)

Y = kned @ = (4/C) Knet (AJV) )



where p and | are the rectified amplitudes of the MS sigrd the chopped molecular beam

recorded by the lock-in amplifier in the absencd presence of the sample, respectively, and
w = (c/4V)As is the calculated gas-surface collision frequesfaje average molecule moving

at a mean molecular speed Equation (2) shows the normalization gfby AJV in order to

obtain the dimensionless

The specific parameters of the used Knudsen fl@gtoe are given in Table 1. The
emphasis of the present work is on the time integfdhe net loss of the probe gas to the
reactive substrate and represents the total nunfenf probe gas molecules M lost on the

particular sample by uptake:

N;M(aerosol + support) KFy — Fu(t))dt (3)

where By and Fy(t) are the measured molecular flow rates flowimtp iand escaping the flow
reactor. The integration period from t = 0 to determined by the time interval it takes to
saturate the sample completely, that is until neemuptake is experimentally measurable and
Fm = Fu(t). The raw data M(aerosol + support) are corrected for the uptaREsNpport) of
the probe gas on the empty FEP-Teflon-lined samisle according to equation (4) and yield
N;™(aerosol), or in short N, in molecular units. It is presented as eithemmadized to mass
(number of molecules/mg) or to the total internatl @&xternal surface area of the sample

measured according to BET (number of molecule$afmaerosol surface):

N;V(aerosol) = W (aerosol + support) —¥(support) (4)

The BET surface has been taken as a metric ofataé internal and external surface when
normalizing N"(aerosol) because the probe gas has sufficient timeteract with the total

internal and external surface area of the sampl womplete saturation of the total surface
area. The BET adsorption isotherm does not rolytitead to a distinction between the
external and internal surface or between poresiftérent sizes, except when data on the
hysteresis behaviour of adsorption are includedcointrast, the uptake kinetics is normalized
to the geometric surface area owing to the fadtythgusually measured right after the start of
exposing the sample to the probe ga$ (One may regard N(aerosol) as a lower limiting

value if the BET surface would overestimate thaétrsurface, whereagyy) may be regarded



as an upper limiting value if it is based on thergetric surface area of the sample or its

projection onto the sample support.

Source of Materials.

Unless otherwise noted, all materials of commeroiain have been used as received. The
following three samples of commercially availabfeaaphous carbon from Evonik (Frankfurt
am Main, Germany, formerly Degussa AG) have beeudus~S 101, Printex 60 and FW 2
whose physical and chemical properties are listedthe brochure “Pigment Blacks”
(Pigmentrusse/pigment blacks Technische Daten Blifeghnical Data Europe, Degussa AG,
Advanced Fillers & Pigments, 2006). The soot ssaddeference material SRM 2975 has
been obtained from NIST in gram quantities andbeen collected from a Diesel engine of a
heavy duty industrial forklift. It is accompanidy a certificate exhibiting all measured
properties. Deposited Diesel soot from a heavy duban bus engine of a Swiss Transit
Authority (TPG) has been recovered from a Dieseatifdate Filter (DPF-CRT) in a bus
maintenance yartf. This sample has been called “Diesel TPG”. $wwh a laboratory flame
using a diffusion burner operating on n-hexanel®en obtained at two operating conditions,
namely “rich” and “lean” combustion conditions ugia co-flow device whose design and
operation have been published befr& For the generation of soot from a rich hexaamé

a porous glass plug made of a Pyrex disc enahtjngdl fuel transport from the reservoir to the
flame across capillaries in the range 41-100 (Verrerie de Carouge, porosity 2) and an air
flow rate of 1.375 | mitt have been used. The lean flame was maintained asporous glass
plug of 11-16um wide capillaries (Verrerie de Carouge, porositeadd an air flow rate of
1.75 | min. The flame soot was directly deposited onto agetri dish of 4 cm ID and
weighed gravimetrically, typically several mg. Wdugh the combustion stoichiometry of the
rich and lean hexane flame were very similar, weehased the products of the heterogeneous

2L The criterion

reaction of NQ on the corresponding soot as a discriminatingufe:
between a rich and lean hexane flame was the exeltBONO production resulting from the
heterogeneous reaction on soot from the rich andghi@ration from the lean flant&® In
order to control the quality of soot on a routirasils frequent checks using the Knudsen flow
reactor have been performed. References 18 angr@dde further details on the soot

properties.

Two TiO, samples were purchased from Sigma-Aldrich: ;Té&Datase (art. no.
637254, hereafter called “T¥D5") and TiQ mixture of rutile and anatase (art. no. 634662,



hereafter called “Ti©507). TiO, 15 and TiQ 50 had primary average particle diameters of 15
and 25-75 nm. Ti@ P25, an often used catalyst support of technigalificance, was
purchased from Evonik (Degussa) and consisted ofn2ivide particles on average. Ti0b,
TiO, 50 and TiQ P25 contained 98, 65 and 80-90% (w/w) anatasentathby rutile. The
mass of the powder samples were measured graviatrand subsequently spread out on the
FEP-Teflon (Dupont Inc., Geneva)-lined Pyrex sangi#h. The uptakes to saturation by the

probe gases were independent of the way the samplesspread out on the sample support.

Surface Probe Molecules and Uptake Experiments.

The six probe molecules used are trimethylamin€Hjs), hydroxylamine (NHOH),
hydrochloric acid (HCI), trifluoroacetic acid (GEOOH), nitrogen dioxide (N& and ozone
(O3). N(CHg)3 and CECOOH were purchased from Sigma-Aldrich (purar@9% and puriss.,
respectively), N@ and HCI were obtained from Carbagas. ,NH is prepared by thermal
decomposition of hydroxylammonium phosphate (§8H);PQ,) according to the method of
Schenk??. Small aliquots of the solid salt were decompdssitie a vacuum inlet line prior to
use in order to avoid the reaction of free JOH with air. Ozone was generated in a Fischer
ozone generator from pure,.OThe resulting @flow containing 5-10% @in O, was passed
across a silicagel trap held at 196 K in orderreeie out @ whose vapor pressure was
controlled using a cold methanol slush bath at K98hen filling a storage bulb. All samples
except Q have been distilled trap-to-trap using a greasel@suum inlet line as a routine

purification procedure.

Figures 1 and 2 provide typical examples of upta#kscidic probe gases on
amorphous carbon FW 2 and Ti©25, respectively. The sharp drop in MS signahé 45
(COOH) and 36 (HCI) is a consequence of exposing the sample compatrttnghe probe
gas that obviously has a strong interaction with tbspective substrate. Figures 1 and 2
clearly show that the gas uptake saturates aft@rakehundred seconds, depending on the flow
rate or partial pressure in the flow reactor. $heall decrease of the level of the probe gas
MS signal before opening and after closing the sarmpmpartment is due to the decrease of
the stagnant pressure in the vacuum line of theiglas. Figures 3 and 4 show typical
examples of uptakes of N(GH and Q on amorphous carbon FS 101 and on soot from a rich
hexane flame monitored at m/e 58&NEls") and 48 (@), respectively. A look at Figure 4
shows that the Quptake is not quite saturated after t = 1090z lzaviour we have observed

previously for ozone interacting with Norit A chast?®. We therefore have to regard the O



uptake on hexane flame soot as a lower limitingi@athich should be to within 15% or so of

the fully saturated value akin to the/€harcoal case.

The probe molecules taken up are converted infgarosol) values according to
equations (3) and (4) and are listed in Table 2ctvidisplays the results for all investigated
carbonaceous and Ti@erosols. Results obtained for blanks (emptyi Bistines) indicate that
the correction for the uptake of the probe gashentianks may be significant in some cases.
Indeed, depending on the probe gas, between 1@#f6 &f the uptake occurs onto the blank.
Among the worst case is the reaction of HCI witlkdree soot (lean flame) where 65 % of the
uptake is attributed to the blank. As toxicologistaidies frequently use mass as the particulate
exposure metric, we have normalized th¥(derosol) values to mass (first row of each box in
Table 2). As the surface density of functionalup® may be more relevant than mass, we
present N'(aerosol) values normalized to surface area (BEEprsd row, Table 2). The
values for the BET surface area of the used sanapéesither known from the manufacturer or
have been measured using a Sorptomatic 1990 (Fisstraments) (B typically using 50 -
100 mg of sample mass (see Table 2). A third wagxpressing the results is in terms of a
formal molecular monolayer (third row, Table 2)heTestimated quantity of probe gas forming
a monolayer (ML) was calculated from the bulk déesitaken from the CRC Handbob&k

using the expression ML i /M)??

, Wwherep, N and M are the bulk density, Avogadro’s
number and molar mass, respectively. The followwadues for ML have been obtained:
1IML(N(CH3)3) = 3.6 x 16* molecule crif, IML(NH,OH) = 7.9 x 1&* molecule cr,
IML(HCI) = 8.6 x 13* molecule crif, IML(CFCOOH) = 4.0 x 18 molecule crf,
1ML(NO,) = 7.1 x 18* molecule cnf, IML(O3) = 7.4 x 16* molecule crif. A look at Table
2 reveals that the data span a wide range;'0fairosol) values, from 0.81 (N(GJFS 101)

to 364 % of a molecular monolayers(fean flame hexane soot).

The measurement of the heterogeneous rate coristanptake of the probe gas,
kney @and the associated dimensionless uptake coeffigiaccording to equations (1) and (2)
are displayed in Table 3. The results were obthimeder the assumption of a first order rate
law for the uptake process based on the geomeiriiace area of the sample support (equation
(2)). Owing to the very small masses of the ssliistrate used, usually on the order of 1 to 3
mg, we may have to contend with the possibilityt the sample will not form a coherent layer

across the sample support such that we state amtaimty of a factor of two iy.



Results and Discussion.

Following our previous approach on the titrationraérfacial functional groups on
laboratory-generated aerosol particles by speadifis phase probe moleculé&® we
emphasize that the present approach affords a lmtaasdification of functional groups at the
interface. These interact with the gas phase enirtine scale of the experiment given bye.d/k
(Table 1) on the order of 40 s or so. The six prgases, N(Chjs, NH,OH, HCIl, CRCOOH,
NO, and Q have been selected in order to obtain an ideahendentity of the interfacial
functional groups of the supported nanoparticlddere we deal with fairly well-defined
aerosol particles rather than aerosols collectethénfield . These particles nevertheless
display complexities depending on the way they wggrerated, usually through incomplete
combustion in the case of amorphous carbon and aadtthrough thermal oxidation in the
case of TiQ. For example, the organic phase of all carbonaesamples listed in Table 2
may reveal hundreds of distinct organic compounfdsubjected to detailed analytical
separation and identificatio?”. The gas-phase titration technique used hereepes the
average particle morphology as well as the locatbrthe functional group relative to the
interface, thus emphasizing surface compositioherathan the investigation of the bulk
composition of the particle. Minimal perturbatiohcollected aerosols immobilized on filters
or solid supports is desired, even mandatory, fanyrinvestigations. The intent and purpose
of the present work is the identification of fulctal groups on the surface of carbonaceous or
other nanoparticles such as —COOH (carboxylic)O)c(carbonyl or aldehydic), oxidizable
groups such as —OH being part of hydroquinone-itkactures, olefinic moieties as well as
acidic and basic oxides that do not necessarilyasomitrogen. For Ti@nanoparticles the
surface functionalities consist of surface hydrayygups whose acidity ranges from very basic

to very acidic, as well as reactive surface andgugriace defects and/or O-atom vacancies.

We stress that the present approach does not egpr@proxy for the reactivity, in
terms of both the rate and the reaction produdtaecosol particles in the condensed phase.
Rather, the information gathered from the presera@ach will form the basis for an
understanding of the reactivity of the aerosol riaise in terms of the surface composition
corresponding to surface functional groups reachitg the solution environment. Based on
heterogeneous chemistry, the results enable aapariderstanding of the reactivity of the
aerosol at the aerosol-atmosphere interface. Mereove surmise that the aerosol interface

composition will not significantly change when therosol particle is immersed into a liquid,



except perhaps for hydrolysis reactions, suchtti@tresults of the present approach may still

give useful clues for solution studies.

One must ask the question whether the proposediargaainiquely identify the
surface functional groups in cases no reactionymisdare detected. Setyan et'iicome to
the conclusion that the listed reactions are unajtex consideration of other possible reactions
of the gas phase probes. Three stringent condifionthe occurrence of a titration reaction
under the present reaction conditions have to be ri@e titration reaction must occur (a)
rapidly on the time scale given by ddk(see Table 1); (b) at ambient temperature; (dpwat
partial pressure or concentration, typically in targe 16" - 10" molecule crit. Under these
restrictive conditions only the reactions discusketbw are thought to occur in the Knudsen
flow reactor under the present conditions. A foudquirement is that the probe reaction be
irreversible on the time scale of the time requitedsaturate the interface. For each
nanoparticle/trace gas combination a test was pwed€d by halting the trace gas flow,
evacuating the sample chamber and repeating thekeu@t the same gas flow. In no case
significant additional uptake has been observethénsecond uptake experiment so that we

conclude that indeed, uptake is irreversible orsthged time scale.

Carbonaceous Particles.

Trimethylamine is a strong base in the gas phaseeasured by its proton affinity
(PA = 942 kJ Mot compared to 854 kJ Mblfor NHs) 2% and is designed to probe strong as
well as weak Lewis acidic interfacial sites accogdio reaction (5) in which the acidic site is

represented by a carboxylic group:
-COOH + N(CH)3 — -COO(CHa)sNH" (5)

This reaction is monitored by recording the lossN§CH;); from the gas phase without
detection of a reaction product owing to the fororatof a salt. In addition to carboxylic
groups there are other acidic groups that may ioné to the acidity of organic compounds
such as acidic oxides on combustion aerosol pestitiat have been extensively studied in the
past by Hofmann and coworket$and Boehm and coworke?$*? These will be discussed

below in more detail.
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The NMCH33aerosol) values for trimethylamine displayed inbla2 reveal a
significant presence of Lewis acidic functional e among all investigated carbonaceous
nanoparticles. We strongly suspect the presenceadioxylic groups generated in the
combustion process similar to the occurrence ofonamd dicarboxylic acids resulting from
photooxidation processes of biogenic hydrocarbbas énd up as secondary organic aerosols
(SOA) 26273334 There is extensive evidence from field studiesthe presence of organic
mono- and dicarboxylic acids, especially in agedxidized) secondary aerosols (SOAY®
Although almost all investigations have so far oatldressed the bulk phase of the sampled
aerosols we make the assumption that carboxyldsatiay also be found at the interface and
are involved in the gas phase neutralization reacvith N(CH)s. In addition, combustion
aerosols may contain acidic oxides (see Schengesijpgroup of interfacial oxides on carbon,
that have been detected on suitably activated @magpcarbon through heat treatment in the
presence of dry oxygeli?*** Some of these acidic oxides may be the precusiosurface
carboxylic groups in the presence of water vapdarfact, Boehm and coworkers detect four
different acidic surface groups, classified from IV 3. Group | and Il are identified as being
a more and a less (lactone) acidic carboxylic groegpectively, with group Il and IV being a
phenolic and carbonyl group, respectively. Schémemage A and B present a molecular
model for groups | and Il before and after reactth a base, whereas images C (lactol) and
D display the complete molecular model with all f@groups. These models are consistent
with all chemical reactions occurring in solutiohish enable the identification of the surface
functional groups present on activated charcoalamorphous carbon. By analogy we
conclude that the interfacial reaction of gas pHd&8&H;); proceeds similarly to reaction of
these acidic oxides with strong base in solutioviénv of the large gas phase proton affinity of
N(CHs)a.

A closer look at the results for N(GH in Table 2 reveals low values of
NN ¥aerosol) of less than one per cent or so of a dbmmonolayer for the amorphous
carbon samples as well as for hexane flame sodh boh and lean flame. In contrast,
NiNCH33 values are high for FW2, on the order of a facfaen larger than the foregoing akin
to the “aged” Diesel soot samples SRM 2975 and éDieRPG. According to the
manufacturer’s specifications the amorphous caMoh2 has been postoxidized using either
HNO; or H,0, which would explain the increased"{§"*? values compared to the other two
samples, namely FS 101 and Printex 60. We take thatt the “aged” Diesel soot samples

SRM 2975 and Diesel TPG, both of which have beeripusly discussetf>” and which are
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displayed in Table 2 for the sake of comparisowvehan increased amount of acidic surface
functional groups. A stability test of the trimgidaimmonium salt at the saturated interface of
amorphous carbon FW2 after laboratory storage foeet months inside a sealable
polytheylene bag revealed a 20% decay using a tepe@take experiment at a similar partial
pressure of N(CkJs. Based on these different studies, the genegadrapt sequence for the

N(CHg)sreactivity on different carbonaceous aerosol isftiewing:

“aged” Diesel soot (SRM 2975 and Diesel TPG); arhoys carbon FW 2 >
amorphous carbon Printex 60; FS 101; lean andchestane soot

The reaction of hydroxylamine indicates the present carbonyl groups of
aldehydes and ketones forming an oxime if catalgtitounts of organic acids are present as
the reaction is general acid- or base-cataly?edThe presence of catalytic amounts of acid
seems to be necessary as a pure thin film of bé&wermme failed to react under our

experimental conditiorS. The reaction occurs according to equation (6):
R'R?*C=0 + NHOH — R'R*C(OH)(NHOH)— R'R*C=N-OH + HO  (6)

Owing to the heterogeneous nature of the reactiweuthe present conditions the reaction
may possibly also occur with carbonyl groups otttemn those of aldehydes and ketones:
amides, organic acids, acid anhydrides and othdroogl-bearing species could in principle
also contribute to the reactivity towards pH. However, below we will present quantitative
results that suggest that the presence of spetties than aldehydes and ketones are unlikely

which is in agreement with the results of Boetim

The N""2°% values for the carbonaceous substrates displayediable 2 are
significant and are at variance with the result®emirdjian for toluene soot from a diffusion
flame?®. Of note is that the used co-flow burners fohbmiuene and hexane soot are of very
similar design and operated under near identicaV ftonditions so that we expected soot of
comparable properti€§?’> The amorphous carbon samples all show low négctowards
oxime formation upon NFDH exposure, whereas the aged Diesel particulatplea SRM
2975 and Diesel TPG show a large amount of oximmendtion. Both hexane flame soot
samples lie in-between the Diesel soot models #&medamorphous carbons inasmuch as

reaction with NHOH is concerned which is noteworthy in view of quevious results on
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toluene flame soot which resulted in low valifés Printex 60 again shows the lowest
reactivity and qualifies for a carbon substratehvaitiow number of surface functional groups.
Owing to the fact that oxime formation is genewmitiaatalyzed® the differential reactivity of
the present carbonaceous samples may either britgtt to the availability or mobility of the
acid or, more likely, to the number of availablerbmmyl groups at the interface. The
elucidation of this aspect of surface titration masait further experiments as is the question
regarding the types of surface carbonyl groups #natable to undergo oxime formation in
addition to aldehydes and ketones. At this monvemtrule out significant surface oxime
formation by carboxylic groups because of the loW®®? values displayed in Table 2.
These data suggest a surface density of carboyndigps of less than a factor of ten compared

to carbonyl groups.

An additional potential ambiguity concerns the basature of both N)OH and
N(CHs)s, the former being a very much weaker base comprdbe latter in both the gas

phase (PA) as well as in solution @K If the NN™2H

(aerosol) value were due to the basicity
alone one would expect at most an identical, if @otsmaller value compared to
NiNCH3@erosol). In fact, just the opposite is true gtérs of several up to ten which points
to a very limited role of NbDH as a (weak) base when it interacts with thetiegissurface
groups. An obvious exception is that of FW2 whids a large number of oxidized surface
sites owing to its scheduled postoxidation treatmeéfVe therefore tend to attribute the high
reactivity of the aerosol surface towardsJ0H to oxime formation according to equation (6),
aldehydes and ketones being the sole carriers infieoxormation. Owing to the fact that
carbonyl groups represent a functional group whos®al oxidation number is lower than for
a carboxylic group we may state that XHH primarily interacts with aerosol particles whose
surface is partially oxidized. In contrast, thaaton with N(CH); signals the presence of a

totally oxidized interface mostly consisting of loaxylic groups.
Acidic probe gases such as HCl ands@BOH interact with interfacial Lewis base
sites B whose molecular identity is not knovenpriori. Equation (7) displays the expected

acid-base reaction with the generation of the &eisk complex or salt:

B: + HCI/CRCOOH — B:H'CI/CRCOO (7)
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In discussing acidities or basicities of surfacactional groups we find it more
appropriate to consider the corresponding gas pfatiser than the solution values because the
interface lacks extensive solvation capabilities, least under the present experimental
conditions of high vacuum and the extremely lovatige humidites. A rigorous proof for this
assumption cannot be given at this time excepttate sthat this concept enables several
explanations of observations that are not possiilen solution properties are used. It is
noteworthy that HCI is a weaker acid thangCBOH in the gas phase in contrast to aqueous
solution where solvating effects predominafe Owing to the smaller proton affinity
compared to G| CRCOO is less basic than Q1350 vs. 1395 kJ Md). Therefore, the gas
phase acidity of the conjugate acid HCI is lowarthhat of CECOOH. The basic sites may
be embodied by basic oxides whose existence on estioh aerosol particles and associated
reactivity have been extensively documented inpédmst®®>°*? The basicity does not need to
be centered on a N-containing base such as an amipgidine, rather it may be located on
O-containing “bases” or basic oxides such as dygglan Scheme Il. Indeed, relevant acid-
base reactions af - andy - pyrones that serve as model compounds for teie loxides with
HCl and CECOOH lead to pyrylium salts upon neutralizationi@&uwe Il). In addition to the
fact that certain carbonaceous substrates do tataot with either CFZOOH or HCI (see
Table 2), the reactivities of the acidic probe gaséh the basic oxides are in general lower
than for the corresponding basic N(§4probe. According to Table 2 SRM 2975 and Diesel
TPG soot do not react with GEOOH whereas all three amorphous carbons FS 1@efr
60 and FW 2 do. For the HCI probe, the inverseus: FS 101 and FW 2 do not interact,
Printex 60 does so marginally, whereas both SRMb28% Diesel TPG abundantly react with
HCI.

Basic oxides are generated when amorphous carbdoeated under dry conditions
to 900°C and subsequently exposed to a humid atmeospat ambient temperatut&®
Depending on specific combustion conditions suchtemsperature, richness of flame and
residence time it is not inconceivable that cer&imorphous carbons may accumulate basic
oxides on their surface. Boehm and coworkers Hauad that acetic acid (G&OOH) is
taken up on basic oxides located on the surfa@mairphous carbon in quantities larger by a
factor of three to six compared to H&l We attribute this to charge delocalization ie th
acetate compared to the chloride ion thus rendeérimgpre nucleophilic than acetate. The rate
of the reverse reaction in equation (7) will theref be faster for Clthan for CHCOQ,

thereby shifting the equilibrium towards the acaké complex (salt) for acetate compared to

14



chloride. This may be explained by the fact tiw teaction kinetics of GO0 + H —
CH;COOH is slower than C#+ H" — HCI owing to charge delocalization in the acetatien.
This in turn will affect the equilibrium in equatiq7) in agreement with the results of Boehm
and coworkers®. We therefore take the ratigfE“°?IN;"®' > 1 as an indication for the
presence of basic oxides on the surface of theb®raceous aerosol particles which does not
preclude the presence of additional types of Ldweises on the substrate at the same time.
CFRCOOH which has been used as a probe gas is a nrodgex acid in solution compared to
CH3COOH which has been used by B6hm and Vall Nevertheless, we expect a similar
degree of delocalization, hence similar stabilaatiof the negative charge in both

trifluoroacetate and acetate anion in view of tiseiilar structure.

Considering the above ratio from data displayed@iable 2 we conclude that all the
investigated amorphous carbons, namely FS 101teRr80 and FW 2 and to a lesser extent
hexane soot from a lean flame apparently contasichaides on their surface by virtue of the
larger uptake of GEOOH compared to HCI. Interestingly, Setyan andiariers®® have
investigated a secondary organic aerosol generfited photooxidation of limonene, a
naturally occurring terpene {§16). In this case the ratio;N*°°°N;H“ amounts to a factor
of ten and indicates the presence of basic oxidspite the fact that the aerosol was generated
from photooxidation, whereas all aerosol substrateslied here have been generated from
thermal oxidation or combustion. In contrast, btalyed” Diesel soot substrates as well as
soot from the rich hexane flame take up higher art®of HCI than CECOOH. The same
observation has been made for Pddllected in the field®. Diesel TPG soot is noteworthy for
its high absolute value of if'(aerosol) in that it can bind significant amounts HCI
compared to all other substrates. Moreover, theessubstrate also contains a large number of
acidic sites (see Table 2) in just about equal remb This shows that a soot surface may
contain a large number of Lewis base as well adi@aaurface functional groups that act
independently of each other. A last remark coreénintex 60 soot that once again shows a
low number of basic sites compared to all otheb@aaceous samples. In the end, the present
titration technique does not give detailed moleciiéormation on the sites reacting with both
CRCOOH and HCI. However, the ratig®FC°° N1 reveals precious information on the
possible presence of pyrone structures. Moredkierstructure and identity of the remaining

basic sites preferentially reacting with HCI remtrbe elucidated in the future.
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Both O; and NQ are oxidizers that may specifically interact witkidizable, thus

reduced sites on combustion particles accordiregjt@tion (8):
-Cred + O3/NO; — -Cox + Oo/N(II or 111) (HONO or NO) (8)

Oz is a stronger oxidizer than NQherefore the extent of interaction of an oxidieasubstrate
with ozone will usually be larger than with N(see Table 2). The reaction product gfdd
carbonaceous aerosol particles is’®and of NQ either HONO and/or N3, depending on
the nature of the adsorbed organic phase. Olefiagractically the only hydrocarbons that
quickly react with Q in gas phase ozonolysis reactions whose produnctsr@echanism are
well established™ In contrast, reactions of gas-phase polycyctionetic hydrocarbons
(PAHs) with Q are slow, except in cases where part of the hydban retains an olefinic
character, such as for example in azulene, acemgphe and inden&"*’. In contrast, the
reaction rate constant for the reaction gfvith PAH’s adsorbed on SiQgraphite or Diesel
soot is larger by two-to-three orders of magnitadepared to the corresponding reaction of
gas phase PAH'E¥°! when the disappearance of the PAH in the preseh€g is monitored.
The fundamental reason for this discrepancy isaarcht the moment, but it may be related to
the nature of the adsorption site on the carboneceabstrate. A significant fraction, namely
up to 70% of the PAH’s adsorbed on graphite andrphaus carbon resists oxidative decay in
the presence of Dwhereas the decay is quantitative for PAH’s anisdron Si@*. A similar
situation holds for reactions of NQvith PAH’s adsorbed on Diesel soot and silica vehos
competitive kinetics with OH free radical has bestudied by Villenave and coworke?s>
Slower by four orders of magnitude compared to @t¢, NQ/PAH reaction retains some

structure-specific aspects but is deemed not wf b@y atmospheric importance.

Concerning the interaction with ;Gand NQ both types of hexane flame soot
generated in the laboratory from a diffusion flan@ve a functional group density larger by at
least a factor of ten compared to all other carbeoas substrates except FS101. In going
from a rich to a lean hexane flame the result f@p Nisplayed in Table 2 is as expected, that is
NiN“%(aerosol) for the rich flame soot is larger by etda of two compared to the lean flame
soot. We know that a rich hexane or decane flaemeigtes an adsorbed organic phase that is
less oxidized, hence interacts to a larger extéifit WO,'®. In contrast, when considering the
analogous results for{as a probe gas interacting with hexane flame Huotordering is

inversed with values differing by only 50%. Thenef, the reactivity of both hexane flame
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soots towards ©is apparently very similar. Both the SRM 2975 wasll as all three
amorphous carbon samples have lof°Rlvalues indicating their advanced state of surface
oxidation in contrast to hexane flame soot that rbaycharacterized by a fairly reduced
surface. An obvious exception is the Diesel TP@a that apparently retains its reducing
power despite its age, sample history and numbesadbioxylic groups based on N(gkl
uptake (see Table 2). In keeping with the relatx&lizing power of @ vs. NQ, the N°3

values are larger by a factor of ten or more coeygbéw NQ for the corresponding substrates.

Other methods of surface characterization of caabeaus particles have been

proposed such as surface-sensitive spectroscopfmitgies***°

However, these yield
different answers compared to the presently usesandal interrogation of the particulate
interface. A nice illustration of the capabilitied modern spectroscopic techniques at
resolving microstructural details of the complexface of carbonaceous particles has been
presented by Schlégl and coworkéts The combination of high-resolution imaging, élen
energy loss spectroscopy and Cls and Ols XPS Is@yndicant correlations between the
degree of spand sp hybridization of carbon, the size of the graphlyers, their curvature
and the O-content of the interface. These mianotitral details are a fingerprint of the soot
samples that differ according to the source anaviyethey were generated by combustion and
represent useful complementary structural inforamatio the surface-chemical investigation
performed in this work. An interesting attempti@éentifying and quantifying the surface
functional groups of amorphous carbon (soot) wagetmaken by Muckenhuber and Grothe
°55¢ These workers used both temperature-programresdrgtion MS (TPDMS) as well as
Diffuse Reflectance FTIR Spectroscopy (DRIFTS) agguaostic techniques after
heterogeneous reaction of soot with the mild oxdiXC, at temperatures up to 400°C. The
thermal stability of the various generated surfasetional groups after mild NQoxidation
was subsequently probed by TPDMS and DRIFTS foridleatification of the gas phase
oxidation products and the remaining surface inégliaies, respectively. The reaction with
NO; occurs at the interface and leads to the formatibmn acidic functional group that
decomposes into Gaand NO at 140°C. DRIFTS successfully identifibd precursor to this
acidic group but not the group itself because ofatpid thermal decomposition. In parallel,
guantum mechanical calculations are beginning tdress the thermal decomposition of
oxidized graphenic soot platelets as reaction prtsdixtom functionalized polycyclic aromatic

hydrocarbon oxidation in order to support the iptetation of TPDMS experiment§
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TiO, aerosol particles.

In contrast to nanoparticle properties much knog#edhas accumulated on the
structure, physics and surface/bulk chemistry n§lei crystal TiQ which has recently been
summarized by Diebolff. We therefore take the single crystal properieEiO, as a limiting
behaviour for nanopatrticles in terms of reactivdage sites that consist of oxygen vacancies
as well as surface defects. These oxygen vacaocdiethe surface of single crystal TiO
corresponding to penta-coordinated™Tons are bridged with reactive surface hydroxglups
after exposure to water vapor that dissociativetgnsisorbs®®. These oxygen vacancies
constitute approximately 5 to 10% of the surfaceaaon the (110) face of rutile which we
consider a lower limiting value for TiOnanoparticles. In addition, subsurface O-vacancie
and structural defects are important as they negi@vards the surface and participate in the
reactivity of the TiQ single crystal surface depending on several exyggrial parameters such
as temperature and diffusion coefficients of thdskects. It seems therefore, that surface and
bulk properties in Ti@may not be viewed separately and that, apart stoctural defects,
the only chemically distinguishable surface funeéibgroup is (bridging) surface hydroxyl
whose acidic properties span a wide raffgeTitania (TiQ) has therefore both surface —OH
groups as well as Lewis acid corresponding to siratdefects, but no Bronsted acid sites that
undergo reaction with either Bronsted or Lewis baSe The Lewis acid character of pure
TiO, is preserved upon adsorption of heavy-metal oxsleh as F©; °°. Wet-chemical
titration of bulk anatase Tixaqueous suspensions also indicated a continueesrsm of the
amphiphilic nature of surface OH-groups in Fi€panning the range from strongly acidic to
basic OH groups®. Numerous N-containing compounds such as;,N¥H, and NHOH
preferentially interact with Lewis acid sites inrew of the confirmed absence of Bronsted
acidity in pure anatase Ti3°. However, when titania contains contaminants El8iQ
significant Bronsted acidity may result. Taking arslightly different viewpoint, Boehm and
coworkers have stated that the density of aciditkasic OH-groups in titania (including TiO
P25) are roughly balancéd Assuming titania to be pure it appears that N{gldirectly
interacts with TiQ as a Lewis acid akin to ammonia and hydroxylarfitne

Hydroxylamine strongly interacts with Lewis acidesi of pure TiQ (anatase)
despite the fact that it is a much weaker base d@namonia. Both the pKin aqueous solution
as well as the gas phase proton affinity PA amgelafor NH; than for NHOH 2% pKy(NH3) =
9.25, pk (NH,OH) = 5.96; PA(NH) = 854, PA(NHOH) = 803 kJ Mof. Trimethylamine,
N(CHg)s, is an even stronger base than jNbvbth in the gas phase as well as in aqueous

18



solution: PA(N(CH)3) = 942 kJ Mof', pK4(N(CHs)s) = 9.81. This indicates that NBH
specifically reacts as a base with Lewis acid s0fe§iO, in agreement with the fact that pure

TiO, is not a Bronsted acii.

A look at Table 2 reveals a significant uptake ofhbN(CH); and even more so of
NH,OH at ambient temperature on all three J8@mples. A very efficient reaction of NbH
occurs on several formal monolayers of the ;T$0bstrate, at least for two of the investigated
substrates, namely T¥OP25 and TiQ 50. This means that hydroxylamine may undergo
reaction with deeper layers of titania in subswefagactions that have been well documented
on TiO, single crystal surface8. In addition, the most reactive sample towards®H, TiO,
P25, has been shown to contain traces of, SiQvhose Bronsted activity may contribute
somewhat to its high reactivity towards hydroxylaei The present data also indicate that
N(CHz); and NHOH uptake is the smallest for Ti@ith a high anatase content (Li05 nm)
compared to a Ti@with a lower anatase content such as,T80. However, the anatase
content given by the manufactuepriori addresses the bulk composition which nevertheless
does not preclude a systematic variation of therfate with the composition of the bulk.
Under the present reaction conditions both N-cairigi compounds adsorb on the FiO
substrate until saturation with no observable pctslevolved at ambient temperature. We
emphasize that NJOH apparently specifically reacts with bulk Ti@ contrast to combustion
aerosol where the probe gas primarily interacth aitlehydes and ketones that are presumably

part of the adsorbed organic phase of the carbonaczerosol.

As shown in Table 2 both acidic probes substawtialleract with all three Ti@
samples despite the fact that its Lewis acid charas well establishe®f. Apparently, titania
has the ability to bind acidic probe gases on bsaiés akin to combustion aerosol particles
owing to the presence of basic carbon oxides. Goetpto the carbonaceous substrates the
N;™(aerosol) values for GEOOH and HCI are large and of the same order ofninzge
except for TiQ 50 that has a ten times higheFf(aerosol) value. In view of the fact that the
generic TiQ surface is a Lewis rather than a Bronsted atisve explain the fairly uniform
reactivity towards CFCOOH and HCI with the presence of surface hydrgxglps that act as
basic sites in agreement with results obtained laigfBaumann®, The apparent exception,
namely the titration of Ti@50 by a large amount of HCI, may be attributethtoformation of
an oxychloride whose presence will have to be ingated in future experiments. Titration

experiments in aqueous suspension of , TRA5 reveal a strong adsorption of acetic acid, but
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none with strong mineral acids such as HCl and HCO A look at Table 2 shows that this
trend is not borne out in the gas phase where tleemven a slight preference for HCI
adsorption compared to GFOOH. This is an example where the solution sertétcation is
different from the gas phase. This change in difigal reactivity of CECOOH vs. HCI, the
absence of any interaction of LiQvith gas phase NO(see below) and the lack of @O
reaction on Ti@ °® are three examples for a change in reactivityrobe gases between the
gas- and the condensed phase. In contrast, reretffes in gas-condensed phase reactivities

have so far been found for carbonaceous substrates.

TiO, does not interact with NQOin the gas phase despite its well-documented
reactivity on single crystaf®, but reacts with gas phase, @nost probably resulting in non-
catalytic decomposition of ozone and generatind¥5®> Ozone reacts as a Lewis base and
forms an adduct with titania which has Lewis adidracter. In contrast, T§P25 reacts with
NO, in solution to surface nitrate whose IR absorptias been identifiel®. Owing to the
absence of significant amounts of adsorbe® khis reaction is thought to be a surface variant
of the well-known disproportionation reaction leaglito nitrate and nitrite according to 2NO
+ H,O — HNO; + HONO. The absence of a reaction in the gasephapposed to aqueous
suspension may be attributed to the slow kineticdigproportionation in the gas phase or at
the interface. The Puptake on TiQ is non-catalytic because it saturates after uptake
between 1.2 to 18 formal monolayers (Table 2). atiition, Q generation ceases after
saturation of the @uptake on TiQ It is conceivable that £fills” oxygen vacancies of the
nanoparticle surface as well as subsurface vacantidew of ist strong oxidizing power. No
systematic trend between the anatase and rutilsept@uld be detected when considering the
relative reactivities of all probe gases expredsetheir N¥(aerosol) values. This is perhaps
not too surprising as the specific structure is@perty of the bulk of the particle whereas the

present titration scheme specifically addressesuhf@ace composition and structure.

Summary of Uptake Values
The surface reactivities of the different subssabased on the comparison of the
N;™(aerosol) values for all six probe gases may bensarized as follows:
Printex 60 has a significantly lower functional gpodensity throughout, compared to other
investigated carbonaceous substrates.

FS 101 is a highly “reduced” combustion aerosokdamn its reactivity with @
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Diesel TPG aerosol particles are highly reactiveepx towards CF£OOH which suggests
that these nanoparticles do not have significarduants of basic oxides. The surface density
(N;M(aerosol)) of all other carbonaceous particles amprised between the extremes of
Printex 60 and Diesel TPG, representing the avenaiggmum and maximum values of\
respectively.

All three amorphous carbons together with lean heXtame soot contain basic oxides as
gauged by the larger/Nvalues for CECOOH than for HCI in contrast to other carbonaceous
particles

Due to the large number of surface functional gsowhich can be oxidized bysGnd
NO,, laboratory soot from a hexane flame presentseduted” surface, akin to amorphous
carbon FS 101.

TiO, displays a large reactivity towards pMPH, CRCOOH and HCI which is in
agreement with the continuous distribution of acidnd basic OH groups on the surface of
TiO,. These go from Lewis acidic to Lewis basic chemac

On TiO, ozone decomposition is non-catalytic owing to dagaturation of @uptake and
generates @as a reaction product.

Akin to Printex 60 TiQ 15 has the lowest density of functional groupos&rall probe
gases among the three studied JJgamples despite the smallest size of its primaryigles

and the highest anatase content.

Uptake Kinetics.

Table 3 displays the initial uptake coefficieggsthat have been obtained from the
MS data such as displayed in Figures 1 to 4 acegrtti equations (1) and (2). As indicated
above they, values have been obtained by using the geometriace area (4 resulting in
larger values ofp compared to the same data normalized to the BEHaciarea because of
the small geometric relative to the large BET stefarea. A comparison between Tables 2
and 3 reveals that the uptake probability is roygborrelated with N'(aerosol). The
carbonaceous particles FW 2, SRM 2975 and Diesé, T&en as a group, have both high
values of N2 and NV*2°H as well as large corresponding valygs This relationship is
expected because a high density of functional group lead to rapid uptake of the probe gas
according to Equation (2). The uptake kineticslecavith the surface Aof the substrate,
everything else being equal. In addition, tgevalues of N(CH); and NHOH for all

carbonaceous particles are correlated which is aelgmected owing to the general acid
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catalyzed nature of the oxime formation reactiogudiion (6): the higher the acidic group
density (measured byN™3), the higher is the correspondiggand the faster is the oxime
formation owing to the large catalyst concentrationthe surface at a high value of' ™2

A look at Table 2 and 3 provides further examplesuzh correlated behaviour betweeff' N
andyo, such as N™¢°"for FS 101, Printex 60 and FW2 ofNl for Diesel TPG. However,
there are also exceptions, especially for & a probe gas. N for Printex 60y is
unexpectedly large, whereas the reverse is trudlifrfor both hexane flame soots whege
seems too small for the measured value 8f.NWhen one considers the results for all three
TiO, samples displayed in Table 3 one comes to thelesioa that there is also a rough
correspondence gf with the bulk anatase content of Ti the order TiQ 15 > TiQ, P25 >
TiO, 50. In addition, theyp values for HCI are in general larger compared E3GDOOH
uptake. The geometric area is the correct matricse when dealing with the initial uptake
probability yo because the probe gas does not have the oppygrtanéxplore the combined
internal and external surface area in the shoitabla reaction time, usually on the order of a
few seconds or less. On the other hand, we aeslfath considerable uncertainties of sample
presentation when the masses of the substrates amall as in the present work. We believe
that the uptake probability is an additional useful parameter to gauge thetikety of aerosol

surfaces towards probe gases.
Conclusions

The Knudsen cell is a suitable experimental tooklie characterization of the density
of chemical surface functions of nanopatrticles.e @dvantage of this technique compared to
spectroscopic methods is that the obtained resuased on the particle surfasactivity
towards different probe gases. Quantitative serfdensities of functional groups are
obtained in combination with a metric for the ewedrsurface of the nanoparticles. Such
reactivity information is thought to be of prime portance to understand the potential
toxicologic effects of nanoparticles. The follogigeneral observations may be made:

» The aerosol interface of the studied combustion difd, nanoparticles is
multifunctional, combining acidic, basic, oxidizable [= reduceddasarbonyl
functions on the same particle surface. The redadiistribution of these surface
groups may be a useful indicator for the state xtlation in the case of a

carbonaceous particle, and/or reactivity of a prsurface.
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» The density of functional groups on tlwarbonaceous (combustion)aerosol
surface isvariable depending on the combustion conditions in conti@se three
investigated TiQ@ nanoparticle materials, whose surface shows a ror®rm
density of surface functional groups.

* A rough correlation exists between the uptake kisetexpressed as the reaction
probability per gas-surface collision, and the dgrsf surface functional groups as
expected from theory. However, there are alsomiaes which indicate that there

may be structural parameters also influencing gtake kinetics.
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Table 1 Knudsen flow reactor parameters for the 1mm nairdiameter aperture.

Parameter Value

Volume of the reactor V = 1830 [én

Estimated surface area of the reactor S = 130§ [cm

Geometric surface area of the samples < =A2.6 [cm] for both hexane soot samples

As=3.14 [crﬁ] for FS 101, Printex 60, FW 2, SRM
2975, Diesel TPG and Ti®amples

Escape orifice diameter @ =1 [mm]
Chopper frequency 225 [Hz]
Concentration of gas-phase probes in the reactor| = [h@lecule/cr]
Molecular flow rate of gas-phase probes 18" [molecule/sec]
Escape rate constant Kesc= 0.010° yT/M [s7]

aT = temperature [K], M = molecular mass [g/mol].

Table 3. Initial uptake coefficieny, of heterogeneous chemical reactions between gesegirobe molecules and
supported aerosol nanoparticles obtained usindgthalsen flow reactor based on the geometric suréaea of
the sample support. Values in brackets correspmttie standard deviation of duplicates.

N(CHs)s NH,OH CF,COOH HCI Os NO,
FS 101 7.8 (20.4)- 10*| 6.1 (¥1.0): 10° | 7.9 (20.6)- 10° no reaction 1.1 (x0.1)10%| 3.8 (x0.3) 10°
Printex 60 9.9 (20.6) 10*| 9.9 (¥1.7)- 10°| 2.2(x0.2)- 10? | 2.1 (x0.1) 10° | 1.0 (z0.1) 10%[ 1.8 (x0.2)- 10°
FW 2 4.3 (x0.2) 10?| 4.4 (x0.7) 102 | 1.6 (x0.1)- 102 no reaction 1.1 (x0.1)10%| 5.8 (x0.5) 10°
SRM 2975 2.4 (¥0.1)- 10°| 1.5 (20.3)- 107 no reaction 2.9 (¥0.1)10° | 5.8 (x0.5) 10*| 6.3 (x0.5) 10°
Diesel TPG 1.3 (20.1)- 10%| 2.1 (x0.4)- 10° no reaction 1.3 (x0.1)10% | 1.0 (*0.1) 10| 1.4 (x0.1) 10°

Hexane rich flame | 8.4 (20.5) 10°| 4.2 (x0.7)- 10" | 3.6 (x0.3)- 10° | 2.0 (x0.1) 10" | 1.6 (x0.1)- 10°| 2.8 (20.2)- 10°

Hexane lean flame | 8.7 (£0.5) 10°| 15 (x0.3) 10°| 2.9 (x0.2) 10° | 1.7 (#0.1) 10° | 2.4 (0.2) 10%| 2.5 (x0.2) 10°

TiO,15 2.5(x0.1)- 10" | 8.4 (+1.4) 10| 5.5 (x0.4)- 10° 1.4 (x0.1) 10" | 1.0 (+0.1) 10° no reaction
TiO, 50 6.5 (x0.4)- 10°| 1.5(x0.3) 10| 1.0 (x0.1)- 107 1.9 (+0.1) 10° | 6.4 (x0.5)- 10* no reaction
TiO, P25 4.5 (0.3 10°| 5.9 (+1.0) 10°| 3.5 (x0.3)- 10° 1.5 (0.1 10" | 1.5 (0.1) 10° no reaction

27



Table 2 Uptake Naerosol) of six probe gases in molecular unitalu¥s displayed in first, second and third row
of each box correspond to uptake per mg, perafraubstrate and to a formal molecular monolayéni(see
text), respectively. Typical uncertainty derivedrfr duplicates is + 15% for all three entries pet.bo

S”'{;%fg]BET N(CHs)s | NH,OH | CF.COOH|  Hcl 05 NO,
FS 101 58104 | 1.2-10®°[ 1.8 10° 7.3-107[ 2.0-10°
208 2.9:10%| 6.0°10°| 9.2:10” | Noreactio 3.7-10"°| 9.8-102
0.81 7.6 2.3 498.0 1.4
Printex 60 1510°| 2110 4.0 10° 8.2-10" | 6.4 10®°| 7.4 10
1158 1.3'10%| 1.8'10°| 3.5 10% 7.1-10" | 5.6°10%| 6.4°102
0.36 2.3 0.9 0.08 7.5 0.90
FW 2 2.4°107 | 4.4 10" 45 10° 4.4 107 4.1 10°
4601 52°10°| 9.6-10°| 9.9-10% | Noreactio 9.6-10®| 8.9-10“
14.5 12.2 2.5 12.9 1.3
49°10%°| 1.3 10% 2.4-10° | 8310°] 3.2°10°
SRM 2975 91 5.3-10% | 1.510°| Noreaction 2.6-10% | 9.1-10*| 3.5-102
14.7 191.1 0.3 1.2 0.49
3.1°10%°| 1.4 10% 46°10° | 1.3-107| 1.3-10°
Diesel TPG 53.7 5.8-10®% | 2.6-10"| Noreaction 8.7-10® | 2.5 10| 2.4 10°
16.1 331.2 10.1 33.7 3.38
Hexane soot 1.8 101;5 2.1 101; 1.8 101;5 9.0- 10135 9.5 10157 2.6 101;5
from rich flame 48.9 3.8 10 4.4 10 3.8 16 1.9 16 2.0 16 5.4 16
1.1 55.7 0.9 2.2 266.4 7.6
Hexane soot 2.8 101;5 3.3 101; 3.2 101;5 3.1 101;5 2.0’ 101;3 1.9 101;5
from lean flame 74.3 3.8 1¢ 45 16 4.3 16 4.2 16 2.7 16 2.6 16
1.1 56.8 1.1 0.5 364.0 3.6
14107 | 2710 1.1 107 3.9°10" | 1.9-10
°Ti0, 15 21010 6.6:10% | 1.1-10*°| 5.3 10° 1.9-10" | 9.1-10%| No reactio
18.3 140.1 13.1 22.1 1.2
3.2°10°| 1.5 10®| 1.2-10° 3.9°10" | 7.1-10®
TiO, 50 21.4 15104 | 7.0°10°| 5.7-10° 1.8-10"® | 3.3°10°| No reactio
41.7 892 14.1 209.3 4.44
6.4'10° | 3.9-10°| 1.1 10° 14107 | 6.4 10®
Ti0, P25 5015 1.3:10% | 7.7-10°| 2.3 10° 2.810" | 1.3°10"| No reactio
36.1 981 5.7 32.6 17.5
2Data given by manufacturer (Evonik AG) dTiOz 50 nm : 65% anatase, 35% rutile (bulk)
® Data given by manufacturer (Sigma-Aldrich AG) °TiO, P25: 80-90% anatase, balance rutile (bulk).
°TiO, 15 nm : 98% anatase, 2% rutile (bulk) ‘Determined at EPFL (see under Experimental).
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Figure Captions

Figure 1. Raw data of GEOOH uptake on 1.77 mg of amorphous carbon FWa2flatv rate
of 2.8 x 16" molecule & monitored at m/e 45 in the 1 mm diameter apeimedsen flow
reactor (ks.= 0.0214 2) leading to the initial uptake coefficiept= 3.9 x 1C.

Figure 2. Raw data of HCI uptake on 1.93 mg of;TR@5 powder at a flow rate of 9.4 x40
molecule 8 monitored at m/e 36 in the 1 mm diameter apetimadsen flow reactor (k.=
0.0443 &) leading to the initial uptake coefficiept= 3.7 x 1C°.

Figure 3. Raw data of N(Ght uptake on 10.0 mg amorphous carbon FS 101 aweréite of
6.4 x 16* molecule @ monitored at m/e 58 in the 1 mm diameter apettimadsen flow

reactor (ksc= 0.0308 3) leading to the initial uptake coefficiept= 2.0 x 10".
Figure 4. Raw data of {uptake on 1.14 mg of soot from a rich hexane flatree flow rate of

6.7 x 13° molecule & monitored at m/e 48 in the 1 mm diameter apeitimedsen flow
reactor (ks.= 0.0509 ¥) leading to the initial uptake coefficiept= 1.6 x 1C".
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N(CHs); uptake on FS 101
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fﬁ (\AL + HCI — @ O\ pyrylium salt
CI'

Y. a-Pyrone
o OH
W/H/ %Y
| .- |
| | + Hal —_ FAAAAAAAS
BRSNS J N
O+
basic oxide Cl-
A B
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