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Abstract. This paper introduces the capability to study 1 Introduction

simultaneously changes in the density, the chemical com-

position, the mobility diameter, the aerodynamic diameter,The density f,) of an aerosol particle is a physical prop-
and the layer thickness of multi-layered aerosol particleserty of great importance for the prediction of particle me-
as they are being altered by heterogeneous chemical rea€hanics and thus aerosol life cycles, both in the atmosphere
tions. A vaporization-condensation method is used to genand in the human respiratory system (Seinfeld and Pandis,
erate aerosol particles composed of oleic acid outer layerd998). The density, combined with the dynamic shape fac-
of 2 to 30 nm on 101-nm polystyrene latex cores. The layertor (x), relates the aerodynamic diametéy)(of a particle
density is modified by reaction of oleic acid with ozone for to its electric mobility diameterd,) (Hinds, 1999; Baron
variable exposure times. For increasing ozone exposure, thend Willeke, 2001). The dynamic shape factor accounts for
mobility diameter decreases while the vacuum aerodynamié¢he effect of nonsphericity on the particle drag force. Fur-
diameter increases, which, for spherical particles, impliesthermore, the density indirectly affects the optical properties
that particle density increases. The aerosol particles are corf particles because the refractive index typically increases
firmed as spherical based upon the small divergence of th&onotonically with the density.

partide beam in the aerosol mass Spectrometer_ The par- Early determinations of density from measurements of the
ticle and layer densities are calculated by two independentnass £:,) and the mobility diameter of spherical particles
methods, namely one based on the measured aerodynami¢ere made using a Millikan cell (Fuchs, 1964). More re-
and mobility diameters and the other based on the measureéently, Lipowicz (1988) employed a Millikan cell to deter-
mobility diameter and particle mass. The uncertainty esti-mine the effective densityp() of cigarette smoke particles.
mates for density calculated by the second method are tWa—he effective density is an alternative when an experiment is
to three times greater than those of the first method. BotH0t capable of separating, andx. In this casep.=f (o),
methods indicate that the layer density increases from 0.89 ta), which can be calculated from the measurement of any
1.12 gcm~3 with increasing ozone exposure. Aerosol masstwo 0f da, dy, or m), (Kelly and McMurry, 1992). Risti-
spectrometry shows that, concomitant with the increase ifmaki et al. (2002) obtained the effective density from mea-
the layer density, the oxygen content of the reacted layesurements of,, with a scanning mobility particle sizer and
increases. Even after all of the oleic acid has reacted, th@f d. with an electrical low pressure impactor. McMurry et
layer density and the oxygen content continue to increas@!- (2002) determined the density of spherical liquid particles
slowly with prolonged ozone exposure, a finding which in- by first selecting particles of specifif, using an electrostatic
dicates continued chemical reactions of the organic product§lassifier and subsequently measuringvia an aerosol par-
either with ozone or with themselves. The results of this pa-ticle mass analyzer (Ehara et al., 1996). Hand and Kreiden-
per provide new insights into the complex changes occurringveis (2002) calculated the effective density using a differ-
for atmospheric particles during the aging processes cause@ntial mobility analyzer to measutg, and an aerodynamic
by gas-phase oxidants. particle sizer to measueg,.

Correspondence tdS. T. Martin
(scotmartin@harvard.edu)

© 2005 Author(s). This work is licensed under a Creative Commons License.



276 Y. Katrib et al.: Density changes of aerosol particles

I R ———— ; measurements of the mobility diameter, the vacuum aero-
| | dynamic diameter, the mass, and the chemical make-up of

| dy | m |, laboratory-generated aerosol particles. A detailed descrip-

I I -F------- tion of the experimental setup and protocol is provided in Ka-

trib et al. (2004). Briefly, an aerosol composed of polystyrene

e I latex (PSL) particles is externally mixed with an aerosol

I : composed of oleic acid particles. The combined aerosol

|| DMA | passes through a tube furnace having a linear hot-to-cool

l l
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I
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I I
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I

Ozone

SMPS

temperature gradient (78 to Z5). The oleic acid particles

vaporize in the hot region, and the vapor subsequently con-

denses in the cool regions onto the surfaces of the PSL parti-

Analysis cles (Fig. 1). The apparatus generates 101-nm PSL particles

coated with oleic acid layers varying from 2 to 30 nm thick-

ness in a reproducible and controlled manner. At the exit of

Fig. 1. Experimental apparatus for generating, processing, and anthe tube furnace, the coated aerosol particles are exposed to

alyzing coated pa_rhcles._Key: T_O_F, time-of-flight; MS, mass spec- ozone of variable concentration (1 to 30 ppmV: 2113 to

trometer; DMA, differential mobility analyzer; CPC, condensatlorI 7 4% 10 molec ch3) in 1atm of 98% N and 2% O for
partu_c_le counter; AMS, aerosol mass spectrometer; SMPS, SCaNNiNg ¢ ot a relative humidity under 1% at 298 K. The reaction of

mobility particle sizer. Symbolg,,;, dyq, mr, andN are defined in . . . ) . ' .

the text. oleic acid with Q is employed to increase the density of the

coating and to reduce the geometric diameter of the particles.
Particle shape is interrogated through measurement of the
In comparison to these earlier reports for determining par-divergence of the particle beam (Sect. 2.1). Particle mo-
ticle density, the experimental setup introduced in this papenijlity diameter ¢,,), vacuum aerodynamic diametet,),

has several significant innovations: aerosol layer massi(; ), and particle number concentration

(N) are measured in parallel by an SMPS/AMS setup (Fig. 1)
g(Sects. 2.2-2.5). These primary measurements are employed
to calculate particle layer massif), layer thickness ),
particle density £,,), and layer densityqd; ) (Sects. 2.6-2.8).

2. A polystyrene latex (PSL) core serves to maintain aThe relationships among these quantities are summarized in
spherical shape for particles coated with oleic acid. Tables 1 and 2. The uncertainties of the measured and calcu-
Density, instead of effective density, is therefore mea-lated quantities are summarized in Table 3.
sured. A spherical shape is confirmed by measuring the
divergence of the particle beam in the AMS. 2.1 Interrogation of particle shape

Coating Processing

1. All three quantities,, d,, andm, are simultaneously
measured. Two independent methods of determinin
particle density are, therefore, possible.

3. Particle density is sy;tematically varied by controlleq The divergence of a particle bearf2)in an aerodynamic
heterogeneous chemistry. Namely, ozone reacts withens similar to the one installed at the inlet of the AMS is
thin quter layers of oleic acid on the PSL core particles giscyssed by Liu et al. (1995a, b). The divergence, which is
(Katrib et al., 2004). determined in the nozzle expansion by the greater of Brow-

The reaction of oleic acid with 0zone has recently been inveshian motion or the aerodynamic lift force, depends on par-
tigated intensively (Morris et al., 2002; Moise and Rudich, ticle shape. A spherical particle, which provides the refer-
2002; Smith et al., 2002, 2003; Ziemann 2003; Thornberryence value for the drag force, has zero lift force, and, conse-
and Abbatt, 2004; Katrib et al., 2004; Hearn and Smith, duently, the beam divergence (caused by Brownian motion)
2004; Asad et al., 2004; Broekhuizen et al., 20T he ex-  is small.

perimental approach described in the current paper allows for The beam divergence inside the AMS is determined via
detailed observations of the physical and chemical changegnalysis of the lateral beam profile, which is obtained by

that are caused by aerosol heterogeneous chemistry. stepping a wire of 0.3 mm diameter across the particle beam.
The solid angle of a cone having a base of raditand a

. height is given byQ2=27 (1— cost) whered=tan 1(r/ h).
2 Experimental In the AMS, the distance from the expansion nozzle to the

. . . . flash vaporizer is 0.45m.
A scanning mobility particle sizer (SMPS) and an aerosol Whereas the beam divergence is a response to the lift

mass spectrometer (AMS) are employed for parallel On'Iineforce, we are instead in need of the drag force for many of

1Broekhuizen, K. E., Thornberry, T., Kumar, P. P., and Abbatt, the calculaIions (cf. Tables 1 E_md _2)- Spepifically, we need
J. P. D.: Formation of cloud condensation nuclei by oxidative pro-the dynamic shape factog J, which is the ratio of the actual
cessing: unsaturated fatty acids, in press, 2005. resistance drag of the particle to that of a sphere having the

Atmos. Chem. Phys., 5, 27891, 2005 www.atmos-chem-phys.org/acp/5/275/
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Table 1. (Top) Relationships of the measured quantities to the theoretical volume equivalent diafnetekr( irregular particle melted

and reformed as a sphere has a vqumendBX(de)3. (Btm) Relationships of the derived quantitiefs, (0, and p7) to the measured
quantities ¢, dya, andmy). Terms not defined elsewhere inclullg (the drag force)y (the absolute viscosity of air), and(the particle

velocity). (For further derivation of the relationships shown in this table, see chapter 3 of Hinds (1999) and chapters 3 and 4 of Baron and
Willeke (2001)).

Relationships of the measured quantities to the theoretical volume equivalent diameter (d,)

Quantity Equation
. F actual C (Kn(d ))F actual
Dynamic shape factor, = @(shape, Kn(d shape _ "D = ¢ e/J7D T1.1
X = P(shape,Kn(d)) Fra Ey—)
Examples: " =1.00 for a sphere and y*"** = 1.08 for a cube.
#(Kn(d)) =1 for Kn <0.1. ¢(Kn(d)) #1 for Kn(d) > 0.1 (except for a sphere).
We define y/ for P=1atm and 0.1 < Kn(d) < 10, for which y. = ¢(shape, Kn(d)) y***.
We define y, for Kn > 10, for which y, = ¢(shape, Kn(d)) y**.
For spherical particles, ¢(shape, Kn(d)) =1 and, therefore, y = y. =y, =1.
See further notes on the term ¢ in the text.
e , C.(Kn(d,)) . .
Mobility diameter, d,, d =d y ————n2 =\d, =d,y, because P =1 atm and 0.1 < Kn < 10 for submicron particles T1.2

" CUKn(d,)

inside the DMA where y, = x| C.(Kn(d,))
C.(Kn(d,))

VA VA
Vacuum aerodynamic diameter, d, = d{ 2 Mj = d,~d, [ﬁd—j at 10° torr inside the AMS (po=1.000 g-cm™) T1.3
J pox C.(Kn(d,,)) PoX, d,

(subscript v denotes vacuum pressures, viz. Kn > 10)

—> Rearrangement yields |d,, =d, Lo
PoXy

va

at low pressure.

*General form: C =1+ Kn(l .142 +0.558exp(—0.999/Kn)
At low pressure (Kn >10): C, =1.700Kn

C.(Kn(d,) _d

" C.(Kn(d,,) d,

va

Then.

at low pressure.

_ _
Mass of layer, 1, m, =—

o (ppdf —pw,.edfo,t,) = %pL (dp3 - dfm,e) where peor. = 1.054 g-em™ and d.or = 101 nm T1.4

Relationships of the derived quantities (L, p,, and p,) to the measured quantities (d,, d,, and m, )

Quantity Equation

Layer thickness (L) L=(d,—101)/2 = (du/y.— 101)/2 T1.5
1 (6 (6 1 Y(em § d

Density of particle (,) p, =—;( ~L +pd) =Z—;( ~L +p‘,1,.gdim) - [ s +pdj Pt TLG
d;\ = d,\ dupos) \ 7 d,

_ 67 67

Density of layer (p;) PL=— i = mL3/7r — = mL/ﬂ3 ; T1.7

g(dj ~d’,.) ((d,/2.) -2, ((;apodm/p,j) —dw)

www.atmos-chem-phys.org/acp/5/275/ Atmos. Chem. Phys., 528152005
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Table 2. Relationships amond,,, dy,, andrmiy .

dva dm 'ﬁL
3
d ] d =PXZ ozl (pada)
pp L 6 p; core™ core
d3
d d =—tr_g4 ] m =X Pl
m va m L core™" core
PoXaXy 6 lj
_ i
- A 1 (6m 3 ’
_ 1 6 = — | = 3
m,d,= [pj( T +pcm,edfwﬂ d, =X, >\ 2 + PeoreBeore i
PoXy 7 ’

Table 3. Summary of the results of six experiments. Given are (1) the primary measurements of dynamic shape)fantiility diameter

(dm), vacuum aerodynamic diametet,(), aerosol layer massn( ), and particle number concentration measured by the SMPSd

(2) the derived quantities of layer thickneds) ( particle layer massi{(;,), particle density ), and layer densityd;,). The uncertainties

(one sigma) shown for the derived quantities are based upon the uncertainties of the primary measurements (see Sect. 3.3). (Top) Results a
shown for unreacted particles. (Btm) Results are shown for the same particles having 1.0 normalized ozone exposure, which is defined as
an ozone exposure @3r) such thatngoy /(mor)g=0.05 wheremg|_is the mass of oleic acid in the coatingy£is the partial pressure of

ozone, and is the reaction time*Note added in proof: The covarianceef andN (see Sect. A7) suggest that this number refers to 2%
precision instead of 2% accuracy. Figure 6b shows this precision. The high precision is obtained because of the similarity between the test
system (oleic acid and its ozonolysis products) and the calibration system (oleic acid). The absolute aceufacgrofot be better than

the combined accuracies f (5%) andd,, (1%) because of the calibration procedure (Eqg. A2.1). In the experiments reported in this paper,
which are focused on density, the accuracy of the calibration cancels out, as shown by the sensitivity study in Table 6.

Pure oleic acid coatings

Measurements Derived Quantities
d,, d,, my, N L m, m, Pp Pp PL PL
Experiment x  (m) (m) (ugm) (#cm?) (m)  (10%g (10" (gem®) (gem?) (gem?) (gem?)
#1 1.00 101 107 0.0 9000 0 - - 1.059+£0.015  1.055+0.032 - -
#2 1.00 117 118 2.5 9100 8.0+0.6 0.28+0.01 028+0.02 1.009+0.014 1.007+0.035 0.928+0.036 0.926+0.094
#3 .00 123 122 3.7 9350 11.0+£0.6 040+0.02 0.40+0.02 0.992+0.014 0.992+0.037 0.916+0.028 0.918 + 0.080
#4 1.00 137 133 6.9 9400 180+0.7 0.74+0.04 0.74+0.03 0971+£0.014 0.970+0.041 0.916+0.021 0.915+0.067
#5 1.00 151 144 108 9500 25.0+0.8 1.14+£0.06 1.15+0.04 0.954+0.013 0.949+0.045 0.911+0.018 0.904 +0.063
#6 1.00 161 152 14.1 9500 30.0+£0.8 1.49+0.08 1.49+0.05 0.944+0.013 0.942+0.047 0.908£0.017 0.906 +0.061
Accuracy 0% 1% 1% 2% 5%
Comment AMS DMA AMS AMS  SMPS eq T1.5 eq la eq 1b eq 2a eq 2b eq 3a eq 3b

After 1.0 normalized ozone exposure

Measurements Derived Quantities
d, d, my N L ", m, Py Py pL pL
Experiment 7 (m) (om) (pgm®) (#cm®) (nm) (10" g) (10" g) (gem™) (gem™) (grem™) (gem™)
#1 1.00 101 107 0.0 9000 0 - - 1.059+£0.015  1.055+0.031 - -
#2 1.00 115 119 1.9 7500 7.0+0.6 025+0.01 025+0.02 1.053+0.015 1.053+0.036 1.052+0.050 1.056+0.121
#3 1.00 118 124 2.7 8100 9.0+0.6 034+0.02 034+0.02 1.059+0.015 1.055+0.038 1.069+0.041 1.060+0.103
#4 1.00 131 135 52 8200 150+0.7 0.67+0.04 0.67+0.03 1.053+0.015 1.051+0.044 1.053+0.028 1.050=+0.081
#5 1.00 142 150 8.1 8000 21.0+0.7 1.04+£0.06 1.05+0.04 1.077+0.015 1.074+0.050 1.091+0.024 1.086+0.079
#6 1.00 148 158 9.8 7900 240+08 126+0.07 1.27+0.04 1.081+0.015 1.078+0.052 1.094+0.023 1.089 +0.077
Accuracy 0% 1% 1% 2% 5%
Comment AMS DMA AMS AMS  SMPS eqTl.5 eq la eq 1b eq 2a eq 2b eq 3a eq 3b

same volume and velocity (Eq. T1.1). Unfortunately, therethat of a sphere (Hinds, 1999). Nevertheless, given our exper-
is no unique relationship between lift and drag forces. Forimental setup employing PSL cores, a small beam divergence
example, although neither a cube nor a sphere has a lift forcés sufficient to conclude that we have spherical particles.

(Liu et al., 1995a), the drag force of a cube is 8% greater than

Atmos. Chem. Phys., 5, 27891, 2005 www.atmos-chem-phys.org/acp/5/275/
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The dynamic shape factor differs whether the Knud-ical size. Because settling velocity depends on pressure via
sen numbér (Kn) is greater than 10 (e.g., vacuum con- the Cunningham slip correction factaf,) (Table 1), the de-
ditions and 100-nm particles) or.B<Kn<10 (e.g., in-  scription of an aerodynamic diameter is incomplete without
side the DMA, Jimenez et al., 2003a). We can sep-also consideringCn (cf. Sect. 2.1). The aerodynamic diam-
arate the effects of shape from pressure by writingeter measured in the AMS is under conditionskbt>10,
x=¢ (shape, Kn(d))x*"¢. Except for certain streamlined and we use the terah,, for these conditions (Jimenez et al.,
shapesy*"®¢>1.0. The ternp arises from the shape depen- 2003a). As a result ok n>10, the relationships shown for
dence of the Cunningham slip correction factor, as follows:d,, in Tables 1 and 2 differ from equations used dgrmea-
C.(shape, Kn(d,))=¢ (shape, Kn(d))C.(Kn(d,)) where, sured wherkn<10 (Murphy et al., 2004).
for nonspherical particles, a useful concept is the volume Although the aerodynamic diameter is strictly defined in
equivalent diameterd(), which corresponds to the volume reference to a settling velocity, conveniently the velocity of
of a nonspherical particle reformed into a spherical particle.a particle accelerated through a critical-flow pressure drop
To indicate thatP=1 atm and Ql<Kn<10, which are the has an inverse power dependence on aerodynamic diameter,
conditions inside the DMA for submicron particles, we em- provided that the particle Reynolds number is below unity
ploy the designatiory,, (i.e., X‘Q=¢X‘m“/’€=x“"“f’e), which (Baron and Willeke, 2001). The Reynolds number is below
we call the atmospheric dynamic shape factor. Far-10, unity for submicron particles at the inlet pressure of the crit-
the correctionp is not negligible. To indicate thatn>10, ical orifice of the AMS (Jayne et al., 2000).

we employ the designatiog, (i.e., xo=¢x*"*¢). By def- A time-of-flight (TOF) measurement inside the AMS is
inition, ¢ (sphere)=1 and x*"*¢(sphere)=1. Therefore, employed to determine particle velocity and, therefore, the
X=x.=xv=L1for spherical particles. vacuum aerodynamic diameter. Specifically, after entering
the AMS through a 10Q@«m critical orifice, the particles are
2.2 Measurement of electric mobility diamete, § accelerated and focused into a narrow beam (ca. 1 mm) by

. e . . passing through an aerodynamic lens (Jayne et al., 2000).
The electric mobility diameter of a particle of arbitrary shape spinning chopper wheel (180 Hz and 0.50% duty cycle)

equals the diameter of a sphere having the same electrigiaceq at the exit of the aerodynamic lens forms pulses of
mobility. - For example, a particle of arbitrary shape and paicles and defines time zero within 28 uncertainty. The

charge that has a mobility diameter of 100 nm behaves elecyy ticle heam impacts onto a vaporizer, which is a resistively

trophoretically as a 1007r.1m ;pherica] particle having ON€peated, 3.8-mm hotplate (ca. 3&). The semi-volatile con-
charge. Importantly, mobility diameter is independent of par-git ents of the particle are flash vaporized upon striking the

ticle density. hot surface, the vapors are ionized by electron impact, and

The electric mobility diameters of the test aerosol particlesihq ions are detected by quadrupole mass spectrometry (MS).
are measured via a TSI model 3071 differential mobility an-the time difference between detection at the MS and time

alyzer (software version 3.2), which incorporates an aerosol g, yields the particle time of flight, from which the veloc-
neutralizer (krypton-85 source). This instrument operates by, of the particle is calculated and the vacuum aerodynamic
the principle of electrophoresis to classify positively chargedyigmeter is obtained. For example, 100-nm particles have
particles. A 10:1 sheath-to-polydisperse aerosol flow is used, ime of flight of approximately 5ms. The vaporization-

A charge correction algorithm assuming a Boltzmann dis-jqnization-detection process usually occurs much faster than
tribution is employed, although the percentage of multiply yhe particle flight time, although in some cases particle va-

charged particles is not signjficant for the particle diamm?rsporization can be slow enough to measurably increase the
of 100 to 150 nm employed in the experiments. For this size;nnarent flight time and thus lead to an overestimate of the

range, an impactor is also unnecessary. vacuum aerodynamic diameter. A tuned value of 41 amu is
used for the time-of-flight studies of oleic acid and its ozonol-

2.3 Measurement of vacuum aerodynamic diametgr) ysis products.

The aerodynamic diameter of a particle of arbitrary shape2 4 Measurement of aerosol layer mass [
and density is the diameter of a spherical particle of unit den-—" y asy

Zgytrfg Ot;iiooa(iﬁglz F)C’P:;/:g a|2 'ger:r'tcig:esﬁg\l;i?]g \;(:]I(;c:% d The operation principles to obtain quantitative aerosol mass
P : b€, ap 9 yIoadings {tg-m=3) using the AMS and given a stable test

namic diameter of_lOO nm has a settl!ng veloqty equallto thataerosol are described in detail by Jayne et al. (2000), Jimenez
of a non-evaporating, 100-nm spherical particle of unit den-

sity, regardless of the particle’s true shape, density, or ph sEEt al. (2003b), and Katrib et al. (2004).  In brief, the
v, reg P pe, ty, or phy guadrupole mass spectrometer is tuned from 10 to 300 amu to
2The Knudsen number  Kn given by proyide amass spectrum of the \{olatilized con;titqents of the
Kn=2)/d~134/(d[um]PlkPa]) defines the continuum particle ensemble. The total particle mass loading is obtained
(Kn<0.1), transition (Ol<Kn<10), and free moleculakn>10) based upon the calibrated response of the MS signal intensity

regimes to mass. The measured aerosol mass loadings arise from the

www.atmos-chem-phys.org/acp/5/275/ Atmos. Chem. Phys., 528152005
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3 -
mass present in the semi-volatile coatings surrounding the, - _Xa 6’”_L 3
PSL cores: the PSL core particles do not volatilize under the " (2L, dm: Xa) = a3 < * pwred“’”) (25)
usual operating conditions of 350 for the hotplate, and the
gas-phase species are removed by the pumping employed
maintain vacuum conditions.

EU”le quantitative results of these two independent methods

can be compared to each other. In Eqg. (2b), we use Eq. (1a)

to evaluaten . .

2.5 Measurement of particle number densit) ( Particle layer density is determined by two independent
methods through the use of Egs. (T1.2), (T1.4), and (2a), as

The number concentration of the particles is determined byfollows:

SMPS measurements. Specifically/dlogd,, is integrated (pox Yodva/dn = peorer® (deore/d )3)
aAv¥va m coreAq core m

across the mode at or just above 100 nm (depending on layes; (dy,, d, Xa, 0) = 3 (3a)
thickness). A nanoparticle mode from 50 to 90 nm, which (1= %3 (eore/dn)’)

may result from homogeneous nucleation of the oleic acid

vapor during the coating process or from deposition of the 6my /7

(3b)

oleic acid vapor onto sub-10 nm impurities in the atomized”L nL, dm, Xa) = ((dm/ )3 — 43 )
water, lies below the lower limit of the integration. (We also m/ Xa core

tested the approach of measuriMgia the single-particle ca- An effective density, which relates,, to d,, is com-
pability of the AMS. We found, however, that this approach monly reported in the literature (DeCarlo et al., 2004). The
is less accurate in our experimental setup because the smadffective density evaluates asg:pp/xj’ in the governing
layer mass of ca. 13 g on individual particles implies that ~equationd2po=p,d? when d, and d, are measured for

a fraction of the individual particles fails to trigger a counting 0.1<Kn<10 (e.g., when aerodynamic diameter is deter-
threshold on the AMS. Integrated properties such as aerosahined by impaction at 1 atm) (Kelly and McMurry, 1992).

layer mass are, however, still accurately measured.) Under our experimental conditions employing the vacuum
aerodynamic diameter, however, the effective density evalu-
2.6 Calculation of layer thicknesg) ates a®y.=pp/ xa xv in the governing equatioth,, oo=pvedn

for the measured,, andd,, (cf. equations in Table 2). There
Under the assumption of a uniform coating on spherical paris  therefore, a change in the governing equation from a
tiCIeS, the increase Of particle geometric diameter beyond thaé‘uadratic to a |inear form depending on experimenta| con-
of the PSL core is twice the layer thickness of the organicditions. In the analysis of this paper, we do not employ an
coating. Equation (T1.5) shows that(du/x,—101)/2. effective density because we determine that we have spher-

ical, nonporous particles¢E1), in which case the effective

2.7 Calculation of particle layer masg () density equals the density.

We calculate the average layer mass per partigg) (by

two independent methods. In the first method, measure3 Results and discussion
ments of aerosol layer mass and particle number concentra-

tion (Sects. 2.4 and 2.5) are combined to yield: 3.1 Spherical particle shape

my (mp, N) =mp/N (1a)  The divergence of the particle beam inside the AMS, which
is defined as 90% of the integrated transmission in agree-

In the second method, measurements of vacuum a(:"rc’dyrhent with Liu et al. (1995a), is an indicator of particle shape.

hamic d'g.”"e;e“ mobgty d|§rr111ezter,$£1dgdynag1|_crih4ape fa.Ctlszor example, the beam profiles of several calibration parti-
are combined using Egs. (T1.2), (T1.3), and (T1.4) to yie cles show that spherical particles, such as liquid oleic acid

the following equation: or aqueous sodium chloride, have the narrowest Gaussian
profiles (Fig. 2a). In comparison, particle beams of unre-
acted and reacted coated particles have similar Gaussian pro-
files, regardless of layer thickness. We therefore conclude
that these particles are also spherical. The volume fraction
of the inert PSL core is high, which is important for main-
The measurements can be employed to calculate the den-.". . . . A
. . . taining sphericity. Consistent with this finding, we assume
sity of the particle and of the organic outer layer. There. . . . .
. . : in our analysis that the particles are radially symmetric and
are two independent methods for doing so. Particle den-

. nonporous.
sity can be calculated by,= f (dva, dm, x4, xv) (EQ. 2a) or ) . . .
pp=1 (L. dm. 1a) (EQ. 20)(cf. Eq. TL6), as follows: The solid angle of beam divergence for spherical particles

is approximately 0.42107°sr in our apparatus, which can
dya be compared to 1.6810°sr for spherical 100-nm dioctyl
op (dvas dms Xa> Xv) = POXaXv y— (28)  sebacate (DOS) particles (density of 0.912 gémin the

_ b g
mr, (dva, dms Xa» Xv) = g(pOdvad,E, Xv/Xaz - pcoredggre)(lb)

2.8 Calculation of particled,) and layer p; ) densities
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aerodynamic lens of Liu et al. (1995b). Although the beam
divergences are similar, the small differences may arise
from differences in the design of the aerodynamic lens in- ! ! I .
stalled in the AMS compared to the one employed by Liu et a
al. (1995b). In contrast to the spherical particles, the beam di-
vergence in our apparatus is approximatelyx116° sr for 100
crystalline sodium chloride particles. Liu et al. (1995b) es-
timate that©2=10.6x 102 sr for 100-nm crystalline sodium
chloride particles. Given this evidence of nonvanishing lift & g,
force, Liu et al. (1995b) infer that the crystalline particles are §
imperfect cubes. Liu et al. generate crystalline particles via 8 70+
evaporation of aqueous particles having a primary diameter
of 10-15um (Collision atomizer) as compared to the submi-
cron primary particles (TSI 3076) of this study. The different
primary sizes may affect the morphology of the dried parti-
cles. Liu et al. (1995b) also discuss an exact transformation 4o
from a lateral beam profile to a gaussian beam divergence. 4
We did not carry out this detailed analysis, so the stated beam
divergences are approximate.

We can test our supposition that the calibration liquid par-
ticles are spherical. Specifically, the dynamic shape factor
can be calculated using Egs. (T1.1-T1.3) as:

Beam Divergence (steradian) (10’5)

©
IN
o
I
— oo

Tran:

60 -

50

100
90

shape _ 80

X

/Opdm//)Odva C.(Kn(d,)) 1/2(4)
¢(shape, Kn>10)¢(shape, 0.1 <Kn<10) C.(Kn(dy))

70

Transmission (%)

60
In the case of pure oleic acid particles (i.e., devoid of a PSL
core), we knowp,=0.895 gcm 3. When we measure a mo- 50
bility diameter of 350 nm, we correspondingly measure a
vacuum aerodynamic diameter of 315nm. Therefore, given 40+
¢ (shape, Kn)=1 andd,,=d, (both true for spheres), we cal- . . . T T

culate thaty*hare=1.00, -1.0 05 00 05 10

Figure 2b shows that neat PSL particles diverge slightly, Relative distance (mm)

implicating a slightly nonspherical shape, which could arise
because of impurities that adsorb on the PSL when atomizin

an agueous suspension of the PSL particles. This observati o i . )
L . ) . ._The upper axis indicates the corresponding solid angle of beam di-
IS Important be(_:ause the time of ﬂ'g,ht ‘?f these particles ISvergence(a) Unreacted 4) and reacted (viz. 1.0 normalized ozone
employed to calibrate the aerodynamic diameter of the AMS gynosure) ¥) particles having oleic acid coatings and polystyrene
for which x=1 is assumed. Similarly, the SMPS flows are |atex cores. Also shown are the beam profiles for pure oleic acid
adjusted for maximum transmission of these PSL particIeS(.), aqueous sodium chloride (80% RHB), and crystalline sodium
when the voltage is tuned to correspond to a 101-nm mobilitychloride (30% RH) [J) aerosol particles. Conditiongy, =130 nm.
diameter. The reliability of this approach assumes that thegb) PSL particles having no coating)((dy,=107 nm) compared to
mobility diameter corresponds to the geometric diameter of ahose having a thin oleic acid coatin§)((dva=111nm). (We use
sphere. The effects on our results of these uncertainties in th@" AMS vaporizer temperature of 35D for the study of oleic acid,
AMS and SMPS calibrations are discussed in the appendix85% C for the study of sodium chloride, and S@for the study of

A 2-nm coating of oleic acid on the PSL particles is sufficient PCystyrene latex.)

to restore a spherical shape (Fig. 2b).

ig. 2. Beam profiles. Transmission is the relative signal intensity at
he electron multiplier when 0.3 mm of the particle beam is blocked.

3.2 Increase in particle layer density as a result of chemicaEds. (2a) and (3a), is based upon measurements of mobil-
reaction ity and aerodynamic diameters. Figure 3 provides an exam-
ple of measurements of mobility and aerodynamic diameters
Two distinct and independent methods are available to usind their changes upon ozone exposure. The diaméfers
to calculate particle densityf; Egs. 2a and 2b) and layer andd,, are initially 151 and 154 nm, respectively. Based
density (z; Egs. 3a and 3b). The first method, given by upon Eq. (T1.5), the oleic acid layer thickness is 25nm. 