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Abstract. Nucleation is an important source of atmospheric 1 Introduction

aerosols which have significant climatic and health impli-

cations. Despite intensive theoretical and field studies oveptmospheric aerosols have been extensively investigated due
the past decades, the dominant nucleation mechanism in thg their climatic and health impacts (NRC, 2005; Alessan-
lower troposphere remains to be mysterious. Several recerdrini et al., 2006; Hoffmann et al., 2006; McConnell et
laboratory studies on atmospheric nucleation may shed lighal.,, 2006; IPCC, 2007; Rundell et al., 2007). Nucle-
on this important problem. However, the most interestingation has been known as an important source of secondary
finding from those studies was based on the derive8®  aerosols in the troposphere. There exist three relatively
concentration whose accuracy has not yet been evaluated hyell-developed theories: binary,80-H,O homogeneous
any other means. Moreover, the thresholgbB concentra-  nucleation (BHN) (Noppel et al., 2002; Vehkamaki et al.,
tion needed to reach the same degree of nucleation reportezb02; Yu, 2005, 2007), ternary NFH»SOs-H20 nucleation

by two separate nucleation studies varies by about one or¢THN) (Coffman and Hegg, 1995; Korhonen et al., 1999;
der of magnitude. In this study, we apply a recently updatedAnttila et al., 2005; Yu, 2006a) and ion-mediated3@,-
kinetic nucleation model to study the nucleation phenom-H,O nucleation (Yu and Turco, 2000; Lovejoy et al., 2004;
ena observed in those recent experiments. We show that theu, 2006b; Yu et al., 2008). In addition to BHN, THN is
H2SOy concentration can be estimated with a higher level ofnow also considered to be unimportant in the lower ambient
accuracy with the kinetic model by constraining the simu- troposphere (Merikanto et al., 2007; Yu and Turco, 2008). In
lated particle size distributions with observed ones. We findcontrast, Yu et al. (2008) suggests that ion-mediateSi®4-

that the required EBOy concentrations to achieve the best H,0O nucleation may contribute substantially to new parti-
agreement between modeling and measurements are a fagte formation in the lower troposphere. It should be noted
tor of ~2 to 4 higher than reported in those experiments.that the importance of ion-mediated nucleation in the atmo-
More importantly, by comparing the derived thermodynamic sphere remains controversial. The possible reasons behind
properties associated with the nucleation process, we condifferences in the theories, interpretation and therefore con-
clude that different unknown species may participate in theclusions have been discussed in detail in Yu et al. (2008) Yu
two separate nucleation experimental studies, which may exand Turco (2008), and related online discussions. Besides
plain the large difference in the reported thresholg5B, ~ BHN, THN, and IMN, other (yet to be identified) nucleation
concentration. Although the unknown species involved hasprocesses may also contribute to new particle formation in
yet to be identified, the derived values of thermodynamicthe atmosphere in some regions or under certain conditions.
properties can serve as a valuable guideline for the search of Recent laboratory studies (Berndt et al., 2005, 2006, 2007,
their chemical identities using advanced quantum-chemicaboog: Svensmark et al., 2007; Benson et al., 2008: Young et
approaches. al., 2008) reported new particle formation in the nucleation
reactor/chamber under the conditions mimicking those in the
lower ambient troposphere. The$8iO, vapors in those ex-
periments were produced in the same way as that in the real
atmosphere (i.e., via the oxidation of 5®y OH), which
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in which HoSO, vapors were obtained from the direct va- 2 Methods
porization of the liquid HHSO, reservoir. The most interest-
ing finding in Berndt et al. (2005) is that ony10” cm™3 of A size-resolved aerosol microphysical model with the most
H,SOx was needed to initiate the nucleation if$0D, va-  uUp-to-date kinetic QUN module (Yu, 2007) has been em-
pors were produceth situ via the oxidation of S@while  ployed and modified to study the possible nucleation pro-
~100¢cm3 of H,SO; was need if HSO, vapors were de-  Cesses in recently reported chamber studies. Since the
rived from the liquid BSOy reservoir. It has been suggested H2SOs concentration is changing along the axis of the re-
that the nucleation, starting via the oxidation of S@hich actor due to the competition between its production and loss,
eventually leads to 50, vapors, may be different from the kinetic aerosol model is better suited to study the aerosol
that starting directly from KSO; vapors. Similar labora- formation and evolution in the concentration-changing en-
tory experiments have been reported in more recent papers dfronment. Yu (2007) substantially reduced the uncertainty
Berndt et al. (2006, 2007, 2008) and in the work of Bensonin the H:SO4-H20 binary homogeneous calculations by us-
et al. (2008) and Young et al. (2008), although both Bensoring two independent measurements to constrain monomer
et al. (2008) and Young et al. (2008) found that the thresh-hydration in the HSOs;-H20 system and incorporating re-
old H>SO, vapor concentrations required to achieve nucle-cently determined energetics of small neutralS@-H20
ation rates of~1 Cm—3 S_l are at least one order of magni- clusters. In the past, we have applled this model to investi-
tude higher than those derived in Berndt et al. (2006, 2007).9ate the nanoparticle formation and evolution in the contin-
Given the importance of $80; in observed atmospheric uously diluting exhaust of diesel vehicles and it yields very
nucleation events (Kulmala et al., 2004), lower required9ood agreement with the measured particle size distributions
threshold concentration of4$04 vaporin-situproduced via  (Du and Yu, 2006, 2008).
OH and SG may indicate that a third specie facilitating  In this study, we modified the kinetic QUN model to de-
the binary HSOs-H,0 homogeneous nucleation may exist rive [HoSOy] needed to explain particle size distributions
in those laboratory environments. Therefore, it is plausi-observed in laboratory studies, and to estimate quantita-
ble to specu]a’[e that the ternary “unknown Speciew_ tiVE'y the level of stabilization of small sulfuric clusters
H»O nucleation may occur in those experiments. Berndtby yet-to-be-identified specie(s) required to explain the nu-
et al. (2007) suggested that the unknown species be prccleation rates observed in the recently reported nucleation
duced during the conversion process of S0 HySOy. chamber/reactor. Since,B0, vapors control the particle
Since the temperature and concentrations of initial gasegrOWth, the measured particle size distributions can be used
in those studies resemble those in the lower tropospherd© constrain [SQ4] inside the nucleation reactor. Because
the underlying “unknown species’430s-H-O nucleation ~ [H2SO4] is an important parameter in any of the current nu-
mechanism occurring in those experiments, if confirmed incleation theories, knowing correct 80Qy] in those recent
the real atmosphere’ may contribute to g|0ba| new parti-laboratory measurements would give us more valuable in-
cle formation. In this regard, it is important to delineate Sights into those studies. Another advantage of this aerosol
the underlying process of nucleation observed in the abovemicrophysical model is that it can yield the values of step-
mentioned chamber studies. One critical question to be adwise Gibbs free energy changes associated with each of ini-
dressed is: is the large difference in the thresho$®} tial nucleation steps. This may give us a hint on the chemical
concentration ([HSQs]) between Berndt et al. (2008) and identities of the unknown species involved in the nucleation,
Benson et al. (2008)/Young et al. (2008) simply due to the erwhich may serves as a useful guideline for the species search
rors/uncertainties in [b504] estimations or because of dif- Using quantum-chemical calculations.
ferent nucleation mechanisms occurred? SincgS[B4] in . . )
the nucleation zone has never been directly measured artl A modified kinetic H;SOs-H20 quasi-unary nucle-
[H,SO4] changes as air mass passed through the nucleation ~ &tion model to treat ternary “unknown species’
reactor/chamber, another related question is howS[Bi] H2S04-H20 nucleation
variations (and uncertainties) may affect the interpretation of Lo L .
measurements obtained at the end of the reactor/chamber. In essence, nucleation is a kinetic process dete_rmm_gd by the
. . cluster growth and decay (Yu, 2007). It can be simplified and
In this study, we attempt to address the above quesuonﬁlustrated by the followina equation
by kinetically simulating the time-dependent formation pro- y geq '
cess of_nanopartlcles and their subsequ_ent growth inside th Ay ﬁi—_l/;’i Al 1)
nucleation reactors. We employed a size-resolved aeroso
microphysical model with the most up-to-date kinetic quasi-whereg; andy; is the forward rate and evaporation rate of
unary nucleation (QUN) module (Yu, 2007). A number of the clusterA; (i.e., cluster containing number ofA lig-
sensitivity studies have been carried out to analyze the unand), respectively. Equation (1) only considers collisions be-
certainties and provide insights into the possible nucleatiortween monomers and clusters while collisions among clus-
processes in those recently reported chamber studies. ters are taken into account in the QUN as well. Similar to
the role of NH in the binary BSOy4-H2O nucleation (Yu,
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2006a), the unknown specie(s) may facilitate the binary ho-sizes of particle size distributions can be used to constrain
mogeneous nucleation by reducipgof binary clusters. In H>SO4 concentrations. Once the,BO, concentration is
view of this, we incorporate the third “unknown” specie into fixed, the observed peak number concentration can then be
the QUN model by modifying; of binary clusters in a simi-  used to constrain or derivaG (i).

lar way as in Yu (2006a). This approach allows us to simulate

the ternary “unknown species”’4304-H,O nucleation pro- 2.2 Calculations of [H;SO4] profiles in nucleation reac-

cess without the need to know the chemical identity of the tors

species.y; can be calculated by the stepwise Gibbs free en-
ergy change4 G;_1 ;) associated with the above reaction by
the following formula (Yu, 2007),

Due to different methods in producing 280, vapors,
[H2oSO4] profiles are derived differently for Berndt et
al. (2008) and Young et al. (2008). In calculating;0Oy]

Bi-1 — exp(— AGi_1,; ?) profiles in Berndt et al. (2008), a chemical kinetic model was
Vi kT developed based on the following reactions,

wherek is the Boltzman constant aridl is the temperature.  oH 4+ SO, — ... - H,SOy (5)

In the QUN model,y; of a binary HSO4-H20 cluster is

calculated with Eq. (2) after obtaining values gf 1 and H,SO; — wall (6)

AG;_1; of binary clustersL(xGl.B_1 ;) (for details, please re-

fer to Egs. (14) and (15) in Yu, 2007). We assume thatBoth Berndt et al. (2008) and Berndt et al. (2005) used the
the difference inAG;_1; between ternary clusters and bi- same method to produce,804 and OH. OH concentration
nary clusters is large for small clusters, and gradually ap-profile, explicitly given in Berndt et al. (2005), is adopted
proaches to zero as the size of cluster becomes bigger. In thig our simulations. One can obtain differento&,] pro-
study, they; of ternary clusters (“unknown species’»80,- files by modifying the OH concentration profile. With the
H»O clusters) is obtained using Eq. (2) with the&7; _1 ; of same concentrations of initial gases and wall lost rate, we
ternary cluster 4G/ _, ;) calculated by the following equa- reproduced [#SQ4] given in Berndt et al. (2008). Differ-

tions, ent from Berndt et al. (2008) in which4d30, vapors were
r B . produced continuously in the nucleation chambesS€&,
AG;_y; =AG1; —dG (i) ®3) vapors in Young et al. (2008) were produced before enter-
b ing the fast flow nucleation reactor and subject mainly to the
dG (i) =a+ I 4) wall loss inside the reactor. The loss 0f$0, vapors to nu-

cleation and condensation processes is generally negligible

dG (i) is a term to account for the presence of the unknowncompared to the wall loss due to the significant difference
species. It is a free parameter and assumed to be a functiofseveral orders of magnitude) in the$, mass between
of cluster size. The values aiG (i) can be varied to account the gas phase and the particle phase.J64] decreases ex-
for different degrees of stabilization to the binarg$0y- ponentially inside the reactor in Young et al. (2008) due to
H2O clusters induced by the unknown species. Itis chosen irthe wall loss ((BSOs]=[H 2SOy]o exp(—Lt), whereL is the
such a way that the peak concentration of simulated particldirst order wall loss rate constant), while it first increases and
size distribution matches that of measured one. then decreases in Berndt et al. (2008).

With the modified QUN module incorporated into the size-
resolved aerosol microphysical model, we then apply it to
simulate the nucleation process and the subsequent evol® Results
tion of aerosol size distribution in the nucleation reactor. A I . .

) ) . . . 3.1 A kinetic study of nucleation experiments reported
discrete-sectional bin structure is used in the model to rep- .

. : in Young et al. (2008)

resent the size spectra of molecular clusters/particles rang-

ing from sub-nanometers (the molecular size) to several Miy\s first studied a case from Young et al. (2008) with 24s
crometers and a set of differential equations are solved tQy 1, cleation time and 4.9 ppm of initial S@oncentrations
simulate kinetically the formation and evolution of clus- 4; =288k and RH=23%. The [¥5Qy] profiles inside the
ters/nanoparticles (Yu, 2006a). o nucleation reactor with three different initial values used in
pi andy; are the two key parameters determining the evo-g .- cimulations are presented in Fig. 1a. The$8y] in-
lution of the particle size distribution and thus nucleation gjye the reactor decreases exponentially with time due to the
rates (Yu, 2007). There exists one free parameter in eac{),5| |oss. The [HSQy] at the end of the 24's of nucleation
of them: [M,SQy] in calculating; andd G (i) in obtaining  time was constrained by the residualB0] measured at
vi- As we will show in Sect. 3, the median size of nucle- the eng of the nucleation reactor which was assumed to be

ated particles at the end of nucleation reactor is controlled; 4. 1 cm=23 in this case (see Fig. 11 in Young et al., 2008).
by [HoSOu] while d G (i) determines the peak concentrations '

and hence nucleation rates. Therefore, the measured median
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Fig. 1. (a) Evolution profiles of the HSO,4 concentration as function of time used in the simulations at three different initp@Q4 in

the case of 24 s of nucleation timg@g) the assumed evaporation rates and forward rate used in the simulation of Young et al. (2008) at
T=288 K and RH=23%(c) effects of different cluster evaporation rates on the peak concentration of predicted particle size distribution with
1.2x109¢m=3 of H>S0Oy; (d) effects of [HSOy4] on mean size of predicted particle size distribution with fixed cluster evaporation rate
(ER2). The symbols in (c) and (d) are data from Young et al. (2008).

Due to the possible involvement of “unknown species” predicted particle size distributions with three different clus-
in the binary nucleation process, the evaporation rate proter evaporation rate profiles and a fixecb 0] profile (i.e.
file of binary clusters/nanoparticles has to be modified toblack solid curve in Fig. 1a). It should be noted that mean
take into account the third specieAGlB_lqi (i.e., AGi_1; sizes of calculated particle size distributions stay unchanged
of binary HbSOy-H>0 clusters) are first calculated based on with the fixed [HSOy] profile. They are insensitive to dif-
best available thermodynamics of sulfuric acid-water solu-ferent evaporation rate profiles used in the simulation. With
tion. Different profiles ofAGinlJ. are then derived with the same cluster evaporation rate profile, the mean size of
varieddG (i) profiles (see Eq. 3). Finally, different profiles calculated particle size distribution would change with dif-
(i.e. ER2 and ER3) of evaporation rates of ternary clusterderent [H,SQy] profiles, as illustrated in Fig. 1d. This in-
are obtained by Eq. (2). Figure 1b shows the evaporatiordicates that HSO, vapors dominate particle growth and its
rate and forward rate as a function of cluster/nanopatrticle di-concentration determines particle mean size. This feature is
ameter atT’=288 K and RH=23%. The solid curve repre- then used to derive the initial concentration oS0, va-
sents the evaporate rate profile for binaryS@y-H2O clus-  pors. In this way, the [RSOy] profile, the free parameter in
ters/nanoparticles predicted by QUN. The other two curvesderivation of 8;, is determined. Based on the simulation, a
show the modified evaporate rate profiles for ternary “un-1.2x10cm3 of initial [H>SQy] is needed to explain ob-
known species”-HSOy-H2O clusters/nanoparticles used in served particle growth rate in this case.
this case study. The cluster forward rate profile is calculated Once the [HSO4] profile inside the nucleation reactor
based on 1.210'cm2 of the initial [HySOy]. is determineddG (i), the free parameter needed to derive

With the [H.SOs] profile and cluster evaporation rates as evaporation rate profiles of ternary clusters/nanoparticles, is
illustrated in Fig. 1a—b, the particle size distribution can beadjusted in such a way that the peak concentration of pre-
obtained by solving a set of differential equations (Du anddicted particle size distribution matches that of measured one
Yu, 2008). The calculated particle size distributions are ther(see Fig. 1c). In this way/G (i) and the resultant ternary
compared with measured ones to determine whiciS{Bj] cluster evaporation rate profile (ER2 in this case) can be de-
profile and cluster evaporation rates in Fig. 1a—b can best deermined by comparisons with observation.
scribe the observed nucleation phenomena. Figure 1c shows
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Figure 1 illustrated the approaches we used in this study 10° . .
as to obtain the accurate §80y] profile and cluster evapo- @ = Young et al. (2008)
ration rate profile based on measured particle size distribu- 107 e 3
tions. We showed that [$$0y] profile can be obtained with 10'E T i
a high degree of accuracy with this approach. In orderto .~ 10°h t=10s ]
validate the derived cluster evaporation rate profile-ER2, we  § 5
carried out two additional case studies with different nucle- o 10°F 1
o - . o
ation times (=37 s and 54 s) and initial SGconcentrations 2 10'k ]
(4.6 ppm and 4.4 ppm) at the same ambient conditions. Since T .
theT and RH in these two cases are the same as those of the % 10°f 3
first case study, the ER2 obtained is fixed in these two case 10%E ]
studies with only one variable p$0Oy] in the simulation. .
Theoretically, the [HSO4] not only determines the mean size 10°% ]
of nucleation mode as mentioned above, but also controls the 10°
nucleation rate which can be reflected by the peak concen-
tration of nucleation mode. Thus, the assumegJ&y] pro- .
file in the simulation has to yield a particle size distribution 10 (b) ' .Y;un et al. (2008)
that matches not only the mean size but also the peak con- 10°F —ors 1
centration of measured particle size distributions. Failure in 10k __ Eéjgi ]
matching both criteria may be a sign of poor evaporation rate T E30s
profile (i.e. ER2 in this case) assumed. e 10° — t=15s 3
The initial value [SQy] is selected to be 1:310° % 10°h i

and 1.4<10'° (cm™3) for the t=37's and 54 s case, respec- aQ
tively. The [HoSQ4] at the end of residence time was also % 10°¢
taken from the reported residual J8O4] (Young et al., >

©

10°¢ 1
2008) which was 1.410° cm~3 (r=37s) and 1.510°cm—3 ,
(1=54s), respectively. With the assumed ER2 angJ&y] 10°¢ |
profile, the evolution of particle size distributions inside the 10'F 1
nucleation reactor has been simulated kinetically, as shown 0

in Fig. 2. In both cases presented here, nucleation process
inside the reactor starts as early as 0.1 s and continues as the
pgak concentration of nucleatlon mode Increases.umﬁ] S. Fig. 2. Evolution of particle size distribution calculated based on
Since then, the p5O; condensational growth dominates the e ER2 profile and given $60, concentration profiles as shown
eVOlUtion Of particle Size distribution. The reason that thein F|g ]_a'[(a) t:37sanc{b) t=54s. The Symb0|s are measurements
growth process outweighs the nucleation one in the evolu{taken at=37 s and=54 s, respectively) from Young et al. (2008).
tion of particle size distributions after10s is due to the
rapid decrease in [FBQy] resulting from the wall loss and
the high sensitivity of nucleation rate to §80y]. This also  This value in Young et al. (2008) was reported to b8,
shows that nucleation happens only during a fraction of totalwhich was calculated from the slopes of nucleation rate vs.
residence time in the nucleation reactor. [H2SO4] plots. Considering the nature of the comparison and
As one can see, the predicted particle size distributions atncertainties associated with modeling and experiments, the
the end of residence times in both cases are in an excellergreement in the number obHBO, molecules in the critical
agreement with the measurements. Good matches of presluster is reasonable.
dicted mean sizes of nucleation mode with measured ones In addition, an important parameter regarding the experi-
indicate that the selected initial values and time profiles ofment, the wall loss factor (WLF), can be derived by dividing
[H2SO4] are appropriate and probably have a high level of the obtained initial [HSOy] by that measured at the exit of
accuracy. This also suggests that the ER2 may truly repthe reactor. The WLF based on the,[s0y] profile in our
resent the cluster evaporation rates of nucleation occurredtudy is calculated to be 5, 9 and 90 for the case with the
in the simulated experiment, given the good agreement ofucleation time of 24 s, 37 s, and 54 s, respectively. The first
predicted peak concentrations of nucleation mode with meatwo derived WLFs for cases with nucleation time of 24 s and
sured ones. 37s are about a factor of 2 higher than those estimated in
Since the intersection of the cluster forward rate and evap¥Young et al. (2008). However, for the case with nucleation
oration rate locates the size of critical cluster (Yu, 2005),time of 54 s, the difference in WLF estimation is as large
the predicted minimum number of2804 molecules in the  as a factor of 7.6. Because the difference in the mean size of
critical cluster is shown to be-4 based on our simulation. measured particle size distribution between 37 s case and 54 s
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one is very small (i.e~0.25nm, see Fig. 9 in Young et al.,
2008), the [HSQy] in these two cases should be very close
since HSOy vapors dominate the particle growth. This sug-
gests that the value of initial fFEOy] used for the case with
the nucleation time of 54 s is reasonably good. Thus, the sig-
nificantly high WLF estimation for the 54 s case should be
reasonable since the $80Q;,] at the end of the reactor is set
to be the residual }504 concentration reported in Young et
al. (2008).

3.2 A Kkinetic study of nucleation experiments reported
in Berndt et al. (2008)

We also carried out similar kinetic analysis of the work of
Berndt et al. (2008). Both Young et al. (2008) and Berndt et
al. (2008) focused on experimental investigations of nucle-
ation starting via S@and OH oxidation, although they had
different experimental setups (especially on the method to
produce OH). Here we adopted the same methodology used
in the above case study and applied it to study the experiment

H=S0a concentration (cm™®)

H. Du and F. Yu: Kinetic modeling of nucleation experiments
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of Berndt et al. (2008).

The [HoSOy] profile in the nucleation reactor first needs
to be calculated by numerically solving the Egs. (5) and (6)
with an assumed OH concentration, as shown in Fig. 3a.
The profile calculated by Berndt et al. (2008) was also in-
cluded. Berndt et al. (2008) studied the effect of added back-

ground HSOy on nucleation (injected at=0s, and subject o2
to wall loss). Figure 3a also gives three profiles of the back- ! 3’ i
ground [HSOy] with different initial values. The cluster 10'2 10 50

evaporation rate profiles for both binary,$0,-H,0 clus-
ters and ternary “unknown species»$0-H»O clusters are
presented in Fig. 3b. Fig. 3. (a) Simulated evolution profiles of-situ produced HSOy
With the assumed [pBQ4] profile and the ternary cluster concentration at two different maximum concentrations and back-
evaporation rate profile, the formation of nanoparticles andground HSO, concentration at several initial concentrations, and
their evolution can be simulated kinetically and are presentedb) the comparison of the evaporation rate profile obtained based on
in Fig. 4. No background [bBQy] is assumed in this simu- the QUN model with that assumed in the present case study and the
lation. As one can see, the §BOy] profile with a maximum  forward rate.7=288 K and RH=23%.
value of ~8.5x108 (cm—3) was needed in order to give a
good agreement with the measured particle size distributiontional growth began to dominate the change of particle size
Since the measured particle number concentration by CPC idistribution due to the absence 0§50, production (no UV
10 times higher than that integrated from the measured partillumination in the third section of the nucleation reactor) and
cle size distribution (Berndt et al., 2008), the peak concentrathe wall loss. In addition, for the case studied here, the mini-
tion of simulated particle size distribution is higher than that mum number of HSO4 molecules in the critical cluster (cor-
of the measured one. Based on their chemical kinetic modelresponding to the time period with maximum nucleation rate)
Berndt et al. (2008) predicted the maximum value fo6iay is predicted to be-5 based on Fig. 4b and may increase as
vapors to be~2.3x10® (cm~3); however, this value clearly [H,SQy] decreases. This value was reported to~be for
would yield a much smaller mean size of the particle sizethe nucleation observed in Berndt et al. (2005). Again the
distribution (i.e. 1.2 nm in difference, see orange solid curveagreement is reasonable.
in Fig. 4). The underestimation of p$0y] in the study of The most surprising conclusion made in the work of
Berndt et al. (2006) was pointed out in another work (SorokinBerndt et al. (2008) is that 450, vapors do not contribute to
and Arnold, 2007), which is consistent with this study. cluster/particle growth. They came to this conclusion based
Figure 4 also shows that the nucleation inside the nucle-on an experiment in which the measured particle size distri-
ation reactor started to become significant=at30s due to  butions were not changed when they switched on and off the
the rapid increase of the p$O4] via OH and SQ reaction  background HSOy source. In this study, we examined the
and continues untid=~100s. Since then, #5604 condensa- same experiment and studied the sensitivity of particle size

number of H2SOx in the cluster
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Fig. 4. Simulated evolution of the particle size distribution in the Fig. 5. Effects of background pB50, concentration on the particle
nucleation reactor with total residence time of 126 §'aR93 K size distribution at the end of nucleation chambed @6 s).
and RH=23%. The measurement of particle size distribution with
error bars by Berndt et al. (2008) was also included.
its concentration is much lower than that of§$0,. In ad-
dition, the produced nanoparticles, which have the affinity to
distribution to the background ). HOSQ;, should also have the similar affinity to,BO, since
Figure 5 shows the particle size distributions at the end ofH,SO; has similarities to HOS® chemically and struc-
the nucleation reactor£126 s) under several differentinitial turally. Although sulfur-containing species are very likely
background values of [F8Q4]. The background [HSOy] to be the particle growth contributor based on the chemical
profiles with different initial values are shown in Fig. 3a. It reactions taking place inside the nucleation reactor, the pos-
is assumed that wall loss is the major factor to change thesibility of some species other thanp 810, and HOSQ con-
background [HSOy] profile inside the reactor. The wall loss  tributing to particle growth cannot be excluded. However, to
coefficient is set to be 0.017(% which is taken from Berndt  our best knowledge, it remains unknown and needs further
et al. (2008). In the simulation, we assume that the back-experimental investigations. Therefore, the statement that
ground BSOy vapor only contributes to the particle growth some unknown species, not the$0, vapor, is responsi-
and does not participate in the nucleation. This assumptiorble for the observed cluster/particle growth needs to be much
allows us to focus on the role of backgroungdS®©, on par-  more carefully examined experimentally, given the impor-
ticle growth alone. tance of HSOy in cluster/particle growth observed in numer-
We found through our simulation that, as expected, theous ambient nucleation measurements (Kulmala et al., 2004)
effect of background [HSO4] on particle growth depends and the fact that no actual backgroung3®, concentration
on the relative abundance of background veistsitu pro- measurements in nucleation zone was carried out in the work
duced HSOy. Compared to the measurements, the particleof Berndt et al. (2008).
diameter can increase by as much as 1 nm if the background
[H2SOy] with an initial value of 2.6¢10° cm~3 was switched ~ 3.3  Thermochemistry: implications for the underlying
on. If the initial value decreases to k00° cm~3, which is nucleation mechanisms
on the lower end of the reported initial §80y], the increase

in particle diameter decreases+6.5 nm. However, the gap The above simulations of nucleation and evolution processes

in particle size distributions is still large enough to be dis- inside the nucleation reactor/chamber aimed at studying the
cerned. We found that if the background,B0y] is less nucleation experiments from a kinetic point of view; how-
than 5.0¢10° cm™3, the difference in calculated particle size €V’ the underlying nucleation mechanisms remain myste-

distributions between with and without backgroungSey rious. ldentification of the “unknown species” requires the

source cases are within measurement uncertainties due to ifowledge of thermochemistry associated with the nucle-
strument limitations. As a result, the particle size distribution 80N process. One advantage of the kinetic QUN model

would appear to be unchanged when the backgrou&y used in this study is the output &G,_1; associated with
source was switched on and off. the simulated nucleation process, which may give us insights

The HSOs-like substance HOSPwas suggested in into the underlying nucleation mechanisms.
Berndt et al. (2008) to explain the particle growth; however,
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Figure 6 shows the\G;_1; of the binary HSOs-H>0 T
. ! — Origina AG;;; at T=293K, RH=22%

homogeneous nucleation calculated based on the QUN and  -74 —-= New AG;; at T=293K, RH=22% ]
those of the ternary “unknown species?$0,-H,O nucle- \\ — Original AG;; at T=288K, RH=23%
ation derived from both case studies. Also included were _ N ok i e s ke
AG;_1; of the hydrated HSOy dimer and trimer at the two <) \ o Kazil etal. (2007) at 288 K, RH=23%
temperatures derived based on the experimentally measureé \
thermochemistries (Kazil et al., 2007). In theory, nucleation € -11 k. N in simulation of Young et al. (2008) -
rate is determined by clusters smaller than the critical one. = S
Therefore, we only need to focus @nG; 1 ; with i <5 be- Q_ Y
cause the number of 430, molecules in the critical cluster 131 )
for both studies was reported to be less than 6T7AR88 K o
and RH=23%, theAG;_1; of the hydrated HSQy dimer 15} L T T
and trimer based on QUN is7.1 and—9.3 kcal/mol, respec- for simulation of Berndlt et al. (2008)
tively. These Gibbs free energies are not low enough to ex-
plain the observed nucleation in Young et al. (2008). As one 175 10 50
can see, with the presence of the third unknown species, the number of H2SOu4 in the cluster

AG;_1; of ternary clusters for the dimer and trimer needs
to be reduced te-7.8 and—9.5 kcal/mol in order to explain  Fig. 6. Comparisons of the stepwise Gibbs free energy changes
the observed nucleation. In the case of Berndt et al. (2008)associated with the ternary “unknown specieg'3@-H,O nucle-
the formation energies of ternary clusters need to be evemtion derived kinetically from case studies of Young et al. (2008)
lower. TheAG;_1,; of the dimer and trimer ternary clusters and Berndt et al. (2008) with those from the binary3®,-H>0
is ~—11 and—12.5 kcal/mol, respectively. Although the dif- homogeneous nucleation.
ferences iMAG;_1,; between binary and ternary clusters are
significant for smaller ones, they gradually approach to zero
as the cluster size grows. in AG;_1,; between 293K and 288 K. Thirdly, the derived
As mentioned earlier, both Young et al. (2008) and Berndtpairs of AH and AS were abnormal. Based on the defi-
et al. (2008) initiated their nucleation experiments via;SO hition of Gibbs free energy chang& G=AH-TAS), we
and OH oxidation. Nearly all the initial gases in their exper- also calculated\H and AS since AG of the ternary clus-
iments are the same except that organics or CO were usei@rs at two different temperature are available. For exam-
in Berndt et al. (2008) for the OH titration. Organics have ple, ati=2, AG;_1; of ternary clusters is-7.8 Kcal/mol and
been shown not to affect nucleation by replacing them with—11 Kcal/mol for7=288 K and 293 K, respectively. The cal-
CO. Thus it is reasonable to speculate that the under|yinglu|atedAH is unrealistically as high as 176.53 Kcal/mol. All
nucleation mechanism occurred in both studies should be théhese evidences lead us to conclude that theAwig_; ; pro-
same. However, by comparin§G;_1; of the binary clus- files of ternary clusters derived from two independent studies
ters with that of the ternary clusters for each case study andnay represent two different “unknown species” involved in
inter-comparingAG;_1,; of ternary clusters derived from each experiment. Although both of experiments started via
both case studies, we found out that the proposed “unknow®H and SQ oxidation, two different species may partici-
species” may be different for the two independent studies. ItPate in and enhance the binarp$0s-H>0 homogeneous
implies that the underlying nucleation mechanisms happene@iucleation. The likely reasons for the different nucleation
in the two separate studies (after taking into account the dif-mechanisms in quite similar experiments, in whichS@y
ference inT, RH, and [H:SQy] profiles) may be different. vapors were produceid-situ by SG and OH oxidation and
There exist several reasons leading us to conclude thanajority of the initial gas species are the same, need further
the “unknown species” involved in both studies are different. investigations.
Firstly, theAG;_1; profiles of ternary clusters derived from The possible candidates for the “unknown species” may
both studies behave in a different way. The&;_1; pro- be HOSQ, HOSQ, or even impurities. Currently, the chem-
file of the ternary clusters in the case of Young et al. (2008)ical identity of the “unknown species” has not yet been re-
quickly approaches to that of binary clustersia6 while solved; however, the derivedG;_1 ; of the ternary clusters
the difference iNnAG;_1; between the binary cluster and can serve as a useful guideline for the search of the “un-
ternary cluster in the case of Berndt et al. (2008) is as larg&known species” using quantum-chemical methods. Berndt
as —1.5Kcal/mol even ai=10. Secondly, the largest dif- et al. (2008), on the basis of the lack of the changes in
ference inAG;_1; between binary and ternary clusters is measured particle size distribution with and without back-
~—1Kcal/mol ati=2 for the case of Young et al. (2008); ground BSQy, suggested that the mechanism for their ob-
however, itis as large as—4 Kcal/mol in the case of Berndt  served nucleation phenomenon be the free radical nucleation
et al. (2008). Our calculation shows that the temperatureand no role of HSOy in nucleation and growth. This is
variation cannot explain this large differenece3kcal/mole)  surprising because 230, is known to be a key nucleation
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and condensation precursor in the atmosphere. It should bdominates only within a fraction of total residence time in
pointed out that the previous study of Berndt et al. (2007)the reactor and the 450, condensational growth then takes
clearly shows the increase of total particle number concenever as the [HSO4] begins to decrease.
tration as the number concentration of tlire-Situ” produced More importantly, although both Berndt et al. (2008) and
H2SQOy increases. This is a clear indication thatS®y  Young et al. (2008) initiated nucleation via $@d OH ox-
molecules were involved in the observed nucleation. Theidation, comparisons of the derived values of stepwise Gibbs
sensitivity of particle size distribution to the;BO4 concen-  free energy changes related to initial steps of nucleation show
tration was also observed in Benson et al. (2007) and Younghat two different “unknown species” may participate in the
et al. (2008). It remains to be understood why adding back-nucleation observed in the experiments. It implies that nu-
ground HBSQO; into nucleation chamber does not influence cleation mechanisms occurred in the two separate studies
the measured particle size distributions in the study of Berndimay be different. Although the chemical identity of the “un-
et al. (2008) (also see Fig. 5). known species” has not yet been resolved, the derived values
of AG;_1,; of the ternary clusters can provide an important
direction for the future search of the “unknown species” with
4 Summary and discussion guantum-chemical methods.
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