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Abstract. We measured pDs reactive uptake onto mixed that the diffusivity, solubility, and reactivity of §Os within
organic/inorganic submicron particles using organic com-organic coatings and particles depend upon both RH and the
pounds with a variety of oxidation states (using mainly molecular composition of the organic medium. We use these
atomic O:C ratios as a proxy) and molecular weights.dependencies and ambient measurements of organic aerosol
The organic mass fraction, organic molecular composition,from the global aerosol mass spectrometry (AMS) database
and relative humidity (RH) were varied to assess their ef-to show that the typical impact of organic aerosol compo-
fects separately on the s uptake coefficienty (N2Os). nents is to both uniformly decreas€N,Os), by up to an
At a constant RH, mixtures of organic components havingorder of magnitude depending on the RH, organic mass frac-
an O:C<0.5 with ammonium bisulfate significantly sup- tion, and O:C ratio, and to induce a stronger dependence
pressed the uptake of®s5(g) compared to pure ammonium of (N2Os) upon RH compared to purely inorganic aqueous
bisulfate, even at small organic mass fractions (esd.5%).  solutions.
The effect of the organic component became less pronounced
at higher RH. In general, highly oxygenated organic compo-
nents (O : C>0.8) had a smaller or even negligible impact on
N2Os5(g) uptake at all RHs probed; however, a few excep-1 Introduction
tions were observed. Notably(N2Os) for mixtures of am-
monium bisulfate with polyethylene glycol (PEG), PEG-300 Heterogeneous reactions between gases and atmospheric par-
(O:C=0.56), decreased nearly linearly as the PEG masdicles play an important role in air quality and global climate
fraction increased at constant RH until leveling off at the (Abbatt et al., 2012; Chang et al., 2011; Liao and Seinfeld,
value measured for pure PEG. The responsg(df0s) to 2005; Poschl, 2005; Solomon, 1999). The reactive uptake
increasing PEG mass fraction was similar to that measure@f N2Os, a major nighttime NQ (=NO-+ NO,) reservoir
on ambient atmospheric particles as a function of organicspecies, onto particles is one such reaction that is known to
mass fraction. The effects of the organic mass fraction orbe potentially important on regional and global scales (Den-
y(N2Os), for mixtures having an O: C< 0.8, were bestde- tener and Crutzen, 1993), but remains poorly described in
scribed using a standard resistor model of reactive uptake asstmospheric models, in part due to a lack of detailed under-
suming the particles had an RH-dependent inorganic core-standing of the reaction rate and mechanism in atmospheric
organic shell morphology. This model suggests that th@®N  particles. The reactive uptake ob8s to aerosol particles is
diffusivity and/or solubility in the organic layer is up to a fac- a terminal sink of NQ and source of photolabile Cl atoms
tor of 20 lower compared to aqueous solution particles, andFinlayson-Pitts et al., 1989), and thus impacts ozone for-
mation and the lifetime of greenhouse gases such as methane
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(Alexander et al., 2009; Dentener and Crutzen, 1993; Osthoffower polarity organic components partition into an organic
etal., 2008; Shindell et al., 2009; Thornton et al., 2010). Lab-coating (Bertram et al., 2011; Ciobanu et al., 2009; Erdakos
oratory measurements have probed the reactive uptake coeéind Pankow, 2004; Marcolli and Krieger, 2006; Song et al.,
ficient, y (N2Os), defined as the probability that a colliding 2012; You et al.,, 2012, 2013). At <70% RH, humidity-
gas molecule (BOs in this case) will react with a particle. induced liquid-liquid phase separations are predicted to oc-
Measurements focused on purely inorganic aerosols tend tour for particles containing organics with a low oxidation
find relatively high values of/(N2Os) ranging from 0.015 state (e.g., low O:C) (Bertram et al., 2011; You et al.,
to 0.2 so long as the particles are deliquesced (Hallquist e2013). Additionally, certain organics facilitate the formation
al., 2003; Hu and Abbatt, 1997; Kane et al., 2001; Mentelof amorphous phases comprised of liquid, semi-solid, and
et al., 1999; Mozurkewich and Calvert, 1988; Thornton andsolid (glassy) states (Koop et al., 2011; Renbaum-Wolff et
Abbatt, 2005). However, measurements of ambient aerosolal., 2013; Saukko et al., 2012; Virtanen et al., 2010; Zobrist et
have consistently shown the presence of internally mixed in-al., 2008). The average carbon oxidation state, which scales
organic and organic components (Murphy et al., 2006; Zhangvith the O : C ratio, and molecular weight of organic compo-
et al., 2007), highlighting the need to asseg®hreactivity nents are proposed to be predictors for these phase transitions
on these mixtures. (Bertram et al., 2011; Saukko et al., 2012).
Studies probing the effect of pure organic aerosol as well Here we present measurements@l>0Os) on laboratory-
as inorganic particle seeds coated with organics have showgenerated particles that are mixtures of organics with ammo-
that even a monolayer coating can suppress the heterog&ium bisulfate. The organic compounds, used in mixtures or
neous uptake of pOs. However, the magnitude of this sur- as single components, spanned a range in molecular weights,
face effect is highly dependent on molecular structure andwvater solubility, and O : C ratios, which we use as a proxy for
likely not broadly relevant for the majority of submicron at- the average carbon oxidation state and thus organic aerosol
mospheric particles, which tend to have large organic massge (Kroll et al., 2011). We show the response/@N>0s)
fractions (oa) (Badger et al., 2006; Cosman and Bertram, to variations in the mass fraction, the chemical composition
2008; Folkers et al., 2003; McNeill et al., 2006; Riemer et of different organics, and relative humidity (RH). We discuss
al., 2009; Thornton and Abbatt, 2005; Thornton et al., 2003).the results in terms of (i) which properties of the particles’
Chamber-derived secondary organic aerosol (SOA) coatingsrganic composition are most important for accurately pre-
on sulfate seed particles produced from the ozonolysis of dicting y(N2Os); (ii) the role of phase separations and mor-
pinene, with minimal photochemical aging, showed strongphology; and (iii) the extent to which these laboratory mea-
suppression of/(N2Os) even with small mass loadings of surements on synthetic mixed organic/inorganic particles are
biogenic SOA (Anttila et al., 2006; Escorcia et al., 2010; comparable to ambient measurements.
Folkers et al., 2003). In spite of these studies, laboratory
measurements of(N2Os) have not been able to match am-
bient observations, even when organic aerosol is taken int® Methods
account (Abbatt et al., 2012; Bertram et al., 2009; Brown
et al., 2009; Riedel et al., 2012). As suggested in a recenfieasurements of (N2Os) were made using an entrained
modeling study by Riemer et al. (2009), these discrepanciegerosol flow tube coupled to a chemical ionization mass
are likely due to the formation of organic coatings that canspectrometer (CIMS) and a combination of experimental ap-
affect y (N20s); however, the magnitude of this effect will proaches similar to those described previously (Bertram and
likely depend on organic aerosol composition, particle phaseThornton, 2009; McNeill et al., 2006; Thornton et al., 2003).
and/or morphology. As such, a systematic study of the effecBoth standard decays ofs as a function of interaction
of organic molecular composition on;Ms uptake, though  time by moving the position of the injector containing®
necessary, has been lacking. (Thornton et al., 2003) and modulation of particle concentra-
In the absence of halides, hydrolysis is expected to be theion at constant interaction time by turning the aerosol flow
dominant driver of NOs reactive uptake, and the rate of on and off (Bertram and Thornton, 2009) were used in this
N20Os reactive uptake even on halide salt particles depends oexperiment. Mixed organic/inorganic aerosol were generated
whether the particle is crystalline or deliquesced (Finlayson-using a constant output atomizer using dilute solutions simi-
Pitts et al., 1989; Griffiths et al., 2009; Thornton and Abbatt, lar to the approach of McNeill et al. (2006). Figure 1 shows
2005; Thornton et al., 2003). As such, properties of organicthe experimental set-up used for this work.
compounds thought to affect particle water content and thus
¥ (N20s) include the polarity and molecular weight (Grif- 2.1 Aerosol generation and characterization
fiths et al., 2009; Jimenez et al., 2009; Thornton et al., 2003).
These properties are also thought to determine particle phasthe solutions used in this manuscript are summarized in Ta-
and morphology as some organics when mixed with inor-ble 1 along with the correspondinga (in the aerosol) and
ganic compounds can undergo RH-dependent liquid—liquidy (N2Os) values. Three types of aqueous solutions were used
phase separations due to a “salting-out” effect wherein thé¢o generate aerosol: (1) single component solutions (e.g.,

Atmos. Chem. Phys., 14, 569%707, 2014 www.atmos-chem-phys.net/14/5693/2014/



C. J. Gaston et al.: Reactive uptake of MOs to internally mixed inorganic and organic particles 5695

< N, [N;0; Generation] on the CIMS inlet. Particle size distributions and total surface
ol area concentrationsy) at the flow tube exit were measured
Ny e e g using a scanning mobility particle sizer (SMPS) consisting
HEEN ° l. of a differential mobility analyzer and condensation particle
:0 ° counter (TSI Inc. or Grimm Technologies; both instruments
N2 Slle . gave similar distributions)S; typically ranged from 0.8 to
MFC . .
*. e N 7.0x 10~4cm? cm~3. Example surface area-weighted size
o ® - distributions resulting from atomizing an ammonium bisul-
fate solution containing various amounts of PEG (i.e., mix-
__RHConditioning (] L4 ‘ ‘ . . . o
l_ T = ture type 2 above) are shown in Fig. 2. The single mode, and
S @F a mean diameter that increases monotonically with increas-
Differential ] y . . R
R corcorsao L ﬂ.[—]' 0 ing PEG content at constant ammonium bisulfate, suggest
Al article . . . . .
T Hlcoumeer particles are internal mixtures of PEG and ammonium bisul-
[Measurement of Particle Surface Area |

fate. To ensure the measurggdwvas representative of the flow
Figure 1. Schematic of the laboratory set-up used to measuretube conditions, the DMA sheath flow was conditioned to the
¥(N2Os) on laboratory-generated aerosols. A movable injector is@Ppropriate RH by sampling from the flow reactor fed h
used to change the amount of exposure time betwegdsNrep-  prior to the start of the experiment.

resented by small green dots) and the generated particles (large red

dots). The NOs decay is monitored using a chemical ionization 2.2 NOs generation and detection

mass spectrometer (CIMS) while total particle surface afgni$

monitored using a scanning mobility particle sizer (SMPS). The method used to generate®é has been discussed pre-
viously (Bertram and Thornton, 2009; Bertram et al., 2009;
Lopez-Hilfiker et al., 2012; Riedel et al., 2012). As shown in

ammonium bisulfate or polyethylene glycol, PEG); (2) solu- F19- 1, NG is generated by reaction of N@nd Q. NOs

tions of ammonium bisulfate and a single organic componentS then allowed to react further with excess N produce
(e.g., ammonium bisulfate/azelaic acid); and (3) ammoniumN20s i equmbrlum W'th NG and N_Q" atroom temperature
bisulfate solutions containing a mix of organic components(298 K). The NOs is introduced axially down the center of
with either a high average O : C atomic ratio of 1.13 or a low € flow reactor in a 0.1 slpm UHPAcarrier flow through
average O': C atomic ratio of 0.48. Ammonium bisulfate was@ Teflon-lined movable stainless steel m;ectqr (!3ertram and
chosen as the inorganic component because it does not Cryg'_hornton, 2009). HOs was detecteq using |pd|de adduct
tallize at RHs used in this work (e.g., 30—70% RH), ensur-CIMS (K_ercher et a_l.Z 2009) and the identical instrument de-
ing a deliquesced inorganic solution (Martin, 2000; Tang andSc'iPed in Lopez-Hilfiker et al. (2012).

Munkelwitz, 1977, 1994). Ammonium bisulfate (Alfa Ae-
sar, 99.9 % purity), azelaic acid (Acros Organics, 98 % pu-
rity), (1,2,9)-r?onanetriol (Sigma, purity un.known), polyethy- N2Os and the conditioned aerosol interacted within a pyrex,
lene glycol with an average molecular weight of 300 91_"1‘0' halocarbon wax-coated flow tube with an inner diameter (ID)
(chemical formula H(OCHCH), OH) (Aldrich), citric acid,  f 3 or 6 cm and a length of 90 cm. Measurements were lim-
(2,5)-dihydroxy benzoic acid (gentisic acid), B-t-glucose,  jteqd to the central 60cm to maintain well-mixed, laminar
malpnic acid, and _succinic acid (all Sigma-Aldrich with a fow conditions (Reynolds numbet 106 or 53 depending
purity of 98 % or higher) were used as the aerosol compo-, the flow tube diameter). The injector was moved to the top
nents. Citric acid, glucose, malonic acid, and succinic acidang bottom of the flow tube, altering the interaction time be-
were used to create the high O : C mixture, while azelaic acidyyeen NOs and the generated particles. The first-order rate
gentisic acid, 1,2,9-nonanetriol, and PEG were used to genpygg (ned Was determined using a pseudo-particle modula-

2.3 Determination of y (N2Os)

erate the low O : C mixture, as denoted in Table 1. tion technique (Bertram and Thornton, 2009):

Particles were generated using a constant output atomizer
(TSl Inc., Model 3076). The atomizer output was dilutedand, (i) [N2Osltop B
conditioned for approximately 1 min by mixing 3.3to 4 stan- = © res [N2Os]bottom”

dard liters per minute (slpm) of humidified ultra-high purity . N . .

(UHP) N, with the atomizer output. The humidity of the di- Ires IS the resulting interaction time between the gases and

lution flow was adjusted so that the aerosol flow was at thega{tmle_s. \év?” Iossis of 50.5 to tth_e ftlﬁw tube fwai) V\;ere

desired RH determined with a Vaisala humidity probe (accu- etermined for each experiment in the same manné&has

racy-£2 %) just upstream of the flow reactor except in the absence of particles. The uptake efficiency,
Approximately 2.3-3 slpm of the conditioned aerosol flow v(N20s), was then determined from the equation

was continuously drawn through the flow reactor via a.s.ide NoOx) ~ A(khet— kwall) 2

arm at the top of the flow tube by means of a critical orifice ¥ (N205) ~ Sa ' @
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Figure 2. Representative surface area-weighted size distributions for ammonium bisulfate (black dotted line) and Ammonium Bisulfate/PEG
aerosols generated from solutions with increasing mass (mole) fractions of PEG (colored lines).

w represents the mean molecular velocity ofN (Bertram  mately a factor of 10 lower than that for ammonium bisul-
and Thornton, 2009; McNeill et al., 2006; Riedel et al., fate particles and with increasing RH reach a value that is a
2012). Representative decays using this method are showfactor of 2 lower than ammonium bisulfate, suggesting an ad-
in Fig. S1 of the Supplement. This equation neglects gasditional limitation to reactive uptake of {05 on PEG com-
phase diffusion limitations to reactive uptake, which are pared to ammonium bisulfate. Also shown in Fig. 3a are pre-
small (<10%) for the typicaly(N2Os) and particle sizes dicted values of (N2Os) derived from the model of Bertram
used here (Fuchs and Sutugin, 1971). 7E20s) reported  and Thornton (2009) (see black dashed line), which uses the
here are the mean of five independent determinations and thegarticulate water, nitrate, and chloride content in addition to
quoted uncertainties are the respective 95 % confidence irthe total particle volume and surface area to pred{bi;Os);
tervals. Mosty (N2Os) measurements are shown normalized the model assumes thab®s reacts throughout the bulk of
to that measured on ammonium bisulfate at 50 % RH, whichthe particle without any additional solubility or diffusion lim-
varied between 0.036 and 0.030, for comparison to other amitations compared to pure water. The water content of the
bient and chamber data sets (Anttila et al., 2006; BertranPEG particles was calculated with the AIM Il model and us-
et al., 2009; Escorcia et al., 2010), and to account for driftsing the ethylene oxide (CHDCHy) and the hydroxyl (OH)
in sources of systematic errors related to flow rates, SMPSunctional groups in UNIFAC, which has been previously
transmission and humidification, and CIMS detection effi- shown to predict accurately the water activity of PEG so-
ciency. Moreover, the relative trends #{N2>Os) as a func-  lutions (Marcolli and Peter, 2005; Ninni et al., 1999; Ninni
tion of RH, xoa, and oxidation state are the primary fo- et al., 2000). The predictgd(N2Os) values are within error
cus of these measurements. Normalized measured values of the measured values despite the fact that we assume the
y(N20Os) for all experiments are summarized in Table 1; ab- solubility and diffusivity of NOs in PEG is the same as that
solute values can be obtained by multiplying the normalizedfor aqueous inorganic solutions.
values by the absolute(N2Os) for ammonium bisulfate. In Fig. 3b, we show normalizegt(N2Os) measured on
particles that are mixtures of ammonium bisulfate and PEG
(labeled Ammonium Bisulfate/PEG from here). At 50 % RH,
3 Results and discussion the y (N2Os) decreased nearly linearly from the ammonium
_ . ) bisulfate value as the PEG mass fraction increased until a
3.1 Ammonium bisulfate and PEG experiments: PEG mass fraction of- 0.6, beyond which the normalized
evidence for the role of liquid-liquid phase ¥(N2Os) plateaued at- 0.20. As shown in Fig. 4, using par-
separations ticles with a PEG mass fraction of 0.2, where only minimal
suppression of reactivity was observed at-RHO %, and de-

) : . creasing the RH from 50 to 30 % resulted in a 70 % decrease
vs. RH. They(N2Os) increased with particle water content in »(N20s). In contrast, using particles with a PEG mass

from 0.003+ 0.003 at 30 % RH, 0.00% 0.003 at 50 % RH, : L : o
to 0.017+ 0.011 at 70% RH. These values start approxi_fractlon of 0.56, where significant suppression of reactivity

Figure 3a shows (N2Os) measured on pure PEG particles
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Table 1. Relative humidity (RH), solution types and weight percentages, organic mass fragiigy)s érganic molar ratios, ang(N2Ox)
values (both absolute and normalized). The stated uncertainty in both the absolute and normalized yéNigSg)fare 95 % confidence
intervals.

RH (%) Solutiontype Wt% Components xoa  Organic O: C ratio y(N20Os) Normalizedy (N2Os)
50 1 0.085 Ammonium bisulfate N/A N/A 0.0360.002 1.00t 0.058
30 1 0.300 PEG 1.000 0.56 0.0£3.003 0.08:0.07
50 1 0.300 PEG 1.000 0.56 0.087.003 0.26:0.07
70 1 0.300 PEG 1.000 0.56 0.0£0.011 0.47:0.30
30 2 0.107  Ammonium bisulfate PEG 0.210 0.56 0.002 6.5e-4 0.24£0.02
50 2 0.107 Ammonium bisulfate¢ PEG 0.210 0.56 0.028 0.002 0.77:0.04
50 2 0.129 Ammonium bisulfate PEG 0.340 0.56 0.01F% 0.004 0.47-0.10
50 2 0.140 Ammonium bisulfate PEG 0.390 0.56 0.0160.002 0.45:0.05
50 2 0.159 Ammonium bisulfate PEG 0.460 0.56 0.01%0.002 0.3H1-0.05
50 2 0.195 Ammonium bisulfate¢ PEG 0.560 0.56 0.004 0.006 0.12:0.17
70 2 0.195 Ammonium bisulfate PEG 0.560 0.56 0.0280.003 0.62+0.08
50 2 0.306 Ammonium bisulfate PEG 0.720 0.56 0.00F 8.0e-4 0.20:0.02
50 2 0.092 Ammonium bisulfateé azelaic acid 0.076 0.44 0.0230.006 0.64:0.17
30 2 0.099 Ammonium bisulfate azelaic acid 0.140 0.44 0.06840.005 0.16t0.12
50 2 0.099 Ammonium bisulfateé azelaic acid 0.140 0.44 0.0%90.004 0.52£0.10
50 2 0.113 Ammonium bisulfate azelaic acid 0.250 0.44 0.0%70.007 0.48:0.18
50 2 0.131  Ammonium bisulfateé azelaic acid 0.350 0.44 0.0%20.001 0.33:0.04
50 2 0.154 Ammonium bisulfate azelaic acid 0.450 0.44 0.0100.005 0.2740.13
70 2 0.154 Ammonium bisulfate azelaic aid 0.450 0.44 0.0160.003 0.44+0.07
50 2 0.215 Ammonium bisulfate azelaic acid 0.620 0.44 0.0670.005 0.26£0.13
50 2 0.363  Ammonium bisulfat¢ azelaic acid 0.760 0.44 0.0880.002 0.2H-0.04
30 2 0.094 Ammonium bisulfaté succinic acid 0.097 1.0 0.0190.007 0.42£0.16
50 2 0.094 Ammonium bisulfate succinic acid 0.093 1.0 0.0450.016 1.0G6t0.35
50 2 0.102 Ammonium bisulfaté succinic acid 0.170 1.0 0.0350.006 0.78:0.14
50 2 0.114  Ammonium bisulfate succinic acid 0.254 1.0 0.0370.018 0.810.41
50 2 0.129 Ammonium bisulfaté succinic acid 0.340 1.0 0.0360.007 0.8G:0.15
70 2 0.129 Ammonium bisulfate succinic acid 0.340 1.0 0.0400.003 0.89t 0.06
50 2 0.172  Ammonium bisulfaté succinic acid 0.500 1.0 0.0360.003 0.79:0.06
50 2 0.260 Ammonium bisulfate succinic acid 0.670 1.0 0.0260.003 0.58t 0.06
30 2 0.099 Ammonium bisulfate citric acid 0.146 1.17 0.01%0.006 0.3G£0.15
50 2 0.099 Ammonium bisulfate citric acid 0.146 1.17 0.025£0.011 0.7G£0.31
50 2 0.113 Ammonium bisulfate citric acid 0.250 1.17 0.024 0.005 0.65:0.14
50 2 0.132 Ammonium bisulfate citric acid 0.360 1.17 0.012 0.005 0.510.13
50 2 0.156  Ammonium bisulfaté citric acid 0.450 1.17 0.01:3 0.005 0.35:0.14
70 2 0.156  Ammonium bisulfate citric acid 0.450 1.17 0.03%0.002 0.95:0.05
50 2 0.226  Ammonium bisulfate citric acid 0.620 1.17 0.01%0.005 0.46£0.14
50 2 0.370  Ammonium bisulfate citric acid 0.770 1.17 0.01:3 0.003 0.3#0.08
50 1 0.085 Ammonium bisulfate N/A N/A 0.0300.005 1.06t0.15
50 2 0.183  Ammonium bisulfat¢ glutaric acid 0.530 0.8 0.0180.003 0.6£0.11
50 2 0.162 Ammonium bisulfat¢ malonic acid 0.470 1.33 0.0210.003 0.68t0.09
30 3 0.089  Ammonium bisulfateé high O/C 0.120 1.13 0.0180.006 0.42:0.21

(glucose, malonic acid, citric acid, succinic acid)
50 3 0.089  Ammonium bisulfateé high O/C 0.120 1.13 0.02% 0.003 0.7H0.11
50 3 0.122  Ammonium bisulfat¢ high O/C 0.300 1.13 0.01%0.004 0.57:-0.12
50 3 0.195 Ammonium bisulfateé high O/C 0.559 1.13 0.0180.002 0.33:0.05
70 3 0.195 Ammonium bisulfat¢ high O/C 0.559 1.13 0.0150.003 0.50:0.10
50 3 0.110 Ammonium bisulfateé high O/C 1.000 1.13 0.0080.001 0.16-0.04
30 3 0.091 Ammonium bisulfat¢ low O/C 0.156 0.48 0.002 0.002 0.16:0.06

(azelaic acid, PEG, gentisic acid, (1,2,9)-nonanetriol)
50 3 0.091 Ammonium bisulfat¢ low O/C 0.156 0.48 0.00& 0.002 0.27-0.08
50 3 0.135 Ammonium bisulfate low O/C 0.370 0.48 0.00% 0.003 0.23:0.10
50 3 0.236  Ammonium bisulfat¢ low O/C 0.635 0.48 0.004 0.001 0.26:0.03
70 3 0.236 Ammonium bisulfateé low O/C 0.635 0.48 0.01% 0.004 0.44+0.13
50 3 0.151 Ammonium bisulfat¢ low O/C 1.000 0.48 0.002 0.002 0.08:0.06

was observed at RH 50 %, and increasing the RH from 50 PEG to partition between aqueous and hydrophobic phases
to 70% led to a factor of 5 increase ynN2Os). Both of in the AIM Il model. The predicted values capture the mea-
these sensitivities to RH are far stronger than that of puresuredy (N2Os) well for the two extremes, where the particles
ammonium bisulfate (Bertram and Thornton, 2009). Also are composed of either 100 % ammonium bisulfate or 100 %
shown in Fig. 3b are the predicted valuesydN,Os) ob- PEG. However, the model fails to capture the observed be-
tained from the Bertram and Thornton (2009) parameterizahavior of y (N2Os) on Ammonium Bisulfate/PEG patrticles,
tion (black dashed line), assuming the particles are homolikely because the model does not account for organic coat-
geneous (single-phase) internal mixtures, and allowing thengs formed due to liquid—liquid phase separations, which
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O, 0.8 O S e down triangle). Normalized/(N2Os) for ambient particles mea-
§ 06 o = N sured in Seattle, WA during the summer of 2008 (Bertram et al.,
§ % N 2009b) are also shown (blue dots connected by blue line). The av-
= 044 <> .............. N erage RH in the sampling inlet was 65 % RH and the average O:C
Eoad  MLT R, ratio of the ambient organic aerosol was 0.45, estimated from an
[} <> .
z 00 AMS operated simultaneously.
I I I I I I
0.0 0.2 0.4 0.6 0.8 1.0
Organic Mass Fraction (x,) layer
Figure 3. (a) Experimentally measured(N,Os) values of pure korg
PEG at 30%, 50%, and 70% relative humidity (RH) (orange gorg= Rp Do’ (4)
org

squares)(b) Experimentally measured normalizedN-Os) val-

ues of particles generated from ammonium bisulfate and PEG as . . .
b 9 Wherekqrg is the pseudo first-order reaction rate constant of

a function of PEG mass fraction at 50% RH (orange diamonds : ) .
connected by orange line). Predicted valuey (f20s5) for pure N2Os in the organic layer (Sl)' The equation for parameter

PEG (top panel) and for Ammonium Bisulfate/PEG particles (bot- F IS givenin Eq. (5):
tom panel) using the parameterizations of Bertram and Thornton .
(2009) (dashed black lines) and Anttila et al. (2006) (dashed red, _ coth(qorg) + h1(qag 95rg)

lines) are also shown. T4 COth(qaq) h(gaq qgrg) :

®)

o The parametefr also contains the dimensionless diffuso-
have been shown to occur in mixtures of PEG and ammoyeactive parameter in the aqueous core of the partigle (
nium sulfate (Ciobanu et al., 2009; Marcolli and Krieger, gimilar t0 gorg; however, the reaction rate constant gf4
2006)_- ) ) ) in the aqueous layek4q and the diffusion coefficient in the

To investigate the role of particle morphology ia® Up-  aqueous corelfyy) are used instead. The model of Anttila
take, a slightly modified version of the core-shell resistivity gt 5. (2006) considetiq a tunable parameter; however, the
model of Anttila et al. (2006) was also used to predict exper-mqodel of Bertram and Thornton (2009) explicitly parameter-
imental results presented herein with the following equation:j;es the equivalent rate constala;f;j as a function of liquid

water, nitrate, and chloride content using the RH and inor-
_wRp 1 wRp 3 ganic composition of the particle in the AIM II moc.jel..We
=7 Dgas+ o T ART HorgDorg(@orgF — 1) (3)  therefore use the Bertram and Thornton parameterization for
kaq to capture the dependence;afN,Os) on the liquid wa-
Ry is the particle radius (m}gasis the gas phase diffusion ter better. Further information regarding the model of Anttila
coefficient for NOs taken to be & 10> m?s~1 (Anttila et et al. (2006) and the equations used can be found in the Sup-
al., 2006),« is the dimensionless mass accommodation co-plement. We note that this parameterization does not factor
efficient, Horg is the Henry's law coefficient for pDs in the in temperature dependenciesN2Os), which may also be
organic layer (mol/rh atm), Dorg is the diffusion coefficient  important (Abbatt et al., 2012; Wagner et al., 2013).
of N»Os in the organic layer (fs™1), and qorg is the di- The water activity and diffusivity of PEG solutions are
mensionless diffuso-reactive parameter, which describes theeasonably well constrained by independent data, and thus
competition between diffusion and reaction in the organicthe Ammonium Bisulfate/PEG particles provide a useful test

1
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case for the reactive uptake model. Table 2 shows the valueal. (2006), while Anttila et al. (2006) use a lower value for
of each variable used in the model of Anttila et al. (2006) Dorg than that used by Bertram and Thornton (2009), who
for PEG and mixtures of Ammonium Bisulfate/PEG. The conclude that the diffusion limitation in aqueous solution
N>Os rate constant in the organic coating,) for pure  particles was negligible. These differing valuestig, likely
PEG particles was determined to be 2.00°s™! at 50%  cancel the effects of the different approaches to diffusion lim-
RH, increasing by a factor of 1.6 to 3.2x 10°s™1 as the itations. Thus, while there is good agreement between both
RH was increased to 70 %, and decreasing by a factordf models and measured valuesydiN2Os) for pure PEG, the

to 7.0x 10*s~1 as the RH was decreased to 30 %. Valuestwo models are not directly comparable as they are based
of korg can be used to probe the particle liquid water con-on different assumptions. In contrast, for Ammonium Bisul-
tent assuming thaleg is equivalent to the rate constant of fate/PEG mixtures, the model of Anttila et al. (2006) clearly
N2Os in water derived from Bertram and Thornton (2009) predicts values of (N2Os) with much higher accuracy than
(k/zf) multiplied by the liquid water content in the PEG. The that of Bertram and Thornton (2009), likely due to the fact
liquid water content of PEG predicted using the values ofthat only modest decreases in the overall liquid water con-
korg at each RH matched the predicted liquid water contenttent of mixed Ammonium Bisulfate/PEG particles are pre-
using the AIM Il model to within 40 % or better at all RHs, dicted for an internally mixed system; however, these mod-
suggesting that pDs uptake kinetics can provide an addi- est decreases in liquid water content cannot fully explain the
tional metric to assess the liquid water content of both inor-behavior ofy (N2Os). Instead, the formation of organic coat-

ganic and organic aerosol. In addition kg, ¢, the factor
used to scale the product éf,q and Haq to account for the
decrease in diffusion and solubility of2®s in the organic

ings of PEG through liquid—liquid phase separations likely
further decreases the liquid water content in the coating and
additional decreases inJ®s solubility and diffusivity in a

layer compared to the aqueous core, was also found to be incoating of PEG likely impact (N2Os) as well; these de-
portant for achieving agreement between experimental andreases are more accurately represented by the core-shell re-
predicted values. The best agreement was found by settingistivity model of Anttila et al. (2006).

¢ =0.06 for Ammonium Bisulfate/PEG at 30 % REI=0.3

at 50% RH, and =1 at 70% RH. Using the constraints
from the observed dependencegN,Os) on the PEG mass
fraction, and the model sensitivity tgg, we conclude that
the changes i represent mostly changes iy relative to
Daq and less so changes Hirg compared taHaq (See Sup-
plement), a finding similar to Antilla et al. (2006). Assum-
ing that the largest changes #{N2Os) Ammonium Bisul-

We conclude this section by noting thafN,Os) on Am-
monium Bisulfate/PEG particles show strikingly similar de-
pendencies omoa to y(N20s) measured on ambient atmo-
spheric particles (Bertram et al., 2009), as shown in Fig. 4.
We note that theipoa in the ambient particles is mostly sec-
ondary in nature (e.g., most of the organic aerosol is oxi-
dized organic aerosol, OOA) (Bertram et al., 2009). In both
the laboratory and field measurements, a similar nearly lin-

fate/PEG particles compared to ammonium bisulfate parti-ear decrease in(N2Os) with increasingyoa was observed,
cles are driven by changes in diffusivity and reactivity, we with linear fits to the normalizegt(N2Os) vs. xoa having

find the best model-measurement agreement Wigly = 3
to 5x 10°19m2s~1 at 50% RH. For comparison, assum-
ing the PEG mass fraction in pure PEG particles-i8.85

slopes of—1.6 and—1.7, respectively (see Fig. S2 in the
Supplement). Due to the similar response of the normalized
y(N20s) to increases inoa, a comparison of these two sys-

at 50% RH (Ninni et al., 1999) and using an estimated dy-tems was made. The O: C of PEG-300 is 0.56, while the av-

namic viscosity of~14.7 mPas! (Rahbari-Sisakht et al.,
2003) for PEG-300 yields a value &g of ~10710m?s~?

erage O: C of thgpa in the ambient particles was estimated
to be ~0.45 as measured by an Aerodyne aerosol mass

using the Stokes—Einstein equation. At 70 % RH, best agreespectrometer (AMS) with unit-mass resolution (see Fig. S3

ment between the observedN,Os) and that predicted by
the resistor model was obtained whBg,y was equal tdDaq
(1x 107°m?s1) and Horg = Haq for both pure PEG and

and Supplement for this calculation). However, this latter
value may be an under-estimate as recent measurements have
shown the AMS can under-predict O:C by up+a25 %;

Ammonium Bisulfate/PEG particles, suggesting the pres-this observation holds for both the unit-mass resolution and
ence of internally mixed systems at this higher RH and thehigh-resolution AMS (Canagaratna, 2014). Furthermore, the

lack of phase separations.

The modified Antilla et al. (2006) resistor model predic-

average RH during ambient sampling conditions was 65 %,
which is higher than most of the Ammonium Bisulfate/PEG

tions of y(N20Os) generally match measured values for both experiments that were primarily conducted at 50 % RH. At
pure PEG (assuming a single-phase system) and mixtures af0 % RH,y(N2Os) on Ammonium Bisulfate/PEG particles
Ammonium Bisulfate/PEG (assuming a two-phase system)were found roughly to match(N2Os) on ambient particles
see Fig. 3a and b. As noted above, the parameterization afith similar xoa.

Bertram and Thornton (2009) also achieved good agreement There are several possible ways to explain why laboratory
for pure PEG particles despite the fact that it does not acimeasurements of /D5 uptake onto particles composed of

count for diffusion limitations of NOs in PEG. Bertram and
Thornton (2009) use a lower value féfyq than Anttila et

www.atmos-chem-phys.net/14/5693/2014/

ammonium bisulfate and PEG mimic uptake experiments on
ambient aerosol so well. First, the polymeric nature of PEG
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Table 2. Input parameters for the model of Anttila et al. (2006) used to predidpOs).

RH  Compound a [H20laBs  kaq(k2r) korg € Dorg
50% Ammonium bisulfate 0.1 25.7 1.3110° 0.00E+00 1.00 1.00« 10°°
30% PEG 0.1 13.6 9.5010° 7.00x 10 0.06 6.00x 10711
50% PEG 0.1 25.7 114105 2.00x10° 0.30 5.00x 10710
70% PEG 0.1 36.5 1.1410° 3.20x10° 1.00 1.00x 109
30% Ammonium Bisulfate/PEG 0.1 13.6 9.500° 7.00x 10 0.06 6.00x 10711
50% Ammonium Bisulfate/PEG 0.1 25.7 1.4M0° 2.00x10° 0.30 5.00x 1010
70% Ammonium Bisulfate/PEG 0.1 36.5 1.440° 320x10° 1.00 1.00x10°°

30% Ammonium bisulfate/low OC 0.1 13.6 9.5010° 1.23x10* 0.008 8.00x 10712
50% Ammonium bisulfate/low OC 0.1 25.7 1.%110° 3.50x 10 0.05 5.00x 10711
70% Ammonium bisulfate/low OC 0.1 36.5 1.440° 5.60x10* 0.80 1.00x 10~°

30% Ammonium bisulfate/high OC 0.1 13.6 9.5A0° 7.00x10* 0.06 5.00x 1010
50% Ammonium bisulfate/high OC 0.1 25.7 1410° 2.00x10° 0.30 1.00x 1079
70%  Ammonium bisulfate/high OC 0.1 36.5 1.240° 3.20x10° 0.80 1.00x10°°

may be similar to SOA found in ambient aerosols, which et al., 2006; Thornton and Abbatt, 2005), humic acids (Bad-
have been found to contain oligomers in certain environ-ger et al., 2006), and secondary organic aerosol (SOA) from
ments (Denkenberger et al., 2007; Kalberer et al., 2004; Sure-pinene ozonolysis (Anttila et al., 2006; Escorcia et al.,
ratt etal., 2006); however, the presence of liquid—liquid phase2010; Folkers et al., 2003). Chemical measurements using
separations is an additional possibility. While speculative,an AMS suggest that SOA from-pinene ozonolysis has an
the similar behavior of/(N2Os) observed on Ammonium O C ratio similar to that of semi-volatile oxygenated organic
Bisulfate/PEG mixtures, which are known to exhibit liquid— aerosol (SV-OOA, O: G 0.35£0.14) (Ng et al., 2010). As
liquid phase separations (Ciobanu et al., 2009; Marcolli andnoted previously, this O : C ratio may be biased low by up to
Krieger, 2006), and on ambient aerosol is certainly consistent- 25 % (Canagaratna, 2014). As shown in Fig. 5, the changes
with the idea that ambient organic aerosol constituents unin y (N2Os) we observe with the low O : C mixture were sim-
dergo humidity-dependent liquid—liquid phase separationsjlar to, though somewhat smaller than, that measured using
thereby inhibiting heterogeneous losses g0}l a-pinene ozonolysis SOA deposited on ammonium sulfate
seed particles (Anttila et al., 2006; Escorcia et al., 2010;
3.2 Ammonium bisulfate and organic compounds with  Folkers etal., 2003), suggesting our low O C ratio mixture
lowO:C mimics the properties af-pinene ozonolysis SOA that af-
fect NoOs reactive uptake. The similarity between the two
systems could be due to similarities in the O: C ratios for
the two systems, particularly if the correction to the AMS-
. ; : ) ~ % derived O: C ratio is taken into account, or due to other sim-
t|('):0..48 fqr the mixture) as a funp’uon o i ShO.W” N " ilarities between the two systems, such as the properties of
Fig. 5.’ a ”?'Xt“re of several organic comp_o_ne_nts, InCIUOIIngthe polyols and organic acids found in our low O : C mixture.
organic aqlds_and polyols_, was used to minimize the chance Also shown in Fig. 5 are normalized(N»Os) measure-
of crygtalhzauop (Marcol!l et gl., 20_04). |I? contrast to t.he dments at 30% RH and 70% RH witfoa of ~ 15.6 % and
experiments using organics with a hl%h O.. C ratio described 63.5%, respectively. Normalized values pfN2Os) are
pelow,y(N2005) decreased.byv 70-80% W't.h aryoa of as nearly a factor of 3 lower at 30% RH, and coincidentally
little as~ 159%, beyond Wh'cby(_Nz_of’) remained ata nearly match NOs uptake onto chamber-derived biogenic SOA.
constant suppressed value. Similar trendy fN;0s) were This sensitivity to lower RH is far larger than for pure am-

found for mixtures of ammonium bisulfate and azelaic acid monium bisulfate (Bertram and Thornton, 2009), and, given

only (see Fig. S4 in the Supplement). Azelaic acid, one of - :
) . the relatively smallyoa (15 %), again suggests the presence
the components used in the low O:C mixture that has the : ; : " -
: . ... of ting h diff th t d
same O: C ratio as the mixture, has been shown to exhibit of an organic coating having a different hygroscopicity (an

. . X . 1O 3hus water content) and viscosity than pure ammonium bisul-
salting out effect in the presence of inorganic salts (Reid

(—:*tf .
) ) : ate. Increasing RH from 50% to 70 % leads to more than
al., 2011). Observations of a rapid decreasg(iN2Os) with g 0 >

. ; . . a doubling of they(N20Os), though it remains suppressed
small amounts of organics are in agreement with previous 9 v (N20s) 9 bp

laboratory studies using surface-active compounds (McNeill

N2Os uptake onto mixtures of ammonium bisulfate and
organic compounds with low O:C ratios (mean O:C ra
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A  Ammonium Bisulfate/Low O:C Mixture (30% RH) A Ammonium Bisulfate/High O:C Mixture (30% RH)
—&— Ammonium Bisulfate/Low O:C Mixture (50% RH) —o— Ammonium Bisulfate/High O:C Mixture (50% RH)
v Ammonium Bisulfate/Low O:C Mixture (70% RH) v Ammonium Bisulfate/High O:C Mixture (70% RH)
a-pinene SOA (Escorcia et al. [2010])=8— a-pinene SOA (Anttila et al. [2006]) 1.0
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Figure 5. Normalizedy (N»Os) values for particles generated from Figure 6. Normalizedy (N>Os) values for particles generated from
ammonium bisulfate and a mixture of organic compounds with aammonium bisulfate and a mixture of organic compounds with a
low O: C ratio as a function ofoa at 30 % RH (red, right-side-up  high O:C ratio as a function ofoa at 30% RH (purple, right-
triangle), 50 % RH (red diamonds connected by red line), and 70 %side-up triangle), 50 % RH (purple diamonds connected by purple
RH (red upside-down triangle). NormalizeqN,Os) for particles  line), and 70 % RH (purple upside-down triangle).
containing chamber-derived SOA frampinene oxidation as mea-
sured by Escorcia et al. (2010) (solid, orange triangles with connect-
ing line) and reported by Anttila et al. (2006) (open, black squareson particles composed of dicarboxylic acids having O : C ra-
with connecting line) are also shown. tios of 0.8-2 (Griffiths et al., 2009; Thornton et al., 2003).
We found significant differences ip(N2Os) when using
mixtures of ammonium bisulfate and individual high O:C
compared to pure ammonium bisulfate particles by more tharprganic components. For examplg(N>Os) on particles
a factor of 2. composed of ammonium bisulfate and succinic acid alone
showed little change with increasing succinic acid mass frac-
3.3 Ammonium bisulfate and organic compounds with  tion (see Fig. S6 in the Supplement). In contrast, decreases
highO:C in ¥(N2Os) were observed for mixtures of ammonium bisul-
fate and citric acid alone that were similar to the decrease
The uptake of NOs onto mixtures of ammonium bisulfate opserved using the high O : C mixture (see Fig. S7 in the Sup-
and organic compounds with high O :C ratios (mean O: Cplement). Citric acid was one of the components used in the
ratio=1.13 for the mixture) as a function of RH an@a is  high O: C mixture, representing 32 % of the organic mass,
shown in Fig. 6. The normalizel(N2Os) decreased nearly  {hat has the same O : C ratio as the mixture, and may be re-
linearly as thexoa increased, but this decrease (slope of sponsible for the decrease in®s uptake with an increasing
—0.78; see Fig. S5 in the Supplement) was modest Compareﬁfass fraction of the high O : C mixture used here. Both cit-
to the other systems investigated (e.g., ammonium bisulyic a¢id and glucose can form amorphous phases, which may
fate/low O : C mixtures and Ammonium Bisulfate/PEG). As 450 play a role in the observed dependence of normalized
shown in Fig. 6, at apa of 10 %, decr_easing the RH from v(N2Os) on the xoa (Koop et al., 2011). These results il-
50 to 30% leads to a 40 % decrease/N20s), less of an  |ysirate the challenge associated with faithfully reproducing

RH dependence compared to the ammonium bisulfate/lowne properties of atmospheric organic aerosol using individ-
O:C mixture, but stronger than that for pure ammonium 5| compounds.

bisulfate (Bertram and Thornton, 2009). At apa of 56 %,

increasing RH from 50 % to 70 % leads to a 33 % increase3.4 Role of Organic O: C ratio ony(N2Os)

in y(N20Os), again less than for the ammonium bisulfate/low

O: C mixture. Figure 7 shows normalized(N2Os) vs. the O: C ratio of
Previous measurements have shown that water soluble oparticles that are mixtures of organic components and ammo-

ganic carbon is likely to have a high O:C ratio (Duong nium bisulfate. The response at a single organic mole fraction

et al.,, 2011), and that higher O:C organic aerosol hasof 0.5 is shown; more data points were taken at this mole

higher hygroscopicity (Jimenez et al.,, 2009). Thus, thesdraction, and the effect of the O: C ratio 1f{N2Os) at dif-

more modest decreases)iN,Os) with increasing organic  ferent mole fractions was similar, albeit weaker. Because the

mass fraction likely indicate that appreciable water contentcarbon oxidation state followed the same trend as the organic

and/or fewer diffusion limitations are associated with organ-O : C ratio, only the dependence pfN2Os) on the O: C ra-

ics with a higher O: C ratio compared to those with lower tio is shown. In addition to PEG, low O:C and high O:C

O:C ratios. Further, these modest decreaseg (205) mixtures,y (N2Os) on particles that are two-component mix-

compared to those measured on ammonium bisulfate patures of ammonium bisulfate and azelaic, glutaric, succinic,

ticles are in line with previous measurementsyqfN,Os) citric, or malonic acids are also shown. For organics with
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Figure 7.Normalizedy (N2Os) values for ammonium bisulfate (de-
noted as ABS in this figure) and organic mixtures as a function ofthe model of Anttila et al. (2006) for particles composed of an

an organic O:C ratio at an organic mole fraction of 0.5 and RH ammonium bisulfater low O :C organic mixture (red markers),
of 50 % (black markers). Red markers denote values for mixtures of,

: . o ) ) ) ammonium bisulfatet PEG (orange markers), pure PEG (orange
ammonium bisulfate (ABS) and citric acid and ammonium bisulfate squares), and an ammonium bisulfatéigh O : C organic mixture
(ABS) and the high O : C mixture. ' ;

(purple markers) at alfpoa. Values at 30 % RH are shown as right-
side-up triangles, those at 50% RH are shown as diamonds, and
those at 70% RH are shown as upside-down triangles. The black
an O:C of~0.45, significant suppression i@ uptake jine represents a 11 ratio between the measured and parameter-
occurs at low organic mole fractions (e.g(N20s) drops ized uptake values fit through the origin.

by 70-80 % relative to pure ammonium bisulfate at organic

mole fractions of only 0.1) with little changes observed af-

ter the initial suppression. In general, for organics with high = ) . ) .

O:C ratios (e.g., 0:C>0.7), relatively little suppression of Sibility of organic lenses (e.g., incomplete organic coatings)
¥ (N20s) was observed. An unexpected result was the obser(Reid et al., 2011), for simplicity, we assume each particle is
vation that mixtures of ammonium bisulfate with citric acid COmpletely coated. This assumption is likely valid since pre-
and with the high O: C mixture showed more suppressiondicted values of (N20s) obtained from the assumption of
than mixtures of ammonium bisulfate with other organics 0 organic lens were found to consistently over-predict the
having O:C>0.7. As shown in Fig. %(N2Os) increases measur_ed/(Nzos) with the possible exception of the high
as the O : C ratio increases above 0.56. Together with the dif© : € mixture. For the core-shell model, excellent agreement
ferent responses to RH exhibited by the lower O : C mixtures(Slope= O.98,_R2 =0.91) is found for all systems at all RH
compared to the higher O : C, the dependence upon O : C opvalues usgd in this work. '_rable 2 shows the values of each
served here is consistent with the observation that liquid-Model variable used. Predicted valueg/@N20s) were less
liquid phase separations most readily occur for organic comSensitive to values af, the mass accommodation coefficient,
pounds with O : C ratios ok 0.7 (Bertram et al., 2011; You than_ for other parameters, _in agreement with the findings of
etal., 2013) and RH < 70 %. However, our results also show”nttila et al. (2006) and Riemer et al. (2009). Thgg re-

that the O: C ratio is not the only controlling factor for the guired to bring observed and predictgdN2Os) into agree-
effect of organic components gn(N;Os). Moreover, even ~ ment differed by more than an order of magnltU(_je, ranging
if phase separations occurred for all systems studied here, 0m 3.5x 10*to 2x 10°s * forthe low O:Cand highO: C
dependence upon O : C is still expected due to its correlatiodMXtures, respectively, at 50 % RH.

with higher hygroscopicity and thus a greater water content For the high O:C mixture at both 50% and 70% RH,

within an organic phase that would promotgQ4 reactivity. ~ réasonable agreement was achieved by simply lowédrg
compared tdaq and lowerings from 1 to 0.3 without neces-

3.5 Model predictions ofy (N2Os) for low and high sarily invoking any changes in the diffusivity o5 in the

O : C mixtures with ammonium bisulfate organic layer suggesting that solubility limitations and dif-

ferences in the liquid water content between the aqueous and

In addition to the pure PEG and Ammonium Bisulfate/PEG organic components are primarily responsible for the behav-
mixtures described above, mixtures of ammonium bisulfateior of y(N2Os) as a function of the organic content for the
and other organics were also modeled using the modifiedhigh O : C mixture. At 30 % RH, best agreement is achieved
version of the Anttila et al. (2006) resistor model of reac- when Dq(g is lowered to half the value abyq for the high
tive uptake described above. Figure 8 shows a compariso® : C mixture.
of y(N20Os) measured from mixtures of ammonium bisulfate  In contrast, poor agreement was observed for the low
and organic compounds with different oxidation states vs.O : C mixture when only differences in the liquid water con-
parameterized values. Although we cannot rule out the postent (org) and solubility of NOs in the organic layer are

Figure 8. Measuredy (N2Os) and parameterizeg(N2Os) using
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accounted for. Instead, better agreement is achieved whet — —Ammonium Bisulfate - Ammonium Bisulfate/Succinic

Dorg is lowered to 5x ]_(Tll m2 Sﬁl, a value approaching 1o Ammonium Bisulfate/PEG - Ammonium Bisulfate/Low O:C lfxture
a viscous liquid (Koop et al., 2011; Shiraiwa et al., 2011). ' === T =T -

At 70% RH, best agreement was obtained wiigfg was - oo

equal or close taq (8x 10710 t0 1x 10 9m?s71), sug-  _ **7] .....,..-0 4

gesting the presence of internally mixed systems at this o, ......-- Ammonium BisufstofSucciic Ackd

higher RH. At 50% RH, the best agreement was found & 06 ,e*** =

by settinge =0.05 for the ammonium bisulfate/low O:C T

Ammonium Bisulfate/PEG

mixture, which is similar to the value of =0.03 used T as

to achieve agreement between measured and predicted va

Normalized
(=]
»
1
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Figure 9. Predicted/ (N2Os) for pure ammonium bisulfate (dashed
black lines) as a function of RH, normalized to RH>50 % values.
The effect of organic aerosol gn(N>Os) under atmospheric con-
ditions is shown using trends observed in this study and ambient or-
ganic aerosol abundance and composition obtained from AMS data
sets. See text for details.

4 Atmospheric implications and conclusions

Measured values of (N.Os) were well predicted using a organic aerosol using the model of Anttila et al. (2006),
model that accounts for liquid—liquid phase separations into ¢he averagegcoa (0.48+0.12), and the average O:C ratio
core-shell morphology given suitable adjustments to the wa{O : C= 0.4640.14) determined from all 25 data sets. The
ter content and pDs diffusivity and solubility within the — average O:C ratio is low enough that liquid-liquid phase
organic shell. As expected, these parameters were depeseparations can potentially form, particularly at RH0 %
dent upon organic composition and humidity. Moreover, the(Bertram et al., 2011; Renbaum-Wolff et al., 2013; Saukko
dependence of (N2Os) on xoa observed in these labora- et al., 2012). PEG was used as a model organic compound,
tory studies is remarkably similar to that observed on am-which is appropriate when considering that the dependence
bient aerosol particles, indicating that similar parameteriza-of y(N20s) on the mass fraction of PEG for Ammonium
tions could be used to predig{N,Os) on ambient aerosol, Bisulfate/PEG mixtures was found to resemble the depen-
at least in some cases. Below, we use these insights into théence ofy (N2Os) on the xoa exhibited by ambient aerosol
effects of organic aerosol mass fraction and composition orihat had a similar average O : C ratio (O+=®.45). The dot-
N2Os developed in this work and field measurements of thesged orange line in Fig. 9 shows the impact of factoring in
quantities to illustrate the impact of organic aerosol @®¥  organic coatings using PEG as the model compound and the

reactivity. database averagga (0.48). Compared to pure ammonium
bisulfate, the normalized value @f{N2Os) was found to be
4.1 Model predictions ofy (N2Os) applied to ambient lower by 40 % at 70 % RH, by 60 % at 50 % RH, and by 85 %
aerosol at 30% RH.

We also use 95 % confidence intervals, taken as two stan-
We extend our predictions gf(N2Os) to ambient aerosol dard deviations, for the organic aerosol mass fraction and use
using global measurements of submicron, non-refractoryorganics that exhibit a wide range of influenceo{iN2Os)
aerosol composition using AMS ambient data sets. The O: Ge.g., from near-complete suppression to almost no impact)
ratio was determined for 25 data sets ranging from urbarto predict the range of different possible effects organic coat-
to remote environments froni (fraction of m/z 44 to to-  ings will have ony(N2Os). For the case where the organic
tal organics in the mass spectrum) (Aiken et al., 2008; Ng etcoating would have the largest impact p(N2Os), we use
al., 2010); details of the data sets can be found in Jimenethe upper limit of the 95 % confidence interval for the typical
et al. (2009) and the Supplement. To parameterize the imxopa, which is 0.72, and an organic composition similar to
pact of RH, the organic aerosol mass fractigtv{), and  the low O: C mixture, which suppressedN,Os) the most.
the O: C ratio, we first model the impact of RH (e.g., liquid The corresponding prediction fgi(N2Os) is shown in Fig. 9
water content) on the(N2Os) for pure ammonium bisul- as a dotted red ling;(N2Os) decreases by an order of mag-
fate using the model of Bertram and Thornton (2009) (seenitude or more at 30 and 50 % RH. For the case where the
Fig. 9, dashed black line). We then factor in the effect of organic coating would have a minimal effect @iiN2Os),
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we use the lower limit of the 95 % confidence interval for the et al., 2010). We show that for constraining the effects of or-

typical xoa, which is 0.24 from the database, and the am-ganic aerosol on pDs reactivity, the degree of oxidation of

monium bisulfate/succinic acid mixture. We choose succinicthe organic aerosol is a useful, but not complete, indicator of

acid because, as shown in Fig. 7 and Table 1, even at a higthese properties, and it is now widely measured during field

Xoa, succinic acid has a minimal impact ¢t{N2Os). The campaigns and even as part of long-term monitoring activi-

corresponding predictions gf(N2Os) are shown in Fig. 9 ties. We anticipate that our results presented herein together

as a dotted blue ling;(N20s) only decreases by 33% at  with a growing understanding of organic aerosol properties

30% RH and only by~ 15 % at 50 and 70 % RH. will help better quantify NOs reactive uptake onto mixtures
While the estimates of the impact of organics)diN2Os) of organic and inorganic aerosol in and downwind of pol-

will depend on phase (e.g., whether an organic coatindguted regions, thereby further improving predictions made by

forms) in addition to coating thicknesses, particle surfaceair quality and climate models. Moreover,® hydrolysis

area, and humidity, the predictions presented in Fig. 9 capturés likely just one of many possible heterogeneous and multi-

a uniformly suppressing effect of organic aerosol ofOb| phase processes that may depend similarly on the viscosity,

reactivity observed in previous studies (Bertram et al., 2009hygroscopicity and mixing state of organic aerosol.

Brown et al., 2009; Riedel et al., 2012) and illustrate that sig-

nificant variability in the degree of suppression is expected.

To the extent which averaging over multiple data sets fromThe Supplement related to this article is available online

different regions and seasons yields a reasonable estimaf¥ doi:10.5194/acp-14-5693-2014-supplement

of the “typical” organic aerosol, these calculations suggest

that NbOs reactivity on ambient particles should be signif-

icantly suppressed (by factors of 2 to 10), with a stronger
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