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Abstract. The heterogeneous reaction between gas phaseole formation, which is a minor channel, is observed for all
glyoxal and ammonium sulfate (AS) aerosols, a proxy for in- reactions, yielding a product which absorbsiat 290 nm,
organic atmospheric aerosol, was studied in terms of the dewith possible implications on the radiative properties of the
pendence of the optical, physical and chemical properties oproduct aerosols. The ratio of absorbing substances (C-N
the product aerosols on initial particle size and ambient relacompounds, including imidazoles) increases with increasing
tive humidity (RH). Our experiments imitate an atmospheric RH value. A core/shell model used for the investigation of
scenario of a dry particle hydration at ambient RH condi- the optical properties of the reaction products of AS with
tions in the presence of glyoxal gas followed by efflorescencegas phase glyoxal, shows that the refractive index (RI) of
due to decrease of the ambient RH. The reactions were studhe reaction products are=1.68(+0.10)+ 0.01&0.02) at

ied under different RH conditions, starting from dry condi- 50 % RH andn = 1.65(+0.06) + 0.02&0.01) at 75% RH
tions (~20% RH) and up to 90 % RH, covering conditions at 355nm. The observed increase in the ratio of the absorb-
prevalent in many atmospheric environments, and followeding substances is not indicated in the imaginary part of the
by consequent drying of the reacted particles before theiproducts at RH 50% and 75%. A further increase in the
analysis by the aerosol mass spectrometer (AMS), cavity ringatio of absorbing substances and a resulting increase in the
down (CRD) and scanning mobility particle sizer (SMPS) imaginary part of the RI at higher RH values is expected,
systems. At = 355 nm, the reacted aerosols demonstrate sand may become even more substantial after longer reaction
substantial growth in optical extinction cross section, as welltimes, possibly in cloud or fog droplets. This study shows
as in mobility diameter under a broad range of RH valuesthat the reaction of abundant substances present in atmo-
(35-90%). The ratio of the product aerosol to seed aeroso$pheric aerosols, such as AS, and gas phase glyoxal alters the
geometric cross section reached up~8.5, and the opti- aerosols’ optical, physical and chemical properties and may
cal extinction cross-section up te250. The reactions show have implications on the radiative effect of these aerosols.

a trend of increasing physical and optical growth with de-
creasing seed aerosol size, from 100 nm to 300 nm, as well

as with decreasing RH values from 90 %+@d0 %. Opti- )

cally inactive aerosols, at the limit of the Mie range (100nm 1  Introduction

diameter) become optically active as they grow due to the re- _ . ) .

action. AMS analyses of the reaction of 300 nm AS at RHA9ing of aerosol particles in the atmosphere is an important
values of 50%, 75% and 90% show that the main prod_procesg, Ieac_jmg to products W|th new cheml.cal and phyglcal
ucts of the reaction are glyoxal oligomers, formed by ac- Properties, higher molecular weight (MW), higher oxidation

etal formation in the presence of AS. In addition, imida- state, and therefore hygroscopicity, as well as altered optical
properties. Therefore, investigating the effect of atmospheric

) condensed-phase reactions is vital for better understanding
Correspondence tov. Rudich - and modeling of aerosols’ atmospheric role in climate and
BY (yinon.rudich@weizmann.ac.il) health. Aging occurs via oxidation reactions by abundant
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radicals such as OH,£DNO3 and Cl (Rudich, 2003; Rudich Hastings et al., 2005; Kroll et al., 2005; Liggio et al., 2005b;
et al., 2007), as well as by reactive organic gases, such aSchweitzer et al., 1998).
glyoxal (Hallquist et al., 2009; Heald et al., 2008; Jimenez Several studies have investigated the processes by which
et al., 2009; Volkamer et al., 2007; Zhang et al., 2007),glyoxal is introduced into aerosol and facilitates SOA for-
and may contribute to the formation of secondary organicmation (Carlton et al., 2007; Corrigan et al., 2008; De Haan
aerosols (SOA). et al., 2009; Galloway et al., 2009; Hastings et al., 2005;
SOA constitute an important fraction of tropospheric Kroll et al., 2005; Liggio et al., 2005a; Noziere et al., 2009;
aerosol mass (Jimenez et al., 2009). They form via oxidatiorSchwier et al., 2010; Shapiro et al., 2009). The reactive
of VOCs and their consequent condensation onto aerosolsjptake of glyoxal by ammonium ion-containing aerosol has
but also include products of condensed-phase chemical prdseen shown to be an important pathway for gas phase gly-
cesses. An important path for SOA production is throughoxal depletion and can account for the observed excess of
cloud processing and reactions in aqueous phase aerosglyoxal in liquid phase aerosol compared to those expected
(Carlton et al., 2007; Ervens et al., 2011; Hallquist et al.,based on its Henry's law values. The products of the re-
2009; Kroll and Seinfeld, 2008; Tan et al., 2009). SOA may action between inorganic salts, including AS, and glyoxal,
contain oligomers and other high MW species, such as Hu-as well as other carbonyl compounds, are mostly oligomeric
mic Like Substances (HULIS) (Graber and Rudich, 2006;species, formed by a reaction in which the salt acts as a cat-
Kalberer et al., 2004). SOA physical, chemical and opticalalyst for the oligomerization of carbonyl compounds by ac-
properties are a major source of uncertainty in aerosol scietal formation (in the case of glyoxal) or by aldol condensa-
ences. Their formation is probably underestimated in currention (Corrigan et al., 2008; Galloway et al., 2009; Kroll et
models, despite their large contribution to aerosol mass (Eral., 2005; Liggio et al., 2005b; Noziere et al., 2009, 2010).
vens et al., 2011; Hallquist et al., 2009; Kanakidou et al.,Noziere et al. (2009) have conducted a series of reactions be-
2005). tween AS and glyoxal in the bulk phase, and have identified
Ammonium sulfate (AS) is a ubiquitous component of two main peaks in the UV-Vis absorption spectrum; a peak
global anthropogenic aerosols, particularly in the accumula-at . =209 nm, and a smaller peak jat= 290 nm. The first
tion mode, which renders it a highly efficient scatterer in the peak is attributed to the formation of glyoxal oligomers, pro-
actinic light range. It scatters in both the visible and the nearduced via two suggested mechanisms, either oligomerization
UV wavelengths, and is a hygroscopic aerosol componenby acetal formation or nucleophilic attack of the glyoxal by
with a deliquescence point at approximately 80% relativethe ammonium ion followed by water loss. The latter can
humidity (RH), while the dehydration process involves hys- also form heterocyclic products with C-N bonds, which can
teresis, with an efflorescence point-a85 % RH (Cruz and  account for the observed peakiat 290 nm. According to
Pandis, 2000; Cziczo and Abbatt, 1999; Dinar et al., 2007). Galloway et al. (2009) the oligomers absorb in the short UV
Glyoxal is produced mainly from the photooxidation (peak at 200nm and less), which corresponds well with the
of biogenic and anthropogenic volatile organic compoundsUV-Vis spectrum peak at =209 nm observed by Noziere et
(VOCs) by OH radical-initiated oxidation of anthropogenic al. (2009), and are therefore optically irrelevant to the tro-
aromatic VOCSs, alkenes and acetylene, reactionszofith posphere. In addition, Galloway et al. (2009) found that
alkenes, and by the oxidation of biogenic molecules suchglyoxal oligomerization in the aqueous phase is reversible
as isoprene (Fu et al., 2008; Myriokefalitakis et al., 2008; and concentration-dependent. The reaction of AS with gly-
Volkamer et al., 2007, 2009). Its typical atmospheric con-oxal also produces imidazoles (the second mechanism sug-
centrations range from 0.01-5ppb (Grosjean et al., 1996gested by Noziere et al., 2009), which absorb UV radiation
Grossmann et al., 2003; Liggio et al., 2005b; Volkamer etat A =290nm, and as a result may influence atmospheric
al., 2007; Wittrock et al., 2006). Glyoxal is found in urban absorption at an important range of the actinic flux, where
environments, such as mega-cities, over the oceans and iphotolysis leads to OH formation (Cho, 2004; Galloway et
forests, including tropical rain forests, and in biomass burn-al., 2009; Hewitt and Harrison, 1985; Noziere et al., 2009;
ing regions, it is also found in marine and coastal sites, andSchulze, 1973; Sjostedt et al., 2007). Therefore, aerosol ab-
rural locations (Fu et al., 2008, 2009; Huisman et al., 2011;sorption at this wavelength can have significant implications
Myriokefalitakis et al., 2008; Sinreich et al., 2007; Volkamer on radiative transfer and atmospheric chemistry.
et al., 2007). Due to their high solubility and reactivity inthe  The heterogeneous reaction between AS seed aerosols and
agueous phase, glyoxal and othedicarbonyls contribute gas phase glyoxal was also studied in terms of the chemical
substantially to SOA formation, mainly via cloud process- and physical properties of the product aerosols, as well as the
ing, while the photolysis of glyoxal significantly contributes kinetics and thermodynamics of the reaction (Galloway et al.,
to HOx (OH+ HOy) chemistry in the gas phase (Carlton et 2009; Kroll et al., 2005; Liggio et al., 2005a, b; Shapiro et
al., 2007; Ervens et al., 2008; Fu et al., 2008; Hallquist etal., 2009). Galloway et al. (2009) and Kroll et al. (2005) per-
al., 2009). Glyoxal participates in reactive uptake when lig- formed their studies in the Caltech 28 ifeflon environmen-
uid water is present, and is therefore scavenged by hydratethl chambers, using hydrated polydisperse aerosol popula-
aerosol, or fog and cloud droplets (Corrigan et al., 2008;tions under varying glyoxal gas phase concentrations and RH
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values. Under dark conditions, both studies have establisheddditional silica gel diffusion dryer columns. The RH at the
the formation of oligomeric species of glyoxal and Galloway exit of the dryers was measured to be 5%306). After
et al. (2009) have also observed the formation of C-N com-drying the particles are introduced into a scanning mobility
pounds, among which are imidazoles. Liggio et al. (2005a,particle sizer (SMPS, TSI model 3080) for determination of
b) used various hydration states of a monodisperse aerosaize distribution and concentration of the dried reacted par-
population and found similar chemical products. All studies ticles. An 80 cmimin~! flow is directed into the Aerodyne
show growth in size and mass under various hydration lev-High Resolution Time of Flight Aerosol Mass Spectrometer
els, and no growth under dry conditions, confirming that the(HR-ToF-AMS , Aerodyne) system for determination of the
mechanism of uptake and subsequent oligomerization of gashemical properties, and 800 8min—! are introduced into
phase glyoxal on AS seed aerosols requires hydrated conda pulsed cavity ring down (CRD) system for determination
tions. Galloway et al. (2009) demonstrate that the reaction obf their optical properties (see Fig. 1).
glyoxal with ammonia is induced by the deprotonation of the  In each experiment, we set an initial dry AS particle size
ammonium ion in the AS particle by a water molecule, andand conducted the reaction with gas phase glyoxal in the
leads to imidazole formation (Galloway et al., 2009). ~1 hresidence time reaction vessel, under various RH values
In this paper we study the changes in the optical proper{Fig. 1). For the measurement of the optical properties we
ties of AS aerosols due to the heterogeneous reaction witluised the CRD-AS system at=355nm. By choosing this
gas phase glyoxal. We establish, for the first time, the dewavelength we were hoping to observe the increase in ab-
pendence of the optical, chemical and physical properties oforption due to the formation of imidazoles. Although their
the reaction products on the initial particle size and on thepeak absorption is at=290 nm, there is a tail of absorption
RH conditions. The RH values chosen in this study are at-extending tor = 355 nm as well. Due to increased absorp-
mospherically relevant, ranging from low ambient RH val- tion by the mirrors, shorter wavelengths could not be stud-
ues, found in arid regions up to values of 90 %, typical for ied. The wavelength at= 355 nm is atmospherically impor-
tropical regions or in close vicinity of clouds. By following tant because it is within the actinic light reaching the earth’s
the change in optical, physical and chemical properties of aatmosphere and the absorption by organic substances is en-
specific initial AS particle size while varying the RH values, hanced as we move from the visible towards the UV part of
we determine the effect of RH on the reaction. In the samethe spectrum. For each RH value, we measured prior, during
manner, we inter-compare the effect of size on the reactiorand after the reaction, the extinction coefficiamt,f) of the
while keeping the RH constant. In addition, we determinedry particles using the CRD-AS systemjat 355 nm and
the effect of the heterogeneous reaction on the optical propealculated the extinction cross sectian) from Egs. (1-
erties of the aerosol particles using cavity ring down aerosoR), while simultaneously measuring the dry mean diameter
spectrometer (CRD-AS). of the particles with the SMPS.

2.2 CRD-AS system
2 Methodology
The CRD-AS system was described in details elsewhere (Di-
2.1 Aerosol generation and classification nar et al., 2008; Lang-Yona et al., 2009; Abo Riziq et al.,
2007, 2008). Briefly, a pulsed laser light efl mJ atA =
A schematic of the laboratory setup used is shown in Fig. 1355 nm is injected into a cavity containing two highly reflec-
Aerosols were generated by the method described in detative mirrors (reflectivity,R = 99.9) where it undergoes mul-
in our previous publications (Dinar et al., 2008; Lang-Yona tiple passes. The light intensity decays exponentially with a
etal., 2009; Abo Riziq et al., 2007). Briefly, an aqueous so-characteristic time constant which is a function of the mirror
lution of AS (0.04 M—0.11 M) is nebulized with dry nitro-  reflectivity and the losses within the cavity. When scatterers
gen flow; the formed droplets are dried by passing throughand/or absorbers are introduced into the cavity, the light de-

two silica gel diffusion dryer columns, and consequently cays faster and the extinction coefficient can be established
charged by a neutralizer (TSI model 3012A). Size selec-(Eq. 1).

tion of the resulting dry polydisperse aerosol population is

achieved with an electrostatic classifier (differential mobility L[1 1
analyzer (DMA), TSI model 3081), after which the nearly “&Xt= ;- [_ - _}
monodisperse aerosol flow is directed into a humidification

stage consisting of a nafion humidifier with a temperaturewhereaey; is the measured extinction coefficient, is the
controlled bath. This setup allows control of the aerosol flow characteristic decay time for aerosol-free cawitis the cav-
RH by varying the bath temperature. The hydrated aerosoity ring-down time in the presence of particlesld is the
flow enters a 30 | reaction vessel into which gas phase glyoxatatio of the total cavity length to the cavity length occupied
is introduced. The residence time in the reactor is approxi-by particles, and is the speed of light. Using the particle
mately 1 h, after which the aerosol population is dried by two number concentration, the extinction cross sectigg) at a

@
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Fig. 1. The experimental setup for the heterogeneous reaction experiments of AS particles with glyoxal.
Acronyms:

DMA - Differential Mobility Analyzer,

AMS — Aerosol Mass Spectrometer,

CPC - Condensation Particle Counter,

SMPS — Scanning Mobility Particle Sizer,

CRD - Cavity Ring Down (spectrometer),

Hepa - High efficiency particulate air.

specific wavelength can be calculated (Eq. 2) (Lang-Yona et The concentration of the glyoxal gas was measured with
al., 2009; Pettersson, 2004; Abo Riziq et al., 2007, 2008). the CRD-AS system at a wavelength Jo&= 405 nm, using
equation 4 for measurement of gaseous species.

Qabs

Uext conc= 228

Oext= — (2 (4)

N

Where N is the particle number concentration, determined
by a condensation particle counter (CPC, TSI model 3022A)

Oabs
where agps is the absorption coefficient measured by the
CRD-AS system [cml), oaps is the absorption cross-
section [cnd molecule], and conc is the gas concentra-

For spherical particles, the extinction efficien@e) can be

. 3 _ .
calculated using Eq. (3). tion [molecule cm®]. The value ofogps at A =405nm is

4.491x 10~29cn? molecule ! (Volkamer et al., 2005). This
measurement yields a glyoxal concentration in the reaction
vessel of 1.6 0.5 ppb.

Oext

7 D? ©

where D is the particle mean diameter. By fitting the curve
of Qext Versus the size parameter(the ratio of the particle
circumferences D) to the laser’'s wavelength., given by
x =7 DI}) to a Mie theory calculation, the complex refrac- Following 1h of mixing between a selected size of AS
tive index (RI) can be retrieved by varying independently the gerosol and gas phase glyoxal, the resulting aerosol size
real and the imaginary parts of the RI. distribution, optical and chemical properties were measured
with an SMPS, a CRD-AS system and an AMS, respectively.
The reaction time is within the timescale previously observed
for the heterogeneous reaction between AS particles and gas
V\phase glyoxal (Galloway et al., 2009; Kroll et al., 2005; Lig-
gio et al., 2005a, b).

Qext=4

3 Results and discussion

2.3 Glyoxal gas generation and concentration
measurement

Gas phase glyoxal was added to the reaction vessel by flo

ing 50 cn¥ min~1 of pure dry Nb through a bulb containing

solid phase glyoxal trimer dihydrate (GTD) (97 %, Sigma 3 ¢ Optical and physical properties

Aldrich) heated to 110C, based on the method used by Har-

ries and Temme (1907), Corrigan et al. (2008) and Gallowayln this section we establish the dependence of the optical and

et al. (2009). physical properties of the dry product aerosols on initial par-
ticle size and on the RH (and hence, hydration state of the
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Table 1. The final sizes and optical cross sections compared to the initial values, for AS particles with mean diameters of 101 nm, 201 nm,
252 nm and 304 nm, measured by the SMPS, and the growth ratios of the geometric and optical cross sections for all measured RH values.

Initial % RH Final Ratio of final Initial Final oext
size (nm) & 3%) size (hm) toinitial geometric  oext (CM?) oext (cm?)growth
cross section growth ratio
50 18626  3.38:0.03 571x101041.02¢10712 244
10146 75 156:20  2.4G:0.02 2.34x1071249.76x10713  2.7%1071049.37x10°13 119
90 136£10  1.8H-0.01 1.3%1071048.27x10°13 59
50 35739 3.15:0.03 3.71x10°94+1.99x10°12 9
201+15 75 312:33  2.42:0.02 4.09x1071941.00x10712  2.6%1079+2.16x10712 7
91 272£26  1.83:0.01 1.6510794+1.90x10°12 4
19 24818 0.97:0.01 1.25x107943.60x10712 1
30 246:20  0.95:0.01 1.2110°948.44x10°13 1
35 363t50  2.07:0.02 4.31%10°9+4.89x10712 4
252419 40 422:42  2.8G:0.02 1.13x10-945.46x10-11  6.8%10°946.23x10°12 6
50 39845  2.50:0.02 55%107946.65x10712 5
75 366:38  2.10:0.02 4.7%10794555x10712 4
91 29029  1.32:0.01 2.9%1079+3.39x10712 3
50 436t51  2.06:0.02 6.64x10794+9.82x10°12 3
304+22 75 37843  1.55:0.01 2.06x10°9+1.85x10° 11  5.0%10°9+1.68<x10°11 2
91 33933 1.24:0.01 4.3%10°9+£7.97x10°12 2

aerosol) for the reaction between AS particles and gas phass . @
glyoxal. I ™ T

Figure 2a shows the final optical extinction cross-sections _ s hd -
(oext), and Fig. 2b the final mean diameters (nm) for the dry 5 4 *
aerosol products of the reaction of 250nm AS particles with © *7 *
gas phase glyoxal under varying RH values. The RH range is f: PSS OO0 5000 D000 VU S VU0 Y0 VO o o
from 20 % (dry aerosol) up to 90 %. Up until a threshold of .
35 % RH, the reaction does not occur at all, there is no change
in optical properties and size. Atthe RH value of 35%, are- o+ e
action is observed. Table 1 show that the maximum change z 0| 1 "
occurs at 40 % RH, where the dry mean diameter of the par-§ 350 L +
ticles measured by the SMPS grows h from 250 nm to ; 300 + 1
420 nm, andrey reaches 6.8% 102 cn?, a 6 fold increase 250 - S N N U O O O A
from the initial value ofoeyx of 1.13x 10~ 2cn? for AS o
aerosol. The magnitude of change decreases in both size an 0 25 30 38 40 48 &0 = & e 0 7 @ & w0
oext With increasing RH value from 40 % to 90 %, however YRH

it remains significant at all RH values up to 90 %, where the )

size increases to 290 nm angy; reaches 2.99 10-9 e Flg..2. The .results of the-1 h heterogeneous reaction pf AS 250 nm
(values and their corresponding error are given in Table 1)Particles with gas phase glyoxal at RH values varying from 20%
Therefore, at all RH values in which the reaction occurs to 909 (Wh'!e hydrating) (a) Th.e extinction Cross sectionsext

. ’ . . . ’(crr12) (red diamonds).(b) The final mean diameters (nm) (blue
i.e. 35%—-90 %, the reaction leads to more optically act|vecubes).

aerosols. The final mean diameters (nm) aRg of the

products of the~1 h heterogeneous reactions of AS 100 nm,

200 nm and 300 nm particles with glyoxal gas at RH values

varying from 50 % to 90 % have also been studied, and exKroll et al., 2005; Liggio et al., 2005a, b). The hygroscopic
hibit the same trend as the AS 250nm (Table 1). As ex-growth of AS has been extensively studied (Cruz and Pan-
pected, no reaction occurs in dry AS particles, since the redis, 2000; Cziczo and Abbatt, 1999; Dinar et al., 2007; Gy-
action requires hydrated conditions (Galloway et al., 2009;sel et al., 2002). Its deliguescence RH (DRH) was found at

www.atmos-chem-phys.net/11/9697/2011/ Atmos. Chem. Phys., 11, 96972011
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~80 % with hysteresis upon dehydration, leading to an efflo-
rescence point at35% RH. Galloway et al. (2009), Kroll "AS100nm  =AS 200nm
et al. (2005), and Liggio et al. (2005a, b) also show that a re- AS250nm  =AS 300nm

244

action occurs at low relative humidities of RH 50 % and less. | 100 - 59

Mikhailov et al. (2009) (Fig. 5b in their paper) showed that &

approximately 2 water monolayers are formed on the surface §

of AS particle at low RH values. The authors suggest that © 10 ° 5 T, .

Is B0 B
] m Bl
50 75 90

from approximately~20% RH up to 45% RH there might
be adsorption of water monolayers or restructuring at the sur-
face of the AS particles, and from 45 % RH their measure-
ments are more robust and are attributed to water adsorptior
only. Their conclusions are consistent with earlier measure-
T o G o st 5, 5. e 20 f e cxtnion s st o acon
! ' ’ T m?) to the initial extinction cross section) of the dry AS par-

reaction we observe under low RH conditions may procee

. . . icles with initial sizes of 100nm (blue), 200nm (red), 250 nm
through water adsorption onto the AS particles by forming 8 (green), and 300 nm (purple) after~al h heterogeneous reaction

thin aqueous layer on the particle. Our findings that there ijth glyoxal gas at RH values varying from 50 % to 90 %.
no reaction at low RH values of 20-35% RH are in agree-

ment with the assumption of Mikhailov et al. (2009) that any
observed changes in particle size at these RH values are at- 10 )
tributed to restructuring rather than water uptake. However/ncreases 119 fold to 27}91%0 and at 90 % RH 59 times
while their findings show certain water uptake only at 45 % '€achingoex of 1.39x 107", This substantial increase in
RH, our results indicate that water uptake occurs already aPPtical cross section is mostly due to the fact that 100 nm
35% RH, when a reaction is observed. particles at a wavelength af= 355 nm have a size parame-
The water monolayers enable partial dissolution of the gly-t€r Of 088, yielding near-zer@ex values due to the shape
oxal gas and of a small amount of AS at the outer layer of theof the Mie curve. When the particles grow to larger sizes due

particle, leading to a highly concentrated component around® the reactive uptake of glyoxal, the resulting size parame-
the particle. Mikhailov et al. (2009) observed an increasel€’ is at the steepest increase of the Mie curve and therefore

from ~2 monolayers at 50% RH te6 monlayers at 75 % !eads to a very substantial increaseday: and consequently

RH and deliquescence after80% RH. This may also ex- m Text vaIue;. Therefore, the effect of this reac.ti_on ca}n be
plain why the change in the optical and physical cross Sec;3|gn|f|cant_smce gnder most atmospheric c_:ondltlons it can
tions of the product aerosol is smaller with increasing RH @lter @ major fraction of the aerosol population from having
values from 50 % to 90 %, since at this RH range increasingnegl'g'ble radiative effect into optically active aerosols. Fur-

RH values yield higher water content in the outer layer of thet"€rmore, as expected from Fig. 2, the reaction, foollowed by
AS particles, which in turn leads to a less concentrated aque?Ptical and physical growth, occurs already at 35% RH and
ous component in the outer layer of the particle, where thdS MOst significant at 40 % RH, which has great implications

reaction takes place, and by that decreasing the reaction rat@" the radiative properties of the reacted aerosol under these

This phenomenon is elaborately explored in the next sectiorfVironmental conditions.
(see Sect. 3.2). To investigate the optical properties of the chemical prod-
Figure 3 shows the comparison of the growth ratios of theucts due to the heterogeneous uptake of glyoxal by AS
optical extinction cross-sections, for all measured AS sizesaerosol, we calculated th@ey; Of the product particles using
Figure 3 and Table 1 demonstrate the dependence of thEg. (3). All reacted aerosols hagy: values that are differ-
growth in physical and optical cross sections on the initial ent from the values of pure AS. We implemented the obtained
AS particle size. The growth in the optical and physical crossQext Values in a core/shell model to obtain the RI of the reac-
sections of the product aerosol is enhanced with decreasintion products which is assumed to be in a reacted shell over
initial AS particle size. Additionally, the optical extinction an unreacted core of ammonium sulfate (modified from the
growth ratios exceed the geometric growth (Table 1). Thiscode of Liu et al., 2007). The core/shell model assumes that
is especially evident in the case of AS 100nm particles. Inthe structure of the product aerosol is that of an AS core and
this case, while the growth in geometric cross section due tahe shell in this model is assumed to be the added material
the reaction is in the same order as for all other AS particlefrom the substances formed by the reaction. The model was
sizes, ranging from 1.81 for RH 90 % to 3.28 for RH 50 % used to investigate the reaction of gas phase glyoxal with AS
(Table 1), the optical cross sections increase by two orderseed aerosols at 50 %, and 75% RH. It could not be used
of magnitude in all measured RH values. At 50 % R for 90 % RH because this value is above the AS particles’
increases 244 times from 2.3410-12 of AS 100nm par-  deliquescence point and hence a cphell structure of the
ticle to 5.71x 10~1%¢cn? after the reaction, at 75% RH it final product particles is not applicable, but rather complete

1

RH
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Table 2. The average shell RlIs for the reacted particles of the AS at 5 —
. 'oxal fragments
two RH values, retrieved from the core/shell model. 4 o N compaunds

¢ mz68 (imidazole)

Average RI calculated using
the core/shell model for AS
250 nm and 300 nm particles

RH Real part  Imaginary part

Ratio Mass / Sulfate mass

50% 1.68:0.10  0.030.02 00123 -
75% 1.65:0.06  0.02:0.01 520 - 20MMIMBMMMNNN

Before reaction RH 50 RH75 RH 90

. . . . Fig. 4. The total glyoxal fragments (orange diamonds), total C-N
mixing ofthe AS and the reaction products is expected. Smcecompounds (green diamonds) amdz 68 (imidazole) (purple dia-
there is no deliquescence at 50 % and 75 % RH, we assumgonds) normalized to sulfate (§Omass for the reaction of AS

a small layer of water around the AS seed, and therefore cagoo nm particles with glyoxal are presented for 4 perio@g:be-

say that the change in core diameter due to dissolution is negore the reaction (pure AS particlegh) after~1 h reaction at RH
ligible. The RI retrieval of a mixed particle with a single 50%,(c) after~1 h reaction at RH 75 %, ar(d) after~1 h reaction
known Qex; Value can result in a very wide range of Rls. The at RH 90 %.

input for the core/shell model is the AS RI, the to@dx: of

the particle, the particle total size, and the sizes of the core

and shell, presented as the mean diameters obtained by td m/z41, 46, 52, 53, 57, 68, 69, 70 and 96. We usk
SMPS. The model is based on Mie theory and therefore asb8 for the imidazole peak from the analysis of Galloway et
sumes spherical particles. It retrieves the RI of the shell by@l- (2009). All masses are normalized to sulfate mass to ac-
first varying the possible RI values of the shell and calcu-Ccount for losses during the reaction, according to the method
lating the correspondin@ey: and then finding the minimum  used by Galloway et al. (2009) and by Liggio et al. (2005a,
square deviation between the measured and the modkled b). The glyoxal oligomerization products increase after the
values. The core size of the particles is the AS initial diame-reaction onset by two orders of magnitude compared to the
ter, with an Rl ofz = 1.5534-0.005+0.002+0.013. Table2  background values present before the reaction, and decrease
shows the results of the model calculations for the averagdVith increasing RH, in accordance with the observed trend
RI of the shells of AS 250 nm and 300 nm particles at two in geometric cross section amdy shown in Figs. 2-3 and
RH values. The obtained RI value at 355 nm at 50 % RH isin Table 1. This trend can be attributed to an increase in the
n = 1.68(+0.10) 4+ 0.01(:0.02) and at 75 % the retrieved RI dilution of the AS aerosol with increasing RH. As suggested
is n = 1.65(:0.06) +0.02(40.01). We expect the output RI by Liggio et al. (2005b), the dilution in higher RH values
values to have large uncertainties associated with the limite@lows the oligomerization process. Noziere et al. (2009) have
data provided to the model. Nonetheless, this model pro.shown that the Nlj,j ion acts as a catalyst for the reaction of
vides a first estimation of the RI of the reaction products atglyoxal oligomerization by acetal formation, and hence the
A = 355 nm. This may significantly contribute to the scarcely dilution of the AS due to higher water content in the particle
available information of optical properties of organic SOA iS likely to decrease the reaction rate.

from such reactions. The glyoxal oligomerization products are the main prod-
ucts of this reaction, with total mass/sulfate mass ratios of
3.2 AMS analysis results 4.5+ 0.1 after the reaction at RH 50 %, H8.1 at RH 75 %,

and 1.2+ 0.1 for RH 90%. The normalized mass values
The changes in chemical composition were monitored withof C-N compounds are between 1-2 orders of magnitude
the high-resolution time of flight aerosol mass spectrometeismaller, and the normalized imidazole mass is 2-3 orders
(HR-ToF-AMS AMS). Figure 4 shows the ratio of the mass of magnitude less than the glyoxal oligomer fragments. The
of the main glyoxal oligomer fragments, of fragments of C-N normalized C-N compounds and the imidazole products have
compounds and of imidazolen(z68) to sulfate mass, before increased by up to two orders of magnitude compared with
the reaction of AS 300 nm with gaseous phase glyoxal, andgre-reaction background values, exhibiting the same trend of
after the reaction at RH values of 50 %, 75 % and 90 %. Thedecreasing normalized mass with increasing RH values.
mass peaks considered in the AMS analysis are taken from Figure 5 shows the ratios (normalized to sulfate mass)
the studies of Galloway et al. (2009) and Liggio et al. (2005a,0f C-N compounds to glyoxal oligomerization products and
b). The fragments of glyoxal oligomerization products arethe ratio of imidazoles only, to the glyoxal oligomeriza-
composed om/z29, 30, 47, 58, 60, 77, 88, 105, 117, 135, tion products versus RH values. The C-N compounds’ ratio
145, 175, 192 and 193. The C-N compounds are the sunare 30x 103, 38x 10~3, and 46x 10~2 for the reactions
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Table 3. Comparison to literature values of the mass growth rate and the ratio of final mass to seed mass (normalized by sulfate mass)
assuming linear reaction rate, from AMS data, after 4 h of reaction of AS 300 nm with glyoxal gas.

Glyoxal gas concentration (ppb) Mass Growth rate Final mass/ seed mass after 4h
(Hgp~tmin~?)
RH This study Liggioetal. Galloway et al. This study Liggio etal.| This study (assuming Liggioetal. Galloway et al.
value (2005a) (2009) (2005b) linear reaction raté’) (2005a) (2009)
5094 | ~2 ~5 ~67 8.85x1071243.29x10°18  6x10°11 | 13.30+0.79 16 0.35
75% | ~2 2.83x101243.68<10° 18  — 6.98+0.50 - -
0% | ~2 1.59x10712+3.13x10718 - 5.68+0.40 - -

2 RH values for Liggio et al. (20054, b) are 49 % and seed aerosol size of 127.8 nm and for Galloway et al. (2009) the RH is 55 %.
b Based on the findings of Liggio et al. (2005a, b) that the reaction rate is linear in the first 4 h of their measurements.

conducted at RH values of 50%, 75% and 90 %, respec-

50x10°

tively. The ratio of the imidazoles arex30~3, 5x 1073, is] |6 midssomayoe tagmens .
8 x 102 for the RH values of 50 %, 75 % and 90 %, respec- 40+ 1
tively. There is an increase in the relative contribution of the 35|

tio

absorbing C-N compounds compared to the glyoxal products £ so- °
with increasing RH values. This suggests that higher water% 0
content enhances the imidazole formation pathway shown in ¢
Galloway et al. (2009) (Fig. 9 of their paper) and we can as-
sume that in cloud droplets containing AS, where the water
content is higher, this reaction will be further enhanced, lead-

ing to a higher ratio of absorbing material, and potentially — o o ® o
altering the optical properties by an addition of an absorbing %RH

component to their RI.

The RI values derived by the core/shell model at 355nm

Fig. 5. The ratio of the total C-N compounds to glyoxal fragments

. - (green diamonds) and the imidazoles to glyoxal fragments (purple
are n = 1.68(+0.10) +0.01(+0.02) at 50% RH anch = diamonds) for the reaction of AS 300 nm particles with glyoxal gas

1'65(_:':0'0_6) +0.02(+0.01) at 75% RH. (Tablg 2)'_ This is at the measured RH values is presented. Both ratios show an in-
the first time, to our knowledge, that an estimation of the crease with increasing RH value and decreasing total mass, since
RI of the reaction products of AS with glyoxal was per- the mass of the glyoxal fragments decreases more drastically with
formed. The observed increase in the ratio of the absorbincreasing RH than the total C-N compounds and imidazoles. All
ing substances (C-N compounds, including imidazoles) tomasses are normalized to sulfate mass.

the glyoxal oligomers with increasing RH values is not in-

dicated in a change in the imaginary part from RH 50 % to . _ .
75%. A further increase in the ratio of absorbing substance&!€ Sizé (see Table 1), and our initial seed aerosol size is
and a resulting increase in the imaginary part of the RI at2PProximately twice the size used by Liggio et al. (2005b)
higher RH values is expected, and may become even morH1iS difference can be expected. Moreover, the glyoxal gas
substantial after longer reaction times (possibly in cloud Orconcentrapor? in our study is-2ppb compared to-5 ppb

fog droplets). However, the sensitivity of the CRD system USed by Liggio et al. (2005b) (see Table 3). Both ours and
and the small change in absorption (at least on these timi€ value of Liggio et al. (2005b) for the ratio of final mass

scales and this wavelength) does not enable to detect changkter four hours) to seed mass are two orders of magnitude
in absorption. larger than that found by Galloway et al. (2009). However,

) , the growth rates cannot be directly compared, since this stud
A comparison of the results of the AS 300 nm particles g Y P Y

hi q h | qi Iand Liggio et al. (2005b) use a monodisperse distribution of
mass growth in our stu Y t_o the values measured in Ga'aerosols reacting with gas phase glyoxal, and both Galloway
loway et al. (2009) and Liggio et al. (2005a, b) is presented

. bl h i of final h q Iet al. (2009) and Kroll et al. (2005) use a polydisperse dis-
in Table 3. The ratio of final mass to the seed mass (norma tribution for the reaction. As shown in this study, the extent

ized by sulfate mass) is in the same order of magnitude agy : P : ;

O particle growth depends on the initial particle size, there-
fouqd by Liggio et al. (2095b)' Our value of 13.3M.79 (56 pot g particles in the population used by Galloway et
is slightly smaller than their value of 16, and our calculatedal (2009) and Kroll et al. (2005) grow to the same extent

mass growth rate is one order of magnitude smaller. Sincr’v‘/vhile in this study and in Liggio et al. (2005b) the mass
we found in this study that the observed relative size chang rowth per particle can be determined and compared
due to the reaction is greater with decreasing initial parti- '
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Our experiments were conducted for the hydration processadiative effect of the aerosol. The extent of change depends
of AS aerosols (i.e. while increasing the RH), followed by strongly on the size and the RH, as well as the direction of
drying and consequent efflorescence of the reacted particleRH change of the reacting particles.

The dehydration process such as in the case of a drying cloud

droplet or saturated aerosol particles, involves efflorescencacknowledgements-unding was provided by the Israel Science
and hysteresis. While the hydration process leads to a deliFoundation (Grant #196/08). Y. R. acknowledges support by the
guescence point for AS particles at approximately 80 % RH,Helen and Martin Kimmel Award for Innovative Investigation. We
dehydration, their efflorescence point is<@5 % RH (Dinar  thank Alex Kostinski for his contribution to the data analysis. We
et al., 2007). This suggests that under the same RH condithank Soeren Zorn for his assistance with the presentation of the
tions (in the 40-80 % range), the reaction of an evaporating*™S analysis.

AS droplet with the same dry diameter will be slower than
for the reaction under hydration conditions, due to the highe
water content of the dehydrating particles compared to the
hydrating ones.

rEdited by: V. F. McNeill
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