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Abstract. An ion chromatographic method is described for plication of gas-particle partitioning models to amines, the
the quantification of the simple alkyl amines: methylamine strong size-dependence of thgNRi*/NH ratio indicates
(MA), dimethylamine (DMA), trimethylamine (TMA), ethy-  that using bulk measurements may not be appropriate.
lamine (EA), diethylamine (DEA) and triethylamine (TEA),
in the ambient atmosphere. Limits of detection J&re in
the tens of pmol range for all of these amines, and goody
resolution is achieved for all compounds except for TMA

and DEA. The technique was applied to the analysis ofRecent ambient measurements of amines in the gas and par-
time-integrated samples collected using a micro-orifice uni-ticle phase have prompted research into their role in the for-
form deposition impactor (MOUDI) with ten stages for size mation and growth of atmospheric particulate matter. Amine
resolution of particles with aerodynamic diameters betweensmissions have been detected from animal husbandry op-
56 nm and 18 um. In eight samples from urban and rural congrations (Mosier et al., 1973; Schade and Crutzen, 1995),
tinental airmasses, the mass loading of amines consistentlyjecomposition of organic matter on land and in the oceans
maximized on the stage corresponding to particles with aerofyan Neste et al., 1987; Gibb et al., 1999; Miyazaki et
dynamic diameters between 320 and 560 nm. The molar ray|. 2010; Sorooshian et al., 2009), and from biomass burn-
tio of amines to ammonium @NH*/NH7) in fine aerosol  ing and the incineration of waste (Finlayson-Pitts and Pitts,
ranged between 0.005 and 0.2, and maximized for the small2opo; Chang et al., 2003). In the future, increased emis-
est particle sizes. The size-dependence of tHR /NH, sions may arise from the proposed use of amines as CO
ratio indicates differences in the relative importance of thescrybbing agents in industrial applications (Veltman et al.,
processes leading to the incorporation of amines and ammopp10). Ge et al. (2011a) provide a detailed review of all
nia into secondary particles. The technique was also used tRnown amine emissions and sinks in the atmosphere. The
make simultaneous hourly online measurements of amines igmines emitted in the greatest quantity to the atmosphere are
the gas phase and in fine particulate matter using an Ambithought to be the simple alkyl amines: methylamine (MA),
ent lon Monitor lon Chromatograph (AIM-IC). During aten dimethylamine (DMA), trimethylamine (TMA), ethylamine
day campaign in downtown Toronto, DMA, TMA + DEA, (EA), diethylamine (DEA) and triethylamine (TEA). Collec-
and TEA were observed to range from below detection Iimittive|y, these alkyl amines will be referred to as NfRrough-

to 2.7 ppt in the gas phase. In the particle phase, MAH oyt the discussion that follows. The greatest direct source
and TMAH" + DEAH™ were observed to range from below of NR; has been suggested to be animal husbandry opera-
detection limit up to 15ng m?. The presence of detectable tions, with global emissions estimated at 0.15 TgN,dead-
levels of amines in the particle phase corresponded to pefimg to amine concentrations up to hundreds of ppb near an-
ods with higher relative humidity and higher mass loadingsimal housing and waste storage areas (Schade and Crutzen,
of nitrate. While the hourly measurements made using thej995; Rabaud et al., 2003). Gaseous amine levels in marine
AIM-IC provide data that can be used to evaluate the ap-and background continental environments are generally on
the order of<1-100 ppt (Mopper and Zika, 1987; Gronberg
et al., 1992; Gibb et al., 1999; Chang et al., 2003; Akyuz,

Correspondence tal. G. Murphy 2007). Amines are often present concomitantly with3d\H
BY (imurphy@chem.utoronto.ca) typically at mixing ratios 1-3 orders of magnitude smaller
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(Gronberg et al., 1992; Chang et al., 2003; Huang et al. NRz(g) + (NH1)n(A)mes) (R4)
2009; Veltman et al., 2010). The primary sinks of the simple .__, NHa(g) + (NH4)n_1(RaNH) (A)mes
alkyl amines are thought to be oxidation by OH and wet de-
position via rain scavenging. Lifetimes for NRgainst oxi- Modeling and laboratory studies indicate that amines can
dation are on the order of a few hours to a day in the presencenter the condensed phase by all the routes proposed above
of atmospherically relevant concentrations of OH, comparedn Reactions 1-4 (Mmereki et al., 2000; Murphy et al., 2007;
to a month for NH (Atkinson et al., 1977a; Atkinson et al., Barsanti et al., 2009; Ge et al., 2011b) and suggest that small
1977b; Pitts et al., 1978; Atkinson et al., 1997). Oxidation by chain (G-Cs) alkyl amines may be important for the initi-
O3 can also be an appreciable sink for secondary and tertiargtion of particle formation events and growth of nucleating
amines (lifetimes of hours to days) in a polluted environmentaerosols. Junninen et al. (2010) used an atmospheric pres-
(Finlayson-Pitts and Pitts, 2000). Elucidation of the fast losssure interface time-of-flight mass spectrometer to collect am-
mechanisms for NRled to a decline in research concern- bient atmospheric ions from the gas phase, including molec-
ing their role in the formation of nitrosamines in the 1970s, ular clusters where the formation of inorganic aminium salts
however, their importance in the particle phase has gainednight be occurring. Preliminary results showed homologous
renewed appreciation in the last decade of research. series of alkyl amines and pyridines in their samples in ad-
There are several different scenarios in which aminesdition to the typical HNQ and HSOy acids. These results
might become associated with atmospheric aerosols. Aare indicative of gas phase reaction prior to particle forma-
comprehensive review of the thermodynamic properties oftion between the trace constituents, supporting the hypothe-
amines that govern their gas-particle partitioning can besis that amines may promote80O, nucleation through the
found in Ge et al. (2011b). Amines are likely candidatesformation of non-volatile salts. Further support for this from
for forming aminium salts with atmospheric acids result- laboratory investigations was made by Berndt et al. (2010) in
ing in the formation of secondary aerosol mass (Pratt et al.a series of lab experiments comparing the nucleation rate of
2009). With pKa values ranging from 9.25-10.98 (pia H>SOy as a function of relative humidity (RH) and the pres-
= 9.25 (Seinfeld and Pandis, 2006)) and similar water sol-ence of NH and a surrogate amine, tert-butylamine. The
ubilities to NHs (Gibb et al., 1999; Mackay et al., 2004), results showed that both basic species had significant and
amines can partition to and neutralize aqueous acidic parsimilar promoting effects on the nucleation rate ofS@,.
ticles. The partitioning and reactive uptake mechanisms oHowever, the number density of amine was also two orders
NHs in to particles and aqueous solutions have been well exof magnitude smaller than N&Ishowing that given typical
plored (Mozurkewich, 1993; Donaldson, 1999; Dinar et al., near-source atmospheric concentrations of both gases, they
2008) and impacts on aerosol properties continue to be inmay have similar impacts on nucleation rates. Alkyl amines,
vestigated. Amines detected in an aqueous particle or as kke ammonia, will form salts (Reactions R2 and R3) with
salt are likely to be protonated since they are strong basesnorganic and organic acidic species due to their basic nature
and will therefore be denoted with an appended iH the (Angelino et al., 2001; Murphy et al., 2007; Barsanti et al.,
following discussion. The degree to which amines may be2009). Laboratory studies have shown that in some instances,
scavenged by aqueous aerosols is likely dependent on thalkyl amines can displace ammonium from inorganic salts
effective pH of the solution and the pKa of the amine (Re-to form aminium salts (Reaction R4) (Murphy et al., 2007;
action R1). The degree of protonation will have a buffering Lloyd et al., 2009; Bzdek et al., 2010). Smog chamber ex-
effect on isolating amine molecules from exchange back toperiments have also shown that the oxidation of amines can
the gas phase (Pankow, 2003): lead to the formation of secondary organic aerosol (SOA)
. 3 or basic products that can also form salts with atmospheric
NR3(g) <= NRs(ag +H200) <= RsNH5q +OHGg  (R1)  acids (Murphy et al., 2007). The relative importance of these
processes for the incorporation of amines in ambient fine par-
ticulate matter is not yet clear.
Amines have been detected frequently in atmospheric
R3NH@@+A(_aq)_’ RsNHA (R2) fine and ultrafine particulate matter by a number of on-
line techniques, including: aerosol time-of-flight mass spec-

Where A is a conjugate base in solution and HA is the trometry (AToF-MS) (Angelino et al., 2001; Pastor et al.,
parent acid. Third, gas phase acid-base reactions to form aR003; Denkenberger et al., 2007), compact time-of-flight

Second, subsequent reaction with acidic solution compo
nents could lead to the formation of insoluble salts:

insoluble salt: aerosol mass spectrometry (C-ToF-AMS) (Murphy et al.,
2007; Sorooshian et al., 2008), atmospheric pressure inter-
NR3(g) +HA g — RsNHA g (R3) face time-of-flight mass spectrometry (APi-TOF-MS) (Jun-

ninen et al., 2010), thermal desorption chemical ionisation

Finally, reactive uptake and displacement of ammoniamass spectrometry (TDCIMS) (Smith et al., 2008; Smith et
from pre-existing salts may also occur: al., 2010), and particle into liquid sampler ion chromatog-
raphy (PILS-IC) (Murphy et al., 2007; Sorooshian et al.,
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2008; Sorooshian et al., 2009). TheNH™ contribution  nitrogen in particles, but because many amines are stronger
of 10-47% of the positive ions in 8-10 nm particles sam-bases than ammonia their presence may significantly impact
pled by Smith et al. (2010) indicates that amines may beaerosol composition and properties. An increase in effec-
a significant constituent of newly formed particles. Their tive basicity of aqueous aerosol has been proposed as a way
frequent presence as detectable fractions of fine mode pate reduce the free fraction of protons and therefore signif-
ticles, specifically that which may not be fully neutralized icantly alter pH values even in the presence of relatively
by ammonia, indicates that they may also contribute to consmall RRNHT concentrations (Angelino et al., 2001; Pratt et
densational growth through reactive uptake (Murphy et al.,al., 2009). Simultaneous measurements of amines and other
2007). A drawback of many mass spectrometric observationghemical constituents and physical properties of aerosol can
is that they cannot provide quantitative mass loadings of spehelp to understand their impact on the pH of aerosols, which
cific RsNH™ constituents. For example, AMS response fac-can affect particle chemistry, e.g. SOA formation. To im-
tors for various aminium salts have been reported to ranggrove our understanding of the mechanisms governing amine
from 5-10 times that of ammonium nitrate depending onexchange between the gas and particle phases, online meth-
the composition of the salt, thereby limiting this method ods to separately observe and quantify individual amines in
to amine identification only (Silva et al., 2008). Similarly, both phases with high time resolution are required. The ap-
Murphy et al. (2007) showed that the exchange of ammo-plicability of simple thermodynamic equilibrium algorithms
nium for methylaminium in sulphate particles enhanced theto describe gas-particle partitioning also needs to be evalu-
collection efficiency by the C-TOF-AMS significantly due ated by size-resolved measurements of amine mass loadings
to changes in the physical properties of the particles. Si-in the sub-micrometer range.
multaneous observations by C-TOF-AMS and PILS-IC by We present observations of the simple alkyl amines: MA,
Sorooshian et al. (2008) bridged the gap in producing quanDMA, TMA, EA, DEA and TEA guantitatively measured us-
titative amine information in addition to detailed knowledge ing ion chromatography. This method was used for the anal-
of particle composition. They found instances of EA and ysis of size-resolved micro-orifice uniform deposit impactor
DEA in sub-micrometer particles at mass loadings of 50—(MOUDI) samples using a protocol described in Sect. 2.1.
200 ng M3 (~20% of the mass loading of NP, indicating  In Sect. 2.2, we describe the method developed to resolve
that alkyl amines can contribute significantly to the neutral- and detect this suite of alkyl amines at pmol levels using ion
izing capacity of particles less than 1 um in diameter. Morechromatography. We also employed the technique for simul-
recently, Huang et al. (2009) described an online derivatizataneous hourly gas and particle phase measurements using
tion method for the detection of NfRsNH™, and reported  continuous online sampling with an Ambient lon Monitor-
simultaneous NbrVNHjlr and MA/MAHT™ observations near lon Chromatography (AIM-IC) system (Sect. 2.3). In Sect. 3
a small animal farm in New York on the order of 10 ppb and we discuss the observations made using these methods in-
100 ppt, respectively. cluding the size-resolved water-soluble composition of par-
The presence of DMAH in nucleation event particles re- ticulate matter in urban and rural locations in south-western
ported by Makeh et al. (2001) provided the first indication Ontario (Sect. 3.1) and gas and Pyobservations from
of a potentially important role that amines might play in par- Toronto, Canada in July of 2009 (Sect. 3.2).
ticle formation and growth. The presence of DMAHRvas
also reported in the 10nm fraction for non-event particu-
late collected, but at much lower mass loadings. Further in2
vestigations of the size-distribution of particle phase amine
have shown the presence of DEAHand MAH' in the
0.01~-1.0 um range in marine aerosols, their presence being, ensyre particle collection filters were free of residual or-
a_lttrlbuted to biogenic sources metabollzmg_the labile frac'ganic compounds and salts prior to use in particle collec-
tion of water-soluble organic carbon (Facchini et al., 2008;ti0n, the following pretreatment methodology was used to

Muller et al., 2009; Miyazaki etal., 2010). A number of Sizeé- gng re their removal. The filters (47 mm, 0.1 mm thickness,
segregated investigations of the composition of particles imy_g um pore size, PTFE, Savillex, MN) were soaked for 24 h

pacted by marine sources have recently reported a ubiquitous, gthanol with intermittent shaking, rinsed thoroughly with
contribution of amines to the detectable fraction of the sub-1 60 mL of deionised water placed in a drying rack and dried
micrometer aerosol V\./ater-sol_uple organic nitrogen (WSON)tor 12 h. The filters were then transferred to clean petri dishes
(Makfala_ et al., 2001; Facchini et al., 2008; Muller et al., (50 mm, pall Canada Ltd, Ville St. Laurent, QC) and stored
2009; Violaki and Mihalopoulos, 2010). However, their size- , 4 |ight shielded container for 24 h to equilibrate. The fil-
dependent composition in continental air masses has not beg,s \were mounted on the collection stages of the MOUDI

reported to date, despite the fact that most known amine(Mode| 110, MSP, MN) (Marple et al., 1986) for online sam-

sources are terrestrial. _ _ pling just prior to collection.
In general, online and offline observations aNR4* have

shown them to be only a small fraction of the total reduced

Methods

$.1 MOUDI filter preparation and field operation
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The MOUDI was used to collect size-resolved aerosoltrator column (TCC-ULP1), CG17 or CG12A guard col-
samples in urban and rural environments in Ontario pe-umn and a CSRS® 300 suppressor by gradient elution with
riodically from July 2009—May 2010. Specifically, these methanesulfonic acid (MSA). For the CS17, a linear gradi-
locations were: on the roof of the Physical Geographyentwas used at an eluent flow rate of 1.0 mL rdifrom 2—
Building of the University of Toronto (438937.60'N, 8 mM over the first 11.55 min, increased to 10 mM over the
79°2347.42W), on top of a 3m shed in Dorset next4.45min and then equilibrated back to 2mM for 9 min
(45°14'14.96' N, 78°5347.33 W) and an open grass field prior to the next run. For the CS12A column, higher elu-
in Lambton Shores (4% 43.41' N, 81°56 4.33' W), under  ent strengths were used due to the increased capacity of the
a rain shelter that allowed for free ventilation. The samplingcolumn for ion exchange. Over the first 12 min the MSA
interval varied between 20 and 46 hours according to theconcentration was ramped linearly from 5-10 mM and then
level of particulate matter reported in real time by the Ontariofrom 10—-80 mM over the next 10 min and allowed to equi-
Ministry of the Environment t{ttp://www.airqualityontario.  librate back to 5 mM over the final 3 min of the 25 min run
com/history/summary.cfin The MOUDI was operated at a at a flow rate of 1.2 mL minl. Column temperatures, in all
flow rate of 30 L mirr® with 10 stages at the following 50% cases, were maintained at30.
cut-off points for the particle aerodynamic diameters: 10, All chemicals used were reagent ACS or HPLC grade.
5.6, 3.2, 1.8, 1.0, 0.56, 0.32, 0.18, 0.1, and 0.056 pum. Duestock solutions of MA (40% w/w), DMA (40% w/w), TMA
to pump limitations, no back filters were used to collect par- (45% w/w), EA (71% w/w), DEA £99.5% w/w), TEA
ticles less that 0.056 um. No denuders were used upstream ¢£00%), formic acid (1 mg/mL), acetic acid (1 mg/mL)
the MOUDI in order to limit possible size-dependent parti- and oxalic acids (1 mg/mL) were purchased from Sigma-
cle losses on the denuder walls. These losses can occur bo#idrich (St. Louis, MO). Ethanol (95%) was purchased from
in Aitken mode particles<€0.1 um) by Brownian diffusion  Commercial Alcohols (Brampton, ON) and deionised water
(Ye et al., 1991) and in the coarse mode particte.6 pm) (18.2 M2) was produced in house with a Barnstead™ Easy-
by impaction (Spurny, 1999). Filter extracts were obtainedpure® RoDi system (VWR, Mississauga, ON). Premixed
by room temperature sonication in 10 mL of deionized wateranalytical standards for inorganic anions (FCI~, NO;,
for 1h, filtration through a 0.45um PTFE membrane (Pall gr—, NO3, Sofl—, p(fl—) and cations (Lf, Nat, NH,
lon Chromatography Acrodisc®, VWR International, Mis- g+ Mg2+, Cat) and eluent generator cartridges of KOH
sissauga, ON) and dilution to a final volume of 15mL with anq MSA were supplied by Dionex Corporation (Sunnyvale,
deionised water. While extraction efficiencies were not ex-ca),
plicitly determined in this study, the method is known to
be nearly quantitative for water soluble compounds (Kou-2.2.1 lon Chromatography for resolution of amines and
varakis et al., 2002). Extracts were then analyzed by ion inorganic cations in atmospheric samples
chromatography using one or both of the methods described
below. Field blanks were collected by transporting filters to Previous investigations of aliphatic amines have used ion
and from the sampling site and subjecting them to the samehromatography for the detection and quantification of
extraction and analysis procedures. The application of ioramines in atmospheric samples (Murphy et al., 2007; Chang
chromatography to offline MOUDI samples had method de-éet al., 2003; Facchini et al., 2008; Sorooshian et al., 2008;
tection limits of sub-ng m?3 for the particulate samples col- Sorooshian et al., 2009; Erupe et al., 2010), but none has re-

lected. ported the full range of species measured in this study. The
design of commercial columns has been focused on the sep-
2.2 lon Chromatography (IC) aration of inorganic cations, limiting their ability to fully re-

solve them from protonated organics, such as alkyl amines,
Chromatographic resolution of anions and cations was perespecially where their solvated properties are similar. Over
formed using two Dionex ICS-2000 systems operating withthe last decade their use in the separation of a number of
reagent-free eluent and suppressed conductivity detectioramines has been demonstrated (Chang et al., 2003; Mur-
Anions were separated using a gradient elution method ophy et al., 2007; Erupe et al., 2010). The amine resolu-
an AS19 hydroxide-selective anion exchange column fittedtion achieved using the methodology we have developed on
with a trace anion concentrator column (TAC-ULP1), guard the Dionex CS17 column using preconcentration is shown in
column and an ASRS® 300 conductivity suppressor usingFig. 1. TMA and DEA are not resolved and, henceforth, will
KOH as an eluent. A linear gradient from 1-20 mM was em- be referred to as TMA + DEA/TMAH + DEAH™, a compli-
ployed over the first 12 min, with a linear increase to 85 mM cation that has been reported previously for Dionex columns
over the next 6 min and then equilibrated back to 1 mM for (Murphy et al., 2007). Under conditions of higher concentra-
the final 7 min of the total 25 min run time at a flow rate of tion, poor separation of Naand NH; and poor peak shapes
1 mLmin~1. Two separate methods have been developed fobecome problematic for retrieving accurate peak area inte-
the separation of cations using the Dionex CS17 and CS12Ayrations, particularly in offline sample analysis.
cation exchange columns fitted with a trace cation concen-
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Fig. 1. Sample CS17 chromatogram of particles collected on ° ° 1 Time(min)15 % %
the 44@£120nm MOUDI stage at Dorset, ON. Peaks are: 1 —
sodium, 2 — ammonium, 3 — potassium, 4 — dimethylamine, 5 — 47 2
trimethlyamine and diethylamine, 6 — triethylamine, 7 — magne- 12+ 05 \L&
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For analysis of online and offline samples from environ- o 6 ,

ments impacted by high loadings of water-soluble cations, a 41 3
method using a Dionex CS12A column was developed. Fig- 2 ] k}L XJ\
ure 2 shows the increased resolution betweeh dlad NH; , 0 . . A £8 . .
but persistent coelution of TMA and DEA. Coelution of MA 0 5 10 15 20 2

Time (min)

and EA with NI—[{ in the CS12A method occurred at relative

concentration ratios 5 times lower than in our CS17 method-Fig_ 2. Chromatograms of particles collected on the 2800 nm

ology, making it more prone to Wlnterferlqg in RNH*  \1oUDI stage at Lambton Shores, ON separate@irCS12A and
detection. The ability to resolve and quantify amines in an(g) cs17 columns. Compounds are: 1 — sodium, 2 — ammonium,
atmospheric sample, therefore, depends not only on the aks — potassium, 4 — dimethylamine, 5 — trimethylamine and diethy-
solute amount of amine present, but on the relative amountamine, 6 — magnesium, 7 — calcium.
of amine and ammonia. In an ideal situation, the sampling
period will be sufficiently long to collect enough amine to ex-
ceed the detection limit, but short enough that;Nwill not 2.3 Online detection by URG-AIM
coelute. Instrument and method detection limits for ion chro-
matography analysis were calculated as an absolute numbdie operational principles of the AIM-IC 9000D (URG,
of moles using the slope and three times the standard devichapel Hill, NC) system have been previously described (El-
ation in the area of the background conductivity observedlis et al., 2011). Briefly, the AIM-IC system employs two
in sequential blank samples or field blanks at the elutiononline ion chromatography systems for the simultaneous de-
time of the analyte of interest (MacDougall and Crummett, tection of cations and anions from gas and particle sam-
1980). Positive instrument response for target analytes aples concentrated from a continuous flow of ambient air. In
these concentrations was confirmed by offline injection ofour system, the air sample is pulled at 3.0 L mirthrough
aqueous standards. The instrument detection limits for thé minimum inlet length constructed of Teflon-coated alu-
alkyl amines were<50 pmol and NH ~1nmol. Detection ~ Mminum and fitted with an impactor assembly to select parti-
limits for all other inorganic analytes are500 pmol. cles with an aerodynamic diameter of less than 2.5 um. Gases
For offline samples, such as the MOUDI samples collectecire stripped from the air stream by passing through a lig-
in this study, dilution and reanalysis to improve separationuid parallel plate denuder with continuously replenished sol-
and quantitation of amines and inorganics was utilized tovent flowing across the surface. The particles in the air flow
overcome co-elution in samples with high concentrations ofare constrained into a supersaturated steam condensation coil
ammonium. However, this is not an effective strategy for @nd cyclone assembly and grown hygroscopically for collec-
online sample analysis. Since MHIHI arise from simi-  tion as an aqueous solution. The sample flows containing
lar sources as NRRsNH™ (Van Neste et al., 1987; Schade the soluble gas and particle analytes are separated into equal
and Crutzen, 1995), separation of these species is an issi@iquots for anion and cation chromatographic analyses every
that must be addressed. For online observations, the best apour following 60 minutes of ambient sampling.

proach was the CS17 methodology described above. The AIM-IC was deployed utilizing the CS17 columns and
operated according to the separation methodology described

in Sect. 2.2 to monitor ambient air in downtown Toronto, ON
at the University of Toronto’s St. George Campus from 26
June-3 July 2009. Hourly detection of MA, DMA, TMA,

www.atmos-chem-phys.net/11/4319/2011/ Atmos. Chem. Phys., 11,4339-2011
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Table 1. MOUDI size-resolved particulate matter sample collection and analysis information. Eight samples were collected over the course
of a year using either a rotating or fixed set of MOUDI stages. Mass loadings @igRivhines in the particulate MOUDI samples are
reported and then calculated as a function of measureable water soluble rggs<dtal mass (rat), as well as relative to Pig NHI.

Sample # Location Start Sample Amines Detected BNHT Msol Mot NHI Rz NHt
Date mm/dd/yyyy Time (h) (ngm=3) (%) (%) (ngm3) INHF

1* Toronto, ON 21/07/2009 24 DMA, TMA+DEA 16 0.78 0.31 470 0.014

2% Toronto, ON 07/08/2009 22 DMA, TMA+DEA, TEA 55 9.10 0.98 90 0.11

3* Toronto, ON 07/08/2009 22 DMA, TMA+DEA, TEA 35 7.52 0.68 90 0.17

4 Dorset, ON 14/08/2009 46 MMA, DMA, TMA+DEA, TEA 42 7.98 0.71 120 0.14

5% Toronto, ON 16/08/2009 24.25 DMA, TMA+DEA, TEA 81 0.42 0.24 5210 0.0045

6% ** Toronto, ON 16/03/2010 29 DMA,TMA+DEA, TEA 35 0.88 740 0.011

T Lambton Shores, ON  09/04/2010 24.25 DMA, TMA+DEA 19 0.32 0.74 790 0.0065

g* ** Lambton Shores, ON  10/04/2010 24 DMA, TMA+DEA 33 0.51 0.45 1320 0.0067

*=Indicates CS17 separation methdd= Indicates CS12A separation method

EA, DEA and TEA at the ppt and ngTr levels was achieved final column includes the molar ratio of the sum of amines

with the AIM-IC system methodology. Quantities were de- to ammonium (BNHWNHI) in PMy g, the variability of

termined from offline injections of known aqueous standardswhich depends more on the mass loading ofMan that

of the analytes of interest across the relevant range of obef R;NH™.

served atmospheric concentrations. Background levels of The presence of amines was detected throughout the

all compounds detected by the AIM-IC were determined byfine mode (0.056-1.8um) in all cases for DMAHand

overflowing the inlet with high purity zero air and subtract- TMAH++DEAH*. The presence of TEAHwas found in

ing the average peak area acquired over 8 h from the peaks samples and MAH near the instrument LOD in the sam-

observed while sampling ambient air. If background peaksple collected at Dorset, ON. In all cases the mass loadings or

were not observed for a particular species, the 5 lowest pointsnoles of TMAH"+DEAHY were calculated assuming ev-

of the time series were taken as blank values, the average @frything was DEAH. DEA has a larger Henry’s law con-

which was subtracted from the ambient dataset. Simultanestant and pKa value, indicating that it would be more likely

ous gas phase NHmeasurements were made using a quan-o partition to an aqueous particle than TMA under condi-

tum cascade tunable infrared diode laser absorption speaions of similar gas phase mixing ratios (Ge et al., 2011b).

trometer (QC-TILDAS) system (Aerodyne, USA) (Ellis et Furthermore, the dissociation constanks,) calculated by

al., 2010). Murphy et al. (2007) for the formation of aminium nitrate
salts from gas phase precursors (Reaction R3) were at least
three orders of magnitude lower for DEA than TMA. DEA

3 Results and discussion showed higher analytical sensitivity under the CS17 method
_ _ _ described in Sect. 2.2 and has a lower molecular mass than
3.1 Size-resolved particulate amines TMA. Therefore, the values we have calculated and report

_ _ here are the lower estimate for the sum of these species. The
Eight samples were collected using the MOUDI under thetrye values could be up to 23% greater for mass and moles if

conditions listed in Table 1. The fine aerosol fraction (M  an appreciable fraction of the sample is actually TMA.
collected by the MOUDI is determined by summing the six

lowest MOUDI size bins. The total water soluble mass was3.1.1 Aerosol Composition of water-soluble ionic
determined from the sum of the species quantified by ion species

chromatography. The fraction of amines in the total mass

of soluble PM g (% mso)) ranges from<1% to 9.1% across Figure 3 shows the composition of water-soluble particulate
our observations. The amine mass fraction iRV mor) species, as a function of particle size at three different sam-
was calculated by dividing PMs amines by the total mass Ppling sites. In all cases, the dominant cation at particle di-
loading of PM 5 obtained from the nearest Ontario Ministry ameters less than 1.8 um was JNHwhich nearly balanced

of Environment air quality monitoring station for the period the major anionic components of $O NO3, formic, acetic

of observation. The sum of the particulate alkyl amines wasand oxalic acids. Thus, the sub-micrometer aerosol we sam-
never more than 1% of the R aerosol mass loadings. pled were neutralized or nearly neutral, with respect to ion
PM; g mass loadings of all the amines, denoted ghliR", balance, in all cases. In some cases, amines were found to
and Nl—ﬁ are shown in Table 1. While thesRH™ mass have important contributions to the total mass of the fine
loadings only span one order of magnitude among the sammode. Panel A displays a sample collected at Dorset, On-
ples, the mass loading of l\]{l—ivaries by a factor of 60. The tario, a rural forest site, on 14 August 2009 with the air mass
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DEAH" + TMAH'

4325

_— m TEAH', DMAH’, MAH' Table 2. The maximum mass loading (ng™) on a single stage,
10 ., N . . Lo .
. — NH, <. for each amine species quantified in the MOUDI sample. The me-
— - 222 M dian diameter (nm) of the size bin where each species maximizes is
2 * | given in parentheses when it is not the 320-560 nm size bin. No
2 e — = amines were consistently detected in all size bins from 0.056 to
g 0" 18 um, so a range was not reported as the lower value would al-
§10“ = ggz ways be below the limit of detection. ND indicates the species was
g NO, not detected on any stage of the MOUDI.
= 5 - okt
o® T Sample# MMA DMA TMA+DEA TEA
o " 1 ND 4 3 ND
i 8] — A 2 ND 5 11 1.3
5 3 ND 3 7 0.3
55 ‘ 4 0.05 6 5 0.4
= 104 - T 5 ND 10 19 2 (780)
g, = — 6 ND 2 (100) 10 14 (4400)
5 7 ND 0.8 5 (780) ND
207 8 ND 0.4 (1400) 9 ND
& 40|
S 301
= 20+
51 tion of this sample is typical for samples collected in down-

town Toronto, although the magnitude of mass in the sam-
ple can vary considerably, particularly in the accumulation
mode. The sample displayed in Panel C was collected from
Lambton Shores, Ontario, a rural location, on 10 April 2010.
The contribution of amines was insignificant to the aerosol
neutrality, despite NQ representing about 30% of the anion
water-soluble fraction at the peak of the accumulation mode.
lon chromatography cannot measure i solution, but it
is assumed to balance most of the remaining negative ions
in the PM_g. No significant unidentified peaks were ob-
served in the cation or anion chromatographs. The dominant
cation at particle diameters greater than 1.8 um wa’s Ca
which is not balanced by a quantifiable anionic species. The
most likely constituent that balances the observed™da
HCO; /CO§*, which cannot be quantitatively detected by the
sample handling and ion chromatographic methods used in
this study. Ca(HCg), and CaCQ are known to be major
components of concrete and arise from surface erosion in ur-
ban environments. This is likely responsible for the large
Cé&* signal seen in Panel B of Fig. 3. In Panels B and C,
originating over south-western Ontario. Amines contribute coarse mode nitrate was also observed. It has been well-
about 5% of the total water-soluble cation fraction in the ac-documented that coarse mode nitrate can be formed by acid
cumulation mode aerosol from 0.056-1.8 um. This sampledisplacement reactions between HjN&nhd Ca(HC@), and
was also particularly enhanced in formic, acetic and oxalicCaCQ; to form Ca(NQ@), (Goodman et al., 2000; Hanisch
acids in addition to the dominant ﬁo anion. The sample and Crowley, 2001; Bauer et al., 2004; Vlasenko et al., 2006;
composition displayed in Panel B was collected from the roofLiu et al., 2008), which further supports the presence of un-
of the Physical Geography Building at University of Toronto, measured carbonate in our samples.
a dense urban location, on 7 August 2009. The aerosol is Despite being a small fraction of the total cation compo-
neutralized in terms of NEI—NO;-SOE[ throughout the ac-  sition and the total aerosol mass, the alkyl amines measured
cumulation mode, with< 5% of the water-soluble cation may influence the effective pH of aqueous aerosols by sev-
fraction being contributed by amines. £aand NG, domi- eral units (Pankow, 2003; Pratt et al., 2009), especially where
nate the coarse mode, likely as Cag3fith some Ca(N@)2 they represent more than 1% of the water-soluble aerosol
from processing of lofted particles. The relative composi- mass. Stronger basic properties compared tq“ Miéke the
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Fig. 3. Mole equivalent distribution of major water-soluble ions in
MOUDI samples.(A) Sample 4 collected in DorsgB) Sample 3
collected in TorontgC) Sample 8 collected in Lambton Shores.
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contributions from TMAH + DEAH* and DMAH". The
maximum mass loading of each amine detected in our sam-
ples and the size bin in which it maximized is given in Ta-
ble 2. TEAH+, when present, showed the most variability
in the distribution of the mass throughout the aerosol pop-
ulations we collected. In Sample 6 (collected in Toronto)
the abundance of TEAH+ was 14 ngfj the highest we en-
countered in this sample set, and was found to maximize in
the 3.2-5.6 um size range.

The variety of amines detected changed based on sampling
location and time of year. This could be due to changes in the
source region of the air mass sampled, regional temperature
and relative humidity, and seasonality as amine emissions are
expected to increase with temperature and biological activ-
ity (Schade and Crutzen, 1995; Muller et al., 2009; Pratt et
al., 2009). Figure 4a illustrates Sample 4 from Dorset, ON,
which had the widest array of amines present in any sam-
ple collected. The sampled air mass originated over a region
of south-western Ontario with a high density of agricultural
activity, including animal husbandry, a likely source region
for the primary emission of alkyl amines to the atmosphere.
Two samples, one displayed in Fig. 4c, were collected in this
source region at Lambton Shores to investigate particulate
amines in proximity to presumed sources. During the col-
lection period air originated over Michigan and the north-
ern Great Lakes region of Ontario. Whether the amines we
observed in Fig. 4c had partitioned from local emissions or
were pre-existing components of transported aerosol is not
possible to determine from these samples. The collected
sample had 19ngn? of TMAHT + DEAHT in the 320-

560 nm size bin, the highest detected mass of a single amine
species in our samples. While the absolute mass loadings of
amines seem comparable, or higher, in the downwind Dorset
sample compared to the source region sample, it should be
kept in mind that these samples were collected in the sum-
mer and spring, respectively. The seasonality of amine emis-
sions and partitioning has been related to primary productiv-
ity (Muller et al., 2009; Sorooshian et al., 2009; Miyazaki et
al., 2010) and local meteorology (Pratt et al., 2009). Online
observations of both gas and B¥ionic, water-soluble com-
position could yield more information in identifying source
regions and thermodynamic factors that govern the partition-
ing of amines.

even when present in molar quantities more than an order of Figure 4b from Toronto, ON shows an atypical amine
magnitude smaller than NH

3.1.2 Size-dependence of alkyl amine mass

mass loading compared to our other MOUDI samples col-
lected in Toronto. The sampled air originated over central
Ontario and Georgian Bay with similar amine loadings to

those collected at the other two locations. Figure 4d shows

Size distributions of amines by mass in samples collected ad more typical size-dependence of the mass loading of in-
Dorset, Toronto and Lambton Shores, ON are shown in thadividual amines in our urban samples. In general, the ob-
panels of Fig. 4. The size dependence of the alkyl amineservations from Figs. 3 and 4 show that even in instances
shows that their mass maximizes most often in the accumuwhere very large quantities of NHwere present through-
lation mode. The amines detected in our samples maximizedut the fine mode, the presence of DMANd TMAHT +

in the 320-560 nm size range in 7 of 8 samples. Often, onlyDEAH* was observed. These observations are consistent
tens of ng nT3 were observed in the size bin with the largest with previous quantitative observations of alkyl amines in
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fine particulate samples (Sorooshian et al., 2008; Sorooshian 1.0 *
et al., 2009). Our measurements show the size-resolved dis-

tributions throughout the sampled aerosol populations are , o8

also consistent with previous observations in marine atmo- g 08
spheres (Makela et al., 2001; Facchini et al., 2008; Muller 'z ,|
et al., 2009; Violaki and Mihalopoulos, 2010; Miyazaki et o ? f |
al., 2010) with the maximum mass loadings seen in the accu- 22 ¢ 4 . 4 )i
mulation mode, specifically from 320-560 nm. Our observa- 0.0 : hd :
tions are, to the best of our knowledge, the first to show the I 2 8 W RO, B8 B
size-dependence of particulate alkyl amines in continental air 3315@ (]
masses. ) s o

323’0.5
3.1.3 Size-dependence offRIHT/NH; o4 s

%03 ;
The dominance of fol throughout the accumulation mode 021 * $
is most likely due to the ambient concentrations of \d¢- 0.1 ¢ ¢
ing significantly higher than gas phase amines at our sam- oo : —
pling sites (Sect. 3.2 provides evidence in Toronto). Typical A T T
NH3 measurements in south-western Ontario are on the order %12
of a few ppb (Ellis et al., 2011). While alkyl amines are not 0.10
routinely measured, they are expected to range from several'+ o.0s
ppb close to sources to ppt levels in the background atmo- =
sphere due to their short lifetime against OtH<1 day). A z
higher ambient concentration of Nkivould allow its uptake = 00 $ ¥
to dominate the neutralization of the aerosol as growth by % . % * °
condensation occurs and the ratio of surface area to volume =~ 00— T s s i iisae
becomes more limited for reactive uptake. Theoretical cal- o1
culations by Kurten et al. (2008) and Loukonen et al. (2010) o=
have shown that small cluster formation of aminium salts 46
with inorganic acids is thermodynamically favoured over =
ammonium salts. At smaller particle sizes (e.g. clusters — « 004 + { }
10nm), amines may be able to successfully out-compete & oo2| *
NH3 due to thermodynamics of the system as shown exper- ' ¢ ® & 9
imentally (Murphy et al., 2007; Bzdek et al., 2010; Lloyd 0.00

6789 2 3 4 56789 2 3 4 56789

et al., 2009). As particles grow by condensation and reactive 0.1 T 10
. . Particle Diameter (um)

uptake, competition with Nkifor transport to the surface be-

comes dominant and the influence of relative concentration?:, 5. Ratio of th ¢ all particulat ) n

supersedes the thermodynamic considerations. ig. 5. Ratio of the sum of all particulate aminesgR@™) mea-

. . L sured to the total ammonium (moles/moles) as a function of particle
To examine the size-dependence of the relative importancg;, eter for(A) Sample 4 collected in DorsefB) Sample 3 col-

of amines versus ammonia, the molar ratio of the sum ofiecteq in Toronto(C) Sample 8 collected in Lambton Shores, and
amines to ammonium @RH*/NH;") detected in each sam- (D) Sample 1 collected in Toronto.

ple was compared in Fig. 5. The error bars represent the un-

certainty calculated based on the propagation of errors for th?he largest fraction being observed in a sample from Dorset,

measured ammonium and only those amines that were des, (Fig. 5a). A similar enhancement isRH*/NH;' in ex-
. 5a). 1

tected in the sample. In most cases the observed ratio is We”éess of 0.30 was seen in Toronto (Fig. 5b) from an air mass
vt b the inst t detection limits. Small Aso originating from south-western Ontario. However, most
yles are above the Instrument detection imits. sma qu"’m'samples from the Toronto region typically show ratios be-
tities of all the analytes in the coarse mode produced large

low 0.04 (Fig. 5d). The samples collected at Lambton Shores
uncertainties in those ratios. In all MOUDI samples, the mo- W (Fig. 5d) P

. Nt . (e.g. Fig. 5¢), were in closer proximity to agriculturally active
lar ratio RNH™ /NH, shovv_ed one maximum below 200 nm regions, but did not have ratios oﬁRH’L/NHj greater than
and decreased as the particle size increased up to about 1 pm:;

305 despite having the highest absolute amine mass load-
the ratio then increased again in the coarse mode. All sam b g g
ples show this behaviour regardless of the absolute values
the F{;NHJFINHZr fraction. In the fine mode, maxima for an

individual size bin ranged from ratios of 0.02 to 0.37, with

ing of all the samples collected. The average molar ratio for
My g in each sample is given in the final column on Table 1.
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These observations of amine composition in conjunction 3.0 DMA™T 30
with other ionic aqueous species can help to inform mod-
els of particle formation and thermodynamic partitioning and
predictions of aerosol properties, such as pH and hygroscop-5
icity. The observations in Fig. 5 demonstrate that there is a o
strong size-dependence to the fine aerosol composition, esZ 1.0

25

2.0

Ratio (pptv)

1.5

T
o
(Aqdd) oney Buixiy SHN

pecially with reference to thedRIHﬂ“/NHj ratio. In general, i” 0.5 oo AT =
the amines contribute more importantly, in a relative sense, 0.0 vqjo

to the reduced nitrogen composition of particles with diame- 27/06/2000 29/06/2009 01/07/2009 03/07/2009 05/07/2009
ters<200 nm. Possible explanations include the higher ther- Date

modynamic stability of aminium salt clusters, or the prefer- 20 B DMAH" NH,- 4
ential reactive uptake of amines by ultrafine particles with «2 D — DEAH — NO; S
higher surface area-to-volume ratios. Alternately, particulate ® 57 MAH" — 8Os 13 4
amines may be more susceptible to condensed phase reac 2 0 6 g
tions than ammonium, leading to their preferential degrada- 8 } \ n 22
tion as _parUcIes age and grow. In the futu_re, a ba_ck filter ; 5 v'll/m il ’ &
can be included to collect the smallest particles which may 2 N EANY ‘ J [ k Sa
provide more information on nucleation mode particles. The 048 = At et ity \'“MMM-O
maxima in the coarse mode are highly uncertain, but do ap-  27/06/2009 29/06/2009 01/07/2009 03/07/2009 05/07/2009

pear to be significantly higher than the accumulation mode Date

particles. From Fig. 3 and Fig. 4, it is evident that the coarse_ ) ) ) _ _

mode represents a population of particles with very differ-~'9: & Online AIM-IC observations of amines and dominant in-

ent composition than the fine particles, and with lower abso-2r9MC constituents ith) the gas phase ar@) PMs. In each
. ’ . anel, the left axis applies to amines, and the right axis to inorganic

lute ampunts Of, amln.es. The .coarse. mpde amines may res“&)nsituents. Detection limits for amines are depicted using dashed

from primary biogenic emissions, similar to enhanced ma-jjes.

rine coarse mode ON seen by Miyazaki et al. (2010) in highly

biologically influenced aerosols, or reactive uptake on aque-

ous coarse mode aerosol that has been significantly aged kions of TEA are reported, the measured values were con-

secondary acidification with HN§ In either case, the am- sistently below the detection limit. Amine emission sources

monium signal in these coarse mode samples was near or b& the Toronto area and their collective emission rates are

low our instrument detection limits, enhancing the observednot well-known, although particulate amines have been pre-

ratio when any amines are above their detection limits. viously detected during new particle formation events (Tan
et al., 2002). The variability in mixing ratio is not consistent
3.2 Online detection of amines in the gas phase and across all species or with NHlindicating different sources
PMs 5 may exist for each. If local amine sources are limited, the ob-

served abundances of a few ppt may be due to dilution and/or
The utility of the information provided by the MOUDI data reaction with OH ¢~1 day) prior to arriving at our sampling
is limited by the long integration time necessary for collec- location.
tion and the absence of simultaneous gas phase measure-Simultaneous observations of NKFig. 6a) showed mix-
ments. To address these limitations, continuous online coling ratios ranging from 1-18 ppb. Therefore, the rela-
lection and analysis of gas and particle phase analytes watéve ratios of NR/NH3 in the gas phase range from 1.6 —
performed with the AIM-IC from 26 June—6 July 2009. This 20x10~2 over the course of our observations. According to
time period was characterized by cool and humid conditionsthe modelling studies by Murphy et al. (2007) and Barsanti
with rain events occurring from 09:00-14:00 and at 21:00 onet al. (2009), at this range of gaseous ratios, alkyl amines
28 June, from 14:00-16:00 and 20:00-22:00 on 29 June, atvould seldom out-compete ammonia in bulk partitioning to
04:00 and 20:00 on 30 June, and at 22:00 on 1 July (all timeghe particle phase. Our particle observations showed only
are Eastern Daylight Savings). The north-westerly flow atperiodic amine mass loadings in BM above our online
the start and end of the campaign was interrupted by a periodhethod detection limits. Figure 6 shows the sum of TMAH
of south-westerly flow between 28 June and 1 July, and stag+ DEAHT observed in the particle phase (Panel B) at mass
nant air early on 2 July. Amines were detected in both theloadings in the range of below detection limit to 16 ngm
gas and particle phases throughout the campaign. Figure Bhe sporadic nature of the MAHobservations results from
shows that amines in the gas phase (Panel A) were almost athe difficulty in resolving this peak in the presence of much
ways at or near the instrument detection limits. Mixing ratios higher amounts of Nﬁl On two occasions, the increase in
of DMA, and TMA + DEA ranged from below the detection TMAH* + DEAH™ coincided with mass loadings of P
limit to 2.7 ppt for both sets of compounds. While observa- NO; greater than 1 g ¥, suggestive of the formation of
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aminium nitrate salts. However, early on 30 June TMAH during any of the online observation period. Because of the
+ DEAH™ was not detected when NOwas high and early high humidity conditions during much of the campaign, the
on 1 July, it was observed despite §ldeing lower than aerosol were likely aqueous, in which case patrtitioning ac-
0.1ugnr2. Therefore, an increased presence ofN@®fine  cording to Reaction (R1) may be most relevant. For example,
particulate matter does not appear to govern the presendée effective Henry's law constant for DEA (after accounting
and concentration of TMAH + DEAH™. In Sorooshian for protonation) is an order of magnitude higher thansNH

et al. (2008), high amine mass loadings were measured by/hich would result in a stronger preference for partitioning
PILS-IC at the same time as positive values of excess nitratel® aqueous aerosol (Ge et al., 2011b). Observation periods
defined as the nitrate left over after sulfate and nitrate havesPanning a wider range of atmospheric conditions would be
been neutralized by the available ammonium, as measure@luable to assess the relative importance of meteorOk)gical
by C-ToF-AMS. Values of excess nitrate inferred from the conditions and chemical composition in dictating the gas-
AIM-IC were zero within the uncertainty of the calculation, Particle partitioning of atmospheric amines.

and this uncertainty is much larger than the mass loading of

the observed amines. In our observations, it is more likely

that the presence of nitrate in the particle phase is indicativét Conclusions

of either high relative humidity or high nitric acid, both of

which would be conducive to the partitioning of amines to These measurements contribute to the small, but expanding,
the particle phase. collection of ambient observations of atmospheric amines

(Angelino et al., 2001; Makela et al., 2001; Tan et al., 2002;
0[’)enkenberger et al., 2007; Facchini et al., 2008; Sorooshian
uét al.,, 2008, 2009; Muller et al., 2009; Smith et al., 2010;

. Violaki and Mihalopoulos, 2010; Ge et al., 2011a). An ad-
+
(2.54 pptv equivalent) of TMAF{ + DEAH on July 1 and a vantage of the ion chromatography analysis described here

gow_lc(ljd_entt_ decrfease '(;‘ d0.85 Eptv of TMtﬁ‘ +tDtEiA\). Th'f’_ ma);_ is that the calibration protocol provides measurements (mass
€ Indicalive of a sudden change in the tota (gas + par I'Ioadings or mixing ratios) with a high degree of precision for
cle) amines during the time period or a slow time response t

hanai . trati : h b Yrace quantities (ngm? or ppt). The sensitivity of the IC
changing amine concentrations In our gas channet becau chnique is a factor of 5-10 higher for the individual amines
of adsorption in our inlet. Such small amounts of amines

fitioning to th iicle oh ke it challenaing t measured compared to ammonia, which contributes to the
partitioning 1o the particie phase maxe It challenging 1o Use€,, ;n«irument detection limits for the amines. Nevertheless,

our OnIJ'rne observgnons to determine |§|m_|+ is displac- ecause in atmospheric samples ammonia/ammonium can be
|ngJI:IH4 from particles because changes in the abundance 0Eresent in concentrations several orders of magnitude higher
NH, smaller than 100ng m? are below our measurement on the amines, it can impede the detection of some amines
precision for that species. (e.g. methylamine and ethylamine) by this method. An on-
While the online sampling campaign did not coincide with going issue with IC measurements of amines is the inability
the collection dates of the Toronto MOUDI samples, someto resolve DEA and TMA. Because one, or both, of these
consistency may be expected between thEHR"/NH; ob- amines appear to be among the most significant of the sim-
served in both sets of samples. Based on the final colummple alkyl amines in atmospheric samples, and because their
in Table 1, the molar ratio for Phg in MOUDI samples Ky and pKa values are quite different, it is highly desirable
ranged from~10~2 to 10~1. Because the online AIM-IC to achieve individual quantitative measurements.
method has higher detection limits than the time-integrated Our MOUDI observations in one urban and two rural envi-
MOUDI samples, at an NH mass loading of 0.5 ugm, ronments demonstrate consistent trends with respect to size-
representative of the online sampling campaign, the lowestiependence: an absolute maximum of amine mass loading
ratio we could quantitatively measure in hourly samples isin 320-560 nm particles, and an increase in importance rel-
>10-2. In the MOUDI samples with similar Phg mass  ative to ammonium for the smallest (56-180 nm) particles
loadings of NH, the RINHT/NH ratio was always less measured. The importance relative to ammonium in the
than 1.5¢10~2. Based on the observed gas phase/NRi3 coarse mode is less meaningful because ammonium was of-
ratios of 1.6—26 102 (quantifiable because of high NHa  ten below our detection limits, despite the presence of de-
RgNHﬂNHI ratio in PMps of >10~2 would only be ex- tectable levels of amines. In P)d measurements, calcu-
pected if amines are able to significantly outcompete amdated by summing the six lowest MOUDI size bins, amines
monia based on thermodynamic considerations. Barsanti aetontributed tens of ng i? and constituted between 0.3 and
al. (2009) and Murphy et al. (2007) suggested that the for-10% of the water soluble particulate mass loading. To the
mation of stronger aminium salts with organic acids or nitric best of our knowledge, the AIM-IC data represent the first
acid could favour preferential partitioning of amines to the simultaneous observations of gas and particle phase amine
particle phase. Particulate organic acids, such as oxalic acidpecies with accompanying water-soluble ionic speciation in
were not above the AIM-IC detection limits (0.1 ug#) PMa s at hourly time resolution. Through online sampling

In most cases, increases in particulate amine loadings c
incided with a decrease of amines in the gas phase, b
mass balance was not observed (e.g. formation of 7.71ig m
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in an urban environment, we observed instances of amineBerndt, T., Stratmann, F., Sipila, M., Vanhanen, J., Petaja, T,

increasing in the particle phase at times with elevated £M Mikkila, J., Gruner, A., Spindler, G., Mauldin, R. L., Ill, Cur-

nitrate. The mass loading of amines in Pihever exceeded  tius, J., Kulmala, M., and Heintzenberg, J.: Laboratory study on

20ng nT3 during the online sampling period, a value too low ~ Néw partllcle formatlor.l .from the reaction OH + §Onfluen§e

to cause observable changes to the abundance QT diH of experimental conditions, $0 vapour, NH and the amine

NO-. Observations made using this technigue can brovide tert-butylamine on the overall process, Atmos. Chem. Phys., 10,
3. J0S€ , g this q pr 7101-7116¢l0i:10.5194/acp-10-7101-2019010.

data which is valuable in the evaluation of models designeds,

] S ’ ] ) dek, B. R., Ridge, D. P., and Johnston, M. V.: Amine exchange
to predict the contribution of amines to particle nucleation, or  jyto ammonium bisulfate and ammonium nitrate nuclei, Atmos.

to bulk particle composition based on thermodynamic parti- chem. Phys., 10, 3495-3508pi:10.5194/acp-10-3495-20,10
tioning. However the size dependence of tthRJF/NHjlr 2010.
ratio consistently seen in the MOUDI samples shows that arChang, I. H., Lee, C. G., and Lee, D. S.: Development of an auto-
assumption that each size fraction of the fine aerosol popu- mated method for simultaneous determination of low molecular
lation has the same relative composition as the bulk is not Wweight aliphatic amines and ammonia in ambient air by diffu-
appropriate. sion scrubber coupled to ion chromatography, Anal. Chem., 75,
6141-6146¢0i:10.1021/Ac034731,42003.
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