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Abstract. Ammonia and amines are common trace gases irserve as cloud and ice condensation nuclei (Finlayson-Pitts
the atmosphere and have a variety of both biogenic and anand Pitts, 2000; Seinfeld and Pandis, 2006). Ammonia and
thropogenic sources, with a major contribution coming from amines are routinely detected in the particle phase and have
agricultural sites. In addition to their malodorous nature, bothbeen identified as important contributors to new particle for-
ammonia and amines have been shown to enhance particlaation and growth (Angelino et al., 2001; Berndt et al., 2010;
formation from acids such as nitric, sulfuric and methane-Bzdek and Johnston, 2010; Bzdek et al., 2011; Chen et al.,
sulfonic acids, which has implications for visibility, human 2012; Creamean et al., 2011; Dawson et al., 2012; Loukonen
health and climate. A key component of quantifying the ef- et al., 2010; Mdller et al., 2009; Ruiz-Jiménez et al., 2012;
fects of these species on particle formation is accurate gassmith et al., 2010; VandenBoer et al., 2011). Accurate mea-
phase measurements in both laboratory and field studiesurement of gas-phase ammonia and amines both in the at-
However, these species are notoriously difficult to measuranosphere and in laboratory experiments is a key component
as they are readily taken up on surfaces, including onto glasef understanding and quantifying their role in particle chem-
surfaces from aqueous solution as established in the preserstry and physics.
studies. We describe here a novel technique for measuring Atmospheric ammonia and amines have a wide variety of
gas-phase ammonia and amines that involves uptake onto sources, both biogenic and anthropogenic (Ge et al., 2011a,
weak cation exchange resin followed by extraction and analb). Industrial and agricultural practices involving animals,
ysis using ion chromatography. Two variants — one for partse.g., cattle feed lots or swine facilities (Anderson et al., 2003;
per billion concentrations in air and the second with lower Hiranuma et al., 2010; Kuhn et al., 2011; Mosier et al.,
(parts per trillion) detection limits — are described. The lat- 1973; Ni et al., 2012; Schade and Crutzen, 1995), are sig-
ter involves the use of a custom-designed high-pressure canificant sources of these species in the atmosphere. Agricul-
tridge to hold the resin for in-line extraction. These methodstural emissions of ammonia and short-chain aliphatic amines,
avoid the use of sampling lines, which can lead to significantin particular, account for a large fraction of the global flux of
inlet losses of these compounds. They also have the advarthese species into the atmosphere (Ge et al., 2011a, b; Schade
tages of being relatively simple and inexpensive. The appli-and Crutzen, 1995). In addition to agricultural sources, hu-
cability of this technique to ambient air is demonstrated inmans, animals (both wild and domestic), sewage, industry
measurements made near a cattle farm in Chino, CA. and transportation are important sources of ammonia in ur-
ban areas (Li et al., 2006; Perrino et al., 2002; Sutton et
al., 2000; Whitehead et al., 2007). Other sources of amines
and ammonia include ocean biota (Ge et al., 2011a; Gibb et
1 Introduction al., 1999), biomass burning (Ge et al., 2011a; Lobert et al.,
1990), and release from carbon capture and storage devices
Atmospheric aerosol particles are known to reduce visibility that use amines to trap GQ@which could be a more important

and adversely affect human health. They also impact the clisource of atmospheric amines and ammonia as the technol-
mate as they are able to scatter and absorb solar radiation and

Published by Copernicus Publications on behalf of the European Geosciences Union.



2734 M. L. Dawson et al.: Measurement of gas-phase ammonia and amines in air

ogy becomes more widely adopted (Borduas et al., 2013; Géechniques, several intercomparison studies, in both field and
et al., 2011a; Nielsen et al., 2012; Rochelle, 2009; Schreibefaboratory settings, have been reported in the literature (von
etal., 2009). Bobrutzki et al., 2010; Fehsenfeld et al., 2002; Kirchner et
Importantly, it has been shown that gas-phase ammonial., 1999; Norman et al., 2009; Schwab et al., 2007; Wiebe et
and amines significantly enhance particle formation fromal., 1990; Williams et al., 1992).
common atmospheric acids, such as sulfuric, nitric and An important limitation to many existing techniques for
methanesulfonic acids (Almeida et al., 2013; Angelino et al.,measuring ammonia and amines is deposition of the gas-
2001; Berndt et al., 2010; Chen et al., 2012; Dawson et al.phase analyte onto instrument surfaces prior to measurement,
2012; Loukonen et al., 2010; Smith et al., 2010; Yu et al., which varies with the compound (Hansen et al., 2013). Also,
2012), and contribute to growth of atmospheric nanoparti-it has recently been shown that amines are irreversibly taken
cles (Barsanti et al., 2009; Bzdek et al., 2011; Smith et al.,up onto surfaces that have been exposed to a gas-phase acid,
2010; Wang et al., 2010). Short-chain alkyl amines have beefrfiorming a non-volatile salt (Nishino et al., 2013). As a variety
shown to displace ammonia in particles (Bzdek et al., 20100f acids and acid precursors are present in the atmosphere,
2011; Chan and Chan, 2012; Liu et al., 2012; Lloyd et al., this loss may have a significant effect on measurement effi-
2009), which enhances their importance in particle forma-ciency for instrumentation where the gas-phase sample is in
tion and growth. Although amines are short-lived in the at- contact with surfaces such as tubing prior to measurement,
mosphere due to oxidation by common atmospheric oxidantgven when these surfaces are heated. In addition, amines in
such as OH and €XNielsen et al., 2012; Tang et al., 2013), aqueous solution are shown here to be subject to uptake on
amines and the precursors to sulfuric and methanesulfoniglass, with implications for measurement techniques.
acids (Bates et al., 1992; Ge et al., 2011a; Ni et al., 2012) are This work demonstrates the use of a weak cation exchange
in sufficiently close temporal proximity in the atmosphere (WCE) resin as a substrate for efficient collection of gas-
that they are important contributors to particle formation.  phase ammonia and amines at atmospherically relevant con-
Reliable data on the sources, sinks, and ambient concereentrations, followed by analysis by IC. While ion exchange
trations of gas-phase amines, therefore, are crucial to predictresins have been used in a variety of environmental sampling
ing new particle formation in the atmosphere. However, gastechniques involving liquid-phase samples (Fenn et al., 2002;
phase amines are notoriously difficult to measure and typ-Simkin et al., 2004; Skogley and Dobermann, 1996; Templer
ical concentrations in the atmosphere are of the order of and Weathers, 2011), to the authors’ knowledge this is the
few parts per billion or less (Ge et al., 2011a). Several techfirst demonstration of its ability to efficiently collect molec-
niques for measuring gas-phase ammonia and amines hawdar species from a gas-phase sample. In this work, two ap-
been reported in the literature. On-line mass spectrometproaches were developed. The first is applicable to higher
ric (MS) techniques include ambient pressure proton trans{parts per billion) concentrations while the second, for which
fer MS (Hanson et al., 2011), chemical ionization MS (Yu a custom high-pressure resin holder cartridge was designed
and Lee, 2012), and proton transfer reaction MS (PTR-MS)for in-line extraction on an IC system, has detection limits in
(Borduas et al., 2013; Feilberg et al., 2010; Kuhn et al., 2011 the tens of parts per trillion range. These methods were de-
Liu et al., 2011; Tanimoto et al., 2007). Off-line techniques veloped to minimize the sampling losses reported previously
typically involve collection of a gas-phase sample onto a sub-whilst also being capable of measuring ammonia and amines
strate (e.g., activated charcoal or an acid-impregnated glasst the parts per trillion level in air.
fiber filter) (Fournier et al., 2008; Fuselli et al., 1982), intoan The method we present here is well suited to laboratory
acidic solution (Akytiz, 2008; Gronberg et al., 1992; Schadestudies where gas-phase ammonia and amine measurements
and Crutzen, 1995), or onto a whetted glass frit (Huangare often required in the absence of particles. In the atmo-
et al., 2009). Samples are then extracted and analyzed usphere, ammonia and amines are typically present in both
ing gas or liquid chromatography, sometimes with a deriva-the gas and particle phase, and several techniques have been
tization step included (Akylz, 2008; Fuselli et al., 1982; developed to measure species in the two phases separately
Gronberg et al., 1992; Hiranuma et al., 2010; Huang et al.(ten Brink et al., 2007; Gibb et al., 1999; Markovic et al.,
2009; Nishikawa and Kuwata, 1984; Santagati et al., 20022012; Orsini et al., 2003; Trebs et al., 2004; VandenBoer
Schade and Crutzen, 1995). lon chromatography (IC) hagt al., 2011). While differentiation of ammonia and amines
also proven to be useful for both gas- and particle-phasen the gas phase vs. particle phase is beyond the scope of
ammonia and amines (Gibb et al., 1999; Hiranuma et al. this work, we also demonstrate the efficiency of this tech-
2010; Orsini et al., 2003; Praplan et al., 2012; VandenBoemique for measuring total gas- and particle-phase ammonia
et al., 2011). Formation of an indophenol complex which and amines. If differentiating gas- and particle-phase species
is measured spectrometrically has been developed for anis desired, this technique could be used in combination with a
monia (Scheiner, 1976; Sol6rzano, 1969), as have variouslenuder, which removes the gas phase prior to measurement.
techniques involving the formation of 1-sulfonatoisoindole
followed by fluorescence measurement (Toda et al., 2010;
Zhang et al., 1989). For atmospheric ammonia measurement
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2 Experimental MFC

2.1 Liquid-phase standards Purge Air Exhaust

Generator

Standard solutions for ammonia, methylamine (MA),
dimethylamine (DMA), and trimethylamine (TMA) were
prepared from their chloride salts in 0.1 M oxalic acid MFC
(Fluka). These include NkCI (Sigma, 99.5 %), CENH3ClI
(Aldrich, 98.0%), (CH)2NH>CI (Aldrich, 99.0%), and
(CHs)3sNHCI (Aldrich, 98.0 %).

In the course of developing this method, there was some
indication that amines and/or aminium ions in agueous so-
lution were being taken up onto the walls of glass contain- ) MFC
ers. To test whether, and to what extent, this was occurring NGH3 Ocr ﬁ”:j'”e , ,
a standard solution containing between 10 and 30 ng'mL as Hylinder - _Cartridge Detail - _ _ _ __
of the ammonium and aminium species in hanopure wate I WCE
was prepared and stored in plastic (polypropylene or Nal- I Frit Resin Frit
gene) containers. A portion of this solution was placed in I \l l, J
three 20 mL glass scintillation vials half filled with clean, : i
1
1
|

Primary Cartridge

Backup Cartridge
0.22 um Filter

dry borosilicate glass beads (Chemglass; P/N CG-1101-02
and allowed to sit for 60 min. The original standard solu-
tion (stored only in plastic) and those from the glass vials
were then analyzed by IC. The peaks in the samples fron
the glass vials corresponding to ammonia and the amine . .
were reduced, on average, by 13-23 % compared to the oric 325 Sam_ple Direction =———>
inal standard solution, indicating that amines are taken up by ~ Extraction Direction €———

glass surfaces under neutral conditions. However, it shoulq:. ) . ,
be noted that when the standard solution was acidic. no uo- igure 1. Schematic of experimental system used to determine car-
' ptridge measurement efficiency. MFC: mass flow controller. Inset

take on glass was Observeq' The ‘?tab'“ty of the IC Slgnaghows a detailed view of the “high-concentration” cartridge.
response to standards kept in plastic over several weeks, as

well as the linearity of the calibration curves, suggests that

no significant uptake on plastic occurs. The relative standar%_3 Cartridge preparation and analysis for

deviation of the peak area for ammonia and the three amines
from measurements of the same standard solution over the

course of 27 days was 2 % for each species. To avoid any Sampling cartridges were prepared by filling 2.5 mL non-

p;)tential ‘fNat" I(éss,dno g(ljass WaI‘S useddirj ttl:? prte%aration Ofluorous polypropylene cartridges (Supelco; model 57602-
Storage of standards and samples used in this study. U) with WCE resin (Resintech, model WACG) between
two polyethylene frits (Supelco) as shown in Fig. 1 (inset).
WCE resin consists of acrylic/divinylbenzene beads termi-
Mixtures of ammonia (Airgas; 0.812 ppm inN MA (Air- nated with carboxylic acid groups. The design of the car-
gas; 10 ppm in M), DMA (Airgas; 1.0 ppm in ), and TMA tridges minimizes the surfaces in contact with the sample
(Airgas; 1.0 ppm in M) in nitrogen were used to test the col- prior to adsorption on the WCE resinf and thosg that are ex-
lection efficiency of the cation exchange resin (stated conP0Sed are subsequently extracted with the resin. These car-
centrations were those provided by the manufacturer butlfidges were used to sample gas-phase standards in the ppb-—

as discussed below, have considerable uncertainties asso®PM range in air to characterize the collection and extraction
ated with them). Gas-phase ammonia and amines from théfficiency of WCE resin, and will be referred to as “high-
gas cylinders were diluted with clean, dry air from a Fourier CONcentration cartridges”. _ _
transform infrared spectroscopy purge air generator (Parker- S@mples were collected for 20 min at 1-2 L mirmain-
Balston; Model 75-62) for a total flow of 4.0 Lmit and an-  t&ined using a mass flow controller (Alicat). Two car-

alyte concentrations of approximately 2-1000 ppb as show{1d9€s in series (Fig. 1, hereafter referred as “primary” and
in Fig. 1. Gas cylinder and purge-air flows were maintained Packup” cartridges) were used in all experiments to deter-
using mass flow controllers (Alicat). mine collection efficiency. Cartridges were extracted and re-

generated by flushing five times with 10.0 mL 0.1 M oxalic
acid (Fluka) to remove the collected ammonia and amines
and return the resin to its protonated (-R-COOH) form. The

higher (ppb) concentrations

2.2 Gas-phase standards
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WCE Resin 20 pL loop filled with
a) 0.1 M oxalic acid Cartridge
Threaded for Waste
connection to IC
Threaded for 0.1M oxalic acid In
6 mmI connection to IC
Stainless Steel
PEEK
& &£ L& L
& & &8 L To Column
R Eluent In and
< Gas Sample Direction Detector
<« 0.00375 M Oxalic Acid
_— Extraction/Injection Figure 3. Schematic of the in-line system for simultaneous extrac-
tion and analysis of ammonia and amine samples by IC (shown im-
b) mediately prior to injection). At the beginning of the IC run, both

'LJJ Cartridge injectors are actuated, allowing the 0.1 M oxalic acid plug to extract
the cartridge and push the amine/ammonia onto the IC column.

Support

40 L Vacuum
Chamber

I gas-phase samples are in contact with prior to adsorption on
the WCE resin to~ 1 cn? of stainless steel and one of the
Figure 2. Schematics of(a) “low-concentration” cartridge and  polyethylene frits; however, adsorbates on both the frit and
(b) configuration for field sampling using “low-concentration” car- gtainless steel are extracted along with those on the resin.
tridges. MFC: battery-operated mass flow coniroller. Prior to sampling, the low-concentration cartridges were
flushed three times with 10.0 mL 0.1 M oxalic acid followed
by clean, dry air for 20min at 150 chmin—! to remove
first 10.0mL extract was used as the sample. For the priresidual water from the last rinse. Gas-phase samples were
mary cartridge, the first two 10.0 mL extractions were ana-pumped through the cartridge at 150%min—1 for 45—
lyzed to determine extraction efficiency. The cartridge was50 min in the direction indicated in Fig. 2. After sampling,
flushed another three times with 10.0mL 0.1 M oxalic acid, the cartridge was filled with 60—-80 uL 0.00375 M oxalic acid
and the final rinse was used as a blank for the subsequeniC eluent) using a syringe pump (New Era Pump Systems;
sample. Samples were stored in 11 mL polypropylene vialsviod #NE-1000) in the same direction as the gas-phase sam-
(Metrohm, KITIC0008) prior to measurement. ple (Fig. 2), to avoid injecting air into the IC system. The
Samples were analyzed by IC (Metrohm, model 850) withvolume of eluent used to fill the cartridges was—10 uL
a Metrosep C4-250/4.0 cation column and equipped with dower than their predetermined capacity to prevent overfill-
conductivity detector. The IC eluent was 0.00375M oxalic ing and loss of analyte. Any residual air left in the cartridges
acid, and the flow rate was 0.9mLmih The IC column  was not sufficient to cause problems during the IC runs.
temperature was maintained at@0 The sample loop was Extraction and analysis were performed in-line on the IC
20 UL, and the total elution time was 24 min. by using two injectors in series, as shown in Fig. 3. This pro-
cedure eliminates the separate extraction step and allows the
2.4 Cartridge preparation and analysis for lower (ppt) entire collected sample to be injected onto the IC column,
concentrations by in-line extraction and analysis as opposed to extracting the cartridge with 10 mL of 0.1 M
oxalic acid and then analyzing a 20 pL portion of the extract
For ambient sampling, modified cartridges (Fig. 2) that couldon the IC. Having the entire collected sample injected onto
be used under the high-pressure conditions of the IC wer¢he IC column lowers the detection limit to a range suitable
designed for gas-phase collection and in-line extraction (sedor atmospheric concentrations (Table 1). The first injector
below). It should be noted that “in-line” here refers to the sample loop was loaded with 20 uL 0.1 M oxalic acid, and
method of extraction on the IC column and does not indi- the second injector was fitted with the low-concentration car-
cate that this is an on-line measurement technique. Thesgidge in place of a sample loop, oriented so the IC eluent
cartridges were prepared using a PEEK analytical guard carflow will be in the direction indicated in Fig. 2. All other IC
tridge holder (Hamilton; model 79477) designed for use onconditions were as described in Sect. 2.3.
high-pressure liquid chromatography systems and a custom- At the beginning of the run, the sample loop containing
built stainless-steel insert containing WCE resin (Resintechthe acid and the low-concentration cartridge were simultane-
model WACG) between two polyethylene frits (Supelco). ously injected. This allows the concentrated oxalic acid plug
These are referred to as “low-concentration cartridges” in theto extract the cartridge and push the analyte onto the col-
subsequent discussion. As for the “high-concentration” carumn. After 0.25 min, the cartridge injector was returned to
tridge, this design minimizes the amount of surface area thafill mode. Three to five sequential extractions of the cartridge
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were performed for each sample, depending on the measured

ammonia and/or amine concentrations. -1036 1 -
A series of experiments was performed to determine ifg

breakthrough occurs in the low-concentration cartridges un<3

der conditions of high ammonia concentration as is often

seen in the field samples (Ge et al., 2011a, b). Three lows=

concentration cartridges were prepared as described ab0v§, -1038

and one was kept as a blank. Gas-phase ammonia frokh

a gas cylinder (Airgas; 0.812 ppm inpNwas then flowed

through the remaining two cartridges in series for 50 min

at 150 cmimin~L. Three sets of samples were taken. After * * * *

background sub;raction, the measuredsMidncentration on > 10 Retention TiJnSe (min) 20

the backup cartridge was less than 7 % of the total measured

NH3 (primary 4+ backup) in all three cases, and was 4 % of Figure 4. A typical ion chromatogram for the amine/ammonia

the total measured NdHon average. These results suggeststandards in 0.1 M oxalic acid. Standards also included sodium

minimal breakthrough occurs, even with high ammonia con-methanesulfonate (NaG30;; Aldrich; 98 %) because of the na-
centrations. ture of ongoing laboratory experiments at the time so that Was
also present.

NH,*

-1037

Con

-1039

2.5 Field measurements in an agricultural area

Several field measurements using the low-concentration cart50 cn? min—1 sample flow followed by in-line extraction
tridges were performed in Chino, CA, USA. Sampling con- on the IC. Detection limits for the high- and low-pressure
ditions including sample time and flow rate were as de-cartridges were in the low parts per billion and parts per tril-
scribed in Sect. 2.4. A 40L steel chamber under vacuumion range, respectively (see Table 1). It should be noted that,
was used as the pump. It was evacuated, fitted with a batterywith the current design of the low-concentration cartridges,
powered mass flow controller (Alicat) and used to maintain 150 cn? min—1 is the maximum sample flow possible. How-
sample flow through the cartridges (Fig. 2b). This allowed ever, redesigning the cartridge to allow higher sampling flow
sampling to be performed away from a power source with-would further lower the detection limits for this method.
out the need for a generator, which could have introduced
exhaust-related artifacts. Samples were taken approximatelg.1 Gas-phase standards using the high-concentration
50 m away from cattle pens and1l m above the ground be- cartridges with off-line extraction
tween 4a.m. and 6 a.m. LT (before sunrise) between 28 Au-
gust and 12 September 2013. On each day, one cartridge wadxalic acid is not retained by the cation column used in the
prepared as described in Sect. 2.4 and kept as a blank. Thegg and elutes at- 2.5 min. The high concentration (0.1 M)
blanks were used for background subtraction of the samplef oxalic acid in the cartridge extracts compared to that of
chromatograms. the IC eluent (0.00375 M) results in a characteristic negative
broad signal initially as can be seen in a typical cartridge
blank (Fig. 5a). For this reason, blanks are subtracted from
3 Results and discussion cartridge samples before the peaks are integrated. A typical
background-subtracted chromatogram for a DMA sample is
A typical chromatogram for the liquid standards is shown shown in Fig. 5b. Results from the gas-phase standard mea-
in Fig. 4. Peaks corresponding to IleMA-Hﬂ DMA-HT, surements are presented in Fig. 6 and show measured ammo-
TMA-H™ and a small amount of Naare present. Table 1 nia and amine concentrations for the first and second extract
summarizes retention times and liquid-phase detection limitof the primary cartridge, the first extract of the backup car-
for ammonia, MA, DMA and TMA. These were calculated tridge, as well as the total measured concentration (first and
as the average concentration whose signal corresponds to 3 second extract of the primary cartridge plus the first extract
of the peak-to-peak noise from 10 typical cartridge measureof the backup cartridge).
ments (Skoog et al., 1998). The standard deviation of this WCE resin was originally designed to remove alkaline
value is a measure of reproducibility. Errors in the estimatedcomponents from liquid solutions by reaction with the sur-
detection limits shown in Table 1 aretwo sample stan- face carboxylic acid groups (Kunin and Barry, 1949). To the
dard deviations. For the high-concentration cartridges, gasbest of our knowledge, its ability to take up gas-phase species
phase detection limits were calculated for 20 min sampleshas not been reported. For the three amines, the measured
at 1.0 L mirr! sample flow followed by extraction in 10mL concentration from the backup cartridge was less than 5%
0.1 M oxalic acid. For the low-concentration cartridges, gas-of that of the primary cartridge (Fig. 6). This small amount
phase detection limits were calculated for 60 min samples abf breakthrough indicates that WCE resin efficiently takes
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Table 1.Retention times and calculated detection limits for ammonia and amines. Errors shaiv® sre

. . - . -ph ion lirfi
Species Retention  Liquid-phase detection Gas-phase detection i i

time (min)  limit2 (M x 10~7)

High-concentration Low-concentration
cartridge (ppb in air)  Cartridge (ppt in air)

Ammonia 7.5 2316 28+1.9 12+8
Methylamine 8.8 2617 3.1+2.1 14+9
Dimethylamine 11.8 3524 4.3+3.0 19+13
Trimethylamine 20.7 8.25.6 10+7 45+ 31

@ Detection limits are calculated from the average of the signal correspond#§ peak-to-peak noise from 10 cartridge samples.

b Gas-phase detection limits for the high-concentration cartridge samples are based on 1 LPM sampling for 20 min, extraction in 10 mL
oxalic acid, and injection of 20 pL of the solution. For the low-concentration cartridge, detection limits are based oA iBoch

sampling for 60 min and in-line extraction on the IC.

a) Blank ;.4 b) DMA Sample concentrations of the amines 0.5 ppm) have not been re-
oras 10 ported in air and hence are unlikely to present an analytical
Zz limitation for this technique as an ambient sampling method.
04 Figure 6 shows weighted least-squares fits (green lines)
0z forced through [00] of the total measured concentrations of

0.0

0755 . ammonia and the amines. These data indicate a linear trend
S 15 2 T o 15 2 of measured concentration with dilution and suggest good
e e measurement efficiency for each of the gas-phase amines and
Figure 5. (a) Chromatogram for a typical blank using high- ammonia. Error bars shown for individual data points-fire
concentration cartridges showing the characteristic baseline due towo sample standard deviations, and are based on at least
the high oxalic acid concentration in the cartridge extracts(ahe  three individual measurements. These values are used to cal-
background subtracted ion chromatogram for a DMA sample (nom-cy|ate the errors in the weighted least-squares slopes shown
inally 1.0 ppm in Ny; see Sect. 3.1). in Fig. 6, which are a measure of the precision of this tech-
nique and are 2—-15 % for ammonia, MA, DMA and TMA.

These values are similar to those obtained for other tech-

up gas-phase amines even at the relatively high flow ratdliques that have used gas-phase amine standards for char-
of 1.0LminL. For ammonia, this value is slightly higher 2acterization (Fournier et al., 2008). In addition, they likely
(< 10% of the primary cartridge), suggesting that the less-"éPresentan upper limit to the error associated with this tech-
basic, more-volatile ammonia is trapped less efficiently thanNique as the system used to generate the gas-phase standards
the amine species. (Fig. 1) involves carefully regulated flow rates and many
For cartridge extraction, an appropriate solvent must pghours of conditioning. Some o_f th.e'va.riabilityinthe measure-
able to efficiently extract the ammonia and amines, and bdnents, no doubt, reflects variability in the actual gas-phase
low enough in concentration to minimize effects on the base-concentrations and therefore is not intrinsic to the measure-
line in the ion chromatogram (Fig. 5a). For regeneration of Ment technique.

the WCE resin, the manufacturer recommends dilute hy- AS ¢an be seen in Fig. 6, the measured concentrations
drochloric or sulfuric acids. In our experiments, we chose Without dilution are lower than the manufacturer-provided

oxalic acid as the extraction solvent due to its weak acid-concentrations of the gas cylinders (see Sect. 2.2). While this
ity [ pKa1= 1.25; pKaz = 3.81] (Haynes, 2013) and its use Could potentially be due to uptake of the amines on tubing

as the IC eluent. As seen in Fig. 6, the second extract otvalls prior to measurement, this seems unlikely as the sys-
the primary cartridge using 10.0mL of 0.1 M oxalic acid tem was conditioned for several hours at each concentration
contains less than 15% of the analyte compared to that oPT0r to sampling and no trend of increasing concentration

the first extraction, indicating this method efficiently ex- Was observed after conditioning. It is possible that the la-

tracts the collected species. However, oxalic acid concenbeled concentrations of the cylinders are artificially high, as

trations lower than 0.1 M were shown not to be sufficient. the manufacturer has expressed difficulty in preparing such
For DMA and TMA, a slight trend of increasing concentra- 10W concentrations of these sticky compounds. The linear
tion of amine measured from the second extraction of theffénd with dilution along with the negligible amounts mea-

primary cartridge is evident, suggesting that, at higher gas_sured in the ba_ckup cartndge and second extract of. the pri-
phase concentrations, a shorter sample time, lower flow ratg"ary cartridge |nd|c_ate efficient measurement _for this tech-

or multiple extractions may be required. However, such highhidue. To explore this further, two of the gas cylinders gNH

-1074.0

-1074.5

Conductivity (uS/cm)
Conductivity (uS/cm)

-1075.0
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1000+ o total measured 6007 ot mesurea
_ o by ooy 2) NH; o pumay (st earscton ) MA
o) 8004 primary (2nd extraction) = 5004 primary (2nd extraction)
% A backup % A backup
~ ~ 400
i 600+ =
Z = 300
= 400
3 704 £ 57 ppb B 2004
> 2 3610 + 530 ppb
- %)
§ 200 g 1004
=
0 0 A 1
T T 1 T T 1
0.0 0.5 1.0 0.00 0.05 0.10
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Figure 6. Results for measurements of gas-phase standarfs) ammonia,(b) MA, (c) DMA, and (d) TMA using high-concentration
cartridges, including the first and second extract of the primary cartridge and the first extract of the backup cartridge, as well as the total
measured concentrations. The dilution factor for ammonia or amine from the gas cylinders diluted in air is shown axigsheshere 1.0

is the undiluted standard and 0.1 is a 10 % mixture. Data points marked with an asterisk (*) do not have sufficient replicates to include error
bars. The green lines are weighted least-squares fits, where the weights for each point arezgiwe(ﬂwz) and s is the sample standard
deviation of the measurements at each dilution. Slopes of fitted lines are shown in £j&&n (abeled concentrations for the undiluted
standards were 0.812 ppm NHLO ppm MA, 1.0 ppm DMA, and 1.0 ppm TMA.

and MA) were analyzed by a different technique. Samples To test the efficiency of this method for collection of
from the cylinders were bubbled through a 0.1 M oxalic acid particle-phase species, experiments were performed using
solution at 30 crAmin~1 for 60 min, which was then an- high-concentration cartridges to sample (N}SQy parti-
alyzed by IC. These measured concentrations agreed witbles under dry conditions and at30% RH. Particles of
those measured by cartridge collection within experimen-(NH4)2SO, were generated by atomizing a dilute solution
tal error ([NHs] =575+ 128 ppb; [MA]=4.40+ 0.58 ppm).  of (NH4)2SO4. A flow of 2.4LPM from the atomizer was
This comparison of measured to nominal concentrations alsalried using a Nafion dryer (PermaPure, model FC125-240-
provides a cautionary note in terms of using commercially5mp) followed by dilution with 1.0 LPM clean, dry air from
supplied amine or ammonia gas mixtures as calibration stanthe purge-gas generator. Particle size distributions of the dry
dards. particles were measured by scanning mobility particle sizer

All the samples for the gas-phase standard measuremen{SMPS), made up of a classifier (TSI; Model 3080), differ-
(both primary and backup) were collected on four high- ential mobility analyzer (TSI; Model 3081) and condensa-
concentration cartridges. These cartridges showed no noticdion particle counter (TSI; Model 3776). The atomized parti-
able degradation in collection or extraction efficiency, evencles had a broad size distribution from 15 to 300 nm, which
after hundreds of extractions without replacing the WCE includes typical sizes of ambient particles. The known den-
resin. sity of (NHz)2SO4 was then used to calculate the number

As a further test of the reproducibility of this technique, of molecules of Nlj‘ in the particle phase per cubic cen-
two low-concentration cartridges were used to simultane-timeter of air. Samples from this flow were taken using high-
ously sample air above solutions of 40 % MA and TMA in concentration cartridges at 1.0 LPM for 20 min and analyzed
H,0. Samples were taken at 100¢min~1 for 60 min and  as described in Sect. 2.3. A comparison of the measure}j NH
analyzed as described in Sect. 2.4. The total concentrationt®o that calculated from the average particle size distribu-
of amine measured by each cartridge after five extractiongion results in a collection efficiency for particle—phasej\lH
were compared and found to be within 9% (MA) and 15 % of 0.91+0.34 (1s). (The major portion of the uncertainty
(TMA) of each other.
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Figure 7. The background-subtracted chromatogram from the firstrigure 8. The background-subtracted chromatograms from all five

extract of the cartridge for the sample taken 28 August 2013 afextracts of the cartridge for the sample taken 28 August 2013 at

4:22a.m. in Chino, CA. Inset: same chromatogram magnified t05:08 a.m. in Chino, CA. Image is magnified to show TMA peak.

show peaks for MA and TMA. Integrated peak areas in (US min)chare shown in parentheses.
The slight shift in retention time at lower peak size was typical for
TMA in both standards and samples.

comes from the variability in the measured size distributions

over the course of the experiment.)

In experiments at~30% RH, the diluent air was Metrohm column and IC conditions described in Sect. 2.3,
flowed through a bubbler filled with nanopure water. High- these two species were sufficiently well resolved to identify.
concentration cartridge samples were taken as described Each sample cartridge was extracted in-line and analyzed
above. The average size distribution for dry particles alongby IC five times. The TMA peaks for the five extracts from
with the associated uncertainty was used to calculate effia sample taken on 28 August 2013 are shown in Fig. 8.
ciency, as the presence of water would affect such a calcuThe trend in integrated peak areas with extraction for TMA
lation under wet conditions. The same sampling efficiency(shown in parentheses in Fig. 8) indicates that five extractions
of 0.91:+£0.34 (1) for N under 30% RH was found by are necessary to measused7 % of the collected species.

this method. Results for ammonia show the same trend. While ammonia
and TMA peaks were usually still present in the fifth extract,
3.2 Results for field measurements using they represented832 % (2s) for N and 1+3 % (2s) for
low-concentration cartridges TMA of the total over five extractions. However, the need

for five extractions £ 2.5h IC run time) is a limitation of

A typical chromatogram from an air sample taken in Chino, this method over existing on-line techniques. Optimization of
CA, on 28 August 2013 is shown in Fig. 7. On each of this method (e.g., modifying cartridge dimensions, extraction
the three days of sampling (28 August, 4 and 12 Septemsolvent, IC parameters) may be able to reduce the number of
ber 2013), two 45-50 min samples were taken. The resultsequired extractions, thereby reducing the time required for
from all field measurements which includes a combinationanalysis.
of gases and particles are presented in Table 2. Also included The laboratory characterization of this technique was per-
in Table 2 are the temperature, relative humidity and weatheformed under dry conditions and showed near 100 % collec-
conditions for each sample as reported by NOAA for thetion efficiency as indicated by the small amount of analyte
Chino Airport, which is< 1 mile away from the sampling collected on the backup cartridges (Fig. 6). It is possible that
site (NOAA, 2014). ambient sampling at higher RH would reduce this efficiency,

In all samples, peaks corresponding to Neihd TMA  although this seems unlikely as WCE resin is designed and
were observed, with ammonia in the range of 0.19-1.5 pprrprimarily used for extracting ions from liquid samples. Also,
and TMA in the range from 1.3 to 6.8 ppb. In several samplesthough the cartridges are flushed with clean, dry air prior to
a peak for MA and/or a peak at 14 min were present. In use, some residual water remains, which would exceed any
addition to the standards described in Sect. 2.1, those for isowater vapor in the gas-phase samples. For these reasons, the
propylamine, ethylamine, diethylamine, butylamine and ani-RH of the ambient samples is expected to have little effect on
line were obtained and analyzed by IC. However, their retenthe measurement efficiency.
tion times did not correspond to the peak-at4 min, which The first measurement on 12 September 2013 showed no-
remains unidentified. Also, diethylamine has been reportediceably lower ammonia and TMA concentrations compared
to coelute with TMA in some Dionex IC columns (Murphy et to the previous sampling periods. Several factors may con-
al., 2007; VandenBoer et al., 2011, 2012). However, using thdribute to this difference. The temperature was lower and
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Table 2. Results of field measurements taken in Chino, CA, along with weather data from RidAtke Chino Airport

Date Start Duration [NB] [TMA] Temperature Relative humidity
(2013)  time (min)  (ppm)  (ppb) °C) (%)

28 Aug 4:22a.m. 45 0.90 6.8 211 57
28 Aug 5:08a.m. 45 15 6.7 20.6 Y
4 Sep 3:55a.m. 50 0.75 4.0 211 71
4 Sep 4:47 a.m. 50 0.75 3.3 20.6 79
12Sep 3:53a.m. 50 0.19 1.3 15.0 €93
12Sep 4:45a.m. 50 0.49 4.5 14.4 €90

2 Available athttp://cdo.ncdc.noaa.gov/qclcd/QCLd?)haze;C mist.

the relative humidity higher on 12 September compared toAcknowledgementsThe authors are grateful to Greg DeMattia
the two previous sampling days. Also, mist was reported byand Metrohm USA for helpful discussions and access to the ion
the Chino Airport weather station on 12 September that hadghromatography equipment and Lee Moritz and the UCI machine
completely cleared up sometime between 5:38 and 5:53 a.nfhop for fabricating the cartridge inserts. M. Dawson thanks
Wet deposition of mist droplets could account for the lower gs:}%grcva%iﬁng‘:tetgiyﬁﬁgilﬁ?\;‘;g"g'gr:o;‘:;njcgoéilsgg; I_AA
altmosghlerilr? twd ﬁ]ndr TMAi(r:lonCr?ntﬁ}[trlot?Snog t:I:/S d?{’hanf?r %;rant #GM08228). This work was performed under a grant from
aiso expia € Increase in co .Ce atio .e ee. € NShe Department of Energy (grant #ER65208).
and second sample as evaporation of deposited mist droplets
occurred. Edited by: G. Phillips

The results of these field measurements are consistent with
the range of published data on ammonia and amine con-
centrations in agricultural areas. Concentrations of ammonigReferences
and TMA near cattle feedlots and enclosures in the range
of 0.7-34 ppm NH (Hiranuma et al., 2010; Huang et al., Akyiiz, M.: Simultaneous determination of aliphatic and aromatic
2009; Trabue et al., 2011) and 0-400 ppt TMA (Fujii and amines in ambient air and airborne particulate matters by gas
Kitai, 1987; Kuwata et al., 1983; Trabue et al., 2011) have chromatography-mass spectrometry, Atmos. Environ., 42, 3809
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