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Abstract

Ammonia and amines are common trace gases in the atmosphere and have a variety
of both biogenic and anthropogenic sources, with a major contribution coming from
agricultural sites. In addition to their malodorous nature, both ammonia and amines
have been shown to enhance particle formation from acids such as nitric, sulfuric and5

methanesulfonic acids, which has implications for visibility, human health and climate.
A key component of quantifying the effects of these species on particle formation is ac-
curate gas-phase measurements in both laboratory and field studies. However, these
species are notoriously difficult to measure as they are readily taken up on surfaces,
including onto glass surfaces from aqueous solution as established in the present10

studies. We describe here a novel technique for measuring gas-phase ammonia and
amines that involves uptake onto a weak cation exchange resin followed by extraction
and analysis using ion chromatography. Two variants, one for ppb concentrations in air
and the second with lower (ppt) detection limits, are described. The latter involves the
use of a custom-designed high-pressure cartridge to hold the resin for in-line extrac-15

tion. These methods avoid the use of sampling lines, which can lead to significant inlet
losses of these compounds. They also have the advantages of being relatively simple
and inexpensive. The applicability of this technique to ambient air is demonstrated in
measurements made near a cattle farm in Chino, CA.

1 Introduction20

Atmospheric aerosol particles are known to reduce visibility and adversely affect hu-
man health. They also impact the climate as they are able to scatter and absorb solar
radiation and serve as cloud and ice condensation nuclei (Finlayson-Pitts and Pitts,
2000; Seinfeld and Pandis, 2006). Ammonia and amines are routinely detected in the
particle phase and have been identified as important contributors to new particle for-25

mation and growth (Angelino et al., 2001; Berndt et al., 2010; Bzdek and Johnston,
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2010; Bzdek et al., 2011; Chen et al., 2012; Creamean et al., 2011; Dawson et al.,
2012; Loukonen et al., 2010; Muller et al., 2009; Ruiz-Jiménez et al., 2012; Smith
et al., 2010; VandenBoer et al., 2011). Accurate measurement of gas-phase ammonia
and amines both in the atmosphere and in laboratory experiments is a key component
of understanding and quantifying their role in particle chemistry and physics.5

Atmospheric ammonia and amines have a wide variety of sources, both biogenic
and anthropogenic (Ge et al., 2011a, b). Industrial and agricultural practices involving
animals, e.g., cattle feed lots or swine facilities (Anderson et al., 2003; Hiranuma et al.,
2010; Kuhn et al., 2011; Mosier et al., 1973; Ni et al., 2012; Schade and Crutzen, 1995),
are significant sources of these species in the atmosphere. Agricultural emissions of10

ammonia and short-chain aliphatic amines, in particular, account for a large fraction
of the global flux of these species into the atmosphere (Ge et al., 2011a, b; Schade
and Crutzen, 1995). Other sources include ocean biota (Ge et al., 2011a; Gibb et al.,
1999), biomass burning (Ge et al., 2011a; Lobert et al., 1990), and release from carbon
capture and storage devices that use amines to trap CO2, which could be a more15

important source of atmospheric amines and ammonia as the technology becomes
more widely adopted (Borduas et al., 2013; Ge et al., 2011a; Nielsen et al., 2012;
Rochelle, 2009; Schreiber et al., 2009).

Importantly, it has been shown that gas-phase ammonia and amines significantly
enhance particle formation from common atmospheric acids, such as sulfuric, nitric20

and methanesulfonic acids (Almeida et al., 2013; Angelino et al., 2001; Berndt et al.,
2010; Chen et al., 2012; Dawson et al., 2012; Loukonen et al., 2010; Smith et al.,
2010; Yu et al., 2012), and contribute to growth of atmospheric nano-particles (Barsanti
et al., 2009; Bzdek et al., 2011; Smith et al., 2010; Wang et al., 2010). Short-chain
alkyl amines have been shown to displace ammonia in particles (Bzdek et al., 2010,25

2011; Chan and Chan, 2012; Liu et al., 2012; Lloyd et al., 2009), which enhances
their importance in particle formation and growth. Although amines are short-lived in
the atmosphere due to oxidation by common atmospheric oxidants such as OH and
O3 (Nielsen et al., 2012; Tang et al., 2013), amines and the precursors to sulfuric and
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methanesulfonic acids (Bates et al., 1992; Ge et al., 2011a; Ni et al., 2012) are in suffi-
ciently close temporal proximity in the atmosphere that they are important contributors
to particle formation.

Reliable data on the sources, sinks, and ambient concentrations of gas-phase
amines, therefore, are crucial to predicting new particle formation in the atmosphere.5

However, gas-phase amines are notoriously difficult to measure and typical concentra-
tions in the atmosphere are of the order of a few ppb or less (Ge et al., 2011a). Several
techniques for measuring gas-phase ammonia and amines have been reported in the
literature. On-line mass spectrometric (MS) techniques include ambient pressure pro-
ton transfer MS (Hanson et al., 2011), chemical ionization MS (Yu and Lee, 2012),10

and proton transfer reaction MS (PTR-MS) (Borduas et al., 2013; Feilberg et al., 2010;
Kuhn et al., 2011; Liu et al., 2011; Tanimoto et al., 2007). Off-line techniques typically
involve collection of a gas-phase sample onto a substrate (e.g., activated charcoal or
an acid-impregnated glass fiber filter) (Fournier et al., 2008; Fuselli et al., 1982), into
an acidic solution (Akyüz, 2008; Gronberg et al., 1992; Schade and Crutzen, 1995),15

or onto a whetted glass frit (Huang et al., 2009). Samples are then extracted and an-
alyzed using gas or liquid chromatography, sometimes with a derivatization step in-
cluded (Akyüz, 2008; Fuselli et al., 1982; Gronberg et al., 1992; Hiranuma et al., 2010;
Huang et al., 2009; Nishikawa and Kuwata, 1984; Santagati et al., 2002; Schade and
Crutzen, 1995). Ion chromatography (IC) has also proven to be useful for both gas-20

and particle-phase ammonia and amines (Gibb et al., 1999; Orsini et al., 2003; Pra-
plan et al., 2012; VandenBoer et al., 2011). Formation of an indophenol complex which
is measured spectrometrically has been developed for NH3 (Hiranuma et al., 2010),
as have various techniques involving the formation of 1-sulfonatoisoindole followed by
fluorescence measurement (Toda et al., 2010; Zhang et al., 1989).25

An important limitation to many existing techniques for measuring ammonia and
amines is deposition of the gas-phase analyte onto instrument surfaces prior to mea-
surement, which varies with the compound (Hansen et al., 2013). Also, it has recently
been shown that amines are irreversibly taken up onto surfaces that have been exposed
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to a gas-phase acid, forming a non-volatile salt (Nishino et al., 2013). As a variety of
acids and acid precursors are present in the atmosphere, this loss may have a signifi-
cant effect on measurement efficiency for instrumentation where the gas-phase sample
is in contact with surfaces such as tubing prior to measurement, even when these sur-
faces are heated. In addition, amines in aqueous solution are shown here to be subject5

to uptake on glass, with implications for sampling and measurement.
This work demonstrates the use of a weak cation exchange (WCE) resin as a sub-

strate for efficient collection of gas-phase ammonia and amines at atmospherically
relevant concentrations, followed by analysis by IC. Two approaches were developed.
The first is applicable to higher (ppb) concentrations while the second, for which a cus-10

tom high-pressure resin holder cartridge was designed for in-line extraction on an IC
system, has detection limits in the tens of ppt range. These methods were developed
to minimize the sampling losses reported previously, whilst also being capable of mea-
suring ammonia and amines at the ppt level in air. Application to both laboratory and
field measurements is demonstrated.15

2 Experimental

2.1 Liquid-phase standards

Standard solutions for ammonia, methylamine (MA), dimethylamine (DMA), and
trimethylamine (TMA) were prepared from their chloride salts in 0.1 M oxalic
acid (Fluka). These include NH4Cl (Sigma, 99.5 %), CH3NH3Cl (Aldrich, 98.0 %),20

(CH3)2NH2Cl (Aldrich, 99.0 %), and (CH3)3NHCl (Aldrich, 98.0 %).
In the course of developing this method, there was some indication that amines

and/or aminium ions in aqueous solution were being taken up in the walls of glass
containers. To test whether, and to what extent, this was occurring, a standard solu-
tion containing between 10 and 30 ngmL−1 of the ammonium and aminium species in25

nanopure water was placed in three 20 mL glass scintillation vials half filled with clean,
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dry glass beads and allowed to sit for 60 min. The original standard solution and those
from the glass vials were then analyzed by IC. The peaks in the samples from the
glass vials corresponding to ammonia and the amines were reduced, on average, by
13–23 % compared to the original standard solution, indicating that amines are taken
up by glass surfaces under neutral conditions. However, it should be noted that if the5

standard solution was acidic, no uptake on glass was observed. To avoid any potential
wall loss, no glass was used in the preparation or storage of standards and samples
used in this study.

2.2 Gas-phase standards

Mixtures of ammonia (Airgas; 0.812 ppm in N2), MA (Airgas; 10 ppm in N2), DMA (Air-10

gas; 1.0 ppm in N2), and TMA (Airgas; 1.0 ppm in N2) in nitrogen were used to test
the collection efficiency of the cation exchange resin (stated concentrations were those
provided by the manufacturer but as discussed below, have considerable uncertainties
associated with them). Gas-phase ammonia and amines from the gas cylinders were
diluted with clean, dry air from an FTIR purge air generator (Parker-Balston; Model15

75–62) for a total flow of 4.0 Lmin−1 and analyte concentrations of approximately 2–
1000 ppb as shown in Fig. 1. Gas cylinder and purge-air flows were maintained using
mass flow controllers (Alicat).

2.3 Cartridge preparation and analysis for higher (ppb) concentrations

Sampling cartridges were prepared by filling 2.5 mL non-fluorous polypropylene car-20

tridges (Supelco; model 57602-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 terminated with carboxylic acid groups. The design of
the cartridges minimizes the surfaces in contact with the sample prior to adsorption on
the WCE resin, and those that are exposed are subsequently extracted with the resin.25

These cartridges were used to sample gas-phase standards in the ppb–ppm range in
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air to characterize the collection and extraction efficiency of WCE resin, and will be
referred to as “high-concentration cartridges”.

Samples were collected for 20 min at 1–2 Lmin−1 maintained using a mass flow con-
troller (Alicat). Two cartridges in series (Fig. 1, hereafter referred as “primary” and
“backup” cartridges) were used in all experiments to determine collection efficiency.5

Cartridges were extracted and regenerated 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 first 10.0 mL extract was used as the sample.
For the primary cartridge, the first two 10.0 mL extractions were analyzed to determine
extraction efficiency. The cartridge was flushed another 3 times with 10.0 mL 0.1 M ox-10

alic acid and the final rinse was used as a blank for the subsequent sample. Samples
were stored in 11 mL polypropylene vials (Metrohm, KITIC0008) prior to measurement.

Samples were analyzed by IC (Metrohm, model 850) with a Metrosep C4 – 250/4.0
cation column and equipped with a conductivity detector. The IC eluent was 0.00375 M
oxalic acid and the flow rate was 0.9 mLmin−1. The IC column temperature was main-15

tained at 30 ◦C. The sample loop was 20 µL, and the total elution time was 24 min.

2.4 Cartridge preparation and analysis for lower (ppt) concentrations by in-line
extraction and analysis

For ambient sampling, modified cartridges (Fig. 2) that could be used under the high-
pressure conditions of the IC were designed for gas-phase collection and in-line ex-20

traction (see below). It should be noted that “in-line” here refers to the method of ex-
traction on the IC column and does not indicate that this is an on-line measurement
technique. These cartridges were prepared using a PEEK analytical guard cartridge
holder (Hamilton; model 79477) designed for use on high-pressure liquid chromatogra-
phy systems and a custom-built stainless-steel insert containing WCE resin (Resintech,25

model WACG) between two polyethylene frits (Supelco). These are referred to as “low-
concentration cartridges” in the subsequent discussion. As for the “high-concentration”
cartridge, this design minimizes the amount of surface area that gas-phase samples
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are in contact with prior to adsorption on the WCE resin to ∼ 1 cm2 of stainless steel
and one of the polyethylene frits; however, adsorbates on both the frit and stainless
steel are extracted along with those on the resin.

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 20 min at 150 cm3 min−1 to re-5

move residual water from the last rinse. Gas-phase samples were pumped through
the cartridge at 150 cm3 min−1 for 45–50 min in the direction indicated in Fig. 2. After
sampling, the cartridge was filled with 60–80 µL 0.00375 M oxalic acid (IC eluent) in
the same direction as the gas-phase sample (Fig. 2), to avoid injecting air into the IC
system.10

Extraction and analysis were performed in-line on the IC by using two injectors in
series, as shown in Fig. 3. This procedure eliminates the separate extraction step and
allows the entire collected sample to be injected onto the IC column, as opposed to
extracting the cartridge with 10 mL of 0.1 M oxalic acid and then analyzing a 20 µL
portion of the extract on the IC. Having the entire collected sample injected onto the15

IC column lowers the detection limit to a range suitable for atmospheric concentrations
(Table 1). The first injector sample loop was loaded with 20 µL 0.1 M oxalic acid and
the second injector was fitted with the low-concentration cartridge in place of a sample
loop, oriented so the IC eluent flow will be in the direction indicated in Fig. 2. All other
IC conditions were as described in Sect. 2.3.20

At the beginning of the run, the sample loop containing the acid and the low-
concentration cartridge were simultaneously injected. This allows the concentrated
oxalic acid plug to extract the cartridge and push the analyte onto the column. After
0.25 min, the cartridge injector was returned to fill mode. Three to five sequential ex-
tractions of the cartridge were performed for each sample, depending on the measured25

ammonia and/or amine concentrations.
A series of experiments was performed to determine if breakthrough occurs in the

low-concentration cartridges under conditions of high ammonia concentration as is
often seen in the field samples (Ge et al., 2011a, b). Three low-concentration cartridges
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were prepared as described above, and one was kept as a blank. Gas-phase ammonia
in N2 from a gas cylinder (Airgas; 0.812 ppm in N2) was then flowed through the remain-
ing two cartridges in series for 50 min at 150 cm3 min−1. Three sets of samples were
taken. After background subtraction, the measured NH3 concentration on the backup
cartridge was less than 7 % of the total measured NH3 (primary+backup) in all three5

cases, and was 4 % of the total measured NH3 on average. These results suggest
minimal breakthrough occurs, even with high ammonia concentrations.

2.5 Field measurements in an agricultural area

Several field measurements using the low-concentration cartridges were performed in
Chino, CA, USA. A 40 L steel chamber under vacuum was used as the pump. It was10

evacuated, fitted with a battery-powered mass flow controller (Alicat) and used to main-
tain sample flow through the cartridges. This allowed sampling to be performed away
from a power source without the need for a generator, which could have introduced
exhaust-related artifacts. Samples were taken approximately 50 m away from cattle
pens between 4 a.m. and 6 a.m. (before sunrise) between 28 August and 12 Septem-15

ber 2013. On each day, one cartridge was prepared as described in Sect. 2.4 and
kept as a blank. These blanks were used for background subtraction of the sample
chromatograms.

3 Results and discussion

A typical chromatogram for the liquid standards is shown in Fig. 4. Peaks correspond-20

ing to NH+
4 , MA-H+, DMA-H+, TMA-H+ and a small amount of Na+ are present. Table 1

summarizes retention times and liquid-phase detection limits for ammonia, MA, DMA
and TMA, calculated from the average of the signal corresponding to 3/5 peak-to-peak
noise from 10 typical cartridge measurements. For the high-concentration cartridges,
gas-phase detection limits were calculated for 20 min samples at 1.0 Lmin−1 sample25
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flow followed by extraction in 10 mL 0.1 M oxalic acid and injection of 20 µL of this ex-
tract in the IC. For the low-concentration cartridges, gas-phase detection limits were
calculated for 60 min samples at 150 cm3 min−1 sample flow followed by in-line extrac-
tion on the IC. Detection limits for the high- and low-pressure cartridges were in the low
ppb and ppt range, respectively (see Table 1). It should be noted that with the current5

design of the low-concentration cartridges, 150 cm3 min−1 is the maximum sample flow
possible, however redesigning the cartridge to allow higher sampling flow would further
lower the detection limits for this method.

3.1 Gas-phase standards using the high-concentration cartridges with off-line
extraction10

Oxalic acid is not retained by the cation column used in the IC and elutes at ∼ 2.5 min.
The high concentration (0.1 M) of oxalic acid in the cartridge extracts compared to that
of 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 sub-
tracted from cartridge samples before the peaks are integrated. A typical background-15

subtracted chromatogram for a DMA sample is shown in Fig. 5b. Results from the gas-
phase standard measurements are presented in Fig. 6 and show measured ammonia
and amine concentrations for the first and second extract of the primary cartridge, the
first extract of the backup cartridge, as well as the total measured concentration (first
and second extract of the primary cartridge plus the first extract of the backup car-20

tridge).
WCE resin was originally designed to remove alkaline components from liquid solu-

tions by reaction with the surface carboxylic acid groups (Kunin and Barry, 1949). To the
best of our knowledge, its ability to take up gas-phase species has not been reported.
For the three amines, the measured concentration from the backup cartridge was less25

than 5 % of that of the primary cartridge (Fig. 6). This small amount of breakthrough
indicates that WCE resin efficiently takes up gas-phase amines even at the relatively
high flow rate of 1.0 Lmin−1. For ammonia, this value is slightly higher (< 10 % of the
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primary cartridge), suggesting that the less-basic, more-volatile ammonia is trapped
less efficiently than the amines.

For cartridge extraction, an appropriate solvent must be able to efficiently extract
the ammonia and amines, and be low enough in concentration to minimize effects on
the baseline in the ion chromatogram (Fig. 5a). For regeneration of the WCE resin,5

the manufacturer recommends dilute hydrochloric or sulfuric acids. In our experiments,
we chose oxalic acid as the extraction solvent due to its weak acidity [pKa1 = 1.25;
pKa2 = 3.81] (Haynes, 2013) and its use as the IC eluent. As seen in Fig. 6, the second
extract of the primary cartridge using 10.0 mL of 0.1 M oxalic acid contains less than
15 % of the analyte compared to that of the first extraction, indicating this method ef-10

ficiently extracts the collected species. However, oxalic acid concentrations lower than
0.1 M were shown not to be sufficient. For DMA and TMA, a slight trend of increasing
concentration of amine measured from the second extraction of the primary cartridge
is evident, suggesting that at higher gas-phase concentrations, a shorter sample time,
lower flow rate or multiple extractions may be required. However, such high concentra-15

tions of the amines (> 0.5 ppm) have not been reported in air and hence are unlikely to
present an analytical limitation for this technique as an ambient sampling method.

Figure 6 shows weighted least-squares fits (green lines) forced through (0,0) of the
total measured concentrations of ammonia and the amines. These data indicate a lin-
ear trend of measured concentration with dilution of the gas standards and suggest20

good measurement efficiency for each of the gas-phase amines and ammonia. As can
be seen in Fig. 6, the measured concentrations without dilution are lower than the
manufacturer-provided concentrations of the gas cylinders (see Sect. 2.2). While this
could potentially be due to uptake of the amines on tubing prior to measurement, this
seems unlikely as the system was conditioned for several hours at each concentration25

prior to sampling and no trend of increasing concentration was observed after con-
ditioning. It is possible that the labeled concentrations of the cylinders are artificially
high, as the manufacturer has expressed difficulty in preparing such low concentra-
tions of these sticky compounds. However, the linear trend with dilution along with the
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negligible amounts measured in the backup cartridge and second extract of the pri-
mary cartridge indicate efficient measurement for this technique. This comparison of
measured to nominal concentrations also provides a cautionary note in terms of using
commercially supplied amine or ammonia gas mixtures as calibration standards.

All the samples for the gas-phase standard measurements (both primary and5

backup) were collected on four high-concentration cartridges. These cartridges showed
no noticeable degradation in collection or extraction efficiency, even after hundreds of
extractions without replacing the WCE resin.

3.2 Results for field measurements using low-concentration cartridges

A typical chromatogram from an air sample taken in Chino, CA, on 28 August 2013 is10

shown in Fig. 7. On each of the three days of sampling (28 August, 04 and 12 Septem-
ber 2013), two 45–50 min samples were taken. The results from all field measurements
are presented in Table 2. Also included in Table 2 are the temperature, relative humidity
and weather conditions for each sample as reported by NOAA for the Chino Airport,
which is < 1 mile away from the sampling site (NOAA, 2014).15

In all samples, peaks corresponding to NH3 and TMA were observed, and in sev-
eral samples a peak for MA and/or a peak at ∼ 14 min were present. In addition to the
standards described in Sect. 2.1, those for isopropylamine, ethylamine, diethylamine,
butylamine and aniline were obtained and analyzed by IC, however their retention times
did not correspond to the peak at ∼ 14 min, which remains unidentified. Also, diethy-20

lamine has been reported to coelute with TMA in some Dionex IC columns (Murphy
et al., 2007; VandenBoer et al., 2011, 2012). However, using the Metrohm column and
IC conditions described in Sect. 2.3, these two species were sufficiently well resolved
to identify.

Each sample cartridge was extracted in-line and analyzed sequentially by IC five25

times. The TMA peaks for the five extracts from a sample take on 28 August 2013 are
shown in Fig. 8. The trend in integrated peak areas with extraction for TMA (shown in
parentheses in Fig. 8) indicates that five extractions are necessary to measure > 97 %
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of the collected species. Results for ammonia show the same trend. While ammonia
and TMA peaks were usually still present in the fifth extract, they represented 3±2 %
(2s) for NH3 and 1±3 % (2s) for TMA of the total over five extractions. However, the
need for five extractions (∼ 2.5 h IC run time) is a limitation of this method over existing
on-line techniques. Optimization of this method (e.g. modifying cartridge dimensions,5

extraction solvent, IC parameters, etc.) may be able to reduce the number of required
extractions, thereby improving the efficiency of this technique.

The first measurement on 12 September 2013 showed noticeably lower ammonia
and TMA concentrations compared to the previous sampling periods. Several factors
may contribute to this difference. The temperature was lower and the relative humid-10

ity higher on 12 September compared to the two previous sampling days. Also, mist
was reported by the Chino Airport weather station on 12 September that had com-
pletely cleared up sometime between 5:38 a.m. and 5:53 a.m. Wet deposition onto mist
droplets could account for the lower NH3 and TMA concentrations on this day and also
explain the increase in concentration between the first and second sample as the mist15

evaporated.
The results of these field measurements are consistent with the range of published

data on ammonia and amine concentrations in agricultural areas. Concentrations of
ammonia and TMA near cattle feedlots and enclosures in the range of 0.7–34 ppm NH3
(Hiranuma et al., 2010; Huang et al., 2009; Trabue et al., 2011) and 0–400 ppt TMA20

(Fujii and Kitai, 1987; Kuwata et al., 1983; Trabue et al., 2011) have been reported.
Inside cattle enclosures, TMA concentrations up to 0.6–7.6 ppb have been measured
(Fujii and Kitai, 1987; Kallinger and Niessner, 1999; Kuhn et al., 2011). The ratio of TMA
to NH3 in this study, (4–9)×10−3, is similar to that reported for indoor cattle enclosures
as well as emissions from hay and silage (Kuhn et al., 2011).25
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4 Conclusions

This technique involving weak cation exchange resin as a substrate for collection of
gas-phase ammonia and amines offers an accurate, reproducible, and inexpensive
means of measurement at atmospherically relevant concentrations that is useful for
both laboratory and field studies. It minimizes losses on inlets and sampling lines,5

and avoids uptake of aqueous amines onto glass surfaces. In addition, it is simple
and relatively easy to implement, and uses commonly available instrumentation. The
custom-designed high-pressure cartridge used as a carrier for the resin combined with
a technique for in-line extraction of the compounds and analysis by ion chromatography
gives detection limits in the tens of ppt range.10
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Table 1. Retention times and calculated detection limits for ammonia and amines. Errors shown
are ±2s.

Gas Phase Detection Limita, b

Species Retention Liquid Phase High- Low-
Time Detection Concentration Concentration
(min) Limita Cartridge Cartridge

(M ×10−7) (ppb in air) (ppt in air)

Ammonia 7.5 2.3±1.6 2.8±1.9 12±8
Methylamine 8.8 2.6±1.7 3.1±2.1 14±9
Dimethylamine 11.8 3.5±2.4 4.3±3.0 19±13
Trimethylamine 20.7 8.2±5.6 10±7 45±31

a Detection limits are calculated from the average of the signal corresponding to 3/5 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 µL of the solution. For the
low-concentration cartridge, detection limits are based on 150 cm3 min−1 sampling for 60 min and
in-line extraction on the IC.
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Table 2. Results of field measurements taken in Chino, CA along with weather data from
NOAAa for the Chino Airport.

Date Start Duration [NH3] [TMA] Temperature Relative
(2013) Time (min) (ppm) (ppb) (◦C) Humidity (%)

28 Aug 4:22 a.m. 45 0.90 6.8 21.1 57
28 Aug 5:08 a.m. 45 1.5 6.7 20.6 57b

4 Sep 3:55 a.m. 50 0.75 4.0 21.1 71
4 Sep 4:47 a.m. 50 0.75 3.3 20.6 79
12 Sep 3:53 a.m. 50 0.19 1.3 15.0 93c

12 Sep 4:45 a.m. 50 0.49 4.5 14.4 90c

a Available at: http://cdo.ncdc.noaa.gov/qclcd/QCLCD
b Haze
c Mist
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Fig. 1. Schematic of experimental system used to determine cartridge measurement efficiency.
MFC = mass flow controller. Inset shows a detailed view of the “high-concentration” cartridge.

1595

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/1573/2014/amtd-7-1573-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/1573/2014/amtd-7-1573-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
7, 1573–1602, 2014

Measurement of
gas-phase ammonia

and amines in air

M. L. Dawson et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 2. Schematic of “low-concentration” cartridge.
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Fig. 3. Schematic of the in-line system for simultaneous extraction and analysis of ammonia
and amine samples by IC (shown immediately prior to injection). At the beginning of the IC run,
both injectors are actuated, allowing the 0.1 M oxalic acid plug to extract the cartridge and push
the amine/ammonia onto the IC column.
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Fig. 4. A typical ion chromatogram for the amine/ammonia standards in 0.1 M oxalic acid. Stan-
dards included sodium methanesulfonate (NaCH3SO3; Aldrich; 98 %) because of the nature of
ongoing laboratory experiments at the time so that Na+ was also present.
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Fig. 5. (a) Chromatogram for a typical blank using high-concentration cartridges showing the
characteristic baseline due to the high oxalic acid concentration in the cartridge extracts and
(b) a background subtracted ion chromatogram for a DMA sample (nominally 1.0 ppm in N2;
see Sect. 3.1).
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Fig. 6. Results for measurements of gas-phase standards of (a) 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 with
air is shown on the x axis, where 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 are given
by w = (1/s2) and s is the sample standard deviation of the measurements at each dilution.
Slopes of fitted lines are shown in green (±2s). Manufacturer labeled concentrations for the
undiluted standards were: 0.812 ppm NH3, 10 ppm MA, 1.0 ppm DMA, and 1.0 ppm TMA.
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Fig. 7. The background-subtracted chromatogram from the first extract of the cartridge for the
sample taken 28 August 2013 at 4:22 a.m. in Chino, CA. Inset: same chromatogram magnified
to show peaks for MA and TMA.
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Fig. 8. The background-subtracted chromatograms from all five extracts of the cartridge for the
sample taken 28 August 2013 at 5:08 a.m. in Chino, CA. Image is magnified to show TMA peak.
Integrated peak areas in (µSmin) cm−1 are shown in parentheses. The slight shift in retention
time at lower peak size was typical for TMA in both standards and samples.
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