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Abstract. The CLOUD project investigates the influence of NH3 was still not sufficient to explain the nucleation rates ob-
galactic cosmic rays on the nucleation of new particles inserved under typical tropospheric conditions®a00’ cm=3
an environmental chamber at CERN. Dimethylamine (DMA) H2SOy).
was injected intentionally into the CLOUD chamber to reach Because amines possess structural similarities with NH
atmospherically relevant levels away from sources (up towhere one, two or all three hydrogen atoms are replaced by
100 pptv) in order to study its effect on nucleation with sul- organic moieties (RNE RoNH or R3N), their effect on sec-
phuric acid and water at 278 K. Quantification of DMA and ondary organic aerosol formation is increasingly subject of
also background ammonia (NHwas performed with ion investigationMurphy et al.(2007 showed that amines can
chromatography (IC). The IC method used together with theform secondary organic aerosol (SOA), by acting as bases
sampling line developed for CLOUD in order to measure and neutralising acids present in the gas phase similar to
NH3 and DMA at low pptv levels is described; the overall NHgz, but also by participating in gas phase chemistry ini-
sampling efficiency of the method is discussed; and, finally,tiated by hydroxyl radicals (O or ozone (@) to form low
mixing ratios of Ny and DMA measured during CLOUD4 volatility products (see als@uazon et al.1994. Further-
are reported. more, a recent computational study suggests that amines are
even more strongly bound to280, molecules than Nk
(Kurtén et al, 2008 and can therefore enhance even more
neutral and ion-induced #$O4/H>O nucleation in the at-
1 Introduction mosphereBzdek et al(2010 found experimental evidence
for this effect: even at pptv-levels, complete displacement
The CLOUD project investigates the influence of galactic of NH,4 by dimethylamine (DMA) occurs within seconds
cosmic rays (GCR) on the climate through their effect onor minutes, changing the composition of sub-3 nm diameter
cloud properties Kirkby, 2007. A key process of these pisylphate clusters. Not only substitution, but also addition
studies is the nucleation of new particles in the atmosphergq those clusters can occeur, influencing their growth rates
from gaseous precursors and their growth to detectable size@zdek et al, 2011). Makeh et al.(200]) found that DMA
(diameter- 3nm) (Kulmala et al. 2004 Hirsikko et al,  \yas present at higher mixing ratios during nucleation events
2011). These particles can eventually grow to cloud con-jn poreal forests compared to non-event periods, making it
densation nuclei (CCN) and influence indirectly the Earth’s 5 potential nucleating species or a species increasing growth
climate by modifying cloud properties. Recently published rates of freshly formed particles, so that they can be detected
CLOUD data Kirkby et al., 2011) on the ternary sulphuric  faster at 3nmyu et al. (2012 also reported enhancement
acid (HpSQy)/water (HhO)/ammonia (NH) nucleation sys-  effects on the nucleation rate by several amines.
tem (Coffman and Heggl995 Korhonen et a].1999 Kul- CLOUD4 (June-July 2011) investigated the role of DMA
mala et al. 2000 demonstrated that N¢{at a 100 pptv-level i the formation and growth of new particles. Because DMA

or less) increases nucleation rates by a factor higher than 10Qeeded to be detected at trace concentration levels, an ion
to 1000 over the binary ($$Oy/H20) system. However,
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chromatography (IC) method was deployed together with To test the sampling efficiency for Nfand amines, a sec-
the sampling line developed for CLOUD by Bianchi et ond scrubbing system was installed in series at the end of the
al. (2012). IC is often used to analyse amines and inorganicampaign as shown in the lower part of Fig.It consisted
cations like ammonium (N[H) from atmospheric samples of a Teflor® tubing of 1 mm diameter and 140 cm length.
with various sampling methodbi@akek et al, 2003 Murphy  The air flow used for this setup was 1 | mihand both liquid
et al, 2007 VandenBoer et gl2011). The overall sampling  flows were 0.5 mlmint. The sampling was alternated from
efficiency of the method used for CLOUD4 for the simulta- one debubbler to the other using the valve system described
neous measurement of DMA and KI$ discussed thereafter previously.
and the mixing ratios of both species are reported.

2.3 lon chromatography (IC)

2 Experimental A Dionex DX600 system was used for the analysis of the
collected cations with Ionp@: CG10 and Ionpa@ CS10
(Dionex) guard and analytical columns, respectively. The
The CLOUD chamber is a 26.1%electropolished stainless methog used was similar to the one describedhang etal.
steel cylinder. A more detailed description can be found in(2003: samples were ellut_ed with 40 mM methanesulfonic
Voigtlander et al(2012 andKirkby et al. (2011, The fibre- ~ 2Cid (MSA) at Lmimin™ (isocratic). Retention times var-
optic UV system for SOy production with negligible ther- ied betyveen 8.8 and 10.5 min for I\j_Hnd between 17.8 anq
mal effect is described ifupc et al.(2013). Although the ~ 21.1min for DMA. The peaks obtained from the conductiv-
chamber temperature can vary from 183 to 313K, it was kepfly detector were integrated manually. Calibration was per-
constant at 278 K£0.01 K) with a relative humidity of 389% formed by direct injection of aqueous standards (no pre-

2.1 CLOUD chamber

(+0.1 %) during CLOUDA. concentration) of different concentration levels, correspond-
ing to injected amounts ranging from 0 to 30 ng for N&hd
2.2 Sampling of NH; and DMA 0 to 150 ng for DMA (Fig.3).

The method detection limit (MDL) depends primarily on
The same sampling probe as the one describeBianchi the noise of the chromatograms, but is influenced by the sam-
et al. (2012 was used (Figl). It was specially designed to ple volume (based on sampling air flow and sampling time).
minimise the loss of Ngland amines on surfaces. Briefly, it Depending on instrumental conditions and sampling time,
consists of a 2-mm diameter stainless steel tubing of 140 cnthe MDL ranged from 0.2 to 3.7 pptv for Nf-and from 0.2
length with a small orifice to the CLOUD chamber. Ultra to 1.0 pptv for DMA (signal/noise = 3).
pure water (18.2 Mk cm) was introduced by a peristaltic
pump in the stainless steel tubing (0.25-0.80 mITh)n A
cation trap column (CTC-2, Dionex) was additionally used 3 Results and discussion
to remove the possibly interfering cations from this water
prior to sampling. As the water reached the orifice to the

CLOUD chamber, it was mixed with air (0.8-2.11m#f) in The use of pure water without addition of an acidic com-

a 10-loop coil to allow for dissolution of the gaseous speciespound is assumed to be sufficient for measurements of low
into the water. With this setup only a section of 5mm tubing mixing ratios of NH; and DMA (< 100 pptv). From a theo-

remained unflushed by water, so that sampling losses became . . . . - .

negligible. retical point of view, the overall sampling efficiency relies on
A debubbler separates the air and the water, which is

pumped from the bottom of the debubbler by a peristaltic

pump. This water was passed through a trace cation concen- _ the stripping efficiency of the sampling device, and

trator column (TCC-2 or TCC-LP1, Dionex) where cations

were retained. After 70 to 210 min of sampling, the 10-port — the protonation degree of N+ind DMA, because these

valve described in Fig2 rotated to allow the elution of the species are detected as cations.

cations to the analytical column, while the sampling wa-

ter was concentrated on a second cation concentrator col- Because the calibration by direct injection does not take

umn to ensure continuous measurements. This automatiomto account the efficiency of the concentrator column,

was necessary as the CLOUD chamber cannot be accessédwas tested separately. A solution of 0.1uM Nknd

at all times (e.g. when it is irradiated by the pion beam) 0.1 uM DMA was sampled on the concentrator columns.

and it reduced the required maintenance to a minimum. Nd=rom the measured signals, a concentration of 0.055 pM was

derivatisation was needed and the samples could be directlgalculated for both compounds, independent of the sampling

eluted to the analytical column automatically at the end oftime and the sampling flow. Therefore, a correction factor of

the sampling period. 1.8 is applied to the mixing ratio of NdHand DMA. Note

3.1 Overall sampling efficiency and corrections

— the efficiency of the concentrator columns,
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Fig. 1. Unscaled schematic of the sampling system used for CLOUD4 (top panel) and the modified sampling system with two debubblers
(bottom panel) for sampling efficiency tests.

sistent with data acquired for 3.5 hours (9.5 and 13 pptv, also
corrected). Therefore, for the sampling time of 210 minutes
(3.5h), no breakthrough of the analytes through the concen-
trator columns can be observed. A few Nirixing ratio val-

Eluent Eluent

Waste Waste

Trace Cations
Concentrator
columns

from
sampling line

ues for sampling times longer than 4.5 hours were discarded.

The stripping efficiency relies on the effective Henry’s
law constantH*, which depends on the degree of protona-
tion of the species in solution and thus on pHdg[H™]).

Equation (1) defineg?*, taking into account the pH of the
solution and the dissociation constakt,, of the analytes.
The negative logarithm of the dissociation constamt{p

of NHZ is 9.90 at 278K (Bates and Pinching, 1950) and

Fig. 2. Schematic of the concentrating system with two columns ¢, dimethylaminium (DMAH') it is 10.64 at 293K (Hall
and a 10-port valve to ensure continuous measurements. While on5957) '

column concentrates the analytes coming from the chamber sam-
pling line (red line), the other column can be eluted and the sample
analysed by ion chromatography (blue line).

Guard and
analytical columns

Detector Detector

+
H* = H(1+ 10 PH+PKay — [B]+[BH"] "
pB

that this effect is not due to the capacity of the concentratoiwherepg is the partial pressure of base (B) in the gas phase.
column. From the review of Sander (1999), Henry’s law constants at
Indeed, the concentrator column capacity was found to be278 K are estimated to be in the range of 14.3-173 Mdtm
sufficient at those low levels and sampling with ultra pure for NHs and 81.3-150 M atm* for DMA. At this tempera-
water at less than 1 ml mir} for a long period of time. How-  ture, Hawkes (1995) reports a negative logarithm of the self-
ever, due to this long sampling time, breakthrough of the an4onisation constant of water K, = —log([H*][OH])) of
alyte can happen. A sample was acquired for roughly 10 h14.7, corresponding to a pH of 7.3 for pure wates 8@, can
(13-14 July) and the DMA mixing ratio derived (0.86 pptv) be neglected). This value can increase up to 7.5 by dissolving
was consistent with the previous (1.0 pptv, 3.51 h) and thdow gas phase concentrations of DMA and N¢ 100 pptv
following (0.59 pptv, 4.10 h) samples (within uncertainties). each), assuming complete dissolution. Considering pure so-
For NHs, data from 14 and 15 July suggest that up to 4.5 hlutions of each species, the amount remaining in the gas
sampling time, the results (11 pptv, corrected) remains conphase pg) is between 0.24 and 2.8 % for NHind between
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Fig. 3. Calibration plots for ammonia (Nl left panel) and _ o . . o
dimethylamine (DMA, right panel). Grey areas correspond to theFig. 4. Liquid to air flow ratio from the sampling line used dur-
ing the campaign (left panel). Normalised signal varying the lig-

range of experimental data.

This ratio influences the sampling efficiency as depicted
in Fig. 4. The value of the ratio throughout the experiment
is presented on the left, while the normalised signals ob—T
tained by varying the liquid to air flow ratio for a constant
DMA mixing ratio in the chamber (around 100 pptv) are de-
picted on the right. If the liquid to air flow ratio drops below
0.3x 1073, the sampling efficiency decreases indicating that

DMA and NH; measurements with IC during CLOUDA4
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0.08 and 0.04 % for DMA, assuming a liquid to air flow ratio (v = ax? +¢).
0f 0.3x 1073.

the stripping efficiency is governed by the residence time an

not the gas-liquid equilibrium. DMA mixing ratios were cor-
rected for this observation (see S&8).

Because NH was not injected at a constant mixing ra-
tio into the chamber, the same test could not be done durin
CLOUD4, but has been previously made Bianchi et al.

(2012.

Moreover, the degree of protonation of both species in so

lution is higher than 99 % (Eq. 2) at pH 7.5:

[B]
[BHF]

Therefore, [B] can be neglected in Eq. (1) and because
is equal to the difference between the total amount of B in
the system (here 100 pptv) and [BH pg and [BH"] can be

= 10PH-PKa

derived from Eq. (1).

Furthermore, at the end of the CLOUD4 campaign, a sec- 2 e oY=
ond sampling system was set in series with the first one aStéad of flushing it through the sampling line. No peak for

shown in the lower part of Figl. No DMA could be de-

tected in the water sampled from the second system, con ; “ ;
firming the high overall sampling efficiency. Unfortunately, Ptained mixing ratio. On the other hand, hishowed peaks
the second system was contaminated withsN&b that no

reliable conclusion can be drawn for this species.

3.3 NHz and DMA mixing ratios

()

3.2

IC method

he use of the CS10 analytical column from Dionex allowed
the separation of Ngland DMA without the two peaks inter-

fering with each other, even when both species had very dif-
ferent concentration levels, which can often be problematic

VandenBoer et al2011). This was possible because of the
leanliness of the CLOUD chamber and the absence of in-

terfering peaks. Only sodium and potassium peaks appeared
in the chromatograms and were usually well resolved from
the peaks of interest. However, during the period between 29
Yune and 7 July, due to an instrumental contamination with
sodium, its high and broad peak sometimes masked the small
NHI peak and increased the conductivity background during
this period.

Figures5 and6 summarise the measured mixing ratios for

t

NH3 and DMA determined with IC. The instrument was not
used at the very beginning of the campaign and no reliable
data could be acquired between 6 and 11 July, due to an ele-
vated conductivity background, which increased the MDL.

Blank values were obtained by directly sampling water in-

DMA could be observed from these measurements during
he whole campaign, so that no correction was applied to the

in the blank samples during the second phase of the campaign
(after 11 July, when the sampling time was extended) and the
measured mixing ratios were corrected proportionally to the

water amount concentrated on the column (which depends
on water flow and sampling time) for this period.

Atmos. Meas. Tech., 5, 21612167, 2012
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Fig. 5. Overview of ammonia (NK) mixing ratios (in pptv): un-  Fig. 6. Mass flow controllers (MFC) settings (top panel) and sum-
corrected (grey), corrected only for concentrator column efficiencymary of dimethylamine (DMA) mixing ratio (in pptv) measured
(filled light blue), and corrected for background levels as well as (lower panel): uncorrected (grey), corrected for sampling efficiency
concentrator columns efficiency (filled dark blue). The continuous (orange), and corrected for sampling efficiency and concentrator
line is a smoothing function through the final data. column efficiency (filled red). The continuous line is a smoothing
function through the final data. A logarithmic scale was used to vi-
sualise the data of the second half of the campaign (around 1 pptv).

Figure5 shows the uncorrected mixing ratios of ilHs
well as the ones corrected for efficiency of the concentrator
column. In addition, background levels from the samplmg4 Conclusions and outlook
water were substracted for the measurement period after
11 July. The NH mixing ratio ranged mosly below 25pptv, L analysis of trace gases at pptv-level (cd.cto3) is
which corresponds to mixing ratios found at remote locations . . .
) crucial for the understanding of nucleation because such lev-
(Krupa, 2003. This corresponds to the background level of . . :
: s els of certain contaminants (e.g. MHbrganics) can be suf-
NH3 in the CLOUD chamber at the present conditions. o .
s ficient to enhance nucleation rates by several orders of mag-
The top panel of Figs shows the mass flow controller set- - .
. . s T nitude. The method presented here, based on IC and making
tings for continuous DMA injection into the CLOUD cham- - o .
. use of an efficient sampling line, could provide data down to
ber. It was expected that the DMA levels were proportional to . e .
) - . sub-pptv levels with 70 to 210 min time resolution.
these settings. Indeed, the mixing ratios shown on the bottom .
Studies at low temperature also need to be performed.

panel of F|g_.6 foIIowe.d this trend. However, after swnchmg However, for CLOUD campaigns below 273 K, the sampling
back from higher settings to lower ones, the measured mixing.

ratio did not drop to previous levels but showed a backgrounggg;;ﬁrelgsli:; be adapted so that water does not freeze in the

ofa fev_v pptv, slowly_decreasmg. D_ata were mL_JIt|pI|ed by a Gronberg et al(1992 reported 0.5 and 1.8 pptv of DMA
correction factor derived from the fit curve of Figand by . . ;
- . in urban and rural environments in Swed&hang et al.
the factor 1.8 to take the concentrator column efficiency into . ; .
(2003 measured a broader range and slightly higher mix-
account. ; . s
. : ing ratios of DMA (1.9-34 pptv) at a suburban site in Seoul,
The values reported for both species were in some case, X
verv close to the MDL. in particular in the period from orea. Closer to agricultural sourceSchade and Crutzen
y ' P P (1995 found outdoor mixing ratios of DMA of 21 pptv in

21 to 24 July. With the sampling system used, no SePArdy, o afternoon and 76 pptv just before sunrise. The levels of

tion of the gas "’“?d aerosol phasgﬂoccurreq. For total aeros(BMA injected into the CLOUD chamber represented well
e g e L Coeclons mey e gt ange Moreover,n l s Stucis, et
dimethylaminium ,from the particle phase. rimethylamine were also present qlt similar levels (low pptv
DMA mixing ratios correspond to atmospherically rele- levels to a few hu.ndreds of ppt\Akygz (2007 found DM.A.
vant levels away from the sourceG€ et al, 2011). On the levels of approximately :.LO ppt\_/, W'.thOUt a _Iarge_varlgtlon
i ) between summer and winter, in six sampling sites in the

other hand, NiJ atmospheric levels range from a few hun- Zonguldak province, Turkey, as well as strongly varying con-
dreds of pptv to several ppbti(et al., 2006 Benson et a. guldax p o Y, 85 gly varying
centrations of various other amines.

2010. Lower values could usually not be reported because :
TR Usually, NH; is also present at several orders of mag-
of detection limitations. . ‘ L .
nitude higher levels (ppbv) than the individual amines.

www.atmos-meas-tech.net/5/2161/2012/ Atmos. Meas. Tech., 5, 28b7, 2012
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VandenBoer et al. (2011) reported amines to sNfdtios

in Toronto between 1.6-20 10~3, while this ratio ranged
from 9.4x 103 to 23 during the CLOUD4 campaign. The
influence of such a level of DMA on nucleation and growth
rates in the presence of a low NHhixing ratio will be the
subject of other publications.
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