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ANTHROPOGENIC GASES
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Continuous monitoring of the atmospheric volatile halogenated hydrocarbons is needed in light of the role
played by these compounds in global climate change phenomena. The analytical methodology described
in the following implies the use of a gas chromatographic-mass spectrometric system equipped with a
sampling/pre-concentration unit, for the simultaneous and continuous analysis of a number of halogenated
hydrocarbons present in the atmosphere at concentration levels ranging from a few to hundreds of part per
trillion by volume. The optimization of the analytical procedure in terms of efficiency, linearity, and reprodu-
cibility is reported together with some of the results obtained in the frame of a monitoring activity carried out
on a remote mountain station in central Italy.
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INTRODUCTION

Anthropogenic greenhouse gases include chlorofluorocarbons (CFCs), hydrochloro-
fluorocarbons (HCFCs), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and
SF¢. They are all characterized by elevated global warming potential (GWP) values,
being capable of effectively absorbing long-wave radiation re-emitted by the Earth’s
surface within the spectral region from 8 to 11 um, commonly defined as the ‘atmos-
pheric window’ [1,2]. Their average atmospheric mixing ratios range from a few parts
per trillion (ppt) for SF¢ to hundreds of ppt for CFC-12 and CFC-11.
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Even though CFCs have been phased out under Montreal Protocol [3,4] since
January 1996, they are still emitted into the atmosphere, as demonstrated by the
variability in their concentration measured in non-remote areas [5-8]. HCFC emissions
have been regulated by the Montreal Protocol since 1996; meanwhile, HFCs, PFCs, and
SF¢ are not yet regulated, and so their atmospheric mixing ratios are increasing and are
strongly affected by local emission sources [8—13].

To obtain a reliable picture of changes in atmospheric concentrations of anthropo-
genic greenhouse gases, and to better evaluate their source strengths on a regional
scale, continuous monitoring of these compounds is necessary [5-7].

Capillary gas chromatography (GC) is the chosen technique for separation of extre-
mely volatile organic compounds, provided that the stationary phase has the appropri-
ate retention characteristics. Mass spectrometric (MS) detection is compulsory for the
identification of a number of components in a complex mixture. Further, the extremely
low concentration levels of the compounds to be monitored require an enrichment step
prior to chromatographic separation [14,15].

In the following, the set-up and evaluation of a GC-MS analytical system equipped
with an on-line sampling/adsorption device to be used for continuous monitoring of
these compounds will be described.

Such an instrumentation is currently operating unattended in a remote mountain
station (Mt. Cimone, Northern Apennines, Italy, 44° 11" N-10° 42’ E, 2165masl),
and it is run via modem from the laboratories of the University of Urbino. Air samples
are collected every fourth hour to yield an actual picture of the atmospheric mixing
ratio of 21 halogenated hydrocarbons. The list of compounds monitored is given in
Table I, together with their main sources.

TABLE I Compounds monitored at Monte Cimone

Species Chemical formula GWP* Main sources
CFC-11 CCI3F Blowing agent
4680

CFC-12 CCLF, 10720 Refrigerant, blowing agent
CFC-113 CCLFCCIF, 6039 Solvent
CFC-114 CCIF,CCIF, 9860 Solvent
CFC-115 CF;CCIF, 7250 Solvent, refrigerant
H-1211 CF,CIBr 1860 Fire retardant
H-1301 CF;Br 7030 Fire retardant
HCFC-22 CHF,Cl 1780 Refrigerant, air conditioning,

foam blowing agent
HCFC-141b CH;CFCl, 713 Foam blowing agent, solvent
HCFC-142b CH;CF,Cl 1850 Foam blowing agent
HCFC-124 CHFCICF; 599 Sterilant
HFC-125 CHF,CF; 3450 Specialized end use,

air conditioning mix
HCFC-152a CHF,CH; 129 Propellant
HFC-134a CH,FCF; 1400 Refrigerant, air conditioning
HFC-143a CF;CH; 440 Refrigerant
Perfluoroethane C,Fq 12010 Refrigerant
Sulphur hexafluoride SF¢ 22450 Insulator, cover gas
Methyl chloride CH;Cl 17 Natural, biomass burning
Methyl bromide CH;Br 2 Natural, Fumigant
Chloroform CHCl; 2.5 HCFC feedstock

Dichloromethane CH,Cl, 10 Solvent
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EXPERIMENTAL

Instrument Description

The instrumentation comprises an auto-sampling/pre-concentration unit, allowing
the automated semi-continuous collection of atmospheric samples, coupled to a gas
chromatograph with a quadrupole mass spectrometer as selective mass detector.

Auto-sampler

This consists of a mass flow controller with three sampling lines (blank, sample, and
standard), equipped with a suction pump for collecting ambient air samples at ambient
pressure. Furthermore, ambient air is dried by passage through a Nafion permeation
dryer, whose purpose is to reduce the humidity of the gas before entering the desorption
tube, preventing the water from condensing in the adsorbent resins.

Pre-concentration unit

The unit (UNITY-Air Server, Markes International Ltd, Pontyclun, UK) consisted of a
sorbent-based focusing device for trapping and concentrating the compounds of inter-
est. Three different sorbents were used to fill a glass tubing (1.6 mm i.d., 3.0mm o.d.,
120.0mm long): a short bed (3.5mm) of Tenax TA, a short bed (11.5mm) of
Carbopack B, and a longer bed (39.5mm) of Carboxen 1000. The sorbent sequence
in the sampling step respects the strength of each sorbent, from the weaker one to
the stronger one, in order to trap the relatively less volatile compounds on to the
weaker adsorbent, thus avoiding the irreversible adsorption of these compounds on
strong adsorbents. The direction of flow is reversed during the desorption step. The
trapping system is electrically cooled by means of a Peltier device, thus eliminating
the inconveniences associated with the use of cryogenic fluids. Thermal desorption of
the trapped analytes is obtained heating the trap up to 300°C at a rate of 60°C s™'.

Gas chromatograph

The gas-chromatograph used was a HP 6890 GC system (Hewlett Packard, Palo
Alto, CA, USA), with the following temperature programme: 10 min at 35°C, then

10°C min~" up to 150°C, using UHP Helium as carrier gas at a flow rate of 2mL min~".

Column

The gas chromatographic column was a GS-GasPro 30m x 0.32mm i.d. (J&W
Scientific Inc. Folsom, CA, USA), i.e. a GSC column with cyclodextrin as stationary
phase, working in adsorption gas chromatography [16,17]. Such a column showed
extremely high retention and separation factor characteristics, also being able to
strongly retain the more volatile compounds. The elution order is governed by a com-
bination of factors, i.e. boiling point, hydrogen bonding, and number of chlorine
atoms. Such a column is particularly able to strongly absorb molecules that can form
hydrogen bonds, like those compounds with adjacent hydrogen and fluorine atoms,
which is the case for many of the compounds in this research.
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Mass Spectrometer

An HP 6890 Quadrupole Mass Selective Detector (Hewlett Packard, Palo Alto, CA,
USA) operated in electron impact and in the selected ion monitoring (SIM) mode
was used as detector. The employed SIM program is reported in Table II. For quanti-
tation, the most abundant specific ion fragments were used. In a few cases (designated
by superscript ‘¢’ in Table II), the less abundant fragments were considered, to avoid
any interferences with nearby eluting compounds having ion traces in common with
the most abundant ones.

TABLE II SIM programme

Compound mjz % RA* Aw®
SF¢ 127 100 0.0-3.8
89 26
C,F, 119 41¢
69 100
CBrF; 69 100 3.8-5.9
129 12
CF;CCIF, 85 100 5.9-7.6
119 56
CHF,CF; 101 53¢ 7.6-10.5
51 100
CF5CH; 65 38°
69 100
CF,Cl, 85 100
87 32
CHF,Cl 51 100
67 15
CH;Cl 50 100 10.5-13.00
52 31
CF;CFH, 69 71
83 63
CBrF,Cl 85 100 13.0-15.0
129 20
CHF,CHj 51 100
65 50
CF,Cl 85 100 15.0-16.7
CF,Cl 135 65
CH;Br 94 100
96 80
CH;CF,Cl 65 100
85 14
CHFCICF; 67 100
101 40
CFCl; 101 100 16.7-19.8
103 66
CH,Cl, 49 100 19.8-20.2
84 65
CH;CFCl, 81 100 20.2-22.0
61 28
CF,CICFCl, 101 100
151 68
CHCl; 83 100 22.0
85 64

%% RA = percent relative abundance; AW =acquisition window (min); “See text.
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Sampling Approach

To avoid any problems related to the irreversible adsorption of relatively non-volatile
compounds on valves and tubing of the whole pre-concentration unit and on the
chromatographic column, a ‘protection’ trap was placed on line with the sampling
line. This consisted of a stainless steel tube (Scm long, 0.6cm o.d., 0.4cm i.d.)
filled with 50mg of a very low-surface-area (s.a.) adsorbent material, i.e.
Carbograph F, s.a. 5m?g~'. This weak adsorbent can adsorb the relatively less vola-
tile compounds, but it cannot retain the most volatile compounds. To determine
whether there is some degree of retention of the compounds of interest, the same
aliquots of calibrated actual air were analysed with and without the ‘protection’
trap on the sampling line. Results showed that no adsorption of the most volatile
compounds in this research takes place.

The sampling line is made of a stainless steel tube 1000 cm long (0.6 cm o.d., 0.4cm
i.d.). The Pyrex sample inlet, placed on the roof of the monitoring station 800 cm above
ground level, is heated to a few degrees above 0°C, to avoid any clogging resulting
from ice formation during the winter.

Calibration

One of the most important issues in trace analysis of atmospheric pollutants is the
quantitation of the compounds of interest. In this case, calibration is performed against
‘working secondary standards’, i.e. actual air tanks currently linked to two absolute
calibration scales for halocarbons which reside at the Scripps Institution of
Oceanography (SIO98 scale-SIO, La Jolla, CA, USA) and at Bristol University
(UB98 scale, University of Bristol, Bristol, UK), for seven and 14 compounds, respect-
ively. The preparation of gravimetric primary standards by a two-step ‘bootstrap’
technique was described by Bullister and Weiss [18]. Working secondary standards
were prepared using compressed clean marine air taken at Mace Head (Ireland),
sent to the University of Bristol for calibration on the UB98 scale. To prevent
liquid water from building up in the secondary tanks, air is pumped into 35-L stainless
steel electropolished tanks to a pressure higher than 4 x 10*hPa (the pressure
generally used in the tanks) and then expanded from a water-vapour trap
down to 4 x 10*hPa. In this way, the water-vapour pressure in the tank remains
below saturation. The use of such a scale is possible, since the halocarbons monitoring
activity described takes place in the frame of a European Project named SOGE
(System for Observation of halogenated Greenhouse gases in Europe), linked to the
global monitoring network named AGAGE (Advanced Global Atmospheric Gases
Experiment) [19].

Each sample run is bracketed between two standard runs. For quantification
purposes, the areas of the peaks of the actual air are compared with the mean area of
the two standard runs to correct the instrumental drift in the signal response of the mass
spectrometer that normally decreases during working time, mainly due to the oxidation
of the ion source.
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Remote Control

The whole instrumentation operating at the remote mountain station is equipped to run
continuously. As the site is located on a high mountain, it is frequently vulnerable to
adverse weather conditions, such as thunderstorms, that can compromise the power
supply. For this reason, the whole system is supplied with power-conditioning
equipment that provides instantancous voltage regulation and isolation from
any kind of noise and suppressing transients and overloads on electric power.
Furthermore, the power continuity is guaranteed by two UPS systems that provide
power for at least 30min (power failures often being 5-10min long). In case of
longer power failures, the power loads supplied by the two UPS systems are partitioned
to prevent any serious damage that could eventually arise from irregular breakdown of
the mass spectrometer.

The instrumentation is fully automated, and all operations related to the sampling
unit, gas chromatograph, and mass spectrometer functions are controlled via software
by a local PC. Remote control is achieved via a modem connection that allows daily
checks and, when necessary, complete remote set-up of all parameters.

RESULTS AND DISCUSSION

The overall analytical procedure was evaluated in terms of the relative retention
capability of the sorbent bed (generally expressed by the Break Through Volume
(BTV)), range of linearity, reproducibility, and limits of detection.

BTV Evaluation

BTV, i.e. the maximum air volume that can be sampled using a given quantity of the
adsorbent before the compound exits the trap, is one of the most critical parameters
to be considered when analysing extremely volatile compounds.

A correct evaluation of BTV values of the most volatile compounds is essential, since
it allows the maximum actual air volume to be sampled to be assessed, to quantitatively
trap all the compounds of interest.

BTVs depend on many factors, among which temperature is crucial, since BTV
decreases exponentially as the temperature of the sorbent material increases.

To assess the temperature at which the quantitative trapping of the analytes
is achieved, 600 mL of calibrated actual air are enriched on to the multi-layer bed
at temperatures ranging from —15°C up to 10°C. The BTV values for the single
compounds at a given temperature were evaluated by sampling increasing volumes
of calibrated actual air, another very important factor that influences the BTV being
the simultaneous presence of more than one compound and their relative concentration
in the air sample.

Results are reported in the graphs of Fig. 1(a) and (b), where the peak areas of
selected test compounds are plotted against the trapping temperature. As can be seen
from the graphs, at a temperature of —10°C, the degree of trapping of the analytes is
not significantly lower than that obtained at —15°C, even for some extremely volatile
compounds (i.e. HFC-125 and HFC-143a).
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FIGURE 1 Dependence of peak areas on trapping temperature, obtained by enriching onto 600 mL of
calibrated actual air.

The ‘chromatographic efficiency’ of the adsorbent bed is also affected, albeit at a
lower extent, by the linear flow rate of the gas phase. Therefore, the BTV can be influ-
enced by the velocity of the gas during sampling. At excessively high flow rates, the
BTV is likely to decrease as a consequence of the non-interaction between the analytes
and the pores of the adsorbent resin [20]. For this purpose, 5S00mL of a standard
mixture where HFC-134a was present at concentration levels of 100 pptv in UHP
nitrogen were passed through the adsorbent bed at increasing flow rates, spanning
from 5 to 60mLmin~'. HFC-134a was chosen as it is one of the most volatile
compounds studied. It has been found that a loss in trapping efficiency can be observed
when the velocity of the sampling flow is increased. However, at a flow rate of
60 mL min~', the peak area is only 10% lower with respect to that obtained sampling
at SmLmin~". Therefore, a value of 25mL min~"' was chosen, being a good compro-
mise between trapping efficiency and speed of analysis.
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To assess the maximum air volume that can be enriched on to the above described
adsorption tube, linearity tests were performed enriching the multi-bed tube with
increasing volumes of actual air (600, 750, 900, 1050, 1200, 1350, and 1500 mL), then
performing the GC-MS analysis. The tests were carried out at two different
trapping temperatures, i.e. —10 and —15°C. Correlation coefficients obtained plotting
the sampled volume vs. the chromatographic peak area at —15°C are reported
in Table III. Peak areas were measured on the single ion traces, selecting the most
significant m/z value for each compound.

The calibration plots showed a fair agreement among data points with a correlation
coefficient very close to linearity. R*> values lower than 0.99 were obtained in a few
cases, but only for sulphur hexafluoride and perfluoroethane, the most volatile
among all the compounds considered. This is due to the loss of such compounds,
which takes place when sampling air volumes higher than 1200 and 1050 mL, respect-
ively, even when using an enriching temperature of —15°C. This is shown in the graph
in Fig. 2, where the peak areas of SFq and C,F¢ are plotted against the enriched volume.
Linearity is obtained up to 1050 mL of air enriched. The R* value observed at —10°C
for other compounds, among the most volatile, i.e. CBrFj3, is due to the loss occurring
when enriching an air volume of 1500 mL. Therefore, to meet both the sensitivity of the
analytical procedure, and the trapping capability of the adsorbent bed, a 1000-mL
aliquot of air was enriched for actual sample analysis. A completely different matter
lies at the base of the low R? value obtained at both temperatures for HCFC-141b.
In this case, lack of linearity can be ascribed to problems related to peak shape, for
which results are spoiled by an overloaded co-eluting peak. Such a peak, which is
not detectable using the SIM mode, is likely to affect the chromatographic process.

TABLE III Correlation coefficients (R*) obtained by plotting peak areas
obtained enriching increasing air volumes at the temperature of —15°C, and
reproducibility on 100 replicate analyses of calibrated actual air

Species Up to 1000mL  Up to 1500mL % RSD*, N=100
enriched enriched 1000 mL enriched
CFC-11 0.9993 0.9998 0.64
CFC-12 0.9991 0.9991 1.84
CFC-113 0.9981 0.9984 1.27
CFC-114 0.9998 0.9998 1.69
CFC-115 0.9981 0.9972 0.84
H-1211 0.9962 0.9968 1.51
H-1301 0.9930 0.9900 3.49
HCFC-22 0.9998 0.9991 2.47
HCFC-141b 0.9687 0.8804 6.85
HCFC-142b 0.9978 0.9974 1.12
HCFC-124 0.9964 0.9946 4.75
HFC-125 0.9998 0.9967 0.98
HCFC-152a 0.9956 0.9944 3.12
HFC-134a 0.9981 0.9978 1.07
HFC-143a 0.9972 0.9895 3.18
Perfluoroethane 0.9994 0.8315 2.97
Sulphur hexafluoride 0.9990 0.8900 0.94
Methyl chloride 0.9996 0.9997 0.88
Methyl bromide 0.9980 0.9912 1.47
Chloroform 0.9975 0.9991 1.77
Dichloromethane 0.9972 0.9977 4.11

2% RSD: percentage relative standard deviation.
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FIGURE 2 Calibration plots for SF¢ and C,F4 obtained by enriching onto the multi-bed adsorption tube
increasing volumes of calibrated actual air at a temperature of —15°C.

A chromatographic run performed using the MS detector in the SCAN mode revealed
the overloaded peak with a mass spectrum corresponding to the water spectrum, whose
occurrence is not compatible with the use of the Nafion dryer. Further investigations
are needed to overcome this problem.

Reproducibility

The reproducibility for this method was evaluated by using the operative parameters
described above: 1000-mL aliquots of calibrated actual air, sampled at a flow rate of
25mLmin~", were enriched onto the multi-layer adsorption tube kept at the tempera-
ture of —15°C. An excellent agreement was found over more than 100 measurements, as
can be seen from the percentage relative standard deviation (% RSD) values reported in
Table III. As expected, the only compound for which a rather high %RSD value was
found is HCFC-141b. This is the consequence of the peak-shape problems described
above.

Limits of Detection

The minimum volume to be sampled to obtain a detector response three times greater
than the background noise has been evaluated. To assess such volume, detection limits
were evaluated for the single components of a standard mixture on the quadrupole
mass-spectrometric detector, always operating in SIM mode. By enriching 1000 mL
of calibrated actual air on the multi-bed adsorption tube, the halogenated halocarbons
in this research were determined, starting from a concentration of 1 pptv. In this case,
the signal given by each compound was at least three times greater than the background
noise.
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Actual Sample Analysis

The reconstructed total ion chromatogram obtained analysing 1000 mL of actual air is
reported in Fig. 3. As can be seen, the complete separation of the 21 compounds of
interest is achieved, with almost all the compounds of interest chromatographically
resolved at the baseline, with the exception of two pairs of compounds, i.e. CFC-
114/CH;Br and CH3Br/HCFC-142b. In this case, the use of mass spectrometry by
selecting ions characteristic of each compound helps in solving the problem.
Furthermore, notwithstanding the high retention of the GSC column, the compounds
are eluted in a reasonable length of time (22 min).

Table IV lists the mean concentration values measured in air samples collected at
the Research Station of Monte Cimone over a l-month period in August 2002.
As can be seen, with the proposed method, it was possible to quantify the 21 com-
pounds of interest that were present at concentration levels from a few to hundreds
of ppt. Column 1 reports the average concentrations obtained, taking into account
the whole data set of the month. However, a simple data-filtering procedure, implying
the calculation of the average of the lowest 50% of the data of the monthly running
mean, can be used to better define the background mixing ratios. The results are
listed in column 2.

The concentration data, compared with those obtained in other ‘non continental’
stations of the SOGE network, sometimes appear higher. This can be ascribed to the
location of Mt. Cimone station, which is affected more by the European continental
emissions. In this respect, a comparison with data obtained in background stations,
such as Mace Head (Ireland) and Mt. Zeppelin (Svalbard Islands, Norway), would

TABLE IV Concentration data, expressed in pptv, measured in two different sampling sites (progressive
numbers as in Figs. 3 and 4)

Compound Enriched volume August 2002—monthly mean 1000 mL Antarctica
(December 2000)
All data lowest 300mL
set (N=2817) 50% data

1 PFE 0.85% 0.81% n.d.

2 SFg 4.61 4.46 n.d.

3 H-1301 (CF3Br) 3.26 3.10 n.d.
4 CFC-115 (CF;CF,Cl) 8.88 8.32 n.d.

5 HFC-125 (CF;CF,H) 3.85 3.44 n.d.

6 HCFC-143a (CH;CF5) 1.31% 1.15% n.d.

7 CFC-12 (CF,Cly) 551.52 536.60 513.9

8 HCFC-22 (CHF,CI) 173.53 168.12 214.3

9 CH;Cl 535.63 522.52 540.2
10 HFC-134a (CF;CFH,) 42.13 29.42 11.9
11 H-1211 (CF,ClIBr) 4.54 443 n.d.
12 HFC-152a (CF,HCH3) 4.15 3.50 n.d.
13 CFC-114 (CF,CICF,Cl) 17.30 17.10 16.3
14 CH;Br 8.90 8.40 n.d.
15 HCFC-142b (CH;CF,Cl) 27.26 16.28 15.2
16 HCFC-124 (CHFCICF3) 1.36 1.18 n.d.
17 CFC-11 (CFCly) 261.94 260.55 237.2
18 CH,Cl, 62.33 30.77 n.d.
19 HCFC-141b (CH;CFCly) 23.25 17.93 11.8
20 CFC-113 (CF,CICFCl,) 80.80 79.59 82.7
21 CHCl, 11.23 8.97 4.2

#Ratio to reference, no calibration scale.
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FIGURE 4 Reconstructed total ion chromatogram of a 300-mL actual air sample collected in Antarctica
enriched on the multi-layer trap kept at a temperature of —14°C. For chromatographic conditions, see text.
For peak identification, see Fig. 3.

be very useful in assessing emission-source strengths on a regional scale, when sup-
ported by the statistical analysis of air-mass back-trajectories.

The analytical methodology presented here can also be used to analyse grab samples,
by simply connecting the sample inlet with a stainless steel flask filled with ambient air
sampled elsewhere. Here are presented results obtained by analysing grab air samples
collected in a remote site, i.e. Antarctica, in the frame of a research activity aimed at
evaluating the background long-term trend of CFCs and their main substitutes
[21,22]. In this case, only the most abundant halocarbons have to be determined, and
therefore small flasks are used. For this purpose, 300-mL aliquots of air collected in
the Northern Victoria Land (Antarctica) during the 2000-2001 austral summer were
enriched on the adsorption trap. Notwithstanding the small enriched volume, it was
possible to determine halogenated hydrocarbons present at concentration levels down
to about 10 ppt. The reconstructed total ion chromatogram is shown in Fig. 4, and
the concentration data are listed in Table IV.

CONCLUSIONS

The methodology presented here was found to be a reliable regime for continuous
analysis of volatile halogenated hydrocarbons present in the atmosphere at concentra-
tion levels down to a few ppt. The concentration data can be used to determine the
influence of anthropogenic sources of these compounds on a regional scale. At the
same time, the method can be used effectively to analyse grab samples collected in
those areas where the use of a continuous monitoring station is not applicable.
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