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Abstract. The chlorofluorocarbons CFC-11 (CFCl3) and
CFC-12 (CF2Cl2) are stable atmospheric compounds that
are produced at the earth’s surface, but removed only
at high altitudes in the stratosphere by photolytic reac-
tions. Their removal liberates atomic chlorine that then
catalytically destroys stratospheric ozone. For such long-
lived compounds, isotope effects in the stratospheric re-
moval reactions have a large effect on their global iso-
tope budgets. We have demonstrated a photolytic isotope
fractionation for stable carbon isotopes of CFC-11 and
CFC-12 in laboratory experiments using broadband UV-
C (190–230 nm) light.13C/12C isotope fractionations (ε)
range from (−23.8±0.9) to (−17.7±0.4) ‰ for CFC-11 and
(−66.2±3.1) to (−51.0±2.9) ‰ for CFC-12 between 203
and 288 K, a temperature range relevant to conditions in
the troposphere and stratosphere. These results suggest that
CFCs should become strongly enriched in13C with decreas-
ing mixing ratio in the stratosphere, similar to what has been
recently observed for CFC chlorine isotopes. In conjunction
with the strong variations in CFC emissions before and after
the Montŕeal Protocol, the stratospheric enrichments should
also lead to a significant temporal increase in the13C con-
tent of the CFCs at the surface over the past decades, which
should be recorded in atmospheric air archives such as firn
air.

1 Introduction

The chlorofluorocarbons CFC-11 (CFCl3) and CFC-12
(CF2Cl2) are the most abundant anthropogenic halocarbons
in the atmosphere. Before their production was banned under

the Montŕeal Protocol and its amendments, the usage of these
compounds as refrigerants, cleansers, aerosol propellants and
foam-blowing agents worldwide resulted in significant atmo-
spheric loading; at their peaks in 1990 and 2003, respectively,
mean mixing ratios in the troposphere were approximately
260 ppt (ppt = pmole mole−1 = 10−12 mole mole−1) for CFC-
11 and 550 ppt for CFC-12 (Forster et al., 2007; AGAGE,
2010). Due to the buildup of these and other anthropogenic
halocarbons, total organic chlorine levels in the troposphere
increased from approximately 600 ppt in 1900 to nearly
3350 ppt in 2008. CFC-11 and CFC-12 account for approx-
imately 55 % of the total, outweighing contributions by nat-
ural compounds such as methyl chloride, HCl and naturally
emitted molecular chlorine (Butler et al., 1999; WMO 2010).

Chlorofluorocarbons such as CFC-11 and CFC-12 are pro-
duced by anthropogenic processes at the earth’s surface,
but have their only significant sinks in the stratosphere, at
altitudes where UV-C radiation (λ < 220 m) is sufficiently
abundant to dissociate the C-Cl bond: Reaction (R1). A mi-
nor sink (approximately 3–7 %) is due to Cl abstraction by
O(1D), which is produced from the photolysis of ozone in
the stratosphere: Reaction (R2) (Seinfeld and Pandis, 1998;
Laube et al., 2010a).

CFmCl4−m + hν
λ<220nm

−→ CFmCl3−m + Cl· (R1)

CFmCl4−m + O(1D) −→ CFmCl3−m + ClO (R2)

These reactions cause the initial release of chlorine to be-
gin the now well-known catalytic decomposition of ozone
first proposed by Molina and Rowland (1974).

In addition, CFC-11 and CFC-12 have a significant global
warming potential (4750 and 10 900 times that of CO2 per
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kg, respectively, over a 100 year time horizon), resulting to-
gether in an atmospheric radiative forcing of approximately
0.233 W m−2 in 2005 and thus contributing to anthropogenic
climate change (Massie and Goldman, 1992; Forster et al.,
2007).

Since the implementation of the Montréal Protocol in
1987, the mixing ratios of CFC-11 and CFC-12 in the tropo-
sphere have decreased from their peak values to 240 ppt and
530 ppt, respectively, as sources have decreased in strength
and the stratospheric sink has become dominant (Engel et
al., 1998; Forster et al., 2007; AGAGE 2010). However, due
to the long atmospheric lifetimes of these compounds (45
and 100 years for CFC-11 and CFC-12, respectively, WMO
2010), it is expected that atmospheric effects caused by the
presence of these CFCs will persist for decades to centuries
(Engel et al., 1998; Forster et al., 2007).

The stable isotope composition of species in the atmo-
sphere can be altered by chemical reactions due to differ-
ences in chemical bond strengths ascribed to isotopic substi-
tution, causing fractionation between the different isotopo-
logues of a given molecule (Brenninkmeijer et al., 2003).
Isotope values are conveniently expressed inδ notation, in
the case of13C:

δ13C =

13Rsample
13Rstandard

− 1 (1)

where13R is the13C/12C ratio in a sample or standard mate-
rial, respectively. The internationally accepted reference ma-
terial for13C is Vienna Pee Dee Belemnite (VPDB), and theδ

value is commonly multiplied by 1000 ‰ to express it in per
mille (‰) for readability. Assuming a Rayleigh-type frac-
tionation, the isotope fractionationε relates the change inδ
value and mixing ratio during a photolysis reaction as fol-
lows:

ln

(
δ13C+ 1

δ13C0 + 1

)
= ε ln(F ) (2)

whereδ13C0 and δ13C are the stable carbon isotope ratios
of the compound before and after photolysis, respectively,
and F is the fraction remaining after photolysis.ε is also
commonly expressed in ‰.

CFC-11 and CFC-12 have similar atmospheric cycles as
N2O, which is also long-lived (120 years lifetime) and has
mainly surface sources and stratospheric sinks. In the case
of N2O, laboratory experiments, field measurements and
modelling studies have shown strong heavy isotope enrich-
ments in the stratosphere, which have an important effect on
the isotopic composition in the troposphere (e.g. Rahn and
Wahlen, 1997; R̈ockmann et al., 2001; Kaiser et al., 2003
and 2006; Blake et al., 2003; von Hessberg et al., 2004;
Morgan et al., 2004). For CFC-12, recent measurements of
the stable chlorine isotope ratio (37Cl/35Cl) of stratospheric
CFC-12 have shown strong37Cl enrichments. Associated

with the well-established decrease in mixing ratio above the
tropopause, a progressive increase in the37Cl/35Cl ratio by
up to 27 ‰ relative to tropospheric air was observed over
14–34 km altitude, with an apparent isotope fractionation of
εapp= (−12.1±1.7) ‰ (Laube et al., 2010a).

In this study we report a carbon (13C/12C) isotope fraction-
ation (ε) in CFC-11 and CFC-12 during laboratory broad-
band UV-C (190–230 nm) photolysis at atmospherically rel-
evant temperatures.

2 Method

Photolysis experiments were carried out in March 2011 with
a mixture of CFC-11 and CFC-12 in nitrogen, utilizing a pho-
tolysis setup at the University of East Anglia in Norwich,
UK. The gas mixture used in the experiments was prepared
using a custom dilution system with sample loops of 2.5
and 0.1 mL (Laube et al., 2010b). This system is built into
a HP5890 GC oven and is maintained at 353 K to ensure
that compounds are in the gas phase when they are diluted. It
uses a Valco 6-port valve for switching sample loops, Nupro
valves for controlling input and extraction of compounds, a
scroll pump for evacuation, and oxygen-free nitrogen (BOC
Gases Inc.) for dilution.

Using this system, 5 µmol CFC-11 and 0.2 µmol of CFC-
12 were mixed in turn with nitrogen into a single 3 L canis-
ter at 300 kPa total pressure, which yielded mixing ratios of
13 ppm for CFC-11 and 530 ppb for CFC-12, both with an
error of±10 %. These high mixing ratios were chosen in or-
der to provide adequate material for analysis, while keeping
sample volumes small. The use of oxygen-free nitrogen in
the mixture excludes the O(1D) reaction described in Reac-
tion (R2) from taking place in the reaction chamber. The gas
amount of the prepared mixture was sufficient for all experi-
ments.

Figure 1 shows a diagram of the photolysis setup. The
quartz-glass reactor, which has a volume of 125 mL (total
system volume including lines is approximately 160 mL),
is temperature controlled through an ethanol regulator and
cooler. Pressures in the reactor system are measured through
an array of pirani, piezo and CMR pressure sensors; evacua-
tion of the entire system is facilitated through a scroll pump.
Photolysis of the CFC mixture is induced by a water-cooled
1 kW antimony (hereafter Sb) lamp (mfr. Heraeus, Hanau,
Germany) with a broadband emission spectrum covering the
range 190 to 230 nm, which is ideal for inducing photolysis
in CFCs. A spectrum of the Sb lamp emission and solar flux
at 20 and 30 km for the relevant wavelengths and the absorp-
tion spectra of CFC-11 and -12 are shown in Fig. 2. The nor-
malized product of the absorption spectra with Sb lamp and
30 km flux (folded spectra) is shown in Fig. 3. This lamp has
previously been used for photolysis experiments with N2O
(Röckmann et al., 2000 and 2001; Kaiser et al., 2002 and
2003).
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Table 1.Summary of photolysis rates and isotope fractionations from fits in Fig. 5.

CFC-11 CFC-12

Temp (K) 203 233 288 203 233 288
J (s−1) 2.8×10−4 3.4×10−4 4.5×10−4 4.4×10−5 6.6×10−5 9.3×10−5

ε (‰) −23.8±0.9 −23.0±1.1 −17.7±0.4 −66.2±3.1 −55.3±3.0 −51.0±2.9
ε fit r2 0.992 0.992 0.999 0.993 0.984 0.993

Fig. 1.Diagram of the photolysis setup at the School of Enviromen-
tal Sciences at the University of East Anglia. P1–P4 indicate pres-
sure sensors,S. Can the sample canister. During filling of the reac-
tor, the source canister containing the unphotolyzed CFC-mixture is
installed in place of the sample canister.

The gas mixture, at pressures near 100 kPa, was irradi-
ated with UV light with exposure times varying from 0 to
3 h while the reactor was kept at various temperatures (203,
233, and 288 K): at 203 and 233 K the exposure times were
0–3 h with 0.5 h intervals (7 samples each), and at 288 K the
exposure times were 0, 1.5, and 3 h. This gave a total of 17
samples.

After each experiment, the content of the reactor was
expanded into a 1.75 L evacuated stainless steel canister.
These were subsequently topped up to 200 kPa pressure with
oxygen-free nitrogen, to provide adequate volumes and mix-
ing ratios for the analysis system.

The sample canisters were measured in April 2011 in
the isotope laboratory of the Institute for Marine and At-
mospheric Research Utrecht (IMAU) of Utrecht University
(The Netherlands) for mixing ratio andδ13C using the sys-
tem described in Zuiderweg et al. (2011). This instrument
was originally designed for the measurement of stable car-
bon isotope ratios of non-methane hydrocarbons. It features
a novel method of removing unwanted compounds (e.g. CO2
and CH4) by use of a 3 m×6.35 mm packed Porapak Q
pre-column, where compounds to be excluded from analy-
sis are separated from the compounds of interest gas chro-
matographically. Separation of compounds is accomplished
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Fig. 3.Product of CFC-11 and -12 absorption spectra and solar and
SB lamp spectra, normalized.

by using a 52.5 m×0.25 mm Poraplot Q column, the effluent
of which is split to (1) a HP 5970 quadrupole MS and (2) a
Thermo Finnigan Delta Plus XL isotope ratio mass spectrom-
eter by way of a Pt-Cu-Ni combustor and open split. Peak
integration is accomplished through the ISODAT software
package.δ13C results from this instrument are reported rela-
tive to the international Vienna Pee Dee Belemnite standard
(VPDB) in per mil (‰). Details of calibration procedures are
elaborated in Zuiderweg et al. (2011).

This system was tested for measurement capability of C1
chlorofluorocarbons with a PraxAir Inc. calibration mixture
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Fig. 4. Example chromatogram from instrument of the Praxair cal-
ibration mixture (0.1 L), 1 h exposure sample at 233 K (1 L), and
zero-time exposure sample at 233 K (1 L) respectively, demonstrat-
ing separation performance.

containing 150±8 ppb of both CFC-11 and CFC-12, among
other compounds. Testing results with various volumes
showed that the isotopic results were volume independent
and stable for CFC measurement, withδ13C repeatability
(1σ , n = 30) of 0.9 and 0.7 ‰ for CFC-11 and CFC-12, re-
spectively, above peak areas of 0.5 Vs (2 ng C equivalent),
and mixing ratio measurement precision of±5 %. Sensitivity
of the instrument is approximately 0.25 Vs/(ng C) (Zuider-
weg et al., 2011). A sample chromatogram demonstrating
compound separation can be found in Fig. 4. Daily calibra-
tion of the instrument was accomplished by measuring the
above standard before the start and after the finish of that
day’s measurement series. Blank measurements showed no
remnant CFC or interfering peaks.

To ensure that peak areas for the samples exposed longest
were still above the specified threshold limit of 0.5 Vs, each
analysis consumed 1 L (100 kPa, 295 K) of analyte, which
allowed for 2 measurements of each of the sample canisters,
under normal circumstances.

The theoretical zero photolysis time mixing ratios used for
calculatingF (the unphotolysed fraction remaining) were es-
tablished by calculating the number of moles of each CFC in
the reactor prior to exposure given a particular reactor tem-
perature. Subsequently, the number of moles of each CFC
in the reactor post-exposure was back-calculated from the
VMR measurements of each can. All calculations took into
account pressure gauge offsets.

3 Results and discussion

The photolysis rate coefficientJ is given by:

J = −
ln(F )

t
(3)

and the isotope fractionationε is given by Eq. (2). Therefore,
we have plotted the natural logarithm of fraction remaining,

ln(F), against photolysis time (Fig. 5a and b) and ln(δ13C
+1) against ln(F ) (Fig. 5c and d) respectively for both com-
pounds at all three temperatures, in order to obtainJ andε

through the slope of linear fits to the data. A summary of
least-squares fit parameters for the photolysis rate coefficient
and isotope fractionation is given in Table 1. For CFC-11,
a neighbouring peak interferes in samples with ln(F) < −3.
This interference disturbs the peak integration, leads to incor-
rect δ13C values, and consequently affectsε obtained from
the plotted data. The samples affected and thus rejected have
exposure times above 2 h, at 233 and 288 K.

Figure 5a and b show the photolysis behavior of CFC-11
and CFC-12 with exposure time. As expected, the Sb-lamp is
very effective in photolyzing CFC-11 and -12, with 95 % and
33 % photolysis of the respective compounds achieved at ex-
posures of 3 h at the coldest reactor temperature of 203 K. At
higher temperatures, photolysis occurs faster and thus com-
pound destruction is more complete for a given exposure
time. This is in good agreement with absorption cross sec-
tions measured at the respective temperatures (Atkinson et
al., 2005 and 2008). Photolysis rates measured range from
2.8×10−4 to 4.5×10−4 s−1 for CFC-11 and 4.4×10−5 to
9.3×10−5 s−1 for CFC-12 at 203 and 288 K respectively.
However, there are slight deviations in the linear relationship.
These are not the result of the error of the measuring instru-
ment as repeat measurements are very close. Rather, these
are ascribed to possible moisture condensation on the reac-
tor (despite ventilation) reducing light intensity, variations in
reactor-lamp alignment, or lamp intensity variation. Align-
ment variations can occur in the photolysis setup as the reac-
tor must be occasionally dismounted to remove accumulated
bubbles in the reactor cooling fluid. Additionally, although
no discernable lamp intensity instability was reported in pre-
vious research with this same lamp (Röckmann et al., 2000
and 2001; Kaiser et al., 2002 and 2003), it is possible that
such instability has developed over time.

However, the aforementioned nonlinearity in the data in
Fig. 5a and b does not impact the validity of these re-
sults for the calculation ofε as the data plotted in Rayleigh
fractionation plots (Fig. 5c and d) are very well correlated,
with least-squarer2 values above 0.98. This result suggests
that any lamp intensity variations that alter the amount of
photolysis that takes place in the reactor during at a given
elapsed photolysis time does not affect the fractionation in-
herent in the photolysis reaction. At all temperatures, iso-
tope fractionations are far larger for CFC-12 than for CFC-
11. The strongest fractionations are observed at 203 K,
(−66.2±3.1) ‰ for CFC-12 and (−23.8±0.9) ‰ for CFC-
11. The magnitudes of the isotope fractionations become
larger (i.e.ε becomes more negative) towards lower tempera-
tures, similar to the situation with N2O (Kaiser et al. 2002). It
is interesting to note that the CFC-12 fractionations are simi-
lar in magnitude to the fractionation in the reaction CH4 + Cl
(Saueressig et al., 1995) or the reaction CH3Cl + OH (Gola
et al., 2005).
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In the stratosphere, CFC-11 photodissociates faster than
CFC-12 and its atmospheric lifetime is shorter by approxi-
mately a factor of 2 (Forster et al., 2007). In our experiments,
the photolysis rate of CFC-11 is also faster, but by a factor
of 5. The difference can be explained by the fact that the
lamp spectrum and the solar actinic flux at altitudes where
CFC photolysis occur (19-34 km, Laube et al., 2010a) do not
match (see Figs. 2 and 3). Integrating the product of the in-
tensity (both Sb-lamp and 30 km solar) and absorption spec-
tra, we calculate that the difference between the CFC-11 and
-12 photolysis rates is approximately 1.7 times greater in the
reactor than in the atmosphere, explaining a large part of the
observed discrepancy.

This mismatch in UV-C wavelengths may also impact cal-
culated fractionations as these have been shown to be wave-
length dependent in laboratory N2O photolysis experiments.
On the other hand, laboratory fractionations obtained with
this same lamp are considered to be in good agreement
with stratospherically observed fractionations, excepting the
impact of dynamic processes, which reduce the magnitude
of the fractionation by about half (R̈ockmann et al., 2001;
Kaiser et al., 2006; Laube et al., 2010a). Ascertaining the
scale of wavelength dependence is beyond the scope of this
study and is a viable point of examination for future experi-
ments.

In addition, interaction of CFC-11 and -12 with photolysis
products and photolysis product recombination cannot be ex-

cluded in our experiments and could potentially be an issue.
However, Rebbert and Ausloos (1975) note that any rem-
nant complex molecules (e.g. CF2 or CF2Cl) are unreactive
to their parent molecules. Additionally, chlorine abstraction
from an intact halocarbon molecule due to interaction with
radical chlorine is a very slow process due to the bond ener-
gies involved (Alapi et al., 2007). Recombination of chlorine
with CFC radicals from photolysis to reform CFCs, on the
other hand, is a real possibility. The rate of recombination is
dependent on the mixing ratios of the CFC radicals and chlo-
rine. Initial products of photolysis are radicals, which rapidly
react with impurities either on the wall of the reactor or in the
gas phase. The box model used to evaluate this took into ac-
count the photolysis rates of Cl2 and CFC compounds and
the recombination of the radicals with Cl2:

CF2Cl2 + hν −→ CF2Cl + Cl (R3)

Cl2+hν −→ Cl + Cl (R4)

Cl + Cl + M −→ Cl2+M (R5)

CF2Cl+Cl2 −→ CF2Cl2 + Cl (R6)

CF2Cl + X −→ products (R7)

Cl + X −→ products (R8)

Reactions (R5–R8) have been assumed to occur at fast rates
of 3×10−11 cm3 s−1, and photolysis rates (Reactions R3, R4)

www.atmos-chem-phys.net/12/4379/2012/ Atmos. Chem. Phys., 12, 4379–4385, 2012
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have been calculated by folding the absorption cross section
of Cl2 and CF2Cl2 with the lamp spectrum, respectively. Re-
sults indicate that recombination is below 5 % if impurities
(X) have an equivalent above 0.4 ppb in the gas phase. Given
the rather high concentrations of CFCs and the large sur-
face/volume ratio of the reactor, we think that it is a con-
servative assumption that impurities exceeded this thresh-
old. Therefore we think that recombination likely does not
represent an issue to our results. However, we have to ac-
knowledge that we cannot rule out possible recombination
for 100 %. Further, any isotope effect in recombination is
impossible to assess at this point as there is no data on the
fractionations inherent in these reactions to our knowledge.
Future experiments should be performed with well-defined
levels of gases that can scavenge the produced radicals to
definitively preclude any recombination.

Assuming the observed fractionations hold true in nature,
these imply that there should be a strong vertical gradient
in δ13C in the stratosphere for both CFC-11 and CFC-12,
similar to the ones found forδ15N-, δ18O-N2O (Röckmann et
al., 2001),δ37Cl (Laube et al., 2010a) orδ13CH4 (Röckmann
et al., 2011). The fractionations found here are very large
and in particular stratospheric (photolytically aged) CFC-12
would then be expected to be exceptionally enriched in13C.

For example, sample calculations using the measured frac-
tionations at 203 and 233 K and a stratospheric profile of
CFC-12 mixing ratio from Laube et al. (2010a) would indi-
cateδ13C potential enrichments in excess of 60 ‰ compared
to tropospheric values at 34 km altitude if the fractionations
are applicable to the stratosphere. However, these are likely
to be less due to the effect of atmospheric mixing, which
causes apparent (observed) fractionation in the atmosphere
εapp to be approximately half of the intrinsic (laboratory
measured) fractionation. Unphotolyzed CFC is continuously
brought into the stratosphere and mixed with CFC that has
been photolyzed previously, changing the isotope ratio of the
whole and suppressing the inherent fractionation (Röckmann
et al., 2001; Kaiser et al., 2006; Laube et al., 2010a).

Similar to the situation for other long-lived trace gases, the
fractionations in the removal reactions affect the tropospheric
isotope budgets. This is because stratospherically processed
air is transported down to the troposphere again after partial
removal and corresponding isotope enrichment of the CFCs.
In addition, a particular atmospheric signal is expected af-
ter the introduction of the Montreal protocol. As the emis-
sions from sources have decreased significantly since 1990
(Forster et al., 2007), the isotope effect in the stratospheric
removal reactions should be continuously enriching the en-
tire tropospheric reservoir. This should continue for the com-
ing decades as atmospheric CFC levels are decreasing and
should also be observable in atmospheric air archives or po-
lar firn air and eventually in ice cores, similar as to what has
been ascertained in firn air for N2O nitrogen and oxygen sta-
ble isotopes (R̈ockmann et al., 2003).

4 Conclusion

A set of stable carbon isotopic fractionations in the UV-C
(190-230 nm) photolysis reactions for CFC-11 and CFC-12
has been demonstrated. Strong isotope enrichments are asso-
ciated with UV photolysis at environmentally relevant tem-
peratures. The fractionations increase from (−17.7±0.4) ‰
and (−51.0±2.9) ‰ at 288 K to (−23.8±0.9) ‰ and
(−66.2±3.1) ‰ at 203 K for the respective compounds.
These fractionations imply that strong heavy isotope en-
richments should be found in the stratosphere. Expected
effects are isotope gradients with CFC removal (e.g. vertical
and polewards) in the stratosphere (as have already been
ascertained for chlorine isotopes through balloon samples),
and a change of the stable carbon isotopic ratio of these
compounds in the atmosphere over time.
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Röckmann, T., Kaiser, J., Brenninkmeijer, C. A. M., Crowley, J.
N., Borchers, R., Brand, W. A., and Crutzen, P. J.: Isotopic en-
richment of nitrous oxide (15N14NO, 14N15NO, 14N14N18O) in
the stratosphere and in the laboratory, J. Geophys. Res., 106,
10403–10410, 2001.
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