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RELEASE AND ATTENUATION OF 
FLUOROCARBONS IN LANDFILLS 

P. KJELDSEN, C. SCHEUTZ, A.M. FREDENSLUND AND H. POULSEN  
Environment & Resources DTU, Building 115, Technical University of Denmark, 
DK-2800 Kgs. Lyngby, Denmark 

SUMMARY: Several halocarbons having very high global warming and ozone depleting 
potentials have been used as blowing agent for insulation foam in refrigerators and freezers. 
Many appliances are shredded after the end of their useful life. Release experiments carried out 
in the laboratory on insulation foam blown with CFC-11 and HCFC-141b revealed that most of 
the blowing agent is not released to the atmosphere during a six-week period following the 
shredding process. The fraction which is released in the six-week period is highly dependent on 
how fine the foam is shredded. The residual blowing agent remaining after the six-week period 
may be very slowly released if the integrity of the foam particles with respect to diffusional 
properties is kept after disposal of the foam waste in landfills. Laboratory experiments 
simulating attenuation processes in the landfilled waste and the landfill soil cover showed a 
substantial degradation of CFC-11 and to a lesser extent of HCFC-141b which may lead to 
significant emission reduction of the blowing agents. 

1. INTRODUCTION 

In many countries the blowing agent (BA) for the polyurethane insulating foam used in 
appliances (e.g., refrigerators and freezers) and many building materials is generally a 
fluorocarbon such as HCFC-141b (1,1-dichlorodichloro-1-fluoroethane). Prior to 1996 the most 
common blowing agent was CFC-11 (trichlorofluoromethane). These two compounds are ozone 
depleting substances and besides strong greenhouse gases that contribute to global warming if 
released to the atmosphere. As an example, about 8 million refrigerators/freezers are being 
decommissioned in USA each year. Each unit contains about one kilogram of blowing agent. 
Many appliances are shredded after the end of their useful life. When this occurs, the insulating 
foam is reduced to small pieces that may be incinerated or disposed of in a landfill.  In many 
countries most of the foam waste is disposed of directly in landfills and very little is incinerated. 
Relatively little information is available regarding the amount of blowing agent that escapes, the 
time frame of the release, and how much remains in the foam after an appliance is shredded. 
Good data in this area is of interest because many climate change models assume 100% release 
at disposal.  
 The BA release is mainly controlled by slow outward diffusion from polyurethane (PUR), 
which is used as insulation material in refrigerators/freezers. The diffusion in non-shredded foam 
panels is very slow (Kjeldsen & Jensen 2001). Several authors have recognized the significance 
of insulation foams in global fluorocarbon balances. Khalil and Rasmussen (1993) state that after



 

 

Figure 1. Conceptual model of the attenuation processes in landfills including processes within 
the waste body and processes in the soil cover. 

production of CFC-11 was terminated (i.e. after 1996), future atmospheric concentrations will 
mainly depend on the continued release from polyurethane foams. 

Landfills are potential significant sinks for CFCs disposed of in foam waste. Figure 1 shows 
the potential attenuating microbial processes, consisting of anaerobic processes within the waste 
body, and coupled anaerobic/methanotrophic processes in soils surrounding the waste. The soil 
covers often consist of a lower anaerobic zone where pore gas consists mainly of LFG, and an 
upper methanotrophic zone characterized by a pore gas mixture of LFG and atmospheric air 
diffusing into the top cover from the atmosphere. Studies have shown that in very reduced 
environments like anaerobic sediments or landfills, CFCs and HCFCs are being dechlorinated 
with the production of degradation products (Ejlertson et al., 1996, Lovley and Woodward,1992, 
Deipser and Stegmann, 1997) as shown on Figure 1. One investigation showed that the 
hydrochlorofluorocarbon CFC-31 (CClF) was the end-product in experiments with CFC-11 
carried out under landfill conditions (Deipser et al., 1996). A significant emission of the CFC 
degradation products is therefore expected at landfills, if the compounds are not further degraded 
in the landfill top covers. 

The objective of this study is to determine the fraction of BA that escapes from the insulation 
foam when a refrigerator is shredded, and the amount released as a function of time and size of 
shredded particles. The study especially focuses on the release and attenuation mechanisms in 
landfills after the foam waste has been disposed of. The objectives are met by performing release 
experiments on cut foam cubes and foam particles obtained from realistic (i.e., comparable with 
industrial standards) shredding, and laboratory experiments evaluating the microbial attenuation 
processes potentially present in the waste body and the landfill soil cover. Foam diffusion 



 

models are used for evaluating and extrapolating the results. The studies were carried out for 
both CFC-11 and HCFC-141b. more details of the studies are given elsewhere (Scheutz and 
Kjeldsen 2002a, Scheutz et al., 2003a). 

2. MATERIAL AND METHODS 

2.1 Materials 
Foam samples blown with HCFC-141b were obtained from The Appliance Research Committee 
under the Association of Home Appliances Manufacturers. PUR foam samples containing CFC-
11 were obtained from a used refrigerator. Experiments with the two blowing agents were in 
general carried out in parallel. The total content of blowing agent in the foam samples was 
determined using a heating method (Scheutz and Kjeldsen, 2002). 
 Three different waste types A, B, and C were used to study he potential of anaerobic bacteria 
to degrade blowing agents under landfilling conditions: a) fresh organic waste collected from 
Danish households, b) older pre-disposed waste from an American landfill, and c) waste from a 
laboratory experimental digester simulating landfill conditions. 
 Soil samples for column experiments were collected at Skellingsted Landfill south of Holbæk, 
Western Sealand, Denmark at a location shown before to have significant attenuation potential 
towards emission of methane and other VOCs (Scheutz et al., 2003b). The soil was sampled in 5 
to 10-cm intervals from the surface to 100-cm depth below the surface. Soil samples were kept 
cold and in darkness in closed containers prior to the laboratory experiments. The soil was sieved 
through an 8-mm mesh to increase homogeneity. 

2.2 Release experiments 

To quantify the instantaneous release during shredding due to breakage of closed cells, an 
experimental set-up was used where foam was shredded in a closed environment. The release 
experiments were conducted in a glove box. The shredding of the foam was carried out by a 
combination of cutting using a knife and breaking by hand the foam, simulating real shredding. 
To obtain smaller size fractions a grater and a food blender were used. After 5 minutes the foam 
particles were enclosed in a container, and the thoroughly mixed air space in the glove box was 
sampled and analyzed by gas chromatographic analysis. On the basis of the result the fraction of 
instantaneously released blowing agent was calculated. After the experiment the size distribution 
of the shredded foam was determined by sieving.  
 To quantify the short-term release, two types of experiments (batch release experiments and 
flux chamber experiments) were carried out over a six-week period. For the batch release 
experiments, foam cylinders were cut using a cork bore and placed in a closed glass container. 
Headspace samples were withdrawn and analyzed on a gas chromatograph over time. The 
experiments ran for six weeks at room temperature. The batch release experiment was carried out 
using foam cylinders with different sizes (ranging from 0.8cm3 to 12.8cm3) blown with HCFC-
141b. Control experiments (without foam but containing BA) were run in parallel. 
 The flux chamber experiments were made in closed stainless steel chambers with a low, but 
constant through-flow of nitrogen gas. Foam particles were placed in the chamber, and gas flux 
and gas concentration of blowing agent were analyzed in the outlet from the chambers over time. 
From this data, release rates were calculated. Experiments were carried out with foam cylinders 
cut out from the foam panels and on artificial shredded particles made in the instantaneous 
release experiment. To validate the flux chamber method a control experiment was carried out. 
The advantages of the flux chambers to the batch release technique are that the atmosphere in the 



 

chamber can be controlled and that a mass build-up is avoided. However, the flux chambers are 
technically more complex and time consuming.  
 
 

2.3 Anaerobic batch experiments with organic waste 

The anaerobic degradation process was examined in glass incubation bottles (320 mL in total 
volume) equipped with Teflon coated rubber septum held in place by a screw cap. The septum 
enables gas to be sampled or injected by a hypodermic needle and a syringe. A fixed amount of 
waste was added to each batch container. The waste was homogenized in a blender before being 
added to the experiments. To obtain anaerobic conditions, the bottles were flushed with a 
nitrogen/carbon dioxide mixture (80%N2:20%CO2). The bottles were inoculated with sludge 
(40mL) from a mesophilic biogas reactor to insure anaerobic microbial activity. To some bottles 
glucose (1g) was added instead of organic waste to study the effect of an easily degradable 
carbon source. To other bottles cut pieces of foam were added instead of a fixed amount of 
blowing agent. The purpose of the experiments was to study whether the presence of anaerobic 
bacteria may have a mitigating effect on the release of blowing agents from foam sources in 
landfilled waste.  

2.4 Column experiments 

Column experiments simulating a landfill top cover soil matrix through which gas was 
transported were carried out to examine the degradation process in a dynamic system. The 
oxidation process was examined in a methane and oxygen counter-gradient system. The columns 
were packed with the landfill cover soil, and continuously fed in opposite ends with methane gas 
containing trace components and air. The soil was packed in the column in the same sequence as 
sampled in the field. The artificial landfill gas, which consisted of 50:50 % vol. CH4/CO2 was 
kept in Tedlar bags and fed to the inlet of the column. CFC-11 and HCFC-141b were added 
individually to the CH4/CO2-mixture in the Tedlar bag. To control mass balance for the system 
gas samples were taken for the Tedlar bags and the outlet from the columns. The experiments 
were carried out at room temperature. The inlet flow at the bottom of the column was 3 mL/min 
corresponding to a gas flux of 0.86 m3 LFG⋅m-2⋅d-1 and a methane flux of 280 g⋅m-2⋅d-1, which is 
in the midrange of reported landfill methane fluxes.  The airflow passing across the top of the 
soil was 50 ml/min. More details of the experimental system are given in Scheutz and 
Kjeldsen(2002a).  

3. RESULTS AND DISCUSSION 

3.1 Release of blowing agent from foam waste  

The instantaneous release experiments showed that the total instantaneous release is highly 
dependent on the particle size, which is expected due to the higher fraction of cut cells for the 
small particles. For particles in the 16-32 mm range only about 10%(w/w) was instantaneously 
released. The release increased with decreasing particle size up to about 40%(w/w) for particles 
in the 2-4 mm range. For particles above the 32 mm range the instantaneous release is expected 
to decrease further below 10%(w/w).  
 Figure 2 shows the result of the batch release experiments using cylinders of different sizes. 
The figure gives the total short-term loss in percentage of the original content of BA in the foam 



 

samples. Each graph describes one experiment and the volume of the foam sample is shown at 
the top of each graph. The graphs show that the largest loss is obtained from the smallest foam 
particle: in the experiment with a 0.8 cm3 particle the loss is 19% of the total content of BA, 
while it is only 3% for a 12.8 cm3 particle. The loss appears to increase significantly when the 

 

 

Figure 2. The time dependency of the total loss of HCFC-141b in percentage of initial content 
from foam particles with different sizes. 

particle is smaller than 2.2 cm3. These results indicate that not only the instantaneous release but 
also the short-term release is highly dependent on particle size.  
 Figure 3 shows the accumulated total loss of CFC-11 in percentage of the total initial 
concentration determined in the flux chamber experiment. The figure for HCFC-141b (not 
included) shows the same trend: most of the BA loss happens during the first 150 to 200 hours, 
and decreases afterwards and from 400 hours the release is much slower. The foam blown with 
CFC-11 is shown to lose approx. 20%. Figure 4 show comparisons of the simulated and the 
measured data for the CFC-11 release from one 1cm by 1cm foam cylinder. A double 
compartment diffusion model was applied for simulation. The model assumes a short term 
release from broken and imperfect cells with one diffusion coefficient and a long-term release 
from intact closed cells using another diffusion coefficient (confer Kjeldsen and Jensen, 2001, 
and Kjeldsen and Scheutz, 2002 for more details). There is generally a good agreement between 
the simulated and the measured data. However, the initial measured fluxes are lower that the 
simulated fluxes. This might be due to loss of a portion of the blowing agent before the 
experiment was started. Based on all the performed experiments the average instantaneous and 
short term releases is given as a percentage of shredded particle size in Table 1. For particles 
over 32 mm only a little fraction is released due to the shredding process and most of the BA will 
be contained after disposal of the foam waste on landfill. 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Accumulated total CFC-11 loss from foam as percentage of the initial total content.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Measured and model simulated fluxes in flux chamber with foam blown with CFC-11. 
 
Table 1. The fractional distribution of the instantaneous and short-term releases as a function of 

foam particle size. 
 Particle size category 

 <4mm 4-8mm 8-16mm 16-32mm >32mm 
Instantaneous release (%w/w) 40 34 18 10 5 
Short-term release (%w/w) 60 40 10 4 2 

 

Figure 5. The fraction of initial mass released as a function of time and particle size (in mm) for 
CFC-11 for the long-term release process. 



 

Figure 5 shows an extrapolation of the long-term release of CFC-11 using the determined 
diffusion coefficient from the flux chamber release simulation. The graphs show for different 
particle sizes how much of the initially present CFC-11 at the time of disposal has been released 
as a function of time. The graph shows that for large particle sizes the release is very slow. 

3.2 Anaerobic degradation of CFC-11 and HCFC-141b in landfilled waste  

Figure 6 shows results from the anaerobic batch experiments with organic waste for the fresh 
waste type. In all experiments regardless of waste type, methane was produced. CFC-11 was 
rapidly degraded in all experiments regardless of the type of waste. CFC-11 was degraded close 
to 100% under present conditions within 10-14 days. HCFC-141b was also degraded and as 
CFC-11 following first order degradation kinetics. The degradation of HCFC-141b occurred at a 
slower rate compared to CFC-11 giving approximate half-lifes of 50 days and 2 days, 
respectively. In the batches with foam,  active waste and inoculum, the microbial bacteria 
degrading CFC-11 significantly mitigated the release of CFC-11, since much lower 
concentrations were observed in this bottle in comparison to the bottle only containing foam 
cylinders (see Figure 7). In the experiment with HCFC-141b, no tendency toward a microbial 
removal was observed, which was due to the almost 30 times slower degradation rate of HCFC-
141b compared to CFC-11 implying that for this particular experimental setup, the microbial 
removal of HCFC-141b is insignificant compared to the release rate.  
 The anaerobic degradation of CFC-11 and the formation of the lower chlorinated 
fluoromethanes were studied in inoculated batch experiments added organic household waste. 
CFC-11 was degraded to HCFC-21, HCFC-31, and HFC-41 (Figure 8). However, the 
degradation pattern did not indicate sequential dechlorination but rather a simultaneous 
production of HCFC-21, HCFC-31, and HFC-41. Furthermore, the production of degradation  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Relative gas concentration of blowing agents in batch experiments added organic 

household waste. 
 
 
 
 
 
 
 
 



 

 
 
 

 

 

 

 

Figure 7. Anaerobic batch experiments with waste and foam blown with CFC-11 and HCFC- 
141b.  

 

 

 

 

 

 

Figure 8. Anaerobic degradation of CFC-11 and formation of degradation products in a batch 
experiment containing organic household waste.  

 

 
 
 
 
 
 
 
 
 
 

Figure 9. Anaerobic degradation of CFC-11, HCFC-21, HCFC-31, and HFC-41 in batch 
experiments containing organic household waste. 



 

products did not correlate with a stoichiometric removal of CFC-11 indicating that other 
degradation products were produced. HCFC-21 and HCFC-31 were further degraded whereas no 
further degradation of HFC-41 was observed. No transformation of CFC-11 occurred in the 
sterilized control experiments. To verify observed degradation patterns batch experiments with 
high initial concentration of HCFC-21, HCFC-31 and HFC-41 (in separate batches) were 
conducted – see Figure 9. The experiments showed that the degradation rate was inversely 
correlated with the number of chloride atoms attached to the carbon as the highest degradation 
rates was obtained for CFC-11, the lowest for HCFC-31, whereas no degradation of HFC-41 was 
observed (no difference between sterilized controls and active batch experiments). The 
degradation of CFC-11 occurred approximately 10 times as fast as the degradation of HCFC-21, 
which occurred three times as fast as the degradation of HFC-31. In experiments with HCFC-21 
and HCFC-31 production of their respective lower chlorinated compounds were observed, 
however, never in amounts corresponding to a stoichiometric release. 

3.3 Degradation of CFC-11 and HCFC-141b in landfill soil covers 

The potential of degradation of the two blowing agents was studied in the dynamic column set-
up simulating a landfill top cover soil matrix through which gas is transported. The soil columns 
showed a high capacity of methane oxidation giving maximal methane oxidation rates up to 
240 g m-2 d-1 corresponding to a reduction of 93% (see Figure 10). CFC-11 and HCFC-141b 
were degraded in the active soil columns with increasing removal rates over time. The average 
degradation capacities for CFC-11 and HCFC-141b after a four month-period were 0.07 and 0.05 
g m-2 d-1 corresponding to a removal efficiency of 75% and 42% respectively. 
 

4. CONCLUSIONS AND PERSPECTIVES 

The results clearly show that CFCs and HCFCs disposed of with insulation foams in landfills 
may be significantly attenuated leading to much lower emissions than expected based on a 
simple assumption of a very quick release due to the volatile nature of the compounds. The 
attenuation is a result of a combination of a) a slow release from the foam structure with b) a 
substantial anaerobic degradation within the waste layers. If the foam waste is shredded to small 
particles most of the blowing agent will be release prior to disposal of the waste, and the small 
fraction left in the waste will be released over a short time period. Since anaerobic conditions are 
a prerequisite for the degradation of the blowing agent, the quickly released blowing agent may 
not be attenuated. It is well known that it may take at least a few weeks before newly disposed 
organic waste is turning anaerobic. The slow release requires that the integrity of the foam 
particles with respect to diffusional properties to some extent is kept after disposal of the foam 
waste in the landfill. 
 CFC-11 was shown to be degraded without accumulations of high proportions of daughter 
products such as HCFC-21 and HCFC-31, which are toxic. However, more research is needed to 
understand when daughter products accumulate in high proportions as observed in other studies. 
Also the possible formation of daughter products from the degradation of HCFC-141b needs to 
be looked at. 

Preliminary results of landfill fate model simulations using an extended version of the 
MOCLA model (Kjeldsen and Christensen 2001), which takes into consideration the time-
dependent release of blowing agent from foam waste and assuming a first order degradation of 
the blowing agent showed for CFC-11 that even with much lower degradation rates than 
observed in the laboratory experiments a very significant emission reduction is expected. The 
model does not incorporate any attenuation in landfill soil covers. With the observed degradation 



 

rates for HCFC-141b also this blowing agent may be attenuated leading to reduced emission 
rates.  
 

Figure 10. Removal efficiency in soil columns over time. 
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