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Abstract 

The last few decades have seen dramatic growth in the scale of production and 
the use of polybrominated diphenylethers (PBDEs) as flame retardants. 
Consequently, PBDEs such as BDE-47, BDE-99, BDE-153 and BDE-209 have 
been detected in various environmental matrices. These compounds have also 
been linked with the disruption of the endocrine systems of man and wildlife. 
The present research work is aimed at determining the concentration of (PBDEs) 
in landfill leachates in Tshwane Municipality. A simulated landfill leachate was 
used to optimise various chromatograph parameters such as oven temperature 
programme, injector and detector temperature, carrier gas flow rate, and the limit 
of detection. A Varian GC coupled with ECD detector was used for the analysis. 
An effective method of recovery was developed using petroleum ether instead of 
hexane/acetone as reported by the literature. Recoveries of BDE-47 -99 and 209, 
each at a fortification level of 5ng and 6ng respectively, were in the range of 
97.5% to 123% and relative standard deviation of 6 to 12 (n=3). The method 
developed was applied to leachate samples collected from two landfill sites 
producing leachates (Temba and Soshanguve) in the Municipality. Results 
obtained are 0.90 and 0.13mg/l for BDE-47 and 0.48 and 0.21 mg/l for BDE-99 
respectively. BDE-209 was not detected. Compared to other studies these 
concentrations are significantly higher than those reported for Japanese landfill 
sites. Therefore, there is cause for concern if these leachates were to infiltrate 
into groundwater. 
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1 Introduction 

The presence of persistent man-made chemicals in our environment has been a 
common problem since a large number of these chemicals have been identified 
in environmental samples. Apart from heavy metals, the group of chlorinated 
hydrocarbon pollutants that are regarded as major environmental problems 
include: polychlorinated biphenyls (PCBs), polychlorinated dibenzodioxins 
(PCDDs) and polychlorinated dibenzofurans (PCDFs).  These chemicals are 
known to be harmful to man and the environment [1–7]. Their toxicity and 
presence in certain food items, mostly of animal origin, have resulted in the 
introduction of dietary restrictions and recommendations by food administrations 
in different countries [2, 3].  
     There are relatively new generation chemicals used in the industries as flame 
retardants called brominated flame retardants (BFR). Brominated flame 
retardants are chemical compounds that are added to polymers used in plastics, 
textiles, electronic circuitry and other materials to prevent fires [3]. 
Polybrominated diphenyl ethers (PBDEs) are important group of brominated 
flame retardants. PBDEs have been produced since 1970s and were first reported 
as environmental contaminants in River Viskan, in the early 1980s [8]. Since 
then, they have been found in most environmental matrices, including aquatic 
and terrestrial ecosystem [9–12,]. Recently, relatively high levels of PBDEs have 
been found in whales and dolphins stranded alive around the Dutch coast [13]. 
Studies have shown increased levels of PBDEs in environmental samples and 
human tissues, although the levels are still lower than those for PCBs and DDT 
[14, 15].  There is little data available on the toxicology of the PBDEs flame 
retardants, the main findings published so far are changes in liver weight 
accompanied by historical alterations in animals given relatively large dose [15]. 
In humans, PBDEs like many halogenated organics, imbalance the level of the 
hormone thyroxin on exposure, consequently they have been classified as 
endocrine disrupting chemicals [12, 16, 17].   
     Wastes from plastic, textile and other products with BFRs are either 
incinerated before being disposed into landfill sites or are disposed directly as 
they are with other municipal wastes. Since some BFRs such as PBDEs are 
additives that are not chemically bound to the plastic, it may be released more 
readily into the landfill environment. Bergman, [2] Meironyte-Guvenius and 
Noren [18] stressed that leaching is expected to be greater from additive flame-
retardants as compared to reactive flame-retardants. Studies on the leaching of 
PBDEs from landfill sites are scanty. 
     However, de Witt [19] and Oberg et al. [20] reported the distribution and 
levels of BFRs in sewage sludge of several treatment facilities in Sweden. In 
Minnesota, Oliaei et al. [21] surveyed the occurrence and concentrations of 
PBDEs (BDE-47, -99, -100, -153, -154, -207 and -208 in the leachate from five 
landfill sites with concentrations ranging from not detectable to thousands of 
pico-gram per litre. Masahiro et al. [16] reported the concentrations of BDE-47, 
-99 and -100 from seven different leachate samples to range from not detectable 
to 4000pg/l for raw and treated leachate respectively. So far, there is still paucity 
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of data on the presence of PBDEs in landfill leachates in developing countries 
including South Africa, where the environmental impact of PBDEs is yet to be 
determined. 
     The introduction of gas-liquid chromatography (GC) in 1952 [22] stimulated 
a rapid development of this technique. Over the years gas chromatography has 
firmly been established as a powerful and versatile method of analysis. 
Although, nowadays, gas chromatography-mass spectrometry (GC-MS) and gas 
chromatography-gas chromatography-mass spectrometry (GC-GC-MS) are the 
detection techniques generally used for the analysis of most halogenated 
compounds because they enable qualitative and qualitative analysis 
simultaneously, gas chromatography-electron capture detector (GC-ECD), is still 
used extensively for the same purpose because of its high specificity, sensitivity 
and resolution at very low concentration range [23–27]. Furthermore, the 
operation and maintenance of GC-ECD is a lot easier and cheaper than GC-MS 
and GC-GC-MS. Consequently, GC-ECD is very suitable for performing routine 
analysis, especially when the appropriate capillary column is used. 
     The present study was carried out using gas chromatography coupled with 
electron capture detector (GC/ECD), which is equally sensitive and efficient for 
environmental monitoring of organochlorine pesticides [4, 28]. Although most 
researchers have used hexane and acetone as extracting solvents this work 
presents the evaluation of efficiency of solvent extraction methods for common 
PBDEs (BDE-47, BDE-99 and BDE-209). The aim of this work was to validate 
an analytical method for the determination of PBDEs in landfill leachates from 
municipal landfills in Tshwane, South Africa. 

2 Materials/method of analysis 

2.1 Reagents 

All the solvents used: hexane, dichloromethane (DCM), petroleum ether (PE), 
and acetone were of analytical grade. BDE-47, BDE-99 and BDE-209 standards 
were purchased from Industrial Analytical Pty. Ltd. South Africa and the rest of 
the PBDEs standards were donated by Dr. Jacob de Boer of Animal Sciences 
Group, Institute for Fisheries Research, Netherlands.  

2.2 Prepared simulated leachates 

2-liters of low and high concentration of leachates were prepared using de-
ionised water according to USEPA standards [29]. 

2.3 Determination of retention time, limit of detection, response factors and 
standard mixture 

From the stock solution, standards were prepared by serial dilution for individual 
standard as well as the mixture. 1.0µl of each standard at different concentrations 
was injected into the GC for necessary optimum output. The response factor 
(RF) of the PBDEs standards relative to the internal standard (I.S.), 
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pentachloronitrobenzen (PCNB) were carried out by injecting 1.0µl of the 
appropriate mixture into the GC-ECD system. The response factor was 
calculated based on the equation below:   
 

Response factor = Peak area of the PBDEs standard/Peak area of the internal standard 
 

For the determination of standard mixture, 1.0µl of standard mixture containing 
250ng/ml of BDE-47, 66.7ng/ml of BDE-99 and 33.3ng/ml of internal standard 
was injected into the GC. These concentrations were selected based on the 
individual standard response to the GC conditions used.  

2.4 Liquid –liquid extraction (spiking) 

The validation of the LLE method was carried out by spiking simulated leachate 
with mixture of BDE-47 and BDE-99 at the fortification value of 100 and 
120ng/ml respectively, and then extracting with 3 x 15ml of each of the 
extracting solvents (hexane, DCM, PE, and acetone). Petroleum ether/ acetone / 
hexane / (1:1:2) combination was also used. The extracts were dried with 
anhydrous sodium sulphate and concentrated to about 2ml using liquid nitrogen. 
Blank extraction of unspiked simulated leachate was carried out using the same 
solvents. The recoveries of the PBDEs congeners were first investigated in the 
low and high concentration of simulated leachates to check the effect of matrix 
on the extraction efficiencies. These recoveries were thereafter calculated.  
     Recoveries of the PBDEs standards were also investigated in raw leachate 
samples collected from Temba and Soshanguve landfill sites using the same 
PBDEs standards at the same fortification levels as for simulated leachates, to 
check the extraction efficiencies of the solvents on environmental samples.  

2.5 Silica gel column chromatography 

The extracts obtained were subjected to column chromatography by packing 
about 6.0g slurry of silica gel to a column (30cm x 8mm I.D.). Before use the 
silica gel was activated overnight. Approximately 0.5cm3 of anhydrous sodium 
sulphate was placed at the top of the column. The column was pre-eluted with 
another 10ml of the extracting solvent and just before the exposure of the 
anhydrous sodium sulphate layer to air, the reduced extract from the liquid-liquid 
extraction step above was placed in the column and allow to sink below the 
drying agent.  The column was then eluted with 2 x 15ml portions of the solvents 
under investigation. The combined elute of each of the solvent was collected into 
a 250ml RBF glass and anhydrous NaSO4 was added to remove water. After 
which nitrogen gas was bubble into the combined elute to concentrate it to about 
2ml and anhydrous NaSO4 was added again before spiking with 0.5ml of 
10ng/ml of the internal standard (PCNB). 1.0µl of the extract was injected into 
the GC-ECD under the optimised instrumental condition. 

2.6 Capillary gas chromatographic analysis GC-ECD 

Separation and determination of the PBDEs congeners were carried out with: 
Varian CP-3800 Gas Chromatograph fitted with a CP-8400 Auto-sampler and 
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equipped with Ni63 electron capture detector, with ZB-5 Capillary column, 5% 
phenyl and 95% dimethylpolysiloxane (30m x 0.25mm I.D. x 0.25µm) purchased 
from Phenomenex (Separations) Randburg, South Africa. For data capturing 
star chromatography workstation version 6 was used.  
     The injector and detector temperatures were maintained at 250°C and 300°C 
respectively. The oven temperature was initially maintained at 90°C for 1min 
and then programmed at 30°C/min to 210°C and finally to 290°C at 10°C/min. 
The BOC gases, 99.99% ultra pure helium and nitrogen, purchased from Afrox 
(South Africa) were used as the carrier and make-up gases respectively. The 
carrier gas flow-rate was 3ml/min. while the make-up gas flow was set at 
30ml/min for optimum performance. 1.0µl of the standards and processed 
samples were injected into the GC in the split-less vent ratio of 40:1 after 2mins 
of injection for all analyses.  

2.7 Real leachate analysis 

To determine the profile of landfill leachates, samples were collected at two of 
the selected project sites namely: Temba, and Soshanguve landfill. An outline of 
the sites describing years of operation, site area and monthly classification of 
waste is shown below.  

Table 1:  Detailed description and general information on selected landfill sites. 

% Monthly waste  
Classification in Tonnage  

Name  Ag
e 
Yr 
s.  

Site 
 Area 
 (Ha)   Total   Building  Garde

n 
Household  Industria

l 
Temba 10  +3.7 9363 10 10 70 10 

Soshangu
ve 

10 19.5 1220
0 

5 10 80 5 

Source: Adapted from daily/monthly reports of The Department of Solid Waste Management City of 
Tshwane 2005 [30]. 

3 Results and discussion 

The gas chromatogram of the mixture of the PBDEs standard congeners plus the 
I.S. (pentachloronitrobenzen) is shown in Fig.1; the congeners were well 
resolved as shown below. 
     Table 2 shows the retention times, limit of detection and the response factors 
for the congeners. It was observed that the response of BDE-47 is higher than 
that of BDE-99 and no response for BDE-209. 
     Fig. 2 shows the chromatogram of a typical spiked simulated leachate. The 
efficiency of extraction of the PBDEs congeners from simulated leachates by 
LLE with hexane, DCM, PE and acetone in a 30m ZB-5 column is presented in 
Table 3 below. From the result of the recovery analysis, the mean percentage 
recovery of PBDEs congeners with different extracting solvent ranged from 13.4 
to 124.6%. The high standard deviations obtained from the recovery analysis in 
Table 3 below may be due to matrix effect (high value of simulated leachate).  
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Most of these solvents have been widely used in LLE of PBDEs congeners in 
environmental samples. The mean percentage recovery of BDE-47, -99 and -209 
congeners with petroleum ether as extracting solvent gave the best result 
(97.5and 94.1%) in low value simulated leachate with acceptable repeatability, 
followed by hexane/acetone (91.4 and 69.0%). Hence, petroleum ether was used 
for LLE of PBDEs congeners in environmental samples. The optimum condition 
for LLE recoveries of PBDEs congeners from environmental samples could be 
obtained by introducing a cleanup procedure. 

 

Figure 1: Chromatogram of 1µl of PBDE Mixture BDE-47 (7.85min), BDE-
99 (9.59min) and PCNB (4.23min) as internal standard. 

Table 2:  Retention time ± SD, limit of detection and response factor of 
PBDEs standards. 

Standards Retention time 
(min) 

LOD  (µg/l) Response factor 

BDE-47            7.867 ± 0.03   0.1 0.44± 0.29 
BDE-99            9.596 ± 0.44   1 0.19± 0.11 
BDE-209         None                     None                   - 
PCNB        4.234                 0.01          

 

 

Figure 2: A typical chromatogram for spiked simulated leachate with BDE-
47 and BDE-99. 

Bde- BDE-

PCN
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Table 3:  Mean percentage recoveries ± S.D of PBDEs standards added to 
simulated leachates by LLE with different solvents. 

          BDE-47              BDE-99 Extracting solvents  
    LOW HIGH LOW HIGH 

Hexane 63.7± 12.9 98.9± 8.8 91.7± 27.6 103.1± 97.6 
Acetone 23.8± 13.9 47.2± 6.2 87.9± 88.0 108.7± 30.1 
Petroleum ether 97.5± 6.0 123.6±12.1 94.1± 9.5 117± 7.4 
Dichloromethane 63.7± 14.3 13.4±11.5 124.6±21.8 33.3± 26.3 
Pet. Ether/DCM 41.9± 29.0 96.6±26.1 22.6± 39.1 66.2± 64.3 
Pet. Ether/Acetone 51.8± 13.9 22.5± 3.4 63.8± 27.7 37.8± 7.3 
DCM/Acetone 51.8± 13.9 22.5± 3.4 72.6± 7.5 37.2± 7.4 
Hexane/Acetone 91.4± 17.9 96.5± 31.9 69.0± 60.0 60.7± 57.4 

 

 
Figure 3: A typical chromatogram for raw leachate sample (Temba) with 

BDE-47 and BDE-99. 

Table 4:  The concentration (mg/l) of PBDEs (BDE-47,-99) in real leachates. 

Temba  raw leachate Soshanguve raw  leachate  
PBDEs Congeners BDE-47 BDE-99 BDE-47 BDE-99 
Concentration mg/l 0.90  0.13 0.48  0.21 

 
     Fig. 3 is a typical chromatogram of raw leachate sample (Temba). The results 
of PBDEs levels in real leachates are presented in Table 4. The levels of BDE-47 
and BDE-99 found in the leachates of Temba (0.90 and 0.13) mg/l and 
Soshanguve (0.48 and 0.21) mg/l are relatively higher than what has been 
reported in landfill leachates [16]. 

4 Conclusion 

The present study shows LLE with petroleum ether as a good and reliable 
methodology of extracting BDE-47 and BDE-99 congeners from aqueous 
samples. An optimised methodology was developed, based on the injection of 
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1.0µl of the samples into 30m ZB-5 column installed to a GC-ECD, in the split-
less vent ratio of 40:1 after 2mins of injection for all analyses. BDE-209 
congener was not detected at all during this study. This may be due to its photo / 
biodegradation problems [22].  
     The validation parameter shows a satisfactory recovery of BDE-47 and 
BDE-99 for simulated leachate. The high levels of the PBDEs congeners 
detected in real leachate samples from these two sites, shows that landfill 
leachate may be contributing a significant amount of BFRs into the environment.  
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