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The last few decades have seen dramatic growth in the scale of production and the use of polybrominated
diphenyl ethers (PBDEs) as flame retardants. Consequently, PBDEs such as BDE -28, -47, -66, -71, -75, -77, -
85, -99, -100, -119, -138, -153, -154, and -183 have been detected in various environmental matrices. Gen-
erally, in South Africa, once the products containing these chemicals have outlived their usefulness, they are
discarded into landfill sites. Consequently, the levels of PBDEs in leachates from landfill sites may give an
indication of the general exposure and use of these compounds. The present study was aimed at determin-
ing the occurrence and concentrations of most common PBDEs in leachates from selected landfill sites. The
extraction capacities of the solvents were also tested. Spiked landfill leachate samples were used for the
recovery tests. Separation and determination of the PBDE congeners were carried out with a gas chromato-
graph equipped with Ni63 electron capture detector. The mean percentage recoveries ranged from 63% to
108% (n = 3) for landfill leachate samples with petroleum ether giving the highest percentage extraction.
The mean concentrations of PBDEs obtained ranged from ND to 2670 pg l�1, ND to 6638 pg l�1, ND to
7230 pg l�1, 41 to 4009 pg l�1, 90 to 9793 pg l�1 for the Garankuwa, Hatherly, Kwaggarsrand, Soshanguve
and Temba landfill sites, respectively. Also BDE -28, -47, -71 and BDE-77 were detected in the leachate sam-
ples from all the landfill sites; and all the congeners were detected in two of the oldest landfill sites. The peak
concentrations were recorded for BDE-47 at three sites and BDE-71 and BDE-75 at two sites. The highest
concentration, 9793 ± 1.5 pg l�1, was obtained for the Temba landfill site with the highest BOD value. This
may suggest some influence of organics on the level of PBDEs. Considering the leaching characteristics of
brominated flame retardants, there is a high possibility that with time these compounds may infiltrate into
the groundwater around the sites since most of the sites are not adequately lined.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Flame retardants (BFRs) are chemicals that are added to many
consumer products including plastics, electronics, textiles, cush-
ioning foams for furniture, automobile interiors and other materi-
als to prevent fire (WHO/ICPS, 1994, 1997). They slow ignition and
rate of fire growth, allowing more time to escape from fires involv-
ing products to which they are added. The most used brominated
flame retardants are polybrominated diphenyl ethers (PBDEs),
hexabromocyclododecane (HBCD), tetrabromobisphenol-A (TBBP-
A) and polybrominated biphenyls (PBBs).

Over the years, PBDEs, in particular, those congeners that are de-
rived from penta-BDE, octa-BDE and deca-BDE have become the focus
of close scrutiny. Available data suggest that the lower PBDE congen-
ers (Tri-BDE to Septa-BDE) are likely to be carcinogenic, endocrine dis-
rupters and/or neurodevelopment toxicants (Fernlof et al., 1997;
Darnerud et al., 1998; Eriksson et al., 2001). In addition, previous stud-
All rights reserved.
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o).
ies show that the rate of debromination was inversely related to the
degree of bromination, with deca breaking down most rapidly, at least
in organic solvents. New studies have demonstrated that this break-
down also occurs in sand and sediment, and that lower PBDE congen-
ers (Tri-BDE to Septa-BDE) could be produced in the presence of
organic solvents from BDE-209 with UV light as could multiple penta,
hexa, hepta, octa and nona congeners (Soderstrom et al., 2004).

Chemically, they are similar to PCBs, which were banned in the
1970s in most developing countries due to their high toxicity and
persistence in children (Jakobson and Jacobson, 1996; Darnerud
et al., 2001; Eriksson et al., 2002). Like PCBs, PBDEs exhibit persis-
tence, lipophilicity and bioaccumulation. Consequently, they have
been found in most environmental matrices, including aquatic, ter-
restrial ecosystem, foodstuffs (Alaee et al., 2001; Duarte-Davidson
et al., 1994a, b; Darnerud and Thuvander, 1998; Darnerud et al.,
1998; de Boer et al., 1998, 2001; Lucross et al., 2002; Norstrom
et al., 2001; Voorspoels et al., 2002). 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
(Darnerud et al., 2001; Schecter, 2003).
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There is little data available on the toxicology of the PBDEs on
humans (de Boer et al., 2003). However, laboratory studies in ani-
mals indicate that PBDEs, like PCBs, are toxic to the brain, repro-
ductive system and liver and disrupt thyroid function (Eriksson
et al., 2001, 2002; Darnerud et al., 2001; Viberg and Jakobson,
2000; Branchi, 2002; Lichtensteiger, 2003; Kuriyama and Chahoud,
2003). These findings prompted the ban of PBDEs from the Euro-
pean market in 2006. However, many products containing these
chemicals are still very much in use and when they have outlived
their usefulness they end up in landfill sites. Because PBDEs are
additives and not chemically bound to the products, PBDEs can
and do leach more readily into the landfill environment. Bergman
(1989) stressed that leaching is expected to be greater from addi-
tive flame retardants as compared to reactive flame retardants.

Several studies have been conducted on the different sample
preparation techniques including sample pre-treatment, extraction,
clean-up and fractionation (Alaee et al., 2001; Ikomomou et al.,
2002; Korytar et al., 2002) for brominated flame retardants. For li-
quid samples, methods such as liquid–liquid extraction (LLE) and so-
lid-phase extraction (SPE) (Georgiou et al., 2006; Fytianos et al.,
2006; Erkmen and Kolankaya, 2006) appear to be the most popular
with micro-solid-phase extraction making an entry just recently.
This method has been used extensively for the determination of sev-
eral organic pollutants in water since it is considered to give more
reliable data than the solid-phase extraction technique.

There are several reports of PBDEs in river sediments and sewage
sludge. Watanabe and Tatsukawa (1987), de Wit (2002) and Öberg
et al. (2002) reported the distribution and levels of BFRs in river sed-
iment and sewage sludge in Japan and in Sweden, respectively. How-
ever, there is still paucity of data on the presence of PBDEs in landfill
leachates. Oliaei et al. (2002) reported the occurrence and concen-
trations of PBDEs (BDE-47, -99, -100, -153, -154, -207 and -208) in
the leachate from five landfill sites in Minnesota, USA. Osako et al.
(2004) reported the concentrations of BDE-47, -99 and -100 from se-
ven different leachate samples to range from not detectable to
4000 pg l�1 for raw and treated leachates, respectively.

The present study evaluates the efficiency of the solvent extrac-
tion method for the determination of levels of the most common
PBDEs (BDE-28, -47, -66, -71,-75, -77, -85, -99, -100, -119, -138, -
153, -154, and -183) in landfill leachates using different solvent
systems, hexane, dichloromethane (DCM), petroleum ether (PE),
acetone and mixtures of some of these solvents. The solvents listed
above have widely been used in liquid–liquid extraction of PBDEs
in river and seawater samples (Powell, 1995; Ikomomou et al.,
2002). However, they have not been investigated comparatively
as extractants for PBDEs as presented in the present study.

As reviewed above, there is still lack of data regarding the levels
of PBDEs in landfill leachate, particularly in developing countries
such as South Africa, where the environmental impact of PBDEs
is yet to be determined. The monitoring of the presence of PBDEs
in landfill leachates is of great importance since these compounds
can easily be leached into groundwater from poorly designed land-
fill sites. Consequently, those who depend very much on ground-
water as their main water source will be exposed to these
compounds. Such information is extremely important as South
Africa is geared towards formulating a water quality protection
strategy, in relation to organohalogenated compounds (WRC,
2005).

2. Materials and methods

2.1. Outline of landfills, sample collection, treatment and storage

Grab samples were collected from five landfill sites in the
Municipality as indicated in Fig. 1. An outline of the selected land-
fill sites describing landfill waste materials, years of operation,
operative condition and monthly tonnage of waste is shown in Ta-
ble 1. Two liters of raw leachate samples were collected using am-
ber glass containers and stored in a cold room until pre-treatment
for BFRs analysis in accordance with conventional sampling prac-
tices. An outline of the chemical determinants in the landfill leach-
ate samples is shown in Table 2; standard methods of analyses
were employed for those determinants listed in the table. All the
sites are municipal solid waste landfills (MSWLs), with no ade-
quate liners to prevent leakage of polluted leachate into the
groundwater environment.

2.2. Reagents

All glassware was first soaked in dilute nitric acid over night
and thereafter washed with liquid soap and rinsed thoroughly with
distilled water, and finally with pure acetone. They were then dried
in the oven overnight at 105 �C. All the solvents used: hexane,
dichloromethane, petroleum ether (boiling point 60–80 �C), and
acetone were of analytical grade. BDE-47 and BDE-99 standards
(purity 99%) were purchased from Industrial Analytical Pty. Ltd.,
South Africa and a mixture of PBDEs standards were donated by
Dr. Jacob de Boer, Animal Sciences Group, Institute for Fisheries Re-
search, The Netherlands and Drs. Per Ola Darnerud and M. Aune,
National Food Administration, Uppsala, Sweden. Fifteen PBDE con-
gener standards were investigated (Table 3).

2.3. Determination of retention times

From the stock solution, standards were prepared by serial dilu-
tion for the standard mixture using hexane; 1.0 ll of the standard
mixture was injected into the GC-ECD for necessary optimum
output.

2.4. Liquid–liquid extraction of PBDEs from spiked landfill leachates

To test the extraction efficiencies of nine solvent systems, two
PBDE congeners, BDE-47 and BDE-99 were chosen (because of their
availability and because they have been identified as the most
common of all the congeners in environmental samples) to spike
landfill leachate samples. Also, for the validation of the LLE meth-
od, these standard mixtures were used for spiking 100 ml leachate
samples. Leachate samples collected from one of the landfill sites
(Fig. 1) were spiked with PBDE standards at the fortification values
of 100 and 120 � 103 pg l�1, respectively, and then extracted with
3 � 20 ml of each of the extracting solvents (hexane, dichloro-
methane, petroleum ether and acetone) and mixtures of these sol-
vents. A petroleum ether–acetone–hexane (1:1:2) combination
was also used for extraction. The extracts were dried with anhy-
drous sodium sulphate, and nitrogen gas was bubbled into the
combined elute to concentrate it to about 2 ml. Blank extraction
of unspiked leachate was also carried out using the same solvents
as illustrated in the work flow chart (Fig. 2). The recoveries were
thereafter calculated to obtain the extraction efficiencies of nine
different solvents. The solvent that gave the highest recovery
(petroleum ether (60–80 �C)) was then applied in the extraction
of PBDEs from landfill leachates collected from the landfill sites.

2.5. Silica gel column chromatography

The extracts obtained were subjected to column chromatogra-
phy by packing about 6.0 g slurry of silica gel in a column
(30 cm � 8 mm i.d.). Before use the silica gel was activated at
60 �C overnight, with 10 ml of doubly distilled Milli-Q water and
then stirred for about 15 min. Approximately 0.5 cm3 of anhydrous
sodium sulphate was placed at the top of the column. The column
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Fig. 1. Map of South Africa (top right) and Pretoria area (centre) showing the landfill sites.

Table 1
Detailed description and general information on selected landfill sites

Name of landfill Age (years) Site (Ha) Permit/status Monthly tonnage % Monthly waste classification

Building Garden Household Industrial

Temba 10 +3.7 No 9363 10 10 70 10
Soshanguve 10 19.5 Yes 2200 5 10 80 5
Heatherley 40 +96.0 Yes 18,637 10 10 75 5
Kwaggasrand 7 27.2 Yes 369,88 10 15 75 5
Garankuwa 10 +20.0 No 15,818 10 10 60 20

Source: Adapted from daily/monthly reports of The Department of Solid Waste Management City of Tshwane, 2005.
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was pre-eluted with another 10 ml 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 allowed to sink below the dry-
ing agent. The column was then eluted with 2 � 15 ml portions of
the solvents under investigation. The combined elute of each of the
solvent was collected into a 250 ml flask and anhydrous NaSO4

added to remove any traces of water. Thereafter, nitrogen gas
was bubbled into the combined elute to concentrate it to about
2 ml, and anhydrous NaSO4 was added again before spiking with
0.5 of 10 � 103 pg l�1 of the internal standard pentachloronitro-
benzen (PCNB). This compound was selected as the internal stan-
dard since it is detected and clearly separated by GC-ECD, and it
is most likely not to be found in the environmental samples within
the study area. Under the optimised instrumental condition, 1 ll of
the extract was injected into the GC-ECD.



Table 2
Chemical profiles of the leachate samples collected from landfill sites

pH SS TDS BOD5 COD EC Cd Cu Mn Pb Zn

Temba 6.60 440 0.91 300 412 1.9 0.01 0.16 0.08 0.01 2.02
Soshanguve 6.78 280 0.33 286 308 0.66 0.01 0.07 0.38 0.02 0.10
Heatherley 6.50 400 0.42 250 312 0.52 0.15 4.2 0.08 2.30 1.90
Kwaggasrand 6.80 300 0.74 210 250 1.0 0.20 3.5 0.05 1.90 3.10
Garankuwa 6.42 320 0.55 200 210 0.75 0.18 3.3 0.03 1.20 2.10

Unit of measurement of the metals = mg l�1, SS = suspended solid (mg/l); TDS = total dissolved solid (ppt); BOD = biochemical oxygen demand (mg/l); COD = chemical oxygen
demand (mg/l); EC = electrical conductivity (M s/cm).

Table 3
List and name of the investigated PBDEs congeners

Code IUPAC namea Number of bromine

1. BDE-28 2,4,40-Tribromodiphenyl ethers 3
2. BDE-47 2,20 ,4,40-Tetrabromodiphenyl ethers 4
3. BDE-66 2,30 ,4,40-Tetrabromodiphenyl ethers 4
4. BDE-71 2,30 ,40 ,6-Tetrabromodiphenyl ethers 4
5. BDE-75 2,4,40 ,6-Tetrabromodiphenyl ethers 4
6. BDE-77 3,30 ,4,40-Tetrabromodiphenyl ethers 4
7. BDE-85 2,20 ,3,4,40-Pentabromodiphenyl ethers 5
8. BDE-99 2,20 ,4,40 , 5-Pentabromodiphenyl ethers 5
9. BDE-100 2,20 ,4,40 ,6-Pentabromodiphenyl ethers 5
10. BDE-119 2,30 ,4,40 ,6-Pentabromodiphenyl ethers 5
11. BDE-138 2,20 ,3,4,4,050-Hexabromodiphenyl ethers 6
12. BDE-153 2,2’,4,40 ,5,50-Hexabromodiphenyl ethers 6
13. BDE-154 2,20 ,4,40 ,5,60-Hexabromodiphenyl ethers 6
14. BDE-183 2,20 ,3,4,40 ,50 ,6-Heptabromodiphenyl ethers 7
15. BDE-209 2,2,3,3,4,4,5,5,6,6-Decabromodiphenyl ethers 10

a From quotation of standards supplied by Industrial Analytical Pty. Ltd. South
Africa.
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2.6. Capillary gas chromatographic analysis GC-ECD

Separation and determination of the PBDE congeners were car-
ried out with: a Varian CP-3800 Gas Chromatograph fitted with a
CP-8400 Auto-sampler and equipped with a Ni63 electron capture
detector, with ZB-5 Capillary column, 5% phenyl and 95% dim-
ethylpolysiloxane (30 m � 0.25 mm i.d. � 0.25 lm) 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 1 min and then programmed at
30 �C min�1 to 210 �C and finally to 290 �C at 10 �C min�1. The
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 3 ml min�1 while the
100 ml 
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Fig. 2. Flow chart of the various s
make-up gas flow was set at 30 ml min�1 for optimum perfor-
mance. The injected volume of standards and processed samples
was 1 ll and splitless technique was used (splitless time 2.0 min).

2.7. Quality control

At the beginning of the analysis, prior to sample analysis and
after an initial solvent blank, a laboratory performance standard
check (linearity of the calibration curve) was done with individual
materials and a mixture of BDE-47 and BDE-99. This was to ensure
proper performance of the GC via; detector sensitivity, peak sym-
metry and resolution, as well as precision and accuracy of the
method. Thereafter, instrumental limit of detection (LOD) of the
PBDEs was determined as the lowest concentration of the analyte
that the instrument can detect under the optimised instrumental
conditions. The signal-to-noise (S/N) ratio was used to determine
limit of detection (LOD); this was calculated as three times the
blank value for the instrument used. To further improve the quality
assurance all analyses were conducted in triplicate.

3. Results and discussion

3.1. Chromatogram, detection limits of standard mixtures

The gas chromatogram of the mixture of the PBDE standard
congeners and the IS (PCNB) is shown in Fig. 3. The standards were
well resolved and eluted within a reasonable time under the opti-
mized GC conditions. The concentrations of the standard mixture
ranged from 6 � 106 to 80 � 106 pg l�1, and the limit of detection
equally ranged from 10 to 500 pg l�1.

3.2. Chemical composition of leachates

An indication of trends in the chemical composition of the sam-
ples of landfill leachates is presented in Table 2. The concentrations
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Fig. 3. Chromatogram of PBDEs standards mixture and IS in hexane (6 � 106 pg l�1 to 80 � 106 pg l�1).

Table 4
Mean percentage recoveries ± SD of PBDEs standards added to landfill leachates and
extracted with different solvents

Extraction solvents BDE-47 BDE-99

Acetone 50.8 ± 2.0 60.6 ± 2.1
Hexane–DCM (1:1) 67.3 ± 2.4 63.8 ± 2.5
DCM–acetone (1:1) 77.6 ± 2.39 74.6 ± 3.5
Hexane 80.2 ± 4.29 83.7 ± 2.8
Dichloromethane (DCM) 81.1 ± 5.5 87.3 ± 4.6
Pet ether/acetone/hexane(1:1:2) 89.0 ± 4.9 89.0 ± 4.9
Hexane–acetone (1:1) 93.0 ± 3.9 90.2 ± 2.4
Petroleum ether–acetone (1:1) 97.08 ± 4.1 80.9 ± 3.7
Petroleum ether 108.0 ± 0.7 102.9 ± 2.1

SD = standard deviation for triplicate analysis, BDE-47 and -99 are fortified at 100
and 120 � 103 pg l�1, respectively.
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of the constituents (suspended solid; total dissolved solid; bio-
chemical oxygen demand; chemical oxygen demand; electrical
conductivity and selected metals) obtained are within the expected
values for a typical chemical composition of a landfill site. How-
ever, much higher BOD was expected since these landfill sites re-
ceive large amounts of decomposable organic material (10–15%,
60–80%) of garden and household wastes, respectively. It is possi-
ble that the presence of other biological wastes mixed with build-
ing rubbles (110–3699 ton mol�1) may have contributed to the
level of BOD obtained.

Also during the decomposition process, various acidic organic
compounds are normally produced. Consequently, the expected
pH should be within the acidic range, but the presence of such acid
must not necessarily generate low pH in landfill leachates, since
alkaline processes may increase pH to neutral or above neutral le-
vel. The pH values obtained in the present study are between 6.42
and 6.8 (although slightly acidic) as attested for this process.

An attempt was made to find out whether there was any rela-
tionship between PBDE concentrations in the five landfill sites
(which are still operational) and the levels of chemical constituents
in the leachates of these landfill sites. Therefore, the results seemed
to indicate that the presence of a large amount of organic material
may have played a role in the high PBDE values, particularly the
dominant PBDEs (BDE-28, -47, -71 and 75). This explanation is
supported by the suggestion that organics in leachate could inter-
act with hydrophobic BFRs such as PBDEs in plastics and enhance
the leachability of BFRs. Osako et al. (2004) reported that the high
PBDE values obtained for the leachate sample from one of the land-
fill sites studied was the contribution of high organics from sewage
sludge. Also Oliaei et al. (2002) reported high dominance of BDE-
47, -99 and -100 in sewage sludge samples.

3.3. Extraction efficiencies of different solvents

The results of the extraction efficiencies of nine different sol-
vents are presented in Table 4. Petroleum ether appeared to be bet-
ter than the other solvents since the mean percentage recovery for
this solvent was the highest. For the other solvents, the pattern
was petroleum–acetone > hexane–acetone > petroleum ether–ace-
tone–hexane > and others for BDE-47 and petroleum ether > petro-
leum ether–acetone–hexane followed by hexane–acetone and then
others for BDE-99. Generally, the yield of any extraction procedure
is determined by several factors such as: the solubility of analytes
in the extraction mixture, the accessibility of the extraction solvent
to the matrix and the extraction time. Therefore, the high mean
percentage recovery shown by petroleum ether as presented in Ta-
ble 4; indicated the high solubility for the target BDEs in the stud-
ied solvent. That hexane–acetone exhibited high mean percentage
recovery agreed with the work of Luckey et al. (2001) who applied
liquid–liquid extraction using mixtures of hexane–acetone in the
determination of baseline levels of PBDEs in Lake Ontario surface
waters. The standard deviations obtained for the mean percentage
recoveries from all the extraction solvents in the present study
(108.0 ± 0.7–94.0 ± 9.1) were within the acceptable limits. A higher
standard deviation ranging from 5 to 12 has been reported,
although this was for organochlorinated compounds (Quayle
et al., 1997). Since petroleum ether gave the highest recovery, it
was thereafter used as the solvent of choice in LLE for the analyses
of environmental landfill leachate samples obtained from five
landfill sites.

3.4. Levels of common PBDEs

BDE-28, 47, -66, -71, -75, and -77 were regularly detected in
landfill leachate samples collected from the five landfill sites, ex-
cept BDE-209 (Table 5), and Fig. 4 presents a typical chromatogram
of the PBDEs in leachate extract. The PBDE peaks in Fig. 4 were
identified using the retention times of the PBDE standards. All of



Table 5
Mean concentrations ± SD of PBDEs congeners in landfill leachates collected from five
landfill sites

PBDEs Landfill sites/concentration (pg l�1)

Garankuwa Hatherly Kwaggarsrand Soshanguve Temba

BDE-28 100 ± 1.2 1167 ± 1.6 2670 ± 2.0 2830 ± 0.02 3333 ± 0.8
BDE-47 2670 ± 2.1 6638 ± 2.0 2720 ± 1.1 1469 ± 0.12 9793 ± 1.5
BDE-66 290 ± 1.7 ND ND 1373 ± 0.45 4020 ± 2.5
BDE-71 2430 ± 1.4 1667 ± 1.2 3650 ± 1.0 4009 ± 0.79 9459 ± 1.9
BDE-75 941 ± 2.2 4455 ± 0.9 7230 ± 2.3 743 ± 1.50 7426 ± 0.7
BDE-77 ND 119 ± 1,5 ND 396 ± 2.45 4257 ± 1.5
BDE-85 1240 ± 1.8 ND 223 ± 1.1 41 ± 1.50 587 ± 2.6
BDE-99 437 ± 0.9 1585 ± 2.2 ND 2295 ± 0.35 5191 ± 2.0
BDE-100 ND 237 ± 2.1 ND 264 ± 0.19 2162 ± 1.1
BDE-119 196 ± 2.5 ND ND 588 ± 2.0 5392 ± 2.2
BDE-153 88 ± 1.1 450 ± 1.7 ND 825 ± 0.10 875 ± 1.2
BDE-154 ND ND 1340 ± 2.7 139 ± 0.20 2176 ± 0.9
BDE-183 ND 177 ± 1.3 ND 263 ± 0.51 90 ± 2.1
P

PBDEs 8392 16,495 17,833 15,235 54,761

SD = standard deviation for triplicate analysis and ND = not detectetable
(<10 pg l�1)
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these are considered constituents of penta-BDE commercial prod-
ucts. The mean concentrations of PBDEs obtained were ND–
2670 pg l�1, ND–6638 pg l�1, ND–7230 pg l�1, 41–4009 pg l�1 and
90–9793 pg l�1 for Garankuwa, Hatherley, Kwaggasrand, Sos-
hanguve and Temba landfill sites, respectively. The peak concen-
trations were recorded for BDE-47 at three sites and BDE-71 and
BDE-75 at two sites (Table 5). The highest concentration,
9793 ± 1.5 pg l�1, was obtained for the Temba landfill site with
the highest BOD. These results are significantly higher (p < 0.05)
than those reported by Osako et al. (2004) in landfill leachates from
Japan.

The pattern of concentration detected for the PBDEs in the land-
fill leachate samples studied are as follows: Soshanguve = Tem-
ba > Garankuwa = Hatherley > Kwaggasrand. This order has been
found to correlate with the age of the sites with Kwaggasrand as
the youngest (Table 1). In order to draw a comparison with the re-
sults of several reports, calculating the sums of BDE-47, -99 and -
100, the present result gave a range of 3107–15,146 pg l�1. This
range is significantly (p < 0.05) higher than the range reported by
Oliaei et al. (2002) and Osako et al. (2004) in landfill leachates from
the USA (4000–29,000 pg l�1) and Japan (ND–4000 pg l�1), respec-
tively. That the concentration levels of PBDEs obtained in this
study were higher than those reported for landfill sites in Japan
and the USA is not surprising since in South Africa, materials con-
taining PBDEs are not given any further treatment (incineration)
Fig. 4. Typical chromatogram of the
before being disposed into landfill sites. The only type of treatment
these materials receive is compaction with other waste materials
using heavy vehicles when the waste is already disposed on the
landfill sites. In Japan, for example, around 80% of municipal solid
wastes are incinerated before disposing into landfill sites. This
means that flammable wastes of organic origin are almost entirely
incinerated. This may explain the lower levels of PBDEs obtained
by Osako et al. (2004) compared to the present study.

4. Conclusions

The present study showed LLE with petroleum ether (60–80 �C)
as a good and reliable solvent to extract PBDEs from leachate sam-
ples obtained from five landfill sites. Most of the target BDEs stud-
ied was detected in the leachate samples from the landfill sites.
However, BDE-209 was not detected during the method develop-
ment in this study; therefore, it was not detected in the environ-
mental leachate samples. Relatively, high concentrations of target
BDEs were observed; this may have been due to the disposal of
high PBDEs containing materials into the sites as well as the pres-
ence of organic materials. The dominant congeners were BDE-28, -
47, -71 and -75.

There is cause for concern about the levels of PBDEs obtained in
the present study. Considering the fact that over a period of time
these leachates can migrate into the underlying soil and ground-
water (since these landfill sites are not adequately lined), contam-
ination by the leachates poses the foremost environmental
concern. A large population of South Africans who depend very
much on groundwater (wells and borehole) as their major water
supply will, therefore, be exposed to these endocrine disrupting
chemicals.

According to the Stockholm Convention (2001) on persistent or-
ganic pollutants, there is an increasing regulatory pressure to con-
trol persistent and bioaccumulative chemicals more effectively.
Establishing levels of contamination in environmental matrices
such as landfill sites, as has been demonstrated in the present
study, is an important way of verifying the environmental behav-
iour of chemicals approved for use. Such monitoring was used to
identify penta-BDE and octa-BDE for their banning by the Euro-
pean Union and in their proposed inclusion to the list of persistent
organic pollutants (EU, 2003). From our standpoint, we should con-
duct further investigation on more landfill sites as well as estimate
the presence of BFRs in sediments, sewage sludge and biota in or-
der to estimate the extent to which the burden from these sources
contribute to the total amount of BFRs released into the South Afri-
can environment.
PBDEs in raw leachate extract.
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