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Abstract

A simple analytical procedure was developed for simultaneous determination of trace levels of tri- to hepta-BDEs as well as 
2,2′,4,4′,5,5′-hexabromobiphenyl (BB 153). The mechanical shaking extraction technique for the isolation of target analytes 
was optimised. Different extraction solvent combinations were tested under different extraction time periods of 3, 6, 12 and 
16 h. The n-hexane:acetone (2:1, v/v) combination gave the best recovery at the optimum extraction of 12 h. Target analytes 
were quantified using a high capillary gas chromatograph (GC) equipped with an electron capture detector. Under the opti-
mum GC conditions, the resolution of the co-eluting BDE 154 and BB 153 was achieved. The overall recoveries of target 
analytes in the matrix spike experiment conducted ranged between 84.4 and 110% for BDE 183 and BDE 28, respectively. 
The method was applied to 19 field sediment samples collected from a control site and from 3 sampling locations (upstream, 
point of discharge and downstream) of the Black River, which receives effluent from a wastewater treatment plant (WWTP). 
The sum of the mean concentrations of all of the 7 PBDE congeners was 4.63, 0.35, ‘not detectable’ and 4.43 ng/g, for 
the control site, upstream, point of discharge and downstream samples, respectively. The concentrations of BB 153 were 
generally low in these samples and ranged between ND and 0.89 ng/g. The developed method allows for the simultaneous 
determination of PBDE congeners and BB 153. It is efficient, moderately rapid and cost-effective.
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Introduction 

One of the greatest challenges confronting global water 
resources is water pollution caused by numerous human activi-
ties. Freshwater systems, particularly the rivers which are 
receptacles for most urban sewage, industrial and agricultural 
discharges, as well as highly contaminated wastes from infor-
mal settlements, are the most affected. The South African situ-
ation is similar to that experienced globally. However, in 1994 
the South African Government, in a bid to address these con-
cerns, inaugurated the River Health Programme (RHP), a com-
ponent of the National Aquatic Ecosystem Health Monitoring 
Programme (NAEHMP), with the objective of assessing the 
health status of rivers in the entire country (DWA, 2007). To 
date, most studies conducted on rivers have focussed mainly on 
heavy metal determination (Binning and Baird, 2001; Fatoki 
and Awofolu, 2003a; Okonkwo and Mothiba, 2004; Awofolu 
et al., 2005) and on certain organic contaminants (Dalvie et 
al., 2003; Fatoki and Awofolu, 2003b; Sereda and Meinhardt, 
2005; Fatoki et al., 2010). Generally, there is still insufficient 
information on the environmental levels of certain emerging 
contaminants, particularly brominated flame retardants (BFRs), 
in Sub-Saharan Africa. 

BFRs are groups of industrial chemicals incorporated 
into various consumer products.  These chemicals are gener-
ally added to products such as electronics, textiles, furniture, 

etc., to reduce the likelihood of ignition during their usage. 
Polybrominated diphenyl ethers (PBDEs) and polybrominated 
biphenyls (PBBs) are typical examples of these chemicals. 
Although the use of the latter as flame retardants has been 
completely phased-out, some commercial formulations of the 
former are still being manufactured and used, particularly in 
Africa and other regions where their usage has not been sub-
jected to any regulatory scrutiny. Most of these BFRs, espe-
cially PBDEs and PBBs, are not covalently bonded to the poly-
meric materials to which they are added. Hence, the tendency 
for their eventual release from these materials is likely to occur. 
Their mode of release from these polymeric materials therefore 
constitutes an important exposure pathway to humans, particu-
larly in indoor environments. Consumption of contaminated 
food, ingestion and inhalation of dust, dermal absorption and 
breastfeeding are some of the known exposure pathways of 
these contaminants to humans (Lorber, 2008; Raab et al., 2008; 
Shaw and Kannan, 2009; Daso et al., 2010). 

There is growing scientific evidence on the health risks 
associated with exposure to PBDEs. Toxicological studies 
have shown that these contaminants are capable of inducing 
neurobehavioral defects in laboratory animals (Branchi et al., 
2002; Dufault et al., 2005; Johansson et al., 2008). Similar 
studies have also demonstrated that PBDEs are capable of 
altering sex hormone and thyroid hormone homeostasis, which 
is essential for the regulation of important developmental and 
reproductive processes (Hallgren and Darnerud, 2002; Stoker 
et al., 2004). Recent findings have equally shown that women 
with considerable levels of PBDEs may experience a significant 
decrease in fecundability (Harley et al., 2010). Besides their del-
eterious effects, PBDEs, like other persistent organic pollutants 
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(POPs), are highly toxic, persistent, and capable of bioaccu-
mulation and may undergo long-range atmospheric transport 
(Hardy, 2002; McDonald, 2002; Wania and Dungani, 2003; 
Kuriyama et al., 2005). Hence, the need for proper assessment 
of their levels in the environment, particularly in freshwater 
systems, cannot be over-emphasised.

Several studies have established the presence of these 
contaminants in various environmental matrices, thus confirm-
ing their widespread distribution in the environment. PBDEs 
have been detected in soil (Wang et al., 2005a; Li et al., 2008; 
Fontana et al., 2009), sediment (Samara et al., 2006; Guzzella 
et al., 2008), sewage sludge (Knoth et al., 2007; Gevao et al., 
2008), air particulate matter (Wang et al., 2005b) and indoor 
dust (Wilford et al., 2005; Gevao et al., 2006; Harrad et al., 
2008), using different analytical techniques. Common analyti-
cal methods employed include: accelerated solvent extraction 
(ASE), ultrasonication, microwave-assisted extraction (MAE), 
supercritical fluid extraction (SFE), and soxhlet extraction. 
These extraction techniques are usually combined with sophis-
ticated instrumental techniques such as gas chromatography 
(GC) - mass spectrometry (GC-MS), gas chromatography with 
electron capture detector (GC-ECD), liquid chromatography - 
mass spectrometry (LC-MS) and other hyphenated techniques 
(e.g. gas chromatography - atomic emission detection) for the 
analysis of BFRs (Johnson and Olson, 2001; Saito et al., 2007; 
Lagalante and Oswald, 2008; Zhou et al., 2010).

Generally, there has been tremendous improvement in the 
analysis of PBDEs over the years. Unfortunately, some of these 
analytical techniques are either too sophisticated or expensive 
to allow for the investigation of these contaminants in some 
regions of the world. This may provide a partial explanation 
for the lack of information on the environmental levels of these 
contaminants in most developing countries around the world. 
This study therefore aimed to develop a simple analytical 
procedure for the simultaneous determination of trace levels of 
selected PBDE congeners (BDE 28, 47, 99, 100, 153, 154 and 
183), as well as 2,2′,4,4′,5,5′–hexabromobiphenyl (BB 153), in 
sediment samples. The technique employs mechanical shaking 
for the extraction of target analytes and GC-µECD for the final 
instrumental analysis. The technique offers numerous advan-
tages, including: good sensitivity, simplicity and relatively low 
cost. However, a major setback with regard to this technique is 
its limited selectivity when compared with other techniques.

 This study also investigated the imminent co-elution often 
encountered between BDE 154 and BB 153, especially when 
shorter capillary columns are employed. Previous studies have 
shown that the complete resolution of these species could be 
achieved either by employing longer capillary columns or 
through the use of a column with a more compatible stationary 
phase (De Boer et al., 2001; Covaci et al., 2003; Korytar et al., 
2005). These measures have often resulted in longer analysis 
time, usually more than 60 min in most cases. Optimisation of 
some GC parameters was carried out to improve the perfor-
mance of the instrument with a view to shortening the analysis 
time.

Although there are 209 possible PBDE congeners, the com-
mercial formulations of PBDE (penta-, octa- and deca-BDE) 
only contain a limited number (approximately 20) of these 
congeners (Webster et al., 2009). The selection of the congeners 
employed for the development of this analytical procedure was 
done by taking into account their occurrence in the environ-
ment as well as their toxicity. The inclusion of BB 153 in this 
study was motivated by the need to provide a better under-
standing of the environmental significance of this congener. 

Like other PBDE congeners, BB 153 is a congener of a widely-
used technical formulation of PBB, used as a flame retardant 
in the early 1970’s. With the recent ban on its production and 
usage worldwide, many studies have continued to report appre-
ciable levels of this PBB congener, the presence of which is 
indicative of its degree of persistence in the environment. The 
analytical procedure was then applied to the determination of 
both PBDEs and BB 153 in bottom sediment of a selected river 
in the City of Cape Town. 

Experimental

Chemicals and materials

All organic solvents used for the analysis (n-hexane, dichlo-
romethane, acetone and isooctane) were purchased from 
Merck (South Africa). These were doubly-distilled prior to use. 
Anhydrous sodium sulphate was purchased from Radchem 
(Pty) Ltd. (South Africa). Silica gel (60-200 mm) and copper 
powder were supplied by Sigma-Aldrich (South Africa). High 
purity gases (Helium – 99.999%; nitrogen 99.999%) were 
purchased from Afrox (Pty.) Ltd. (South Africa). Unlabelled 
individual reference PBDEs as well as BB 153 standards were 
used for identification and quantification. These were produced 
by Cambridge Isotope Laboratories (CIL) (Andover, MA, USA) 
and were supplied by Industrial Analytical (Pty.) Ltd. (South 
Africa). 

Sample collection

For method development, sediment samples were collected 
from a wastewater-receiving pond (S33056’06’’; E18038’22’’) 
within the university premises. The sample was collected using 
a stainless steel scoop into a clean 1 ℓ wide-mouth amber glass 
bottle. The sediment sample was dried for 5 days in a dark 
room. The dried sample was then sieved with a 1 mm mesh size 
stainless steel sieve.

Dried sediment samples were then sequentially pre-
extracted with combinations of organic solvents (n-hexane, 
acetone and dichloromethane) using a mechanical shaking 
technique (Schüttelmaschine RO 20, Bonn, Germany) until no 
traces of target compounds were detected. The pre-extracted 
sediment was employed for the recovery experiment. Sediment 
samples used for method validation were collected in May 2010 
from 3 sampling points in the Black River, namely, upstream, 
downstream and at the point of discharge. The point of dis-
charge receives final effluents from a nearby wastewater treat-
ment plant (WWTP). Historically, the present day Black River 
was a seasonal river whose flow was heavily dependent on the 
prevailing climatic conditions. This river derives its name from 
the dark organic materials leaching out from the fynbos vegeta-
tion through which it flows. 

Recently, the dark colour of the river water was equally 
attributed to the discharge of sewage sludge, treated and 
partially treated effluent from the nearby WWTP (Brown and 
Magoba, 2009). A number of canals constructed to convey 
urban stormwater also empty their contents into the river. 
The combination of these processes had changed the status of 
this river from a seasonal to perennial water body in recent 
years. The control site was a stream within the Kirstenbosch 
Botanical Gardens. The choice of this site was due to the 
general belief that fewer human activities take place within and 
around the garden. However, the water of the stream comes 
from the mountain top adjacent to the most visited tourist 
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centre in the City of Cape Town. In addition, most of the orna-
mental plants grown within the garden were cultivated with 
compost materials probably derived from biosolid.

Sample extraction

To assess the efficiency of the mechanical shaking tech-
nique employed, 3 extraction solvent combinations 
(n-hexane: acetone (1:1), n-hexane:acetone (2:1) and 
n-hexane:dichloromethane (2:1)) were evaluated. For this 
purpose, 10 g of the pre-extracted sediment samples (n = 3) 
were spiked with a known mixture of all target analytes. Prior 
to extraction, about 2 g of copper powder was added to each 
sample to remove any traces of sulphur which could interfere 
with analyte determination. The spiked samples were thereafter 
extracted with 120 mℓ of the extraction solvent combinations 
for 12 h. The n-hexane: acetone (2:1) solvent system gave the 
best recovery of target compounds as shown in Fig. 1. Hence, 
subsequent analyses of field-contaminated samples were 
extracted using this extraction solvent combination. The per 
cent total organic carbon (TOC %) was estimated for sediment 
samples analysed, using the weight loss on ignition method, 
with a muffle furnace operated at 4400C for 4 h. 

Extract clean up

Several approaches have previously been adopted for the purifi-
cation of sample extracts containing PBDEs. These include the 
use of gel permeation chromatography (GPC) and multi-layer 
silica gel column chromatography (Knoth et al., 2007; Kupper 
et al., 2008; Yun et al., 2008). Owing to the enormous number 
of samples (n>300), we intended to analyse in other concurrent 
studies;  he conventional multi-layer silica gel glass column 
chromatography was modified.  This was done by packing the 
sorbents (0.1 g activated silica gel; 0.2 g (30% w/w, 1 N NaOH) 
basic silica gel; 0.1 g activated silica gel; 0.4 g (44% w/w, conc. 
H2SO4) acidic silica gel; 0.1 g activated silica gel; 1.0 g anhy-
drous sodium sulphate) in this sequence (from the bottom) into 
a Pasteur pipette, thus allowing the use of smaller quantities 
of the sorbents as well as the eluting solvent. Column pre-
conditioning was done using about 10 mℓ n-hexane to remove 
background contaminants and air trapped within the column.

Prior to extract clean up, sample extracts were concentrated 
to about 2 mℓ using a rotary evaporator. The concentrated 
extracts in n-hexane were then cleaned on the pre-conditioned 
multi-layer silica gel column using n-hexane as eluting solvent. 
A good recovery of target compounds was achieved with the 
use of 10 mℓ of the eluting solvent. Although this approach 
gave excellent recoveries of the target compounds, the elution 
of analytes was totally dependent on the gravitational force, 
which made this technique time-consuming as compared to the 
use of solid-phase extraction cartridges. The cleaned extracts 
were further concentrated using a rotary evaporator to about 
2 mℓ. This was followed by the addition of 1 mℓ of isooctane, 
serving as a keeper, before final concentration to about 500 µℓ 
in an amber sample vial under a gentle stream of nitrogen. The 
prepared samples were then kept in the refrigerator until the 
final instrumental analysis.

Instrumental analysis

Analyses of target compounds were performed using an 
Agilent 6890 gas chromatograph equipped with electron 
capture detector (GC-ECD). The GC-ECD was equipped with 

an Agilent 7890B autosampler.  Chromatographic separation 
of analytes was performed using a DB-5 MS column (60 m 
length, 0.25 mm internal diameter and 0.1 µm film thickness). 
Helium gas was employed as the carrier gas with a flow rate of 
1.5 mℓ/min using a constant flow mode. High purity nitrogen 
gas was used as a make-up gas for the detector at a flow rate of 
30 mℓ/min. The injector and detector temperatures were set at 
2800C and 3000C, respectively. The oven temperature was pro-
grammed as follows: 1000C held for 2 min, ramped at 200C/min 
to 2200C, and further ramped at 40C/min to 3000C and held for 
7 min. 1 µℓ of standard and experimental samples was injected 
using a splitless injection mode.  Quantification was based 
on peak areas of target compounds using an external calibra-
tion technique. 5 to 6 calibration levels containing 1, 5, 10, 25, 
50 and 100 ng/mℓ for all target compounds, except BDE-183 
which had a calibration level of 5, 10, 25, 50 and 100 ng/mℓ. 
Identification of analyte was done by comparing the retention 
times with those of reference standards.  

For quality control and assurance purposes, regular injec-
tion of solvent blanks and standard solutions was carried out. 
The retention times of target analytes were only considered if 
they fell within the retention time window relative to those of 
the reference standards. A matrix spike (pre-extracted sedi-
ment) and a procedural blank (anhydrous sodium sulphate) 
were run with the batch of 9 field samples. No detectable levels 
of analytes were found in the blank samples. In addition, a 
calibration standard of 10 ng/mℓ was run as a check after every 
5 samples to provide assurance that less than 20% variation 
was found from the initial calibration standards. All data were 
processed with Microsoft Excel software (2007 version).

Results and discussion

Optimisation of extraction technique

The following experimental factors were considered in the 
proposed mechanical shaking method: sample size, extraction 
solvent combination and extraction time. The choice of  
10 g of sediment sample employed in this method was based on 
the recommendation contained in the draft USEPA’s Method 
1614 for PBDEs in environmental samples (USEPA, 2007). 
Commonly used solvent combinations for the extraction of 
PBDEs include: n-hexane:acetone (1:1), n-hexane:acetone 
(3:1) and n-hexane:dichloromethane (2:1). In this study, we 
evaluated the extraction efficiencies of these solvent combina-
tions. However, an alteration in one of the solvent combina-
tions was made to allow for comparative evaluation of both 
n-hexane:dichloromethane (2:1) and n-hexane:acetone (2:1). 

As shown in Fig. 1, the former gave better recoveries of 
the lower brominated congeners while the latter had a rela-
tively better recovery of all target compounds, particularly for 
the highly brominated congeners. The influence of extraction 
time on the overall efficiency of the proposed method was also 
investigated. This test was performed during the preliminary 
investigation, in which 4 extraction times were evaluated. 
Spiked sediment samples were extracted for 3, 6, 12 and 16 h. 
No significant difference (P > 0.05) was observed when the 
extraction time was increased beyond 12 h. 

However, a reduction in the overall recovery of BDE 28 
was observed when spiked samples were extracted for 16 h. 
This was probably due to its relatively lower molecular weight, 
which could possibly enhance its volatilisation. In general, pos-
sible losses of analytes could result from volatilisation during 
concentration steps, adhesion of analytes onto the inner surface 
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of glass containers, thermal degradation in GC injec-
tor and/or incomplete recovery of analytes during 
extract clean-up steps.

Chromatographic separation of target 
compounds

Many studies have demonstrated that GC-ECD has 
excellent sensitivity for halogen-containing com-
pounds such as PBDEs and PBBs (Stapleton, 2006; 
Odusanya et al., 2009). This technique is particularly 
versatile due to its simplicity and relatively low cost 
of maintenance. Being a non-selective detector, how-
ever, many unwanted compounds containing these 
chemical species could readily interfere with the 
investigation of compounds of interest. In this study, 
the advantages this technique offers were explored by 
developing an analytical procedure for the analysis 
of 7 commonly investigated PBDE congeners (BDE 
28, 47, 99, 100, 153, 154 and BDE 183), as well as 
BB 153, in sediment samples. The optimum chroma-
tographic conditions allowed for a good separation 
of all of the target compounds investigated (Fig. 2). 
However, a substantial co-elution between BDE 154 
and BB 153 was observed during the preliminary 
investigations when a shorter capillary GC column 
(HP-5, 30 m x 0.25 mm x 0.25 µm) was employed. 
Although, several studies had attempted to separate 
these co-eluting compounds by employing a high 
resolution gas chromatograph coupled to a high reso-
lution mass spectrometer (Clarke et al., 2008), this 
measure is very expensive and requires good techni-
cal skills. Alternatively, the use of 2-dimensional  
GC x GC-µECD can be explored to overcome the 
inherent co-elution of lower brominated diphenyl 
ethers with other halogenated compounds. 

Koryt´ar et al. (2005) reported the co-elution of 
BDE 154 with BB 153 on DB-1, DB-5 and CP-Sil 
19 columns. They were able to achieve a complete 
baseline separation of these co-eluting compounds 
on HT-5, DB-17, DB-XLB (30 m x 0.25 mm x 0.25 µm) and 
HT-8 (25 m x 0.22 mm x 0.25 µm) GC columns. The develop-
ment of analytical procedure for the evaluation of BFRs must 
therefore take into consideration the co-elution of these con-
geners. This is because most environmental matrices investi-
gated, particularly in the North American environment, have 

been found to contain relatively high levels of BB 153 (Yun et 
al., 2008), which might produce unexpectedly high values for 
BDE 154 if not separated. A good analytical technique which 
is capable of discriminating amongst these co-eluting conge-
ners is essential. In this study, it was possible to demonstrate 
the applicability of narrow-bore GC capillary column (0.1 µm 

Table 1
Mean recoveries of target compounds at different extraction times (values reported represent the mean of duplicate 

analyses)
Target 
compounds

Amount 
spiked (ng)

Extraction time
3 h 6 h 12 h 16 h

Amount 
recovered 

(ng)

Percent 
recovered 

(%) 

Amount 
recovered 

(ng)

Percent 
recovered 

(%)

Amount 
recovered 

(ng)

Percent 
recovered 

(%)

Amount 
recovered 

(ng)

Percent 
recovered 

(%)
BDE 28 5.09 4.21 82.9 4.89 96.2 5.07 100 4.59 90.3
BDE 47 3.72 3.07 82.6 3.89 105 4.27 115 3.78 102
BDE 100 3.60 3.16 87.9 3.89 108 4.36 121 4.40 122
BDE 99 2.61 2.47 94.8 2.59 99.1 3.06 117 3.39 130
BDE 154 3.01 2.31 76.6 2.76 91.6 3.55 118 3.81 126
BB 153 2.05 1.66 81.2 1.92 93.6 2.49 122 2.51 122
BDE 153 2.55 2.03 79.4 2.38 93.3 2.73 107 2.58 101
BDE 183 2.03 1.99 98.3 2.18 108 2.29 113 2.43 120

 

 

 

 

 

 

 

 

 

 

 

 

1 = BDE 28 

2 = BDE 47 

3 = BDE 100 

4 = BDE 99 

5 = BDE 154 

6 = BB 153 

7 = BDE 153 

8 = BDE 183 

Figure 2
Chromatogram of BDEs and BB 153 standards (23.8-56.9 ng/mℓ) indicating 

the resolution of co-eluting BDE 154 and BB 153 congeners

Figure 1
Mean per cent recovery of target compounds using different extraction 
solvent combinations (error bars correspond to standard deviation of 

3 replicates)
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film thickness) for the resolution of these co-eluting  
congeners. Secondly, the major setback associated with  
the use of longer capillary GC columns, i.e. prolonged  
analysis time, was overcome. A complete chromatographic 
separation of all target compounds was achieved within  
30 min (Fig. 3), thus making the proposed method rapid, 
efficient and cost-effective. 

Performance evaluation of the proposed method

The suitability of the proposed method was assessed by 
evaluating linearity, repeatability and accuracy, as well as 
the limits of detection of each compound. The calibration 
study was performed using certified reference standards pro-
duced by CIL laboratories, Andover, MA (USA). The con-
centration range of each compound was between 1 and 100 
ng/mℓ, with the exception of BDE 183 which had a range 
of 5 to 100 ng/mℓ. Triplicate analyses of the calibration 
standards were performed. As can be seen in Table 2, the 
correlation coefficient (R2) values were higher than 0.9992 
for all of the target compounds, showing a good response of 
the electron capture detector to the target compounds. The 
precision of the method was evaluated by performing repeat-
ability tests over a range of low concentration levels of the 
target compounds. This was done by estimating the rela-
tive standard deviation (RSD) of 7 replicates of each level. 
At this concentration range the RSD values were between 
0.8% at 26 ng/mℓ and 1.78% at 15.75 ng/mℓ for BDE 153. 
Evaluation of the proposed method’s accuracy was verified 
by recovery studies. As shown in Table 3, recoveries of all 
congeners varied between 84.4 for BDE 183 and 110% for 
BDE 28 (with RSD < 12%), falling within the acceptable 
limits recommended for PBDE analysis (USEPA, 2007).  
The method detection limits (MDLs) were estimated based 
on a matrix spiking experiment where pre-extracted sediment 
were spiked with a low concentration, 2.5 ng/mℓ, with the 
exception of BDE 183, the concentration of which was  
5.0 ng/mℓ. A value of 3 times the standard deviation of 7 
replicates of low-level spiked sediment samples was used as 
the method detection limit. The MDL values obtained ranged 

between 0.03 ng/g for BDE 100 and 0.13 ng/g for BDE 183. 
These values were comparable to those reported for similar 
studies, where LOD values were in the range of 0.12 ng/g for 
tri- and tetra-BDEs and 0.25 ng/g for hepta-BDEs, and LOQ 
values were in the range of 0.30 ng/g for tri- and tetra-BDEs 
and 0.40 ng/g for hepta-BDEs (Binelli et al., 2007).

Table 3
Recovery of target compounds in spiked sediment samples

Target 
compounds

Spiked 
concen
tration 
(ng/mℓ)

Replicates/
Concentrations (percent) of target analytes recovered

Mean 
per cent 
recovery

Relative 
standard 
deviation 

(RSD)1 2 3 4 5 6 7

BDE 28 2.16 2.13 
(98.7)

2.07 
(96.2)

2.15 
(99.9)

2.64 (122) 2.66 (123) 2.71 (126) 2.30 (107) 110 11.7

BDE 47 2.70 2.66 
(98.5)

2.62 (97.1) 2.66 
(98.8)

2.64 
(98.0)

2.87 (107) 2.38 
(88.4)

2.31 
(85.7)

96.1 7.30

BDE 100 2.65 2.34 
(88.5)

2.38 
(90.0)

2.46 
(92.9)

2.54 
(95.8)

2.70 (102) 2.51 
(95.0)

2.50 
(94.7)

94.1 4.66

BDE 99 3.64 3.39 
(93.0)

3.40 
(93.5)

3.58 
(98.2)

3.74 (103) 3.84 (105) 3.70 (102) 3.18 (87.3) 97.4 6.60

BDE 154 2.64 2.39 
(90.5)

2.46 
(92.9)

2.57 (97.1) 2.67 (101) 2.83 (107) 2.60 
(98.5)

2.74 (103) 98.6 5.89

BB 153 4.12 3.92 
(94.7)

3.97 
(96.0)

4.02 
(97.6)

4.29 (104) 4.55 (110) 4.29 (104) 4.72 (114) 103 7.07

BDE 153 5.75 5.18 (90.1) 5.39 
(93.7)

5.35 
(93.0)

5.88 (102) 5.95 (104) 5.63 
(97.9)

5.50 
(95.7)

96.6 5.10

BDE 183 6.52 5.35 
(82.1)

4.85 
(74.4)

5.26 
(80.6)

6.02 
(92.3)

5.69 
(87.2)

5.30 
(81.2)

6.05 
(92.7)

84.4 7.95

 

 

 

1 = BDE 28 

2 = BDE 47 

3 = BDE 100 

4 = BDE 99 

5 = BDE 154 

6 = BB 153 

7 = BDE 153 

8 = BDE 183 

Figure 3
Typical chromatogram of target analytes in a sediment extract 

Table 2
Analytical performance parameters employed for the 

validation of the proposed method
Target 
compounds

Linearity Repeatability MDL, ng/g
Concen
tration  
(ng/mℓ)

Mean 
(std. dev)

BDE-28 0.99998 14.0 14.1 (0.20) 0.08

BDE-47 0.99997 15.4 15.6 (0.21) 0.06
BDE-100 0.99998 15.5 15.6 (0.22) 0.03
BDE-99 0.99986 17.2 17.6 (0.17) 0.07
BDE-154 0.99995 12.2 12.3 (0.18) 0.05
BB-153 0.99991 26.1 26.3 (0.21) 0.09
BDE-153 0.99961 14.9 15.8 (0.28) 0.08
BDE-183 0.99928 8.12 8.17 (0.11) 0.13
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Application of the proposed method to field samples

The developed method was applied to 19 sediment samples col-
lected from a stream and river within the City of Cape Town. 
The control site was a stream located within a popular botani-
cal garden within the city. The other site was the Black River, 
which receives treated effluent from the second-largest WWTP 
in the city, with a present capacity of 99.5Mℓ/d, corresponding 
to 800 000 population equivalents. The mean concentrations 
of the investigated BFRs in sediment samples collected from 
these locations is presented in Table 4. The occurrence of most 
of the analytes in the control site is indicative of the ubiquitous 
nature of these contaminants. 

For most of the congeners, the concentrations found at 
the control site were slightly higher than those found in the 
bottom sediment of the river investigated.  Since there are no 
discharges into the stream, except via atmospheric precipita-
tion, it could be inferred that other possible sources of PBDEs 
might be responsible for the observed levels.  Hale et al. (2008) 
recently conducted a study to assess PBDE levels in remote 
regions of Antarctica. The presence of these contaminants in 
most matrices monitored was suggestive of inputs from local 
sources. A notable possible source of these contaminants in 
the control site is the use of compost manure usually derived 
from WWTP sludge. These were extensively used for various 
ornamental works within the botanical garden. Secondly, the 
botanical garden is situated on a highland, where fast-moving 
water during rainfall can possibly erode deposited contami-
nants into nearby water bodies.

The levels of both PBDEs and BB 153 found in the 
upstream and point of discharge samples were generally low. 
The majority of the congeners were below the calculated MDLs 
for these regions. However, all of the congeners were detected 
in quantifiable amounts in the downstream region. The low 
levels of contaminants found in the upstream, and particularly 
in the point of discharge regions, were expected.

 For instance, the river is very shallow around the point 
of discharge; thus effluent discharges from the WWTP gener-
ate significant turbulence in this region. This results in the 
gradual accumulation of very coarse sandy sediment contain-
ing relatively small amounts of organic matter. Consequently, 

the suspended particulate-bound contaminants, which are 
largely non-settleable in the water column in this region, are 
transferred further downstream. The prolonged deposition of 
these contaminants might be responsible for the relatively high 
contaminant levels observed downstream for the investigated 
river. Detectable levels of all of the PBDE congeners, as well as 
BB 153, were found in all of the sediment samples analysed. Of 
these congeners, BDE 183 and BDE 99 were the most dominant 
congeners found at the point of discharge and downstream 
regions. The observed trend suggests that the effluents (munici-
pal and industrial) received by the WWTP might contain penta- 
as well as octa-BDE formulations, thus implicating WWTPs as 
important sources of PBDEs in receiving water bodies (Samara 
et al., 2006). BDE 209, which is a major congener of deca-BDE 
formulation, was not included in this analytical method devel-
opment for PBDE analysis, because its analysis often requires 
a separate analytical procedure for its determination. Since 
BDE 209 contributes significantly to the overall PBDE levels in 
most studies, it will be necessary to exclude this congener from 
the summed PBDE values before a suitable comparison can be 
made. In general, the results obtained in this preliminary study, 
the first to report PBDE levels in sediment samples in South 
Africa, were much lower than those from North American and 
European studies, which reported total PBDE concentrations 
as high as 148 ng/g (Samara et al., 2006), 212 ng/g (Oros et 
al., 2005) and up to 200 ng/g (Sellstrom et al., 1999), and were 
comparable with those reported in some Asian studies 0.16-
94.6 ng/g (Chen et al., 2006), 0.04-94.7 ng/g (Mai et al., 2005).

Conclusions

A simple analytical procedure for the simultaneous determina-
tion of PBDEs and BB 153 was developed. The mechanical 
shaking technique employed for the isolation of target analytes 
in sediment samples was optimised. Of the 3 extraction solvent 
combinations tested, the use of n-hexane:acetone (2:1, v/v) gave 
the best recovery of all of the target analytes. Extract purifica-
tion was done on Pasteur pipette columns containing layers of 
different forms of silica gel. The chromatographic separation of 
these analytes was achieved using a long narrow bore capil-
lary column with moderate polarity. With the optimum GC 

Table 4
Mean concentration (ng/g, dw) of selected PBDE congeners and BB 153 in the field sediment samples

Target 
compounds

Control site
(n=3)

Black River
Upstream (n=4) Point of discharge (n=6) Downstream (n= 6)

BDE 28 0.13±0.00 (0.13 – 0.13) 0.10±0.01 
(0.09 – 0.12)

<0.08 0.18±0.05 (0.12 – 0.23)

BDE 47 0.08 (ND - 0.12) 0.06 (ND – 0.07) <0.06 0.66±0.29 (0.40 – 0.98)
BDE 100 0.37±0.08 (0.28 – 0.43) 0.06±0.01 

(0.06 – 0.07)
<0.03 0.59±0.10 (0.52 – 0.71)

BDE 99 1.62±0.27 (1.45 – 1.93) 0.07 (ND – 0.08) <0.07 0.87±0.17 (0.68 – 0.97)
BDE 154 0.71±0.07 (0.65 – 0.78) 0.06±0.02 

(0.05 – 0.08)
<0.05 0.28±0.11 (0.16 – 0.39)

BB 153 <0.09 <0.09 <0.09 0.66±0.20 (0.51 – 0.89)
BDE 153 1.54±0.34 (1.35 – 1.93) <0.08 <0.08 0.22±0.14 (0.13 – 0.38)
BDE 183 0.18±0.01 (0.17 – 0.20) <0.13 <0.13 1.63±0.10 (1.53 – 1.73)
TOC (%) 24.7±1.09 (23.9 – 25.9) 0.97±0.02 

(0.96 – 0.99)
0.53±0.01 

(0.52 – 0.53)
1.33±0.08 (1.24 – 1.39)

∑7 BDEs 4.63 0.35 0.00 4.43
TOC – total organic carbon; ∑7 BDEs – sum of mean values of all 7 PBDE congeners investigated in this study excluding BB 153; values in parentheses 
represent observed range of target analytes; dw – dry weight.
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conditions, the rapid chromatographic separation of target ana-
lytes was achieved. The overall performance of the method was 
evaluated using various analytical performance parameters, 
including linearity, sensitivity, repeatability and recovery tests. 
Unfortunately, the analytical recoveries of target analytes in 
sediment samples were not assessed with the use of a surrogate 
standard. The results of the matrix spike experiment conducted 
under the optimum conditions gave acceptable recoveries of 
all of the target analytes.  One interesting outcome of this 
study was that effluent discharges from the WWTP are poten-
tial sources of PBDEs and BB 153 contamination in the river 
investigated.  
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