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The increasing evidence of the presence of organic pollutants in different aqueous matrices has led to 
the development of many analytical techniques. The isolation of these compounds from the aqueous 
matrices remains an integral component of these techniques. In this study, the performance of three 
different extraction methods, namely separatory funnel, magnetic stirring and solid-phase extraction 
methods commonly applied to organic pollutants in aqueous matrices was assessed. The extraction 
efficiencies of the target compounds BDE 28, 47, 100, 99, 154, 153 and 183 as well as BB 153 were 
evaluated using spiking experiments. More so, the performance of a modified clean-up technique was 
compared with the conventional glass column chromatographic technique. The results from these 
studies showed that the separatory funnel extraction technique gave the best recoveries. The percent 
recoveries of these compounds ranged from 72 to 89%, 65 to 84% and 26 to 122% for the separatory 
funnel, magnetic stirring and solid-phase techniques, respectively. The modified clean-up technique, 
which requires the use of fewer quantities of the adsorbent material and eluting solvent, gave 
comparable results with the conventional column technique. The combination of the best extraction 
method and the modified clean-up techniques was applied to different aqueous matrices, including 
river water, wastewater treatment effluent and landfill leachate samples. 
 
Key words: Polybrominated diphenyl ethers (PBDEs), landfill leachate, effluent, river water, black river, Cape 
Town. 

 
 
INTRODUCTION 
 
Brominated flame-retardants (BFRs) have been used for 
many years in a wide variety of commercial products, 
including furniture, plastics, computers and electronics. 

Their mechanism of action involves the release of free 
bromine radicals when heated. These free radicals, in 
turn, scavenge other free radicals taking part in the  flame  
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propagation, thus resulting in continuous flame 
retardation process (Richardson, 2009). Although, the 
use of these chemicals has drastically reduced the 
incidences of fire-related deaths, injuries and property 
damage, there is still growing concerns about their 
widespread distribution in the environment.  

Polybrominated diphenyl ethers (PBDEs) represent 
important category of additive brominated flame-
retardants. Their global demand has increased 
significantly since the use of polybrominated biphenyls 
(PBBs) was banned a few decades ago. The commercial 
formulations of PBDEs include three main categories, 
namely Penta- (consisting primarily of BDEs 47 and 99, 
alongside other congeners of tri- hepta-BDEs), Octa- 
(hexa – deca-BDEs – the exact congener composition of 
this group vary considerably between the two principal 
formulations marketed) and Deca- (92 to 97% BDE-209 
plus nona- and octa-BDEs) (La Guardia et al., 2006). 
Typical quantities of these chemicals in products may 
reach up to 18% for pentabrominated diphenyl ethers 
(penta-BDEs), 15% for octabrominated diphenyl ethers 
(octa-BDEs) and 16% for decabrominated diphenyl 
ethers (deca-BDEs) (Alaee et al., 2003). Owing to the 
quantity of these chemicals present in products of 
everyday use and their mode of incorporation into 
polymeric materials, which is, additive in nature, the 
tendency for these chemicals to leach out of the treated 
products during their usage and disposal is highly 
probable. Consequently, increasing levels of these 
contaminants have been reported globally in different 
environmental matrices.  

PBDEs have been detected in soil (Jiang et al., 2010; 
Zheng et al., 2012; Parolini et al., 2013), sediment 
(Klosterhaus et al., 2012; Moon et al., 2012),  sewage 
sludge (Gevao et al., 2008; Yang et al., 2011; Cincinelli et 
al., 2012; Xiang et al., 2013), indoor dust (Takigami et al., 
2009; Ali et al., 2011; Kang et al., 2011; Coakley et al., 
2013), in foodstuffs (Bocio et al., 2003; Gomara et al., 
2006; Schecter et al., 2008; Luo et al., 2009) and in 
aquatic and terrestrial wildlife (Polder et al., 2008; Cheaib 
et al., 2009). PBDEs have also been detected in human 
milk, adipose tissue, serum, hair and placenta, 
particularly in subjects who are occupationally exposed 
(Sudaryanto et al., 2008; Zhao et al., 2008, 2009; Zhu et 
al., 2009; Eguchi et al., 2012). Unfortunately, the 
investigation of these contaminants in aqueous 
environmental samples has not received the required 
attention. This might probably be due to the unique 
physico-chemical properties of these chemicals. PBDEs, 
like most organic pollutants, are highly hydrophobic, thus 
exhibiting extremely low solubility, low vapour pressure 
and high octanol – water co-efficient (de Wit, 2002). 
Given these properties, it is expected that their ultimate 
fate in aqueous media will be greatly influenced by the 
presence of suspended particulate matter (Ramu et al., 
2010). Hence, it might be needful to carefully select 
extraction    methods    that    can    produce    acceptable  
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recoveries of the target compounds. 

Aqueous environmental samples derived from different 
industrial processes as well as from waste treatment 
facilities (WWTPs and landfill sites) often contain high 
loads of these emerging contaminants. Inadequate 
treatment of these waste streams may, therefore, 
contribute significantly to further contamination of the 
receiving environment. The development of an 
appropriate analytical procedure for the isolation 
(extraction) of these contaminants is very critical to 
evaluating their levels in various aqueous matrices. Until 
now, organic contaminants in aqueous matrices are 
traditionally isolated using liquid-liquid extraction 
technique. Although, newer techniques have been 
developed and applied for the analysis of various organic 
pollutants, including PBDEs. These include ultrasound-
assisted emulsification micro-extraction (Fontana et al., 
2009), solid phase micro-extraction (Wang et al., 2006) 
and so on. These techniques, however, have not found 
wide applicability in the analysis of PBDEs, particularly in 
aqueous samples.  

The aim of this present study was to evaluate the 
efficiencies of three methods of extraction commonly 
applied to the analysis of organic pollutants with a view to 
identify the best extraction technique for the analysis of 
selected PBDE congeners as well as BB 153 in aqueous 
samples. Furthermore, the study also attempts to 
determine the levels of these pollutants in different 
aqueous samples, including wastewater effluents, landfill 
leachate as well as river water collected within the city of 
Cape Town. 
 
 

MATERIALS AND METHODS 
 
Chemicals and materials 
 

All organic solvents (n-hexane, dichloromethane, acetone and 
isooctane) purchased from Merck (Modderfontein, South Africa) 
were doubly-distilled prior to use. Anhydrous sodium sulphate was 
purchased from Radchem (Pty) Ltd. (Roodepoort West (Gauteng), 
South Africa). Silica gel (60 – 200 mm) and copper powder were 

supplied by Sigma-Aldrich (Aston Manon (Gauteng), South Africa). 
High purity gases (helium – 99.999%; nitrogen 99.999%) were 
purchased from by Afrox (Pty) Ltd. (Cape Town, South Africa). 
Unlabelled individual reference PBDEs standards were produced 
by Cambridge Isotope Laboratories (CIL) (Andover, MA, USA). BB 
153 was produced by Chiron AS (Trondheim, Norway). These 
standards were locally supplied by Industrial Analytical (Pty) 
(Midrand (Gauteng), South Africa). 
 
 
Sample collection, extraction and clean-up procedures 
 

Aqueous samples, including river water, WWTP effluents and 
landfill leachate were collected between April and May, 2010. River 
water samples collected correspond to the upstream, point of 
discharge and downstream sampling points of the effluent-receiving 
Black River in the city of Cape Town. Effluent samples from a 
nearby WWTP were collected at different stages of the wastewater 
purification process, namely: inlet section (raw water); primary 
settling tank (primary effluent); secondary  settling  tank  (secondary  
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effluent) and disinfection unit (final effluent). The raw leachate 
samples were collected from the leachate reservoir sited on-site. 
Depending on its level in this reservoir, leachate is periodically 
pumped into the nearby WWTP for treatment. All these samples 
were collected in triplicates into thoroughly cleaned 1 L amber glass 
bottles with amber glass caps. The samples were kept cool en-

route the laboratory in an ice container. Samples were immediately 
refrigerated on arrival at the laboratory at 4°C until analysis. 

Three extraction methods, namely: separatory funnel extraction 
(SFE), magnetic stirring extraction (MSE) and solid-phase 
extraction (SPE) methods were investigated in this study. For this 
purpose, a known volume of ultra-pure MilliQ water (RiOs8

TM
, 

France) was spiked with standard mixture of all target compounds 

to be investigated. The extraction of these compounds was carried 
out by employing each of the methods to be evaluated. The overall 
recoveries of these compounds were subsequently estimated. The 
method that gave the best analytes’ recoveries was applied to the 
analysis of aqueous samples investigated in this study. The 
detailed procedure for each extraction method is described below. 
 

 

Separatory funnel extraction method 
 

About 800 ml of MilliQ water was measured into a thoroughly 
cleaned 1 L capacity separatory funnel. The water was thereafter 
spiked with 1 ml of standard solution containing all the target 
compounds. The set up was allowed to equilibrate for exactly 60 
min before extraction. Analytes extraction was carried out by 
shaking the spiked water with 40 ml of dichloromethane for 2 min 
with periodic venting during the extraction. Phase separation of the 
two layers that results was allowed to take place for about 10 to 15 

min. The lower organic layer was thereafter collected over 
anhydrous sodium sulphate into a 250 ml-capacity round bottom 
flask. The extraction of aqueous layer was repeated twice using 40 
ml of dichloromethane in each occasion. The separatory funnel was 
rinsed twice with 20 and 10 ml of dichloromethane in succession 
after the aqueous layer had been discarded. These were combined 
with the extract previously obtained. The extract obtained was 
concentrated using a rotary evaporator at 45°C to about 1 ml. 
 
 

Magnetic stirring extraction method 
 

Similarly, 800 ml of MilliQ was water measured into a thoroughly 
cleaned 2 L capacity beaker. The water was spiked and allowed to 
equilibrate as previously described for the separatory funnel 
technique. In contrast to the SFE technique, however, the analytes 
were extracted once using a total of 120 ml dichloromethane with 

moderately rigorous stirring for 30 min by employing a magnetic 
stirrer (FMH Electronics, South Africa). The phase separation of 
both aqueous and organic layers was allowed to take place for 
about 30 min. The clear supernatant was thereafter decanted and 
the bottom layer was transferred into a clean 500 ml capacity 
separatory funnel for further phase separation. The lower organic 
layer was then collected over anhydrous sodium sulphate into a 
pre-cleaned 250 ml capacity round-bottom flask. The beaker and 
separatory funnel used were rinsed with 20 and 10 ml of 

dichloromethane in succession and were combined with the extract 
previously obtained. The extract obtained was thereafter 
concentrated to about 1 ml using a rotary evaporator. 
 

 

Solid-phase extraction method 
 

This extraction method began with the initial conditioning of the C-
18 cartridges employed. This was done by passing 5 ml of n-

hexane, 5 ml of dichloromethane, 5 ml of methanol and 5 ml of 
MilliQ water in succession through the cartridge at low pressure (1.5 
in   Hg)   employing   a    Visiprep    manifold    (Sigma-Aldrich).   To  

 
 
 
 
investigate the influence of pH of the aqueous matrices on the 
recovery of target analytes using SPE cartridges, two different set-
ups, including those with pH adjustment and the other without pH 
adjustment were investigated. First, the set-up with pH adjustment 
had its pH adjusted to between 2.05 and 2.12 using conc. H2SO4 
(98% purity). This was done by adding the acid in a drop wise 
manner followed by regular stirring and prompt measurement of the 
pH with a pH meter until the desired pH was attained. The pH of the 
other set-up was unaltered and these values ranged between 7.28 
and 7.69. These set-ups were allowed to equilibrate for 60 min after 
each had been spiked with 1 ml of standard solution containing all 
the target compounds. Each of the spiked MilliQ water was then 
extracted by passing it through the pre-conditioned cartridge at a 

pressure of 10 in Hg. Upon completion of the extraction, the 
cartridges were vacuum dried for an additional 45 min. The 
analytes were, thereafter, eluted with 6 ml n-hexane: 
dichloromethane (1:2) at a pressure of 1.0 in Hg with an average 
flow of 1 drop per 10 s. The eluate was subsequently spiked with 
300 µl of iso-octane and concentrated under a gentle stream of 
nitrogen gas to a suitable volume. The extract was then 
quantitatively transferred into amber samples for instrumental 
analysis. 
 
 

Extract clean up procedure 
 

In this case, two clean-up procedures were employed. These 
column chromatographic techniques involved the use of varying 
quantities and forms of silica gel packed in Pasteur pipette and 
glass column for the modified and conventional techniques, 
respectively. More so, different volumes of the eluting solvent were 

tested for both techniques to obtain the optimum volume that will 
yield the best recoveries of the target compounds. For the modified 
clean-up technique, 5 and 10 ml of the eluting solvent were tested, 
whereas 25, 50, 75, 100 and 125 ml of the eluting solvent were 
tested for the conventional glass column technique. 

The Pasteur pipette packing was done by first clogging its tip with 
a clean glass wool. This was followed by the addition of 0.1 g 
activated silica gel; 0.2 g (30% 1N NaOH, w/w) basic silica gel; 0.1 

g activated silica gel; 0.4 g (44% conc. H2SO4, w/w) acidic silica gel; 
0.1 g activated silica gel; 1.0 g anhydrous sodium sulphate) in this 
sequence from the bottom. The packed column was, thereafter, 
conditioned with 5 ml of n-hexane. Similarly, the glass column was 
packed from the bottom with 1 g activated silica gel (previously 
baked at 240°C overnight), 4 g basic silica gel (30% NaOH, w/w), 1 
g activated silica gel, 8 g acidic silica gel (44% conc. H2SO4, w/w), 2 
g activated silica gel and 4 g anhydrous sodium sulphate. Basically, 
this clean-up procedure was done in accordance with the USEPA 

Draft Method 1614 for the analysis of PBDEs in wastewater and 
bio-solids, although, certain aspects of the regulatory procedure 
were modified. 

The packed column was pre-conditioned with 50 ml of doubly 
distilled n-hexane to remove trapped air and background 
contaminants within the column. The n-hexane layer over the 
uppermost layer in the column was maintained at 2 mm to prevent 
further infiltration of air into the column. The concentrated extract in 
n-hexane was then quantitatively transferred into the column and 

eluted with appropriate volume of the eluting solvent. The eluate 
was further concentrated using a rotary evaporator to about 1 ml. 
The concentrated cleaned extract was the spiked with about 300 µl 
of iso-octane before the final concentration was done under a 
gentle stream of nitrogen gas. The prepared samples were stored 
in amber sample vials and kept in the refrigerator until the final 
instrumental analysis. 
 

 

Instrumental analysis 
 

The analysis  of  the  target  compounds  was  performed  using  an  
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Figure 1. Influence of pH adjustment on the recovery of target compounds (SPWPA – solid phase 
extraction without pH adjustment; SPPA –solid phase extraction with pH adjustment; error bars 
represent standard deviations of 3 replicates). 

 
 
 
Agilent 6890 gas chromatograph equipped with electron capture 
detector (GC-µECD). The GC-µECD 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 i.d. 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 280 and 300°C, respectively. The oven temperature was 

programmed as follows: 100°C held for 2 min, ramped at 20°C/min 
to 220°C; it was further ramped at 4°C/min to 300°C and held for 7 
min. One micro-litre of either the standard mixture or experimental 
samples was injected using a splitless injection mode. 
Quantification was based on peak areas of target compounds using 
external calibration technique. Five to six 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. The identification of the target analytes in the real 

samples was done by comparing their retention times with those of 
the reference standards. 

For quality control and assurance purposes, the retention times 
of target analytes were only considered if they fall within 5% interval 
relative to those of the reference standards. A procedural blank 
(MilliQ water) was run with the batch of 5 field samples. No 
detectable level of analytes was found. In addition, a calibration 
standard of 10 ng/ml was run as a check after every 5 samples to 
ensure 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 
 
The influence of pH adjustment on analytes recovery 
using SPE technique 
 
The  recoveries   of   certain   organic   compounds   were  

generally enhanced when the pH of the medium in which 
they were found was lowered. This assumption has been 
found to be generally true for ionisable organic 
compounds such as phenols and aniline (Yang et al., 
2008). Although, PBDEs are non-ionisable compounds, 
this phenomenon was investigated for the selected 
compounds at a pH range between 2.05 and 2.12 using 
solid phase extraction technique. The recoveries 
obtained for the highly brominated congeners on SPE 
cartridges were generally poor. Only a slight increase in 
the yield of all target compounds was observed for the 
experimental set-ups whose pH had been adjusted 
(Figure 1). The observed differences in the recoveries of 
the lower and higher PBDE congeners could be attributed 
to the relatively lower polarity of the higher brominated 
congeners (Eljarrat et al., 2004). Other possibility could 
result from the ability of the sorbent materials in the SPE 
cartridges to demonstrate stronger affinity for PBDEs at 
lower pH than at neutral pH levels; thus, resulting in a 
slight yield in PBDEs recovery upon elution with the 
appropriate solvent. 
 
 

Evaluation of extraction efficiencies of different 
methods 
 

A critical evaluation of the efficiencies of different 
extraction methods studied revealed that the isolation of 
target compounds from the aqueous medium assumed 
different patterns. With the use of C-18 cartridges, the 
recoveries of target compounds were generally poor 
when compared with other extraction techniques. 
However, the choice of  solvent  or  solvent  combinations  
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Table 1. Percent recoveries of target compounds obtained from different extraction techniques.  
 

 SFM  MSM  SPWPA  SPPA 

Target 
compounds 

Spiked 
concentration 

(ng/ml) 

Concentration 
recovered 

(ng/ml) 

% 
Recovery 

 

 

 

Concentration 
recovered 

(ng/ml) 

% 
Recovery 

 

 

Concentration 
recovered 

(ng/ml) 

% 
Recovery 

 

 

Concentration 
recovered 

(ng/ml) 

% 
Recovery 

BDE 28 10 7.94±0.13
a
 79.4  8.14±0.19

a
 81.4  6.89±0.43 68.9  8.58±0.21 85.8 

BDE 47 10 8.93±0.35 89.3  8.41±0.22 84.1  5.23±1.77 52.3  5.97±1.62 59.7 

BDE 100 10 7.36±0.93 73.6  6.47±1.05 64.7  11.1±2.19 111  12.2±0.55 122 

BDE 99 10 8.41±0.27 84.1  7.24±0.42 72.5  5.35±2.26 53.5  9.30±5.37 93.0 

BDE 154 10 7.80±0.40 78.0  7.21±0.51 72.1  3.45±0.15 34.5  4.79±0.12 47.9 

BB 153 10 7.16±0.53 71.6  6.50±0.43 65.0  2.57±0.21 25.7  4.32±0.30 43.2 

BDE 153 10 8.18±0.51 81.8  7.29±0.71 72.9  2.86±0.56 28.6  4.93±1.31 49.3 

BDE 183 10 7.81±2.38 78.1  7.78±1.22 77.8  5.40±0.98 54.0  5.78±1.48 57.8 
 
a
 – values represent mean (±standard deviation) of six replicates and three replicates for SPWPA and SPPA; SFM – separatory funnel extraction method; MSM – magnetic stirring extraction method; 

SPWPA – solid phase extraction without pH adjustment; SPPA – solid phase extraction with pH adjustment. 

 
 
 
employed for elution is believed to play a vital role 
in their isolation. In this study, a significant 
difference in the yield of target compounds was 
observed when different solvent combinations 
were employed. During the preliminary studies, a 
relatively higher recovery was found when the 
target compounds were eluted with 6 mℓ n-
hexane-dichloromethane (1:2, v/v) than when 
similar volume of n-hexane-acetone (2:1, v/v) was 
used (data not included). Notwithstanding the 
limitations of this method, it still offers numerous 
advantages, including high sample throughput, 
automation compatibility, reduced organic solvent 
consumption and excellent separation of 
interfering species. Additionally, the use of SPE 
cartridges is advantageous, as it does not often 
require further clean up step like other extraction 
techniques, thus resulting in shorter analysis time. 

Despite the introduction of modern extraction 
methods, liquid-liquid extraction techniques still 
find extensive application in the analysis of 
organic contaminants in aqueous samples. 

Separatory funnel and magnetic stirring methods 
represent important category of this technique that 
are still being used extensively. These methods 
were included in this study due to their wide 
applicability to other organic pollutants. Most of 
the methods selected for evaluation have either 
been employed for the assessment of PBDEs or 
other similar contaminants such as PCBs, 
organochlorine pesticides, phenols, amongst 
others, in aqueous matrices (Pauwels et al., 1999; 
Covaci and Schepens, 2001).  

The results indicating the extraction efficiency of 
each of these methods are presented in Table 1. 
Based on these findings, it was apparent that the 
separatory funnel method had the best extraction 
efficiency for most of the congeners investigated. 
Although a good recovery of these congeners was 
also achieved with the magnetic stirring method, 
the majority of the congeners were efficiently 
isolated with the separatory funnel method. 

Both methods employ dispersion of fine droplets 
generated by the agitation of the aqueous 

samples present in the extraction chamber. The 
isolation of the compounds of interest is, 
therefore, achieved with the continuous contact 
maintained between the aqueous and organic 
droplets within the chamber. 

In contrast, the solid-phase method effects the 
extraction of these compounds through adsorption 
mechanism. Essentially, this method explores the 
differential affinities of components present in the 
aqueous matrix to effect the isolation or 
purification of the desired compounds (Rouessac 
and Rouessac, 2007). Besides the numerous 
advantages this technique offers, which include 
ease of automation, higher recoveries of polar 
compounds and cleaner extracts, certain 
problems are still associated with the use of this 
method. These include incomplete removal of 
interferences, low recovery of analytes and high 
degree of variability in terms of relative standard 
deviation (RSD).  

The recoveries of PBDEs as well as BB 153 
employing  this  method  were   generally   low.   A
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Table 2. Mean percent recovery of target compounds with the conventional glass column clean up technique. 
 

Target compounds 
Percent recovery (%) volume of eluting solvent 

25 ml 50 ml 75 ml 100 ml 125 ml 

BDE 28 - 7.11 92.9 95.2 95.9 
BDE 47 - 12.4 94.0 95.7 97.1 
BDE 100 - 66.0 94.6 97.4 98.5 
BDE 99 - 47.9 96.3 99.3 101 
BDE 154 - 70.1 93.7 100 101 
BB 153 - 82.8 100 100 104 
BDE 153 - 68.8 97.1 103 104 
BDE 183 - 71.7 93.2 95.9 98.8 

 

 –  not detected. 

 
 
 

 
 

Figure 2. Percent recovery of target compounds using different eluting volumes on modified clean up technique.  

 
 
 
slight improvement in the extraction efficiency was 
observed when the pH of the aqueous medium was 
adjusted as shown in Figure 1. It therefore implies that 
the recovery of these contaminants could be enhanced 
by simply acidifying the aqueous medium containing 
them if SPE technique is to be employed for their 
extraction. Another aspect where certain modifications 
were carried out during the method development was in 
the clean up procedure. While the conventional silica gel 
column chromatography was used for the purification of 
the sewage sludge extracts, a modified clean up 
technique was employed for the extracts of bottom 
sediment and aqueous samples investigated in this 
study.  

For environmental monitoring studies that involve the 
analysis of several samples, the development and 
application  of  appropriate  analytical  protocols  that  will 

ensure minimal usage of both eluting solvent and 
adsorbent materials are highly essential. Consequently, 
the use of Pasteur pipette packed with different forms of 
silica gel for “clean-up” ensured that this objective was 
achieved. In this study, an attempt was made to compare 
the efficiency of the modified Pasteur pipette technique 
with the conventional glass column method. During the 
preliminary studies, both techniques were optimised 
using varying volumes of the eluting solvent. This 
measure was undertaken to establish the optimum 
volume of the eluting solvent required for both 
techniques. The outcomes of these investigations are 
presented in Table 2 and Figure 2.  

Figure 2 shows the recovery of target analytes using 
the modified technique. With this approach, a yield 
greater than 85% was achieved with the use of 5 ml of 
the  eluting  solvent.  Recoveries   comparable   to   those  
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Table 3. Mean (standard deviation) concentrations (ng/L) of target compounds in different aqueous matrices investigated.  
 

Target compounds 
River water  WWTP Effluent  Landfill site 

Upstream Point of discharge Downstream  Raw water Primary effluent Secondary effluent Final effluent 
 

 
Leachate 

BDE 28 180 (29.9) 136 (28.6) 17.4 (9.06)  10.5 (8.06) 0.73 (0.59) 12.5 (9.31) 9.66 (3.31)  1.21 (1.10) 

BDE 47 29.5 (6.58) 17.9 (13.7) 8.12 (2.58)  7.45 (2.30) 4.21 (2.82) 15.1 (3.91) 16.8 (6.71)  8.97 (0.72) 

BDE 100 12.1 (5.64) 7.57 (3.39) 6.31 (1.50)  1.65 (1.97) 0.19 (0.13) 5.20 (2.10) 7.34 (3.44)  0.24 (0.49) 

BDE 99 7.54 (3.55) 4.93 (4.00) 3.32 (2.33)  3.64 (2.55) 2.31 (1.29) 6.57 (3.20) 6.03 (3.64)  0.00 (0.00) 

BDE 154 1.67 (2.59) 0.83 (0.96) 1.75 (1.04)  0.00 (0.00) 0.64 (0.84) 1.47 (2.52) 2.12 (2.77)  0.00 (0.00) 

BB 153 1.63 (1.71) 2.21 (1.10) 1.55 (0.48)  0.29 (0.72) 0.00 (0.00) 0.53 (0.70) 2.07 (1.46)  0.00 (0.00) 

BDE 153 3.54 (3.14) 8.03 (2.94) 28.7 (11.9)  62.4 (42.9) 7.52 (5.91) 81.6 (40.6) 141 (62.1)  0.56 (1.11) 

BDE 183 11.2 (18.2) 46.5 (43.7) 41.5 (26.0)  19.7 (14.9) 1.55 (3.10) 17.3 (5.46) 13.9 (7.36)  0.00 (0.00) 

 
 
 
obtained with 125 ml of the eluting solvent in the 
conventional glass column technique were 
achieved when 10 ml of the eluting solvent was 
employed in the modified clean-up technique. 
With these modification measures, the 
conservation of up to 92% of the eluting solvent 
and 88% of the sorbent materials was achieved 
relative to the conventional glass column 
chromatographic technique investigated in this 
study. Although the modified technique proved to 
offer improved separation of analytes, fast and 
cost-effective, its major setback was decreased 
efficiency with the age of the sorbent materials 
employed. Consequently, the use of freshly 
prepared sorbents must be employed in order to 
obtain acceptable results. 
 
 
Analysis of real aqueous samples 
 
The extraction of real samples was carried out 
with the separatory funnel extraction method since 
it gave the best recoveries of all the target 
compounds investigated. Similarly, the purification 
of the extracts obtained from  these  samples  was 

performed using the modified Pasteur pipette 
clean-up technique. The results obtained for the 
analysis of these samples are presented in Table 
3. It was apparent that higher levels of the target 
compounds, especially the lower brominated 
congeners were detected in the upstream 
samples than in the other sampling points. This 
trend is not so surprising as there are several 
activities taking place around the sampling point 
that could possibly contribute to the observed 
levels. First, a few metres away from the 
upstream sampling point is situated the city’s 
largest solid waste transfer station. Several 
thousands of tonnes of solid waste materials are 
received on a daily basis, which are further 
transferred to designated landfill sites within the 
city. The inter-related activities associated with the 
solid waste handling and disposal could contribute 
to the trend observed in this study. 

Secondly, the Black River has been and is still 
an important channel through which other 
tributaries empty their contents. Most of these 
tributaries convey discharges from WWTPs, storm 
water run-off, agricultural run-off as well as grey 
water  from  informal   settlement.   The   imminent 

variations in the composition of these notable 
point and non-point sources from time to time 
could ultimately influence the influx of the target 
compound in the receiving water bodies. For 
instance, grey water is known to contain and 
transport considerable amount of organic 
pollutants, including PBDEs (Donner et al., 2010). 
As observed in this study, varying levels of the 
target compounds were detected at different 
sampling points along the stretch of the 
investigated river. Generally, relatively low levels 
of the target compounds were detected at the 
downstream sampling point as compared with 
other sampling points. It is a possibility that the 
discharge of treated effluent from the nearby 
WWTP is producing dilution effects, thus resulting 
in the lower levels being detected. The trends 
assumed by the target compounds across the 
different sampling units within the WWTP 
investigated were generally inconsistent. It was, 
however, obvious that there were significant 
decreases in contaminants’ levels as the waste 
stream flow from the inlet section into the primary 
sedimentation tanks. Surprisingly, the general 
decrease  in  contaminants’  levels  did  not  follow



 
 
 
 
the expected trend in both the secondary sedimentation 
tanks and the final effluent. In this case, a somewhat 
higher level of these contaminants were detected in the 
final effluent than in the secondary effluent. A common 
problem associated with most WWTPs is over-loading or 
over-stretching of plant’s treatment capacity. Excessive 
loading of treatment plant could result in shorter 
residence time of the aqueous waste stream. The 
resultant effects are excessive accumulation of 
contaminants and poor effluent quality evidenced by the 
high variability in the levels of contaminants detected 
within the WWTP concerned (Daso, 2011). 

In this study, the mean concentrations of the target 
compounds were subjected to statistical correlation to 
establish the possible influence of WWTP discharges on 
the contaminants’ levels detected in river water samples. 
The results showed there was a weak negative 
correlation (R

2
= -0.1369) between the levels detected in 

the final effluent and the point of discharge water 
samples. However, there was a moderately strong 
positive relationship (R

2
=0.4761) between the final 

effluent and the downstream water samples, thus 
reflecting the potential contribution of WWTP discharges 
to the overall contamination of the investigated river. This 
study further affirms the findings of a similar study where 
WWTP discharges is implicated as the potential source of 
PBDE contamination of the adjacent river (Song et al., 
2006). With the exception of BDE 153, the occurrence of 
the target compounds were completely dominated by the 
lower brominated congeners in the leachate samples. In 
this case, BDE 47 was the most dominant congener 
detected in the samples. Although BB 153 was not 
detected in the leachate samples, its presence in river 
water and effluent samples indicates its high persistence 
in the environment. 
 
 
Limitations 
 

The focus of this study was to evaluate the efficiencies of 
commonly used extraction methods for PBDEs in 
aqueous samples. Regrettably, the matrix effects of 
different aqueous samples investigated in this study were 
not examined. Furthermore, the analysis of persistent 
organic contaminants, especially those containing 
halogens in complex environmental samples are currently 
being analysed with Gas chromatography–mass 
spectrometry (GC-MS) techniques. In this study, 
however, only GC-µECD was employed because the GC-
MS instrument to be used could not produce satisfactory 
results due to its persistent instability. 
 
 
Conclusion 
 
In this study, the evaluation of different extraction and 
clean-up techniques was carried out. The findings 
showed   that   the    liquid-liquid    extraction    employing  
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separatory funnel gave the best results in terms of 
recoveries of all the target compounds investigated. In 
addition, the modified clean-up technique evaluated in 
this study showed comparable results with the 
conventional glass column chromatographic technique. 
The application of the modified clean-up technique for the 
purification of extracts obtained from aqueous matrices 
results in drastic reduction in the quantities of adsorbent 
materials and the eluting solvent employed. The 
separatory funnel extraction technique as well as the 
modified clean-up technique was applied to different 
aqueous matrices investigated in this study. 
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