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Abstract 

Until recently, studies reporting the concentra- tions of 

polybrominated diphenyl ethers (PBDEs) as well as 

polybrominated biphenyls (PBBs) are generally scarce in 

the literature. Consequently, this study was aimed to inves- 

tigate the occurrence and concentrations of certain PBDE 

congeners (BDE 28, 47, 100, 99, 154, 153, 183 and 209) 

and BB 153 in river water samples collected bi-monthly 

from the Diep River. The routine analyses of the target 

compounds were performed using a high-capillary GC– 

microelectron capture detection, while their structural eluci- 

dation was assessed using GC-TOF-MS technique. The 

overall mean concentrations of the sum of the eight PBDE 

congeners were 2.60, 4.83 and 4.29 ng/L for the upstream, 

point of discharge and downstream sampling points, respec- 

tively. Similarly, the overall mean concentrations of BB 153 

were 0.25, 4.85 and 1.56 ng/L for the upstream, point of 

discharge and downstream sampling points, respectively. 

BDE 47 was the dominant congener found in these samples 

contributing between 19 and 26 % to the total PBDEs across 
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the sampling points. The statistical analyses performed on 

the results obtained showed that all the congeners, except 

BDE 209 in certain instances, had strong positive correla- 

tions with one another, thus suggesting that these contami- 

nants could be emanating from the same source. In this 

study, potential sources of these pollutants other than 

WWTP discharges into the investigated river were also 

identified. However, the relatively high concentrations of 

the target compounds found at the point of discharge sam- 

pling point coupled with the large volume of treated effluent 

being discharged suggested that the contributions from this 

source could be very significant over time. 
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Introduction 

 
Increasing concerns about the risks associated with human 

exposure to certain persistent organic pollutants have been 

   given unprecedented global campaign in recent times. Signif- 
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icantly, the occurrence and distribution of polybrominated 

diphenyl ethers (PBDEs) as well as polybrominated biphenyls 

(PBBs) in various components of the environment have con- 
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around the world. These high-volume industrial chemicals 

have been widely used as flame-retardants in a wide range 

of consumer products. They are important components of 

printed circuit boards in electrical and electronic appliances, 

computers, furniture, and carpets, amongst others (Harrad et 

al. 2004; Samara et al. 2006). 

Presently, several regulatory measures have been initiated at 

local, regional and global levels to control the production 

and use of some of these chemicals (United Nations Envi- 

ronment Programme 2009; Harrad and Abdallah 2011). The 
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vast quantities of these chemicals stored up in products 

previously treated with these chemicals remain a huge 

source of concern to public health. Surprisingly, these 

categories of brominated flame retardants are not cova- 

lently bound to the polymeric material to which they have 

been added. Hence, they could easily leach out of the 

treated products during their usage and ultimately during 

their final disposal. 

Both PBDEs and PBBs demonstrate a high degree of 

environmental persistence and toxicity, and they could ac- 

cumulate in living organisms. In addition, some of these 

chemicals are capable of undergoing long-range atmospheric 

transport, which is an important characteristic that influences 

their spatial distribution in the environment. Several studies 

have reported the levels of these pollutants in different envi- 

ronmental matrices, including soil, sediment, sewage sludge, 

indoor dust, air-borne particulates and in biological samples 

(Schecter et al. 2009; Huang et al. 2010; Gevao et al. 2011; 

Meng et al. 2011; Cincinelli et al. 2012; Olukunle et al. 2012; 

Shy et al. 2012). 

Until recently,  data from  literature on  the concentra- 

tions of these pollutants in aqueous matrices were gener- 

ally scarce. It was assumed that the hydrophobic 

characteristics of these contaminants could be responsible 

for the initial paucity of data. Before the environmental 

fate and transport processes of these contaminants were 

fully understood, it was believed that their physicochem- 

ical properties might not favour their partitioning in the 

aqueous media. Consequently, most of the analytical 

efforts at investigating these pollutants were entirely fo- 

cussed on solid environmental matrices. More so, the 

degree of bromination of these chemicals could play a 

critical role in determining their partitioning between the 

different media. This might also influence their transport 

processes within the aquatic environment. In fact, PBDE 

congeners with less bromine substitution are relatively 

more soluble in aqueous solutions than the highly bro- 

minated congeners. Their typical log (octanol–water co- 

efficient) often ranged from 5.9 to 7.0 (Darnerud et al. 

2001). Incidentally, these lower brominated congeners are 

known to exhibit high potential for bioaccumulation, thus 

exerting more toxic effects on the exposed subjects (Gandhi 

et al. 2011; Søfteland et al. 2011). 

Like most persistent organic pollutants, PBDEs as well as 

PBBs bind to suspended materials in aqueous matrices. 

Consequently, suspended materials might play a critical 

role in influencing their ultimate fate, transport and distri- 

bution in these matrices. Today, these pollutants, especial- 

ly PBDEs, have been determined in several aqueous 

samples, including coastal water, wastewater treatment 

plant (WWTP) effluents, landfill leachate, and storm wa- 

ter, amongst others (Osako et al. 2004; Song et al. 2006; 

Daso et al. 2013). 

From the afore-mentioned concerns, it has become nec- 

essary that the concentrations of these pollutants are deter- 

mined in various aqueous matrices, especially in freshwater 

systems, which are important sources of drinking water. The 

periodic monitoring and assessment of these chemicals are 

needed so that their potential sources into the freshwater 

systems could be easily identified and appropriate corrective 

measures are timely implemented. In this present study, the 

assessment of the concentrations of eight PBDE congeners 

as well as BB 153 from strategic locations along the stretch 

of the Diep River was conducted. The study aimed to 

determine the concentrations of these contaminants in water 

samples of the Diep River and to possibly identify their 

potential sources into the investigated river. 

 

 
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. Anhy- 

drous sodium sulphate was purchased from Radchem 

(Pty) Ltd. (Roodepoort West (Gauteng), South Africa). 

Silica gel (60–200 mm) was supplied by Sigma-Aldrich 

(Aston Manon (Gauteng), South Africa). High-purity 

gases (helium 99.999 %; nitrogen 99.999 %) were pur- 

chased from by Afrox (Pty) Ltd. (Cape Town, South 

Africa). Unlabelled individual reference PBDE standards 

were produced by Cambridge Isotope Laboratories (And- 

over, MA, USA). BB 153 was produced by Chiron AS 

(Trondheim, Norway). These standards were locally sup- 

plied by Industrial Analytical (Pty) (Midrand (Gauteng), 

South Africa). 

 
Sample collection, preparation and instrumental analyses 

 
All the aqueous samples were collected bi-monthly between 

June 2010 and March 2011 from the upstream, point of 

discharge and downstream sampling points of the WWTP 

effluent-receiving Diep River within the city of Cape Town. 

All samples were collected in triplicate into thoroughly 

cleaned 1-L amber glass bottles with amber glass caps 

throughout the sampling regime. 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. 

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 to evaluate their ana- 

lytical recoveries. The set-up was allowed to equilibrate for 
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exactly 60 min before extraction. Analyte 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 was 

allowed to take place for about 10 to 15 min. The lower 

organic layer was, thereafter, collected over anhydrous so- 

dium 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 dichloro- 

methane in succession after the aqueous layer had been 

discarded. These portions were combined with the extracts 

previously obtained. The combined extracts were concen- 

trated using a rotary evaporator at 45 °C to about 1 mL. The 

extraction of the real water samples from the Diep River 

followed a similar pattern described above, except that these 

samples were not spiked with the standard solutions of the 

target compounds. 

Extracts obtained from the liquid–liquid extraction tech- 

nique were subjected to further purification treatment. The 

extracts were cleaned on a Pasteur pipette containing differ- 

ent forms of silica gel. 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 

basic silica gel (30 % NaOH, w/w), 0.1 g activated silica gel, 

0.4 g acidic silica gel (44 % conc. H2SO4, w/w), 0.1 g 

activated silica gel and 1.0 g anhydrous sodium sulphate, 

in this sequence from the bottom. The  packed  column 

was, thereafter, conditioned with 5 mL of n-hexane. The 

extract was carefully and quantitatively transferred into the 

pre-conditioned column and eluted with 10 mL of n- 

hexane. The eluate was further concentrated using a rotary 

evaporator to about 1 mL. The concentrated cleaned ex- 

tract was, then, 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. 

In this study, the routine analysis of all the analytes was 

done using a GC–microelectron capture detection (GC-μECD) 

(Agilent 6890), while the structural confirmation of the target 

compounds was done using a GC-TOF-MS technique. The 

optimum conditions employed for the GC-TOF-MS instru- 

ment are presented in Supplementary Table S1, while the target 

as well as the confirmatory ions monitored for these analytes is 

presented in Supplementary Table S2. However, the chromato- 

graphic separation of the tri- to hepta-BDEs as well as BB 153 

on the GC-μECD was performed using a DB-5 MS column 

(60 m in length, 0.25 mm in i.d., 0.1 μm in film thickness). The 

carrier gas employed was high-purity helium gas with an 

optimum flow rate of 1.5 mL/min set at constant flow mode. 

The make-up gas for the detector was high-purity nitrogen gas 

maintained at a flow of 30 mL/min. Both injector and detector 

temperatures were maintained at 280 and 300 °C, respectively. 

The oven temperature programming was as follows: 100 °C 

held for 2 min., ramped at 20 °C to 220 °C, and further ramped 

at 4 °C/min to 300 °C and held for 7 min. One microlitre of 

standard and experimental samples was injected using a split- 

less injection mode throughout the study. The quantification of 

all the target compounds was based on peak areas using 

external calibration techniques. In this case, five to six calibra- 

tion levels (1, 5, 10, 25, 50 and 100 ng/mL) for the tri- to hepta- 

BDEs were employed. 

Similarly, BDE 209 analysis on the GC-μECD  was done  

using  a  shorter  GC  capillary  column  (DB-5  MS: 

15 m,  0.25  mm in i.d. and 0.1  μm  in film  thickness). 

The oven temperature ramping was as follows: 100 °C 

held for 1 min, ramped at 50 °C/min to 150 °C, finally to 

310 °C at 12.5 °C/min. During this analysis, both the 

injector and detector were set at 250 and 300 °C, respec- 

tively. The optimum column flow was 3.0 mL/min at a 

constant flow mode, while the combined flow (column+ 

make-up gas) through the detector was maintained at 

45 mL/min. The quantification of BDE 209 was done using 

a single-point calibration with a concentration of 2,000 ng/mL. 

The linearity (R
2
) of the calibration plots for each target 

compounds exceeded 0.99925 in all cases. Identification of 

the target compounds was done by comparing the retention 

times with those of reference standards. 

 
Quality control and quality assurance 

 
Most of the glass wares employed in this study were amber 

glass bottles, while those that were not, were wrapped with 

aluminium foil. Regular injection of solvent blanks and 

standard solutions of target compounds were done before 

and during instrumental analyses to check for instrument’s 

performance. The sensitivity of the ECD detector was 

assessed through regular injection of a calibration standard 

(100 ng/mL) before the commencement of real sample anal- 

ysis. The performance of the methods employed was eval- 

uated by recovery studies, where both MilliQ water and 

river water samples were spiked with known concentrations 

of the target compounds. The recoveries of the target com- 

pounds ranged from 69 % (BDE 154) to 97 % (BDE 47) and 

106 % (BB 153) to 131 % (BDE 47) for spiked MilliQ water 

and river water samples, respectively. The results reported in 

this paper are not recovery corrected. 

Similarly, the periodic analysis of solvent blanks and 

procedural blanks were carried out to identify possible 

sources of sample contamination during analysis. The meth- 

od detection limit (MDL) was estimated for each compound 

through repeat analysis (n=7) of low-spiked samples. MDL 

is defined as three times the standard deviation of these 

replicates. The MDL values ranged from 0.16 ng/L for 

BDE 153 and 1.54 ng/L for BB 153. The detailed quality 
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assurance data obtained are presented in Supplementary 

Table S3. All data were processed with Microsoft Excel 

software (2007 version). 

 
Statistical analyses 

 
For statistical purposes, all the target compounds whose 

levels were below the detection limits were assigned half 

of their MDL values. Furthermore, the results obtained were 

subjected to Q test (Dixon’s test) to eliminate outliers from 

the datasets. Pearson’s correlation analyses as well as 

ANOVA (one-way) were performed on these data to predict 

possible relationship amongst the target compounds and to 

investigate if there were statistically significant differences 

in the concentrations of these contaminants at different 

sampling points along the stretch of the investigated river 

using SAS version 9 (2002). 

 

 
Results and discussion 

 
Levels and distribution of PBDEs and BB 153 in river water 

samples 

 
With the exclusion of the outliers from the datasets, the sum 

of the eight PBDE congeners ranged between 320 and 

485 ng/L. This was highest at the downstream sampling 

point of the investigated river. Similarly, the sum of BB 

153 ranged from 3.76 to 58.2 ng/L. In this case, the highest 

concentration was obtained at the point of discharge sam- 

pling point. The overall arithmetic mean of the sum of the 

eight PBDE congeners investigated were 2.60, 4.83 and 

4.29 ng/L for the upstream, point of discharge and down- 

stream sampling points, respectively. The concentrations 

and distribution patterns of these contaminants across the 

sampling points of the river are presented in Figs. 1, 2 and 3. 

Generally, relatively low concentrations of these contami- 

nants were found at the upstream sampling point as com- 

pared with those found at the other sampling points. 

Regardless of their relatively low concentrations at the up- 

stream sampling point, the occurrence of these contaminants 

at this sampling point clearly suggested that sources other 

than WWTP discharges could be responsible for the ob- 

served trend. 

In this study, the sum of congeners (BDE 47, 99, 100, 

153 and 154) representing the penta-BDE formulation 

accounted for 65 to 80 % of the total PBDEs investigated. 

More so, BDE 209, in most cases, was below the limit of 

detection and when detected, was generally found at low 

concentrations, except at the upstream sampling point where 

it ranked second next to BDE 47 contributing 16 % to the 

total PBDEs. On the other hand, the only octa-BDE conge- 

ner (BDE 183) monitored in this study was generally found 

at relatively low concentrations and was ranked fourth, sixth 

and eighth with its corresponding percentage contributions 

to the total PBDE of 13, 9 and 3 % for the upstream, point of 

discharge and downstream sampling points, respectively. 

These findings were generally in agreement with those 

obtained from a similar study, where the penta-BDE con- 

geners (BDE 47, 99, 100 and 153) contributed between 60 

and 80 % to the total PBDEs (excluding BDE 209) investi- 

gated (Wang et al. 2007). 

A major concern with respect to penta-BDE congeners is 

that they are known to exhibit a relatively high degree of 

bioaccumulation in living tissues than other PBDE 

congeners (Tagliaferri et al. 2010; Mhadhbi et al. 2012). 

This has been attributed to their lower molecular masses 

and relatively high octanol–water coefficients of PBDEs, 

which could probably enhance their potential to undergo 

inter-compartmental transport in living tissues (Wu et al. 

2009; Liu et al. 2011; Yu et al. 2011). Besides, these 

congeners are known to exert more toxic effects  than 

other PBDE congeners in living organisms. 

With respect to the trends exhibited by these contami- 

nants at different sampling points, it was revealed that there 

was no particular pattern exhibited by most of the target 

compounds. For instance, the ANOVA showed that five of 

these compounds, namely BDE 28, 99, 154, 183 and BB 

153, had statistically significant differences (P<0.05) across 

the sampling points. The observed pattern is not surprising, 

as it is indicative of the diverse point and non-point sources 

of these contaminants into the river. Furthermore, the Pear- 

son’s correlation analyses performed on these data showed 

some interesting outcomes. First, the statistical analyses 

revealed that all the target compounds either had moderately 

strong or extremely strong positive relationship with one 

another. In all cases, the minimum correlation coefficient 

(R
2
) values were 0.78935, 0.60791 and 0.67057 for the 

upstream, point of discharge and downstream sampling 

points, respectively. This trend clearly suggests that all the 

target compounds are possibly emanating from the same or 

similar sources. Secondly, a little deviation from the ob- 

served trend was found when the correlation analysis was 

performed on all the datasets from across the sampling 

points (Table 1). In this case, most of the target compounds 

still showed positive association with one another. Al- 

though, there were some weak positive and negative corre- 

lations, especially when BDE 209 was correlated with BDE 

99, 154 and BB 153. The investigated river is shallow, 

especially at the designated sampling points, and its water 

chemistry is often influenced by the large quantities of 

treated WWTP effluent being discharged along its water- 

course. The highly brominated PBDE congeners, especially 

BDE 209, could breakdown into less brominated congeners 

through a series of complex reactions often mediated by 

photolysis or microbial actions. In fact, laboratory evidence 
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Fig. 1  Box and Whisker plots 

for the upstream sampling point 

indicating the target 

compounds, the maximum and 

minimum concentrations, 25th , 

50th (median) and 75th 

percentiles in nanograms per 

litre 

 

 

 

 

 

 

 

 

 

 

 

supporting the photolytic debromination of BDE 209 had 

been reported (Raff and Hites 2007). However, it is not yet 

known whether similar transformation could take place in an 

aquatic environment. 

Besides the influence of the important point and non- 

point sources of these contaminants, notably WWTP dis- 

charges and grey water intrusion into the investigated river, 

the seasonal variations in the local weather conditions, 

especially during the sample collection, could contribute 

to the  overall pattern observed in this study. It is well 

known that during high precipitation, many pollutants, 

including PBDEs, could be transported into the adjacent 

rivers via urban and agricultural run-offs. Considering the 

sewerage system within the city of Cape Town, the iden- 

tified potential sources of these contaminants would con- 

tinue to represent important media through which these 

pollutants would be released, especially via storm water 

into the adjacent water bodies within the city. 

In comparison with other studies, the average levels of 

the sum of PBDEs found in this study (2.60–4.83 ng/L) 

were lower than those reported in a similar study in China, 

where the average of the sum of 17 PBDE congeners ranged 

from 2.69 to 19.1 ng/L (Guan et al. 2007). Unfortunately, 

there is still insufficient data with respect to PBDE levels in 

river water across the globe. Only few studies have reported 

the levels of these pollutants in aqueous matrices. Most of 

these were based on the assessment of these pollutants in the 

dissolved and/or suspended phases of the water investigat- 

ed. These inconsistencies have continued to make the global 

comparison of research outcomes with respect to PBDE 

analysis in aqueous media rather more complicated. 

 
Potential sources of the target compounds into the Diep 

River 

 
To unravel the obscurity surrounding the identification of 

the sources of the target compounds into the investigated 

river, efforts were made to identify and understand the land- 

use patterns and physical features as well as waste handling 

and treatment facilities around the sampling sites. This 
 

Fig. 2  Box and Whisker plots 

for the point of discharge 

sampling point indicating the 

target compounds, the 

maximum and minimum 

concentrations, 25th , 50th 

(median) and 75th percentiles in 

nanograms per litre 
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Fig. 3  Box and Whisker plots 

for the downstream sampling 

point indicating the target 

compounds, the maximum and 

minimum concentrations, 25th , 

50th (median) and 75th 

percentiles in nanograms per 

litre 

 

 

 

 

 

 

 

 

 

 

 
exercise revealed that the upstream sampling point of the 

river was bound to several commercial farms, landfill site, 

informal settlement, compost site, taxi garage and sporting 

centre for car and bike racing. Within the study area, there is 

a WWTP that discharges its treated effluent directly into the 

Diep River at the point of discharge sampling point. More 

so, there are several sporting centres, including golf courses 

located further downstream of the investigated river, that 

depend on the treated effluent for irrigation. The river itself 

flows through some industrial and residential areas before 

emptying its content into the adjacent Atlantic Ocean. 

The growing dependence on compost derived from sew- 

age sludge by most commercial farmers in this region is 

worth noting. Presently, a lot of compost is mostly applied 

to farmland to boost agricultural productivity. To a large 

extent, considerable amount of this compost is also used for 

ornamental purposes. Although, this practice is very benefi- 

cial, it has continued to represent important pathways through 

which organic pollutants concentrated in the compost are 

being re-distributed in the environment. Eljarrat et al. (2008) 

confirm the significant role this practice could play in the re- 

distribution of PBDEs released from land-applied sludge in 

the environment. During the wastewater treatment processes, 

PBDEs bind to suspended solids. These chemical-bound sus- 

pended particles are subsequently removed from the waste 

stream via settling in the primary and secondary sedimentation 

tanks. Sewage sludge obtained from these processes cannot be 

land-applied unless it is converted to agricultural compost. 

Once applied, the compost could be rapidly dispersed via 

agricultural run-off far beyond the point of application, espe- 

cially during periods of high precipitation. These land-based 

dispersal processes within the catchment area might represent 

a significant non-point source of PBDE into the Diep River. 

Globally, urban infrastructures are occasionally subjected to 

untold pressure as a result of growing rural–urban migra- 

tion of the people. In South Africa, this scenario is not 

different and has led to the establishment of several informal 

settlements across the major cities of the country. While 

most of the informal settlements are generally connected to 

the urban sewer systems, vast majority of these are not, thus 

resulting in significant migration of large quantities of grey 

water generated from these informal houses into the adja- 

cent rivers. The upstream sampling point, located just below 

an informal settlement, is characterised with an extremely 

 

Table 1  Pearson’s correlation coefficients for the target compounds 
 

 BDE_28 BDE_47 BDE_100 BDE_99 BDE_154 BDE_153 BDE_183 BDE_209 BB_153 

BDE_28 1.00000 0.71165 0.76972 0.89983 0.69762 0.92679 0.71235 0.73213 0.66403 

BDE_47 0.71165 1.00000 0.80112 0.71141 0.50303 0.63080 0.78807 0.55445 0.50624 

BDE_100 0.76972 0.80112 1.00000 0.82356 0.60054 0.89208 0.87552 0.68656 0.49546 

BDE_99 0.89983 0.71141 0.82356 1.00000 0.80404 0.77722 0.75064 0.18206 0.81055 

BDE_154 0.69762 0.50303 0.60054 0.80404 1.00000 0.39059 0.69747 −0.00036 0.90546 

BDE_153 0.92679 0.63080 0.89208 0.77722 0.39059 1.00000 0.75893 0.67614 0.45506 

BDE_183 0.71235 0.78807 0.87552 0.75064 0.69747 0.75893 1.00000 0.62149 0.59534 

BDE_209 0.73213 0.55445 0.68656 0.18206 −0.00036 0.67614 0.62149 1.00000 −0.17294 

BB_153 0.66403 0.50624 0.49546 0.81055 0.90546 0.45506 0.59534 −0.17294 1.00000 
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poor population, improper solid waste management practi- 

ces, high rate of unemployment, high population density 

and high rate of fire accidents. The concentrations of most 

of the target compounds found at this point were generally 

below 10 ng/L. However, the presence of these contami- 

nants, even at relatively low concentrations, suggests that 

anthropogenic activities related to the adjacent informal 

settlement could be responsible for the observed results. 

The preliminary investigations undertaken to identify 

potential sources of these pollutants revealed that most of 

the housing units were not connected to the urban sewer 

system. During some of our frequent visits to the informal 

settlement, visible migration of grey water from different 

households into the major roads that transverse various parts 

of the settlement were observed. The grey water generally 

finds its way through the sideway drainage into the nearby 

Diep River. Because of the growing size of this settlement, 

there is increasing number of discharge points into the river 

from this settlement. This might continue to contribute to 

the pollution of the Diep River resulting into a significant 

increase in the quantities of organic pollutants being re- 

leased via the grey water intrusion. 

Besides the large-scale farming taking place around the 

upstream sampling point, one of the three operational land- 

fill sites in the city of Cape Town is also housed within the 

study area. Since this study spanned through the different 

seasons of the year, the substantial increase in the tempera- 

ture of the underlying soil, especially during summer, could 

result in rapid biodegradation of the disposed waste materi- 

als in the landfill site. In addition to other favourable con- 

ditions, the presence of dissolved humic substances has 

been shown to enhance the release of PBDEs from previ- 

ously treated products (Choi et al. 2009). It is worth men- 

tioning that the leachate treatment plant at the landfill site is 

being rehabilitated during the study period. Leachate gener- 

ated was merely sand filtered. This treatment process, of 

course, could not significantly remove these pollutants from 

the leachate. The resultant treated leachate is mostly sprayed 

on unpaved roads to reduce dust generation resulting from 

vehicular activities within the site. It is reasonable to assume 

that this practice would significantly contribute to the re- 

distribution of organic contaminants, including PBDEs in 

the receiving environment. 

The maximum concentration of most of the target com- 

pounds found at the point of discharge and the downstream 

sampling points exceeded 10 ng/L. Going by these obser- 

vations, the overall contribution of WWTP discharges to 

PBDE contamination of the investigated river could be 

highly significant. Wastewater treatment plants are specifi- 

cally designed to remove varying types of pollutants from 

the aqueous waste stream. However, most WWTPs do not 

have the capacity to ensure complete removal of these 

pollutants from the waste stream, thus resulting in the 

significant transfer of these pollutants into the receiving envi- 

ronment. Several factors are particularly responsible for the 

ineffectiveness of most WWTPs in removing pollutants from 

the aqueous waste stream. These include but are not limited to 

(1) lack of skilled manpower, (2) insufficient funding, (3) lack 

of good analytical protocols for effective monitoring of pollu- 

tants, (4) poor handling and maintenance of facilities and (5) 

type of treatment process design employed, amongst others. If 

these concerns are not appropriately addressed, considerable 

amounts of pollutants could be transferred via WWTP dis- 

charges into the receiving environment. 

In this study, the WWTP that is discharging its treated 

effluent into the investigated river employs the activated 

sludge treatment process. The plant has a design capacity 

of 47 ML/day, serving a population equivalent to 385,000 

people. Considering the large quantities of effluent being 

received and treated by the WWTP on a daily basis, it 

implies that WWTP discharges could represent important 

pathways of PBDEs and other organic pollutants into the 

river. Song et al. (2006) have identified WWTP discharges 

as important point sources of PBDEs into receiving water 

bodies. Presently, there is a growing demand for treated 

effluent as a viable alternative to fresh water from streams 

and rivers for landscape irrigation in the country (Adewumi 

et al. 2010). There is urgent need to evaluate the possible 

impacts of this practice on public health. One of the impli- 

cations of increasing PBDE levels, especially in the aquatic 

ecosystem, is the possible accumulation and magnification 

of these contaminants in living organisms. Recently, eviden- 

ces are emerging that plants can take up and accumulate 

these contaminants in their tissues, and these have been well 

documented in the literature (Meng et al. 2007; Voorspoels 

et al. 2007; Huang et al. 2011). It is, therefore, imperative to 

ensure that appropriate measures are put in place to check- 

mate further release of these contaminants into the environ- 

ment so as to forestall the irreversible consequences of 

human exposure to these harmful chemicals. 

 

 
Conclusion 

 
In this study, the concentrations of the commonly investi- 

gated PBDE congeners as well as BB 153 were determined. 

The findings showed that some of the target compounds had 

statistically significant differences across the sampling 

points, except BDE 47, 100, 153 and 209. One of the 

interesting outcomes of this study was that all the target 

compounds, except BDE 209 in few instances, showed 

strong positive correlations with one another, thus implying 

that these contaminants are possibly emanating from the 

same source. The percentage contributions of the congeners 

to the total PBDEs revealed that BDE 47 was the most 

dominant congener. 
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Furthermore, the presence of the target compounds at the 

upstream sampling point suggests that sources other than 

WWTP discharges might be responsible for the contamina- 

tion of the investigated river. Some of the potential sources 

of these contaminants, besides WWTP discharges, identified 

in this study include grey water intrusion, seepages from 

landfill sites, and urban and agricultural run-offs, amongst 

others. With the assessment of these pollutants in the inves- 

tigated river, it will be of need to direct further studies 

towards quantifying the annual loading rates of these pollu- 

tants from the identified point sources. 
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