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diphenyl ethers in the grey-headed
gull (Larus cirrocephalus) and African sacred ibis
(Threskiornis aethiopicus)

C. Emereole, R. Jansen and O. J. Okonkwo *

PBDEs have been studied in different types of birds from varying ecosystems, however, few of the studies have

focused particularly on scavenger birds. It is important to study these birds since many scavenging birds forage

on sites close to human population. The present study investigated PBDE concentrations in the grey-headed

gull (Larus cirrocephalus) and African sacred ibis (Threskiornis aethiopicus) scavenging on a landfill site in

Pretoria, South Africa. The detection frequencies of PBDEs in soil, leachate and feather samples ranged

from nd to 100%, with the higher PBDE congeners generally displaying higher detection frequencies. Soil

samples indicated 100% detection frequency for all the congeners, while the detection frequencies of

PBDEs in leachate samples ranged from “not detected” for BDE-209 to 100% for BDE-28 and -183. In the

feathers of grey-headed gulls and sacred ibises, seven of the eight PBDEs investigated were detected at

high frequencies, 87.5–100% and 28–100% respectively. The mean PBDE concentrations detected in soil

samples ranged from 1.23 ng g−1 for BDE-183 to 5.12 ng g−1 for BDE-209. The 45–150 mm particle size

fraction yielded higher concentrations of PBDEs than the coarser 250–500 mm fraction. The concentrations

of PBDEs in the leachate samples ranged from 0.49 g L−1 for BDE-153 to 1.68 g L−1 for BDE-100. The

dominant congeners were BDE-47, -100 and -183, while the least dominant congener was BDE-153. The

grey-headed gull had
P

7BDE 47, 99, 100, 153, 154, 183 and 209 ranging in total from 44.40 to 143.45 ng

g−1 (median = 95.10 ng g−1). The
P

7PBDEs for the African sacred ibis ranged from 70.31 to 608.41 ng g−1

(median = 179.08 ng g−1). Spearman's correlation test revealed no significant relationship between beak

length and pollutant burden in L. cirrocephalus feathers, suggesting that pollutant accumulation is not

a function of age for these birds. Pearson correlation analysis was carried out for
P

7 PBDEs versus leachate

(r = 0.65), soil (r = 0.52) and feather (r = 0.77) with a statistical significance of p < 0.05. The observed

positive correlation may suggest a possible influence of leachate and soil on PBDE concentrations in the

feathers. These findings indicated high PBDE concentrations in comparison with similar studies carried out

in other parts of the world. This suggested that the avian species investigated in this study may be impacted

as a result of PBDE contamination, which may also have similar negative effects on other wildlife and

human populations that are exposed to the Ondestepoort landfill.
Environmental signicance

Of all the different types of ame retardants available, brominated ame retardants, particularly polybrominated diphenyl ethers (PBDEs), were preferred
because of their low costs and high efficiency as re retardants. Penta-BDE was mostly used in polyurethane foam while octa-BDE and deca-BDE were used in the
casings of electrical and electronic equipment and high impact polystyrene and in polypropylene fabric respectively. Until recently, PBDEs were identied to be
toxic, bioaccumulative and persistent, and consequently, they were listed as persistent organic pollutants (POPs) under the Stockholm Convention. The
continued usage of the various formulations is now either heavily regulated or has been completely stopped. Additionally, PBDEs are also lipophilic and,
therefore, capable of accumulating in the fatty tissues of living systems where they can disrupt the endocrine system. Due to their bioaccumulation ability, they
are also capable of biomagnications within both aquatic and terrestrial food chains. There are no known studies with a specic focus on determining PBDE
concentrations in living scavenger birds, considering the fact that birds are recognized as suitable biological markers for environmental contamination. A study
of selected bird species that commonly make use of municipal refuge disposal sites would provide valuable insights concerning PBDE contamination in biota in
such environments. The prevalence of PBDEs in the feathers of two avian species that frequent a domestic landll site in Pretoria, South Africa was investigated.
In the grey-headed gull and African sacred ibis bird species studied, seven of the eight PBDE congeners were detected very frequently. These ndings indicated
high PBDE concentrations in comparison with similar studies carried out in other parts of the world, strongly suggesting that the avian species investigated may
be impacting affected birds, and implies similar negative effects on other wildlife and human populations that are exposed to the Ondestepoort landll.
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1. Introduction

Of all the different types of ame retardants available, bromi-
nated ame retardants were particularly desirable because of
their low costs and high efficiency until recently when their
toxic, bioaccumulative and persistent characteristics were
identied. Previously, they were extensively used in the
manufacturing industry since the 1960s. There are four main
classes of brominated ame retardants, namely tetrabromobi-
sphenol A, polybrominated biphenyls, polybrominated
diphenyl ethers (PBDEs) and hexabromocyclododecane. PBDEs
were the most widely used commercially and were sold in three
main types of commercially available mixtures: penta-BDE,
octa-BDE and deca-BDE.1 Penta-BDE was mostly used in poly-
urethane foam while octa-BDE and deca-BDE were used in the
casings of electrical and electronic equipment and high impact
polystyrene and in polypropylene fabric respectively.1

Despite their effectiveness as ame retardants, PBDEs were
listed as persistent organic pollutants under the Stockholm
Convention, and the continued use of the various formulations is
either heavily regulated or has been completely stopped. For
example, manufacturers in the US discontinued the production of
octa- and penta-PBDE in 2004.2 PBDEs are additive ame retar-
dants, which implies that they can easily volatilize or leach from
their parent products to the surrounding environment. This
‘leaching’ can start as early as the day of manufacture, and it
generally increases with time as the parent product ages and
degrades. Additionally, PBDEs can enter the environment through
emissions from the manufacturing process. PBDEs are also very
stable in the environment, i.e., they do not break down easily and,
therefore, tend to be quite persistent, hence their classication as
persistent organic pollutants.3 They are also lipophilic and,
therefore, capable of accumulating in the fatty tissues of living
systems.4 PBDEs have been identied in different types of
animals, both terrestrial and aquatic.5 They distribute easily
within animals, as evidenced by their presence in different types
of tissues such as muscle and liver, as well as in urine and faeces.
In humans, PBDEs have been found in blood, hair, nails, milk,
liver and adipose tissues.6 Due to their bioaccumulation ability,
they are also capable of biomagnication in the food chain.7

Several studies have demonstrated biological activity of
certain PBDEs highlighting the fact that these compounds are
capable of adversely affecting the biological systems.8–10 Specic
health risks associated with these PBDEs are hormonal imbal-
ances, developmental neurotoxicity and cancer. Considering
the potential risks associated with this group of compounds,
the need for regular monitoring is quite evident.

Avian wildlife has frequently been used as an indicator of
chemical pollution exposure and toxicity for assessing the health
of aquatic ecosystems. Specically, monitoring programs using
bird tissue, blood and egg samples have supplied valuable data
on spatial and temporal trends of organohalogen contaminants
in areas of environmental concern. The presence of PBDEs in
bird eggs was rst reported, following the successful use of birds
to monitor the levels of metallic pollutants in the air.11 Since
then, studies on birds have been expanded to determine the
1652 | Environ. Sci.: Adv., 2023, 2, 1651–1661
effects of different types of feathers, gender, offspring and even
regional and spatial trends.12 For pollution studies, higher
trophic predatory birds have been recommended as assessment
targets because of their ability to integrate pollutants over an
extensive area.13 Certain gull (Laridiae) species such as the Great
Lakes herring gull (Larus argentatus) have been identied as key
sentinels of freshwater basin contamination in densely popu-
lated and industrialized regions.14,15 In Norway, the glaucous gull
(Larus hyperboreus) served as a biomonitor species in the Arctic
marine environment.16–18

To date, two known studies on PBDEs have been carried out on
South African wildlife. The rst was reported in the eggs of various
bird species sampled from different parts of South Africa, with the
highest levels found in a sacred ibis egg.19 A subsequent study
found low levels of PBDEs in tiger sh from Lake Pongolapoort.20

These studies show that PBDEs are present in South African
wildlife and diet. However, much work remains to establish the
true extent of their spread, particularly in relation to birds that
scavenge on landll sites close to human population. Whereas
PBDEs have been studied in different types of birds from varying
ecosystems, few of these studies have focused particularly on
scavenger birds. Scavenger birds are birds which are able to live
offmaterials that are not traditional bird food. Most birds feed on
particular things and, as such, birds can be classied according to
what they eat, such as different plant parts (e.g. berries, owers),
amphibians, crustaceans, meat, sh, and others.21 To a large
extent, the availability of such foods also determines the habitat of
such birds. Scavengers are unique in the sense that they are not
closed in their food selection, and are, therefore, able to accom-
modate a wider range of foods. In the case of landll scavenger
birds, they have perfected the art of nding enough food to survive
from polluted sites littered with domestic waste.

In this study, two species of birds that frequent the Ondes-
tepoort landll in Pretoria, South Africa, were investigated for
accumulation of PBDEs. The grey-headed gull, also known as
the grey-hooded gull, is a small gull that breeds patchily in
South America and sub-Saharan Africa, including Madagascar.
It is one of the major types of gulls in South Africa, and it can be
found in and ‘around’ freshwater, inland lakes throughout the
country.22 Grey-headed gulls are opportunistic feeders, mainly
eating aquatic invertebrates like insects and mollusks, and
small vertebrates like sh and frogs.23 They also feed on the eggs
of herons and cormorants, and are known to inhabit refuse
dumps and feed on waste material such as offal.23 The African
sacred ibis (Threskiornis aethiopicus) is a larger bird that is
native to sub-Saharan Africa, excluding Madagascar and south
eastern Iraq.24 It is distinguished by its white body and black
head, neck, legs and feet. The African sacred ibis inhabits a wide
range of habitats, including freshwater wetlands, salt pans,
dams, mangroves, rivers in open forested areas, and cultivated
elds. It is an opportunistic feeder, mainly carnivorous. It eats
insects, worms, bird and reptile eggs, crustaceans, frogs,
lizards, small mammals and carrion. Certain populations also
forage around human environments like refuse dumps, abat-
toirs and farmyards, with some becoming reliant on these areas
as a food source. African sacred ibises can live for up to 20 years,
and would be ideal for long term studies on BFR pollutants.25
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3va00119a


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/1
1/

20
26

 9
:1

0:
06

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
These bird species are carnivorous birds native to sub-
Saharan Africa, and are quite prevalent around South Africa.
They also belong to stable populations; therefore, their use in
monitoring studies such as this one should not pose a threat to
their respective populations. Information obtained on the
presence and levels of these pollutants in the selected birds can
give an indication of environmental pollution levels as it relates
to other wildlife and even human beings in the region.

While several studies have investigated the presence of
PBDEs in various environmental matrices such as soil and river
water,26,27 fewer studies have investigated PBDE concentrations
in living things – particularly on the African continent. Also,
there are no known studies with a specic focus on determining
PBDE concentrations in live scavenger birds, and birds are
recognized as suitable biological markers for environmental
contamination.28 A study of selected bird species that
commonly make use of municipal refuge disposal sites would
provide valuable insights concerning PBDE contamination in
biota in such environments. The present study, therefore,
aimed at verifying whether PBDEs are present within avian
species that frequent the Ondestepoort landll in Pretoria,
South Africa; the select species were the grey-headed gull (Larus
cirrocephalus) and African sacred ibis (Threskiornis aethiopicus).
2. Materials and methods

Pure standards (1.2 mL of 50 mg L−1) of each certied standard
solution of nine PBDE congeners (BDE-28, 47, 99, 100, 118, 153,
Fig. 1 Map of South Africa (top) showing Pretoria and the Ondestepoor

© 2023 The Author(s). Published by the Royal Society of Chemistry
154, 183, and 209) were purchased fromWellington Laboratories
(Guelph, Ontario, Canada). Silica gel (100–200 mesh), sodium
sulphate (purity 99.9%), glass wool and HPLC grade solvents:
acetone, hexane, dichloromethane, toluene, methanol, nonane
and isooctane (Sigma Aldrich, Germany) were purchased from
Industrial Analytical Pty. Ltd., South Africa.

2.1 Study area

Gauteng province is one of the northern/highveld provinces in
South Africa, housing two of the country's largest cities, Pretoria
and Johannesburg which are highly industrialized and densely
populated. Like most urbanized centres worldwide, it has good
infrastructure and basic amenities, including functional
municipal refuse landlls strategically positioned within the
province. Ondestepoort is one of such landlls, situated to the
north of the nation's administrative capital, Pretoria. This
landll site receives domestic and industrial waste material
from the residential and industrial/business locations
surrounding the site. It is also a goldmine for recyclers, who
spend their days collecting reusable material such as plastics,
metals, wood, tiles, tyres and paper for re-sale to interested
individuals and organizations. Previous studies show that the
Ondestepoort landll does contain signicant levels of PBDEs,
as well as other organohalogen and metallic pollutants.29 In
addition to the recyclers who work on the site, a number of bird
species also frequent the site, scavenging among the waste for
edible matter, and drinking from on-site leachate ponds and
monitoring water bodies. Fig. 1 shows a map of the study area.
t landfill (centre) site in Pretoria.

Environ. Sci.: Adv., 2023, 2, 1651–1661 | 1653
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2.2 Sample collection

A total of 30 feather samples were obtained from live birds
successfully trapped using a baited noose carpet hidden
beneath the sand (Fig. 2). The feathers were collected between
August and November 2016, from live birds in their natural
habitat. Trapped birds were retrieved as soon as they were
ensnared, and sampling was carried out immediately by snip-
ping at the base of the feather using a sharp pair of scissors, as
close to the umbilicus without harming the birds. In order to
ensure that the same bird was not sampled more than once, all
sampled birds were visibly marked by colouring the underside
of one wing feather using a permanent marker. Also, before any
newly trapped birds were sampled, the feathers were inspected
to determine whether the bird had been sampled before. Four
primary ight feathers – two from each wing – were collected
from each bird, pooled and stored in aluminium foil and
transported to the laboratory. The feather samples were stored
in a cool, dry cupboard until treatment and analysis. The mass
and beak length of each sampled bird was also recorded for age
and gender estimation. The average beak lengths were 3.82 ±

0.3 cm, and 13.7± 3.30 cm for L. cirrocephalus and T. aethiopicus
respectively, while the average masses were 0.41 ± 0.15 kg, and
1.31 ± 0.22 kg respectively.

Although the primary aim of the study was to determine the
presence and concentrations of PBDEs in two species of birds, it
was deemed necessary to collect soil and leachate samples from
the landll site in order to obtain background levels of PBDEs.
Consequently, soil and leachate samples were collected. Soil
samples (n = 9) were collected randomly from various locations
around the landll site. A stainless steel ladle was used to rst
clear the surface, and then scoop out ∼2 kg of the underlying soil
at a depth of $3 cm into a labelled aluminium foil wrap. Each
sample was carefully wrapped and placed in a sterile cooler box for
transportation to the laboratory where they were stored at 4 °C for
further processing. The samples were sieved into fractions of 45–
150 mmand 250–500 mm for processing, in order to investigate the
effects, if any, of particle sizes on pollutant burdens.
Fig. 2 (a) Noose carpet with bait; (b) hidden noose carpet and (c) trapp

1654 | Environ. Sci.: Adv., 2023, 2, 1651–1661
Leachate samples were also collected from one edge of the
run-off pond, where the water was safely accessible within the
landll site. Leachate samples were collected into thoroughly
washed and acetone rinsed and nally oven dried 2.5 L brown
glass bottles. Aer clearing the surface of visible oating debris,
each bottle was rinsed with some of the leachate and then lled
by dipping the glass bottle at an angle into the water body until
it was lled to the brim. Each bottle was then capped tightly and
transported to the laboratory, where the pH was measured and
adjusted to ∼3 by dropwise addition of concentrated hydro-
chloric acid, with subsequent shaking. The samples were then
refrigerated at 4 °C until extraction and analysis.
2.3 Chemicals, reagents and their purication

Materials used for the determination of some selected poly-
brominated diphenyl ethers frequently detected in most
matrices included the following: Strata orisil 500 mg mL−l,
ultra-pure water was dispensed from Labostar ultrapure water
equipment, copper powder (purity 99.98%) from Saarchem (Pty)
Ltd., Muldersdri, South Africa), silica gel (100–200 mesh),
sodium sulphate (purity 99.9%), glass wool and HPLC grade
solvents: acetone, hexane, dichloromethane, toluene, isooctane
and methanol (Sigma Aldrich (Chemie GmbH, Steinheim, Ger-
many), and 50 mL of nonane (purity 99.8%, Sigma Aldrich,
product of Switzerland) were purchased from Industrial Analyt-
ical Pty. Materials such as silica gel, sodium sulphate and copper
powder were activated before use by heating in a muffle furnace
at 450 °C for 16 h. Acidic silica was prepared by adding 44 g of
silica and concentrated H2SO4 and stirred until ne powder was
achieved; meanwhile, basic silica was prepared by mixing 30 g of
1 N NaOH and stirred into ne powder. Copper powder was
activated by soaking in 6 N HCl for 3 min and then rinsed
thoroughly with ultrapure water followed by methanol and kept
under toluene until use. Preparation of standards and serial
dilution of working standards were done in a fume hood. 1.2 mL
of 50 mg L−1 of each certied standard solution of 10 PBDE (28,
ed grey-headed gull (Larus cirrocephalus).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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47, 100, 99, 153, 154, 183 and 209) congeners were purchased
from Wellington Laboratories (Guelph, Ontario, Canada).
2.4 Recovery test and sample preparation

One hundred micro litres of 3.3 ng mL−1 PBDE surrogate stan-
dards were dissolved in 5 mL acetone and then spiked into
triplicate 200 mL leachate samples and le to stand in a 45 °C
water bath for 24 h for equilibration. The mixture was, there-
aer, extracted using a liquid–liquid extraction method with 3
× 20 mL dichloromethane as the extraction solvent for 10 min.
The extract was collected and concentrated to 1 mL using
a rotary evaporator (Buchi Rotavapor, R-210, supplied by Lab-
otec, South Africa), which was cleaned before GCMS analysis.
The observed recovery ranged from 80 to 110%. Similarly for
solids, triplicate 5 g sodium sulphate fortied with 100 mL PBDE
surrogate dissolved in acetone was spiked into sodium
sulphate. The impregnated salt was transferred into a glass
conical ask, 2 g activated copper was added into the mixture
and subjected to ultrasonication extraction using hexane/DCM
(4 : 1, v/v) in a water bath of 45 °C for 24 h equilibration, with
each extraction running for 15 min. Recoveries observed ranged
from 85 to 101%.

The feathers were washed three times with distilled water,
dried overnight at room temperature, and cut into pieces of
∼1 mm using stainless steel scissors. Accurately weighed
feathers (500 ± 1 mg) were incubated at 45 °C in 4 M HCl (10
mL) for 24 h, aer which a solvent mixture of 4 : 1 n-hexane/
dichloromethane (10 mL) was added. The mixture was
agitated using ultrasonication (Elmasonic S40H, 60 s) and
allowed to stand in a 45 °C water bath for a further 24 h.
Ultrasonication-assisted extraction was done using 3 × 5 mL of
4 : 1 hexane/DCM, with each extraction running for 15 min in
the ultrasonicator. The combined organic fraction was
concentrated using rotary evaporation to approximately 1 mL
followed by clean up.

Bulk soil was air dried for 24 h at ambient temperature and
sieved using mesh sieves into the following particle size cate-
gories: 45–150 mm and 250–500 mm. Sieved soil samples were
prepared as described by Sánchez-Brunete et al.30 and K. K.
Kefeni and J. O. Okonkwo31 with slight modication. Briey, 5 g
of soil and 1.5 g anhydrous sodium sulphate were weighed into
brown glass vials, covered and extracted using the ultra-
sonication technique with hexane/DCM (4 : 1) (3 × 5 mL) as the
extraction solvent, for 15 min per run. The combined extracts
were ltered using Whatman lter paper into round-bottomed
asks and concentrated by rotary evaporation to ∼1 mL fol-
lowed by clean up.

Leachate samples taken from the refrigerator were allowed to
stand at room temperature until they had attained ambient
temperature. Aer thoroughly shaking the bottle to homogenize
the contents, triplicate sub-samples of 200 mL leachate samples
were le to stand in a 45 °C water bath for 24 h for equilibration,
and, thereaer, subjected to liquid–liquid extraction using 3 ×

20 mL of dichloromethane (DCM) for 10 min. Aer extraction,
the organic layers were combined and concentrated to ∼1 mL
using a rotary evaporator. Extracts were cleaned up and
© 2023 The Author(s). Published by the Royal Society of Chemistry
prepared for instrumental analysis in the same manner as the
soil samples.

All clean-up processes were performed using a 230 mm
Pasteur pipette column lled with acidied silica (40%H2SO4, 3
cm) and anhydrous sodium sulphate (3 cm) separated by glass
wool. The packed column was preconditioned with acetone (∼5
mL) and rinsed with 3 : 1 hexane/DCM (∼5 mL) and the extracts
eluted using ∼10 mL of 3 : 1 hexane/DCM. The eluents were
concentrated to near dryness under N2 to 250 mL. Before injec-
tion, BDE-118 (10 mL of 2.5 ng mL−1) was added as a quantitation
internal standard and 1 mL was injected into the GC-MS. The
method was validated with the recovery of surrogate standards
13C12 BDE-139 (90%) and BDE-209 (81%). Isooctane was forti-
ed with a BDE-118 internal standard at 167 mg mL−1 for
instrumental analysis.

2.5 Instrumental analysis

Prepared samples were analyzed using an Ultra-trace 2010
Shimadzu GC equipped with a QP2010 Ultra mass spectrometer
operated in EI mode for PBDEs (28, 47, 100, 99, 153, 154, 183
and 209). Analysis was done in selective ion monitoring (SIM)
mode, using a 15 m DB-5 (USA) column. The column diameter
and packing thickness were 0.25 mm and 0.10 mm, respectively.
The oven temperature programme was started at 90 °C (1 min),
ramped up to 160 °C at 15 °C min−1, ramped again to 300 °C at
20 °C min−1, and nally to 310 °C at 10 °Cmin−1; it remained at
310 °C for 8 min. Helium (99.999% purity) was used as the
carrier gas, and the ow rate was kept constant at 1.5 mLmin−1.
The ion source, injector and transfer line temperatures were set
at 250, 270 and 315 °C, respectively.

2.5 Quality control

All sample preparation processes were carried out under
conditions of reduced lighting to minimize the chances of
degradation, particularly for the more highly brominated
congeners. Storage was done in brown glass containers or
aluminium foil wrap. Glass wool, silica gel and sodium sulphate
used for sample clean-up were baked at 450 °C for 16 h to
remove impurities, and then allowed to cool in desiccators. The
silica gel and sodium sulphate were stored in pre-cleaned glass
containers which were sealed to minimise hydration and
contamination. Glass wool was wrapped in aluminium foil and
stored in a desiccator for the same reasons. Internal standard
calibration of the GC-MS was done using BDE-118 and a nine-
level calibration curve. Retention times of unknown analytes
were matched with those of the standards, and quantication
was carried out by manually integrating the peaks from the
molecular and reference ions generated.

Prior to sample analysis and aer, an initial solvent blank,
a laboratory performance standard check (linearity of the cali-
bration curve) was performed using individual and mixtures of
the most common brominated ame retardants. This was to
ensure proper performance of the GC-MS. Check standard was
run aer every ve samples to monitor retention time deviation.
The use of surrogate standards during extraction and aer
clean-up was done to ensure accuracy. Retention times matched
Environ. Sci.: Adv., 2023, 2, 1651–1661 | 1655
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those of the standards and quantication was done by moni-
toring the molecular and reference ions using both internal and
external methods. The limit of detection was taken as greater
than 3 times the signal-to-noise ratio and the limit of quanti-
cation as 10 times the signal to noise ratio. For all the conge-
ners, good linear regression of 0.999 was obtained. LOD values
ranged from 0.02 to 0.0.05 ng mL−1 for liquid samples and 0.05
to 0.1 ng g−1 for solid samples; meanwhile, the LOQ ranged
from 0.1 to 0.2 ng mL−1 for liquid samples and 0.5 to 0.9 ng g−1

for solid samples. Each sample was analyzed three times to
facilitate proper statistical examination. Microso Office Excel
2007 was used for statistical analysis, except for correlation
tests, which were done using SPSS.
3. Results and discussion
3.1 Detection frequencies of PBDEs in soil, leachate and
feather samples

The detection frequencies of PBDEs in soil, leachate and
feathers are shown in Table 1. As can be seen in Table 1, the
detection frequencies ranged from nd to 100%, with the higher
PBDE congeners generally displaying higher detection
frequencies. Soil samples indicated 100% detection frequency
Table 1 Detection frequencies (%) of PBDE congeners in soil, leachate
and feather samples from the Ondestepoort landfill

PBDE congener Soil Leachate

Feathers

GHGa ASIa

BDE-28 100 100 nd nd
BDE-47 100 67 87.5 28.6
BDE-99 100 89 87.5 100
BDE-100 100 78 100 100
BDE-153 100 89 90.6 100
BDE-154 100 89 84.4 100
BDE-183 100 100 100 100
BDE-209 100 nd 100 100

a GHG = grey-headed gull; ASI = African sacred ibis; nd = not detected.

Fig. 3 PBDE concentrations in soil samples from the Ondestepoort land

1656 | Environ. Sci.: Adv., 2023, 2, 1651–1661
for all the congeners, while the detection frequencies of PBDEs
in leachate samples ranged from “not detected” for BDE-209 to
100% for BDE-28 and -183. In the feathers of grey-headed gulls
and sacred ibises, seven of the eight PBDEs investigated were
detected at high frequencies, 87.5–100% and 28–100% respec-
tively. It is worth noting that BDE-28 was not detected in the
feather of any of the birds.

3.2 Soil samples

Soil samples were analyzed for PBDEs in two particle size frac-
tions, 45–150 mm and 250–500 mm. As shown in Fig. 3, all the
PBDEs investigated were detected in 100% of the soil samples
analyzed. The mean PBDE concentrations detected ranged from
1.23 ng g−1 for BDE-183 to 5.12 ng g−1 for BDE-209. Apart from
BDE-183 and -209, the ner 45–150 mm particle size fraction
yielded higher concentrations of PBDEs than the coarser 250–
500 mm fraction.

3.3 Leachate samples

The concentrations of PBDEs in the leachate samples ranged
from 0.49 g L−1 for BDE-153 to 1.68 g L−1 for BDE-100 (Fig. 4).
The dominant congeners were BDE-47, -100 and -183, while the
least dominant congener was BDE-153. BDE-209 was not
detected in the leachate samples. The leachate results from the
present study were compared with previous work in landll
sites in the city of Tshwane.32 PBDE concentrations of
9.793 ng L−1 for Temba, and 7.230 ng L−1 and 4.009 ng L−1 for
Hatherly and Soshanguve landll sites, respectively, were re-
ported. In another study, a concentration of 2240 ng L−1 of
PBDEs was reported in leachates from a landll in the city of
Cape Town, South Africa.33 The aforementioned concentrations
are far higher than the concentrations observed in the present
study. The observed lower concentrations observed in the
present study compared to previous works32,33 may indicate less
use and dumping of PBDE-containing products as well as
ongoing intensive recycling of wastes in South Africa. Further
comparison to ndings from other regions was also conducted.
In a study, a concentration range of 4–352 ng L−1 was reported
from selected MSWLs in Northern China.34 A value of 4 ng L−1
fill.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 PBDE concentrations in leachate samples from the Ondeste-
poort landfill.

Fig. 6 Cumulative PBDE concentrations in African sacred ibis feathers.

Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/1
1/

20
26

 9
:1

0:
06

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
was found in some seven MSWLs in Japan.35 Furthermore,
a PBDE concentration range of 4–12 ng L−1 was reported in
treated leachate effluent and a maximum of 234 ng g−1 for

P
8

PBDEs in top soil of one MSWL in Shanghai, China.36 That BDE-
209 was predominant in leachates and soil samples from China
was not surprising because China has been identied as one of
the highest producers of deca-BDE with high consumption.37

High PBDE concentrations were reported in leachate samples
from 28 landlls across Canada with a range of 1020–21
300 ng L−1.38 The highest concentration of 3.7–133 000 ng L−1

was reported in MSWL leachates from major cities in selected
Asian countries.39
3.4 Feather samples

Feather samples from trapped birds were analysed to determine
the presence and extent of PBDE contamination in the selected
species. The samples analyzed contained signicant amounts of
PBDEs. Cumulative PBDE concentrations in feathers from
individual grey-headed gulls and sacred ibises are shown in
Fig. 5 and 6 respectively. Of the eight PBDEs investigated, seven
were detected in grey-headed gulls and sacred ibises. BDE-28
was not detected in either of the species. In almost all sample
sets, PBDE-209 had the highest detection levels. The grey-
headed gull had

P
7BDE 47, 99, 100, 153, 154, 183 and 209

ranging in total from 44.40 to 143.45 ng g−1 (median = 95.10 ng
g−1). Congener burdens followed the pattern BDE-209 > BDE-
Fig. 5 Cumulative PBDE concentrations in grey-headed gull feathers.

© 2023 The Author(s). Published by the Royal Society of Chemistry
100 > BDE-47 > BDE-153. Fig. 5 shows the cumulative totals
obtained for each grey-headed gull.

Fig. 6 shows the cumulative concentrations of PBDEs ob-
tained for each sacred ibis. The

P
7PBDEs ranged from 70.31

to 608.41 ng g−1 (median = 179.08 ng g−1). There are two
distinct congener distribution patterns, which are consistent
with different sampling times, as the rst samples were ob-
tained in the spring of 2016, while the last four were obtained
in the summer of 2016. The observed different PBDE loads
can be explained as follows: the Africa sacred ibis is an
opportunistic feeder, mainly carnivorous and it inhabits
a wide range of habitats in search of food, including fresh-
water wetlands, salt pans, dams, mangroves, rivers in open
forested areas, and cultivated elds. It eats insects, worms,
birds and reptile eggs, crustaceans, frogs, lizards, small
mammals and carrion. Certain populations also forage
around human environments like refuse dumps, abattoirs
and farmyards, with some becoming reliant on these areas as
a food source. This feeding behaviour may have contributed
to the observed different PBDE loads. Although not investi-
gated in this study, heavy rainfall during summer which can
deposit contaminants into different environmental compart-
ments including habitats for the African ibis may have also
contributed to the observed different PBDE loads.

That PBDEs were identied in the feathers and in envi-
ronmental samples strongly suggests that the PBDE contam-
ination observed in the birds can be attributed to their
immediate environment. A number of studies have revealed
correlations between environmental and biological pollutant
burdens in several species of biota.12,40–43 Both the PBDE
values obtained in the present study are generally higher than
those reported in other studies on bird feathers. However,
they were comparable to PBDE levels found in bird eggs of
three insectivorous species from Belgium44 and eggs of
various bird species obtained from different parts of South
Africa.19 This is possibly because the birds in this study spend
a lot of time in the highly polluted Ondestepoort landll
environment. The Ondestepoort landll receives large
amounts of building material waste, which probably includes
PBDE-treated products. PBDE levels in feathers in this study
were much higher than the levels reported in other studies
Environ. Sci.: Adv., 2023, 2, 1651–1661 | 1657
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Table 2 Comparative analysis of median and ranges of PBDEs in feathers from various studies

Bird species

PBDEs (ng g−1)

28 47 99 100 153 154 183 Ref.

T. aethiopicus, feathers 2.48 0.40 19.10 10 9.94 9.94 13.23 This study
2.42–2.54 nd–0.80 16.16–22.04 2.20–22.04 9.70–10.17 9.70–10.18 12.71–13.74

L. cirrocephalus, feathers 13 9.6 54 18.6 7.6 6.8 4.1 This study
12.5–14.5 6.4–16.4 nd–21.4 7.4–20 2.2–40.4 nd–16.4 3.2–6.2

White-tailed eagle body feathers 5.6 0.75 Jaspers et al. 2011
0.39–22 0.09–5.4

Common magpie, urban 0.3 0.17 Jaspers et al. 2009
0.12–0.86 0.09–1.07

Common buzzard, outer vane 1.02 0.79 0.28 Jaspers et al. 2007
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(Table 2) conducted on feathers in both adult45 and nestling
birds sampled in different parts of Europe.46 While studies of
organohalogen contaminants in feathers are limited, several
studies have been carried out on bird eggs.19,47,48

There is also growing data for organohalogen pollutants in
human hair, particularly for individuals that are exposed either
occupationally49,50 or by virtue of residential location.51 Hair and
feathers are both keratinous tissues that are capable of trapping
pollutants sourced internally (via the blood stream) and exter-
nally (by direct deposition from the environment). This property
sets them apart from other types of tissues, which only get
pollutants deposited via the blood stream, and may or may not
accumulate them, depending on the physiology of the particular
organ. That explains why differential accumulation levels have
been observed in different tissues and organs from the same
animal.1,52 With hair and feathers, pollutants deposited inter-
nally remain capable of reecting pollution levels in the bird or
person for as long as the hair strand or feather is attached, which
can be months or even years. External pollutant deposits on
human hair would usually get stripped with regular washing, but
pollutants in bird feathers and wild animals' fur can accumulate
better and remain for much longer, since they do not clean as
frequently and/or thoroughly as human beings do.

In a study, the concentrations, total body burdens and
compositional patterns of a large suite of persistent organo-
halogens were investigated in liver, blood and whole body
homogenate samples of adult glaucous gulls from Svalbard,
Norway.18

P
PBDEs in liver samples (51.5 ± 15.9 ng g−1) were

about 10 times less than the
P

PBDEs in blood samples (522 ±

154 ng g−1 ww). The whole body homogenates processed with
feathers yielded – on average – lower PBDE levels than the
homogenates processed without feathers, although they were in
the same order of magnitude. This indicates a higher density of
PBDE contaminants in the body tissue than in the feathers,
which is not surprising, considering the fact that PBDEs would
naturally circulate within the body before they can be transferred
to be attached to tissues like feathers and claws. When con-
ducting studies on pollutants in feathers, it is important to
remember that pollutants sourced from the bloodstream may
vary – both in magnitude and prole – from pollutants deposited
externally. The total PBDE burdens may be even higher than
1658 | Environ. Sci.: Adv., 2023, 2, 1651–1661
measured due to the potential for additional congeners, not
measured here but found in other bird studies, to be present.18

A nonparametric (Spearman's) correlation test was con-
ducted and the results revealed no signicant relationship
between beak length and pollutant burden in L. cirrocephalus
feathers, suggesting that pollutant accumulation is not a func-
tion of age for these birds. However, the same test revealed
strong correlations at p < 0.01 between 47 and 154 (r = 0.856);
154 and 183 (r = 0.766); and 153 and 183 (r = 0.765). This could
indicate a similar source, since BDE-153, -154 and -183 are all
constituents of the octa-BDE technical mixture. Pearson corre-
lation analysis between PBDE concentrations in leachate, soil
and feather samples was performed. Correlation values for

P
7

PBDEs in leachate versus soil (r = 0.65), soil versus feather (r =
0.52) and leachate versus feather (r = 0.77) with a statistical
signicance (p < 0.05) were observed. The observed positive
correlationmay suggest a possible inuence of leachate and soil
on PBDE concentrations in the feathers.

Most previous studies on BFRs in feathers have focused on
tail feathers, which are likely to contain elevated levels of
pollutants due to their close proximity to the preen gland. In
a study,53 PBDE levels in blood and feathers were in the same
order of magnitude, and the levels found in preen oil were up to
12.5 times the concentrations found in the feathers. Grooming
behaviour of birds (preening) is easily able to transfer polluted
dust and preen oil to their beaks and nostrils, from where they
can be inhaled or ingested into the system. Domestic cats have
also exhibited high levels of PBDEs, and this has been attrib-
uted – to some extent – to their ‘preening’ tendencies, as well as
their limited ability to metabolize PBDEs.54 It has been sug-
gested54 that with the current and projected increase in African
urbanisation and demand for consumer goods, there is
substantial potential for concentrations of PBDEs and other
POP chemicals to rise in the near future. There is, therefore,
a need for long-term monitoring of concentrations of these
chemicals in outdoor and indoor environments at a range of
locations across the African continent. This should be designed
to assess spatial trends and human exposure via inhalation and
incidental dust ingestion, as well as facilitating elucidation of
temporal trends of POPs in Africa and evaluation of the impacts
of measures to reduce concentrations.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

PBDEs were detected in soil, leachate and feather samples
collected from the Ondestepoort landll site in Pretoria, South
Africa. 100% detection frequency was observed in soil samples
for all the congeners, whereas the detection frequencies of
PBDEs in leachate samples ranged from “not detected” for BDE-
209 to 100% for BDE-28 and -183. In the grey-headed gulls and
sacred ibises, seven of the eight PBDEs were detected at the
following frequencies, 87.5–100% and 28–100% respectively.
The grey-headed gull had

P
7BDE 47, 99, 100, 153, 154, 183 and

209 ranging in total from 44.40 to 143.45 ng g−1 (median =

95.10 ng g−1). The
P

7PBDEs for the African sacred ibis ranged
from 70.31 to 608.41 ng g−1 (median = 179.08 ng g−1). These
ndings indicated high PBDE concentrations in comparison
with similar studies carried out in other parts of the world,
strongly suggesting that the PBDE levels observed in the avian
species investigated in this study may be impacting affected
birds, and implies similar negative effects on other wildlife and
human populations that are exposed to the Ondestepoort
landll.

Author contributions

Conceptualization: Prof. O. J. Okonkwo. Data curation: Prof. O.
J. Okonkwo, Prof. R. Jansen and Ms C. Emereole. Formal anal-
ysis: Ms C. Emereole. Funding acquisition: Prof. O. J. Okonkwo.
Investigation: Prof. O. J. Okonkwo, Prof. R. Jansen and Ms C.
Emereole. Methodology: Prof. O. J. Okonkwo, Prof. R. Jansen
and Ms C. Emereole. Project administration: Prof. O. J.
Okonkwo and Prof. R. Jansen. Resources: Prof. O. J. Okonkwo
and Prof. R. Jansen. Soware: Tshwane University of Tech-
nology. Supervision: Prof. O. J. Okonkwo and Prof. R. Jansen.
Validation: Prof. O. J. Okonkwo, Prof. R. Jansen and Ms C.
Emereole. Visualization: Prof. O. J. Okonkwo, Prof. R. Jansen
and Ms C. Emereole. Writing – original dra: Ms C. Emereole
and Prof. O. J. Okonkwo. Writing – review & editing: Ms C.
Emereole, Prof. O. J. Okonkwo and Prof. R. Jansen.

Conflicts of interest

There is no conict of interest.

Acknowledgements

The authors are indebted to Tshwane University of Technology,
Pretoria, South Africa for nancial support to Ms C. Emereole
for her MSc programme in Environmental Management.

References

1 S. Voorspoels, A. Covaci, P. Lepom, V. L. B. Jaspers and
P. Schepens, Levels and distribution of
polybrominateddiphenyl ethers in various tissues of birds
of prey, Environ. Pollut., 2006, 144(1), 218–227.

2 L. Stiffler. They are everywhere, they accumulate and they
spread, The Seattle Post Intelligentser, March 28, 2007.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3 P. O. Darnerud, M. Aune, L. Larsson, S. Lignell,
T. Mutshatshi, J. O. Okonkwo, B. Botha and N. Agyei,
Levels of brominated ame retardants and other pesistent
organic pollutants in breast milk samples from Limpopo
province, South Africa, Sci. Total Environ., 2011, 409(19),
4048–4053.

4 A. P. Daso, J. O. Okonkwo, R. Jansen, P. B. Forbes, A. Kotzé
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