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Abstract 

The protection of human health and the environment, from persistent organic pollutants 

(POPs) is the major objective of the Stockholm Convention. However, in developing countries 

such as Ghana- one of the top pesticide users and highest POP emitters in sub-saharan Africa. 

Although the focus has primarily been on determination of organochlorine pesticides (OCPs) and 

polychlorinated biphenyls (PCBs) in environmental matrices, there is limited information on how 

POP concentrations have changed, post ratification of the Stockholm Convention. In addition, 

human exposure data, on dioxins and dioxin-like compounds (DLCs)- one of the toxic classes of 

POPs in Ghana are limited. 

The purposes of this research were to: 

1) Identify considerations for future research prioritization based on knowledge gaps 

from previously completed studies by collating available data that reported on POPs 

in Ghana. 

2) Identify spatial and temporal POP trends in Ghana, and establish potential health risks 

3) Quantify background concentrations of dioxins and DLCs in sera of primiparous 

Ghanaians, and in breastmilk of Ghanaian lactating mothers, in addition to infant 

dietary exposure to dioxins and DLCs in breastmilk. 

The dissertation is divided into two main sections: The first part presents a comprehensive and 

systematic review on the Stockholm POPs previously studied in Ghana to date. 
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The second part focuses on the use of modified analytical sample preparation methods and 

instrumentations to determine background concentrations of dioxins and DLCs in Ghanaian 

human tissues, using gas chromatography with atmospheric pressure chemical ionization-tandem 

mass spectrometry (GC-APCI-MS/MS) in Ghanaian human tissues. 

The first part of this work entails a systematic and comprehensive review of data on 

sample collection, preparation and analytical methods from previous studies undertaken on the 

Stockholm POPs in Ghana, since 2001. A review was conducted on POPs in different matrices: 

environmental and humans, a comparison of concentration against relevant health criteria, and a 

discussion on spatial and temporal trends. The purposes of this work were to determine whether 

POPs were increasing or decreasing in the Ghanaian environment, and to ascertain knowledge 

gaps in data, as the focus has heavily been on the environment, with limited/sporadic studies in 

humans. This review identified a need to assess exposures to toxic classes of POPs in vulnerable 

populations, including lactating mothers, pregnant women, and occupationally exposed workers. 

Results obtained from data analyses of previous studies showed concentrations in excess of 

United States Environmental Protection Agency (USEPA) regulatory standards for per- and 

poly-fluoroalkyl sulphonates (PFASs) and dichlorodiphenyldichloroethane (DDD) in water, 

polychlorinated and polybrominated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs and 

PBDD/Fs) in e-waste soils, and polybrominated diphenyl ethers (PBDEs) in aquatic organisms 

and dairy products. The published studies do not cover major regions nationwide. The 

inconsistency in methods and analytes measured, along with data scarcity m some regions, 

makes it challenging to identify temporal trends. However, decreasing concentrations of some 

legacy POPs in soil/sediment and aquatic organisms, with increasing concentrations of some 

POPs were reported in water, fish, fruits and vegetables. Studies that performed health risk 



assessments were limited although environmental and human data indicated elevated health risks 

to e-waste workers, some farmers and vulnerable sub-populations. This review identified 

potential human health risks from POPs in the Ghanaian environment and the need for more 

consistent and widespread monitoring program. 

Following recommendations from the first part of this research, the second part focuses 

on assessing Ghanaian human exposure to some of the toxic classes of POPs including dioxins 

and DLCs. An analytical sample separation method was developed that can be used for 

determination of low, background concentrations of dioxins and DLCs in human serum and 

breastmilk. Previously established methods utilized multiple fractionation steps and clean-up 

procedures on expensive equipment, such as the Power-prep sample clean-up instrument. Thus, a 

manual sample extraction and clean-up method for analysis of low level DLCs in breastmilk and 

serum was developed for application in developing. The target analytes included detection of 17 

congeners of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), 12 congeners of 

8 mono-ortho and 4 non-ortho coplanar or dioxin-like PCBs (dlPCBs), 7 congeners of 

polybrominated dibenzo-p-dioxins and dibenzofurans (PBDD/Fs), and 7 congeners of mixed 

halogenated dibenzo-p-dioxins and furans (PXDD/Fs, where X=Br or Cl). Method validation 

was completed on the National Institute of Standards and Technology (NIST) Standard 

Reference Material 1958 (NIST 1958) serum samples. The analytical method provided for low 

limits of detection (LODs) in the femtogram levels (fg), with analytes recoveries ranging 

between 41.8-129.9 % for the classes of POPs studied (dlPCBs, PCDD/Fs, PBDD/Fs and 

PXDD/Fs) in both serum and breastmilk samples. 

The method was applied to 34 sera from primiparous Ghanaians, and 24 breastmilk 

samples from first-time lactating mothers. Samples were collected in April 2017 in two 
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municipalities in Ghana: Accra and Terna, both in the Greater Accra region. Based on health 

risks associated with dioxins and DLCs, the impact of maternal body burdens on foetal exposure 

is significant. Similarly, the impact of dioxin exposure on infants from breastmilk of lactating 

mothers is also considered to be significant. Questionnaire data from participants was used to 

explore contributions from environmental and dietary exposures using questionnaire data. 

For serum samples, the calculated average toxic equivalent concentration (TEQ) was 5.3 

pg TEQ/g lipid weight (lw), with contributions from dlPCBs (1.25 pg TEQ/g lw), PCDD/Fs 

(3.10 pg TEQ/g lw), PBDD/Fs (0.49 pg TEQ/g lw) and PXDD/Fs (0.50 pg TEQ/g lw). The total 

TEQ concentration was lower than background TEQ concentrations reported in sera of pregnant 

women globally; however, the body burdens indicate that dioxins and DLCs are retained in 

serum, and can be transferred from mother to foetus transplacentally. Positive correlations were 

obtained for total serum dioxins and DLC concentrations with age and Body Mass Index (BMI). 

Dietary intake of seafood and dairy products had a strong influence on PCDD/F and dlPCB 

concentrations. Statistically significant differences were observed for serum dioxins and DLCs in 

participants from Accra (in close proximity to Agbobloshie e-waste site) and Terna. Given the 

significant TEQ contribution of PBDD/Fs and PXDD/Fs ( ~20% ), it is essential to explore these 

classes of dioxins and DLCs in future biomonitoring studies as they may pose health risks, and 

add extra diagnostic information in source exposure investigation. 

In the second study, an examination of toxic mixed halogenated dibenzo-p-dioxins and 

furans (PXDD/Fs, where X= Br or Cl), and dioxin-like polychlorinated biphenyls (dlPCBs) was 

undertaken in breastmilk samples in 24 first-time lactating mothers from Greater Accra region in 

Ghana. The mean concentrations in breast milk samples ranged from 0.15-212.9 pg/g lipid for 

dlPCBs (mean TEQ: 1.67 pg TEQ/g) was similar to 1.25 pg WH02005-TEQ/g lipid. Lesser mean 
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concentrations for 2,3,7,8-PXDD/Fs (and PBDD/Fs) ranged between <0.01-1.67 pg/g lw, with a 

tentative total mean TEQ of 0.56 pg TEQ/g lw- this was similar to 0.5 pg TEQ/g lw detected in 

srum. For nursing infants, the average estimated daily intake of dlPCBs in infants from 21 

breastmilk samples was 4.95 pg TEQ/kg bw/day; contributions from PXDD/Fs and PBDD/Fs 

resulted in an average estimated daily intake of 6.54 pg TEQ/kg bw/day. The results obtained, 

although lower than infant dietary intake estimates in breastmilk from industrialized countries, 

exceed the recommended safety standards of 1 pg TEQ/kg bw/day and 1-4 pg TEQ/kg bw/day. 

Future work on occupationally exposed individuals such as firefighters and e-waste workers in 

Ghana will be pursued using the methods to understand how dioxins and DLCs accumulation 

patterns differ in humans based on their occupational source of exposure. Further, the 

complementary use of non-targeted analysis will be explored in order to identify the suite of 

toxic contaminants in sera of occupationally exposed individuals. 
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Chapter 1 The State of POPs in Ghana- A Review on Persistent Organic Pollutants: 
Environmental and Human Exposure 

* This chapter has been published in Environmental Pollution (2019). Minor adjustments have 

been made from the original manuscript. 

1.1 Introduction 

Over several decades, the production of persistent organic pollutants (POPs) has resulted in 

adverse toxicological effects to human and environmental health. Although POP emissions have 

been restricted by the Stockholm Convention, exposure continues from a variety of sources: 

industrial additives in polymers and pesticides, inappropriate waste disposal and long-range 

transport. 1-6 

Despite adoption and entry into force of the Stockholm Convention in 2001 and 2003, reports 

still confirm elevated POP concentrations. For instance, in North America, Europe and Asia, 

. . . 1-10 d . .1 11 12 . d . l 13.1s .ldl"f 16Pops m aquatic orgamsms, sequestere m soi , ' a1r, ust, part1cu ate matter, w1 1 e, 

b. 1 . . 11-19 d b ·1k 20-22 h b d C . 1 .10accumu at10n m serum, an reastm1 , ave een reporte . omparat1ve y, m 

African countries, although pioneering reports on POPs heavily focused on pesticides,23
-
28 few 

studies in Ghana, South Africa and Egypt have documented dietary intake,29 
-
31 concentrations in 

34 35 37 serum and breastmilk,32 
- wildlife, notably birds of prey, atmospheric burdens,36

• water,38 

soil, sediment and ash,39
-
42 and beach pellets,43 for other classes of POPs. Ghana was a signatory 

to the Stockholm Convention in 2001 and ratified it in 2003.44 Obligations under the Convention 

for state parties largely resulted in the ban of nine organochlorine pesticides (OCPs) in West 

Africa,45 
-
47 in addition to PCBs and polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs).6 
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This presents a challenge as Ghana is one of the top pesticide users and POP emitters from major 

industrial complexes, the agricultural and health sectors.48 A map of Ghana is shown in Figure 

1.1, identifying the ten regions (what is typically referred to as states in the USA). POPs in 

Ghana are understudied; however, there are potential risks to environmental and human health 

due to a legacy of widespread pesticide use, along with additional emerging industries such as e

waste processing sites. 

An initial baseline assessment of POPs in the first National Implementation Plan (NIP) in 

2007 by Ghana's Environmental Protection Agency (EPA), showed limited information on the 

production, importation, and usage.44 A 2018 revised edition of the NIP highlights inventories of 

9,972 sources of PCBs. Approximately 1.4 x 108 kg of imported electrical equipment and related 

wastes between 2009-2014 were estimated to contribute to polybrominated diphenylethers 

(PBDEs). Previous exposure to OCPs were primarily as a result of unsafe agricultural practices 

and pest eradication.49 PCDD/Fs, mixed halogenated compounds (PXDD/Fs), 

hexachlorobenzenes (HCBs) and PCB contaminants were identified from a variety of sources 

including medical waste incineration, vehicular transportation, and open-air burning of electronic 

49waste. 

In recent years, importation of electronics to Ghana has promoted technological growth, 

although less stringent regulations have contributed to legal and illegal electronic wastes. 50 

54Conflicting views on environmental health risks,51
- and income generation from e-waste 

scavenging,55· 56 necessitates implementation of regulations to ban informal e-waste recycling 

and make provisions for sound practices. 
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1.1.1 Current Legal Framework for POP management in Ghana 

In addition to the Stockholm Convention, the Basel and Rotterdam Conventions (ratified in 

Ghana in 2003) integrate environmental justice principles, in recognition of hazards pollutants 

may pose to humans and the environment.57 
' 

58 Contrary to Article 6 (1) d (i) and (ii) of the 

Stockholm Convention, appropriate measures for handling and disposal of POP e-wastes are 

lacking in Ghana. Of relevance are the Environmental Protection Agency Act, 1994 (Act 490),59 

and the Hazardous and Electronic Waste Control and Management Act, 2016 (Act 917), for 

regulation of pesticides and wastes.60 Act 917 identifies the need for appropriate recycling 

facilities for the proper disposal and management of POPs e-waste and hazardous wastes. 

Recent and historic sources, and types of POPs, make the Ghanaian environment an 

important study area; however, a systematic review of POPs in Ghana is yet to be completed. 

This study focuses on previously published data on the Stockholm Convention POPs. As there 

are several individual Stockholm POPs, similar analytes and congeners were grouped and 

compared to assess which classes of POPs need further focus. This study reviews POP data for 

environmental matrices, food, and humans. Data on sample collection, preparation and analytical 

methods are presented in Supplementary Information 4.2, and Table 4.1. POP concentrations 

in various environmental matrices were compared with internationally accepted tolerance levels 

to estimate potential health risks. The data gathered is considered in the conclusion and 

recommendation sections of Chapter 1. The conclusion section and Table 4.6 present a critical 

evaluation and identify considerations for future research prioritization in Ghana. 

Based on the criteria for a systematic review,61 a literature search of peer-review articles 

published from 2001 to present was conducted using Web of Science and Scifinder databases. 
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The following search terms were used: "persistent organic pollutants"-POPs, "polychlorinated 

biphen y ls" -PCB s, "pol ybrominated diphen y lethers "-PBD Es, "organochlorine pesticides" -OCPs, 

"pol ychlorinated dibenzo-p-dioxins and furans " -PCD D/F s, "pol ychlorinated napthalenes" -PCN s, 

"perfluoroalkyl sulphonates"-PFASs and "Ghana". A total of 151 scientific papers were 

identified (88 from Web of Science, and an additional 63 with Scifinder). Duplicate manuscripts 

were removed and the remaining papers screened for suitability based on reporting of the 

following criteria: Stockholm POP congeners, sampling location, type of sample, extraction and 

detection methods, and concentrations. This resulted in a total of 56 papers used to compile this 

review. Further, 8 papers on social impacts of POPs, the 2007 and 2018 revised NIP reports were 

reviewed. For temporal trend analysis, the sum of DDTs: [o,p'-dichlorodiphenyltrichloroethane 

(DDT), p,p'-DDT, o,p'- dichlorodiphenyldichloroethylene (DDE), p,p'-DDE, and o,p'

dichlorodiphenyldichloroethane (DDD)] , sum of HCHs (hexachlorocyclohexanes): [a-HCH, ~

HCH, y-HCH, and 8-HCH], and sum of Endosulfans : endosulfan I, II and endosulfan sulfates] 

were plotted against sampling year. The results of temporal and spatial trends are summarized in 

Supplementary Information 4.3- Temporal and Spatial Evaluations, and in the conclusion. 

Several challenges need to be considered when comparing historical datasets. We have 

attempted to address these in Supplementary Information 4.1, but acknowledge the resultant 

inevitable degree of uncertainty. 
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Figure 1.1 (a) Location of Ghana extrapolated from the map of Africa (b) The 10 regions of 
Ghana, waterbodies and other key sites in Ghana.Methodology and Aims 
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1.2 POP Concentrations in the Ghanaian Environment 

1.2.1 Air 

POP concentrations in ambient air vary geographically and spatially, and depend on 

inputs from emission sources. As with other environmental media, POPs partition to particulate 

63matter after pesticide spray application, from combustion processes, and volatilization.62
• 

Table 4.2 and Figure 1.2 summarize POPs in air in urban and rural areas in Ghana. A review on 

baseline studies on Ghanaian regions on PCBs, OCPs, PCDD/Fs and PCNs is described below. 

1.2.2 PCBs 

PCB concentrations in rural and urban areas ranged from below the limit of detection 

3 64(LOD) to 74 pg m- . -
66 The highest total concentrations for 7 PCB congeners ranged between 

38-74 pg m-3 for rural and urban areas.66 Total concentrations at Wenchi-rural area (Eastern 

3 64 Aregion) for 48 PCB congeners, for different sampling periods, were 35 pg m-3 and 68 pg m- . 

similar contribution from other rural areas for 29 PCB congeners, was 33 pg m-3
.
65 For urban 

areas- Greater Accra region, the lowest concentration range for 48 PCB congeners was in 

Kwabenya (range: 8.2-12.6 ng sample-1
); the highest measurement was at East Legon (range: 

6.9-20.3 ng sample-1
).

67 Hazard risk assessments for inhalation of ambient PCB in air were not 

reported in studies reviewed, possibly because of their minimal contribution ( 1-2 % ) to total 

exposure from direct inhalation as opposed to dietary intake.68 

The maximum reported exposure concentrations for urban areas (74 pg m-3
) was below 

the accepted World Health Organization (WHO) PCB concentration value of 3 ng m-3 and 0.003 

3ng m- for urban and non-industrialized areas, respectively.68 Although rural exposure 
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concentrations exceeded 0.003 ng m-3,68 associations of ambient PCBs with health risks are low. 

USEPA suggests possible risks to result from continuous inhalation of concentrations that exceed 

1.0 µg m-3
.
69 The current data reflects background levels with evidence of minimal primary 

emissions from agricultural wastes, vehicular transportation, electronic wastes dumping and 

indiscriminate burning of wastes. 

1.2.3 OCPs 

Total OCP concentrations in rural and urban areas ranged from below LOD to 5,296 pg 

3 64 67 70 71 m- . • • • The mid to southern parts of Ghana were dominated by HCHs, DDTs, and 

endosulfans; chlordanes and heptachlors were detected in the northern parts. The mean OCP 

concentrations reported in rural-Wenchi (Eastern region), Lake Bosomtwe (Ashanti region), 

3 64 67 70 71suburban-Accra, and other sites ranged between 19.3-3,700 pg m- . • • • 

The potential for health risks are low, as concentrations reported were below USEP A 

estimated carcinogenic assessment inhalation risks, ranging from 9.7 x 10-5-0.0013 µg m-3 for 

selected OCPs.69 Since their ban in 1985 (except for lindane- banned in 2001 and endosulfan-

2009 in Ghana), concentrations indicate recent pesticide usage in agricultural sectors.44 Spatial 

and temporal trends are displayed in Figures 1.2 and 1.5; results are summarized in 

Supplementary Information 4.3 and conclusion sections. 

1.2.4 PCDD/Fs 

One study in literature focused on PCDD/Fs in air. Concentrations of PCDD/Fs in urban

Accra ranged between 370-2,200 pg sample-1, with hazard risk assessment of 10-100 pg 

International (I)-Toxic Equivalency (TEQ) sample-1 (0.2 pg I-TEQ m-\67 Industrial and 
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statistical emission estimates from 2002 baseline inventory to 2015 indicate an increase from 665 

to 1485 g TEQ PCDD/Fs in Ghana.49 Assuming a sampling volume between 300-600 m3,67 

concentrations exceed USEPA urban emission estimates of 0.1 pg m-3
.
69 At these concentrations, 

a low to medium health risk of skin and eye irritation from PCDD/Fs inhalation can occur.69 The 

current data reflects background concentrations with potential emissions from agricultural 

wastes, vehicular transportation, electronic wastes dumping and burning of wastes.49 

1.2.5 PCNs 

One study has been completed on PCN emissions in Ghana. Total concentrations of 63 PCN 

congeners were low and high in the middle and southern belts: ~30 and 100 pg m-3
. TEQ 

calculations of 17 PCN congeners resulted in concentrations ranging between 0.5-6 fg TEQ m-3 

for dioxin-like (dl) toxicity. 36 The potential for eye and skin irritations, and liver tissue lesions to 

result from prolonged inhalation of ambient PCN exposure are low, as emissions were lesser 

than WHO estimates (tri- to hexa-, and octachloronapthalene range: 0.1-5 mg m-3) for 

occupational exposure. 72 PCNs are yet to be banned in Ghana; the high emissions may be 

attributed to point sources including industrial production sites: smelting and used car 

incineration. Additional sources could be from volatilization and wind trajectories from illegal 

toxic waste dumped by TraFigura in 2006 on the south coast of Cote d'Ivoire, a neighbouring 

country.73 

1.3 Water 

POP exchange between the atmosphere, aquatic ecosystems and terrestrial surfaces influence 

POP loadings in aquatic media and sediments.74 In Ghana, lake, river and stream contamination 
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can stem from agricultural run-off during rainy seasons, and household use of pesticides. A 

review of data on OCPs, PFASs and PCBs in water is described below. These studies highlight 

important findings which indicate potential pesticide contamination in 3 of 5 drinking water 

sources in Ghana- River Densu, White Volta (Volta Lake), and Pra River (Lake Bosomtwe). 

Temporal trends in water are shown in Figure 1.6, and the results are summarized m 

Supplementary Information 4.3 and conclusion sections. 

1.3.1 PCBs 

Mean PCBs in Lake Bosomtwe ranged from 1,090-7,190 ng L-1
, with PCB-52 as the 

dominant congener.75 PCB concentrations exceeded USEPA maximum allowable limit of 500 ng 

L-1 in drinking water.76 Majority of local communities in Ashanti region depend on water and 

fish from Lake Bosomtwe; extensive exposure to higher levels for extended time periods could 

potentially result in skin disorders and immune deficiencies.76 

1.3.2 OCPs 

Residues of OCPs in water were greater in rural than urban areas. Mean OCPs in rural 

water- streams around agricultural irrigation sites in Tono (Upper East Region) and Akumadan 

(Ashanti Region), standing pipe water source, drinking groundwater from dug-wells, the Volta 

23 25 75 77Lake, and Lake Bosomtwe ranged from below the LOD-6,350 ng L-1
. • • • -

31 Mean OCPs in 

urban water-River Densu in Nsawam and Weija (Greater Accra Region), ranged from below the 

LOD-180 ng L-1
.
81 OCP residues at Tono irrigation site were below the LOD. 79 In both rural and 

urban waters, endosulfans were present. Lake Bosomtwe was the most contaminated, with high 
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concentrations of endosulfan sulfate (5,630 ng L-1
) and p,p' -DDD (6,350 ng L-1

). 
75 In the above 

studies, OCPs were below WHO MRLs for surface,82 and groundwater,83 except for p,p'- DDD 

(6,350 ng L-1 Lake Bosomtwe),75 which exceeded the MRL of 1,000 ng L-1
.
82 The potential for 

carcinogenic risks to result from oral exposure to OCPs below the MRLs are low; risk levels 

estimated by USEPA (for DDD, DDT, DDE, aldrin, HCH) that can induce carcinogenic risks 

69(for 1 in 10,000 persons) range between 0.6-10 µg L-1 
. Recent widespread use of endosulfan 

within the agricultural sector, and potential illegal use of DDT, lindane, amongst other banned 

pesticides in rural areas, are the suspected sources responsible for contaminating water resources. 

1.3.3 PFASs 

Of the 15 perfluoroalkyl acids (PFAAs) congeners, high concentrations of perfluorooctanoic 

acids (PFOAs) and perfluorooctane sulfonates (PFOSs) were detected in two river basins- River 

Pra and Kakum, and tap water from rural areas. The mean PFOAs and PFOSs concentrations 

ranged between 113-205 ng L- 1 for river basins, and 103-107 ng L- 1 for tap water.38 The sum of 

concentrations [PFOSs] + [PFOAs] at each site, exceeded USEPA health advisory levels of 0.07 

ng L-1 in drinking water. 84 Potential health risks of thyroid disease, kidney and testicular cancer 

could result from prolonged exposure to PFOSs-contaminated water. 38 The data reported 

suggests that treatment of Pra and Kakum river basins for tap water is not efficient at removing 

PF AA contaminants. 38 PF ASs are yet to be banned in Ghana; the limited data gathered as part of 

this review indicates there may be significant PFAS contamination in Ghanaian drinking water. 

1.4 Soil and sediment 

Pesticides introduced into soils are taken up by plants, degraded or transported to 

groundwater and accumulate in sediments. 85 POPs are hydrophobic in nature, strongly bind to 
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soil and sediments rich in organic carbon matter, and can be slow to degradation processes. 86 

Soil and sediment act as reservoirs or sinks;86
• 

87 thus, long-term deposition make it possible to 

detect accumulated POPs. A discussion on studies of PCBs, OCPs, PBDEs and dioxin-like 

compounds (DLCs) in soil and sediment is given below. These studies indicate contamination of 

soil and sediment was as a result of recycling, dismantling and combustion of e-wastes, leakage 

of oils from transformer storage, and agricultural pesticide usage. Residents and workers in close 

proximity to e-waste soils, and soils surrounding transformers, can be exposed to pollutants from 

inhalation, dermal contact and ingestion of deposits on food. 

Table 4.1 includes an analytical summary of POPs in soil and sediment. Table 4.4 

summarizes POP data in sediments. Spatial and temporal trends are shown in Figures 1.3 and 

1.7; results of trends are summarized in Supplementary Information 4.3 and conclusion 

sections. 

1.4.1 Soil and ash from e-waste sites 

1.4.1.1 DLCs 

Concentrations of dioxin-like PCBs (dlPCBs), PCDD/Fs and PBDD/Fs at Agbogbloshie 

e-waste site in Accra, were among the highest measured in Ghanaian soils. Soils from open

burning of electronic wastes and metal sites were contaminated with PBDFs: 83-3,800 µg kg- 1 

dry weight (dw), followed by PCDFs: 11-390 µg kt1 dw, PCDDs: 6.6-120 µg kg- 1 dw, PBDDs: 

0.12-4 µg kg-1 dw and dlPCBs : 3.4-82 µg kg-1 dw.39 Soils from open-burning sites were more 

contaminated than non-burning and non e-waste sites. The formation of dlPCBs was mainly 

attributed to catalytic abilities of Cu, Zn and Pb to release active chlorine and bromine species 
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from e-waste combustion.40 Median WHO-TEQ for DLCs were 7.1 µg kg- 1 TEQ dw- open 

burning, 0.12 µg kg-1 TEQ dw- non-burning and 0.00016 µg kg- 1 TEQ dw for none-waste sites. 

Median TEQ values fore-waste soils exceeded the Canadian Soil Quality Guidelines (SQG) for 

PCDD/Fs (0.004 µg kg-1 TEQ dw), indicating a potential risk to human health. 88 

1.4.1.2 PBDEs 

Concentrations of PBDEs in Agbogbloshie e-waste soils ranged between 16-100 µg kt1 

dw. A variation in distribution of PBDE congeners was attributed to non-specific sources from e

waste activities. The dominant congener was PBDE 28, followed by PBDE 209 and PBDE 47. 89 

In contrast to the expected theory of lower brominated congeners partitioning to air particulates 

and higher brominated depositing on soil, lower brominated congeners was attributed to 

possibilities of atmospheric transport and deposition, and de-bromination of higher congeners 

during dismantling and open-air burning processes. 89 
• 
90 

POPs in non-agricultural soils become a concern when there is a significant pathway for 

exposure and receptors. The Agbogbloshie e-waste area is centred in a vegetable and food 

market place surrounded by children of vendors, e-waste workers and the public. Despite the 

large potential for exposure, no risk assessment of combined multiple exposure from inhalation 

and food consumption has been completed. Given the elevated concentrations recorded at this 

and other global e-waste sites, there may be a significant risk to human health. 

1.4.2 PCBs in oil, and soil around transformer oil storage sites 

Using neutron activation analysis, higher total chlorine- 38Cl contents of PCBs were 

measured by irradiation of 94 transformer oils collected from schools, hospitals, and water 
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treatment plants (71,340-266,920 µg kg- 1 wet weight (ww)),91 in comparison to soil extracts from 

4 transformer oil storage sites (7,690-51,920 µg ki1 dw).92 The concentrations indicate major 

contamination of soils around transformer storage sites, which present a local environmental and 

human health risk. 

1.4.3 Agricultural soil 

Studies of POPs in agricultural soils, in Ghana, were scarce and mainly focused on OCPs 

93in surface soil. 80
• • 

94 Variable depths of cored soils from cocoa farms and a tomato field in rural 

areas were measured for OCPs. Mean concentrations of lindane in cocoa farm soils ranged 

between LOD-50 µg kg-1 dw in Brong Ahafo region,80 and between 2,100-15,500 µg ki1 dw for 

Central region.93 Lower mean concentrations of p,p'-DDT, ~-HCH and dieldrin residues in cocoa 

soils ranged between 5-50 µg ki1 dw. 80 Endosulfan dissipation in tomato soils showed a

endosulfan (mean: 230-2300 µg kg-1 dw) and endosulfan sulphate (mean: 40-650 µg ki1 dw) 

were retained on top soil; ~-endosulfan leached to lower depth (mean: 110-650 µg kg- 1 dw).94 

Concentrations of lindane exceeded the Canadian Environmental Quality Guideline (CEQG) of 

10 µg kg- 1 in agricultural soils;95 other OCPs monitored in soil were within the CEQG limits. 

1.4.4 Sediments 

POPs in sediments (from rivers, lakes, streams and coastal areas) are the most studied 

matrix in Ghana. Although cored sediments reflect historical records of POP pollution, surface 

sediments have been the focus, limiting the ability to understand sediment temporal trends. A 

discussion on OCPs and PCBs in surface sediments from coastal marine, lakes, streams, river 

basins and irrigation dams is given below. 
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1.4.4.1 OCPs 

DDTs and HCHs were frequently detected in surface sediments covering coastal Terna 

harbour areas, Weija dam and Nsawam (Densu river basin) in Greater Accra, Eastern region, 

Lake Bosomtwe and 4 streams in Ashanti region, Volta lake (6 sites), and Tono irrigation 

reservoir in the Northern region. The sum of DDTs were highest for irrigation sediment (47-70 

µg kt' dw),79 followed by Volta Lake (61.30 µg kt' dw),77 coastal sediments (6.0-12.8 µg kt' 

dw),96 lake sediments (LOD-12.75 µg kg- 1 dw),25
• 

75 river basin sediments (3.289 µg kg-1 dw),81 

and streambed sediments (0.46 µg kg- 1 dw).23 Mean HCHs (0.75-13.6 µg kg- 1 dw) were much 

lower. Contributions of aldrin and dieldrin were very low for sediment types (range: LOD- 0.95 

µg kg- 1 dw), except for irrigation sediment (aldrin: 90 µg kt I dw).79 Similarly, low mean 

concentrations of endosulfan sulphate were detected in all sediments (0.18-1.61 µg kg-1 dw), 

except for Lake Bosomtwe (37.68 µg kg-1 dw).75 

Predictors of past or recent DDT usage are based on aerobic and anaerobic degradation of 

DDT to DDE and DDD. Provided the ratio of DDT to its metabolites is <l, past usage is 

75 77 81 96predicted. Calculated ratios observed were < 1 for river, lake and coastal sediments,25
• • • • 

indicating a decline in DDT usage with an increase of its metabolites over the years. 

Ecotoxicological risks of OCPs to aquatic organisms were evaluated by comparing the 

sum of sediment mean concentrations to SQG. The additive effect of OCPs in river, lake, coastal 

and irrigation sediments were below the lowest effect concentration (LEL) values of the SQG 

(Table 4.3), an indication of low to medium ecotoxicological risk to aquatic organisms. Lindane 
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was identified as the maJor source of HCH contamination m sediments; based on the 

predominance ofy-HCH which provides a ratio <1 for a HCH_ 
97 

yHCH 

1.4.5 Pellets 

Plastic resin pellets are waste organic micropollutants released from plastic industries; they 

pose a risk because they adsorb hydrophobic contaminants from aquatic media, and are ingested 

in large quantities by aquatic organisms and sea birds. Two reports monitored beach pellets as 

carriers of PCB contaminants in coastal rural and urban areas. The sum of mean PCBs from 17 

beaches ranged from 1-98.31 µg ki1 dw.98
•

99 PCB concentrations in Accra: 39-69 µg ki1 dw, 100 

and Tema-Sakumono beaches: 29-46 µg kg- 1 dw, 100 47.47 µg ki1 dw, 101 were higher than rural 

areas: 1-15 µg kg-1 dw. 100 Coastal pellets in Accra and Terna were dominated by PCB-110, 138 

and 180 (penta, hexa and hepta-PCBs), with rural sites containing a lower proportion of higher 

chlorinated congeners. PCB contamination of beach pellets was attributed to local inputs from e

waste dismantling and dumping sites. 
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Figure 1.2 Histograms of georeferenced data on sum of IOCPs, IPCNs and IPCBs (pg m ) in air monitored in various 
Ghanaian regions 

-1 

Figure 1.3 Histograms of georeferenced data on I:PCBs and I:OCPs congeners (µg kg dw ) in sediments 

-1 

Figure 1.4 Histograms of georeferenced data on IOCPs, IPBDEs, I:HBCDs and IPCBs (µg kg-1 lw ) in breastmilk 
monitored in various Ghanaian regions 
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Figure 1.5 Regression plot of HCHs, DDTs and Endosulfans in air (pg m ) over sampling year 

-1 
Figure 1.6 Regression plot of HCHs, DDTs and Endosulfans in water (ng L ) as a function of sampling year 

-1 

Figure 1.7 Regression plot HCHs, DDTs and Endosulfans in sediment (µg kg dw) over sampling year 
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Figure 1.8 Histograms of georeferenced data on IPCBs, IOCPs (logarithmic data), 

IPBDEs and IHBCDs in (a) Meat (µg kg 
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lw), (b) Fruits and Vegetables (µg kg 
~ 

ww) (c) 

Fish (µg kg 
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ww) and ( d) Dairy (µg kg 
~ 

lw) analyzed in various Ghanaian regions 
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1.5 POP concentration in food 

POPs, once introduced into air, deposit on vegetation, soil and sediments. POPs 

bioaccumulate in aquatic fish and farm animals from ingestion of contaminated feed, sediment 

and plants. Marine and freshwater organisms are used as bioindicators because they accumulate 

POPs in higher concentrations than their aquatic environment. 102 For the majority of population 

that are not occupationally exposed to POPs, the main route of exposure(> 90% of POP intake) 

arises from dietary intake of animal products, fish, and seafood. 103 Fruits and vegetables treated 

with pesticides, are another source of exposure. 103 

Table 4.5 and Figure 1.8 summarize POP data in food. Methods of extraction, clean-up and 

analytical detection are summarized in Table 4.1. A discussion on POP concentrations, in edible 

fish, seafood, dairy products, beef, game meat, vegetables, fruits and cereals, is given below. 

Results from these studies indicate that intake of food of animal origin is the major contributor to 

OCPs and PCBs. On the other hand, relatively small PBDEs and hexabromocyclododecanes 

(HBCDs) contributions were obtained from fish, 30
• 

104 whilst vegetables, fruits and cereals 

contributed substantial amounts of OCPs. Data on Ghanaian dietary intake of PCDD/Fs and 

dlPCBs is scant. 

1.5.1 Aquatic organisms 

Freshwater fish is an important part of Ghanaian diet; it is a source of animal protein 

monitored for bioaccumulated POPs. Biomonitoring activities focused on fish types mostly 

consumed- tilapia and catfish. Muscle tissue is the commonly consumed fish part frequently 
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analysed for contaminants. Investigations of POPs in molluscs in Ghana are limited, with three 

papers determining concentrations in oysters, mussels and cockles. 

1.5.2 PCBs 

Mean concentrations of PCBs in tilapia (Tilapia zilli and Oreachromis niloticus) and 

catfish (Clarias gariepinus and Chrysichthys nigrodigitatus) ranged from LOD-62 µg kg-1 lipid 

weight (lw).30
• 

105 Mean PCB concentration, reported for tilapia from inland and coastal areas, 

was 62 µg kt1 lw,30 much lower mean concentrations in Lake Volta for tilapia and catfish 

ranged between 0.9-12.37 µg kt1 ww. 105 Dominant congeners were PCBs- 153, 138 and 180,30 

although lower congeners PCBs- 28, 52, 101 and 99, contributed significant amounts. 30
• 

105 

Potential risks of dietary exposure to tilapia and catfish from Lakes Volta and Weija, and Benya 

and Keta lagoons were assessed to be low from hazard risk calculations ( <1),30
• 

105 although 

authors proposed a more detailed assessment using hazard index/indices (HI) and TEQ-WHO. 30 

Mean PCB concentrations were below the United States Food and Drug Administration 

(USFDA) action level (2000 µg kg- 1 ww) recommended for fish, suggesting a low health risk. 106 

PCB concentration in bivalves: cockles (Anadara senilis), oysters (Crassostrea tulipa) 

and mussels (Perna perna) along coastal rural areas (Lake Benya, Ningo, Sakumono) were 

higher than for fish. Median concentrations for dry and wet seasons ranged between 1,200-3,500 

µg kt1 lw, and 1,500-2,100 µg kt1 lw. 107 Lower PCB concentrations in mussels and oysters 

were detected in Narkwa, Ada and Anyanui; range: 3-11 µg kg- 1 ww. 108 Seasonal variation of 

PCBs in mussels was attributed to different source inputs (terrestrial and marine). 107 Dietary 

exposure to PCB-contaminated bivalves are potentially high since median concentrations 
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exceeded FDA action levels of 2000 µg kg- 1 lw for shellfish. 106 Results from calculated risks 

using PCB 118 (21-112.0 pg WHO-TEQ kg-1
), 

108 exceeded the recommended Tolerable Daily 

Intake (TDI) of 2 pg WHO-TEQ kg- 1 with potential risks of low birth weight and 

neurobehavioural effects in children of exposed pregnant women. The calculated risk contradicts 

the HI (<1), which indicated low risks of exposure to consumption of oysters and mussels. 

Typically, TEQ is based on an additive result of 12 dlPCBs; however, the main driver of TEQ is 

the most toxic PCB 126. Therefore, an assessment including 12 dlPCBs, rather than the use of 

PCB-118, would accurately assess risks. For both mussels and oysters, tri and hepta-CBs were 

dominant congeners. 108 The results indicate there may be a significant risk from consumption of 

aquatic organisms. However, studies involving determination of WHO-TEQ for PCBs and other 

DLCs, and a detailed quantitative risk assessment are required to establish risk magnitude. 

1.5.3 OCPs 

DDTs were detected in fish obtained from lakes and reservoirs. The sum of mean 

concentrations of DDTs in tilapia, were highest for Tono reservoir-Upper East Region 

(Sarotherodon galilaeus: 250 µg kg- 1 ww);79 and Lakes Volta, Bosomtwe and Weija for Tilapia 

zilli and catfish (Clarias gariepinus) : 253.4 µg ki 1 lw.29 Other studies detected lower mean 

concentrations of DDTs in tilapia in Lake Bosomtwe- 8.88 µg ki1 ww,25 Lake Volta- 7.96 µg 

kg- 1 ww, 105 3.81 µg ki1 ww, 109 and Weija Lake- 0.41 µg ki1 ww. 144 The sum of mean DDTs 

concentration in catfish in Lake Bosomtwe, Volta and Weija was 2206 µg kg- 1 lw;29 DDTs 

contamination in Tono reservoir was 336 µg kg- 1 ww in Schilbe intermedius.79 HCHs 

bioaccumulation was high in Kpando Torkor Lake (sum of mean concentration for Tilapia zilli: 

41.6 µg ki1 ww). 109 Mean HCHs and endosulfan concentrations in other fish species ranged 

25 105 109 110from LOD-20.13 µg kg- 1 ww, • • 
109 and from LOD-4.48 µg kg-1 ww respectively.25 

• • 
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Other OCPs in fish included aldrin, dieldrin, heptachlor and chlordane. Mean of chlordanes 

(trans-, cis-, oxy- chlordane) ranged from LOD-26.06 µg ki1 ww.29
• ios, 109 

Mean OCP concentrations detected were below Food and Drugs Administration (FDA) 

action levels for DDTs (5000 µg kg- 1 ww), chlordanes, aldrin, dieldrin, and heptachlor (300 µg 

kg- 1 ww) for fish and shellfish from freshwater and marine sources; 111 an indication of low risk 

from OCP-contamination in Ghanaian fish. Hazard risk calculation for consumption of OCP

contaminated fish varied in studies. Hazard indices (HI) for fish consumption from Kpando 

Torkor lake indicated low risks ( <1) for HCH, DDT and y-chlordane; 109 an HI of >1 was 

calculated for aldrin-contaminated fish from Tono reservoir.79 Other studies predicted potential 

29 110risks via consumption of OCP-contaminated fish, although HI was not calculated.25 
• • 

1.5.4 PCDD/Fs and dlPCBs 

The mean dlPCB concentration (1200 pg g- 1 lw) in catfish and tilapia exceeded PCDD/Fs 

(23 pg i 1 lw) in Lakes Bosomtwe, Volta and Weija.29 Estimated WHO-TEQs for dlPCBs and 

1 lw.29PCDD/Fs was 0.3 pg WHO-TEQ g- Fish from the three lakes contained relatively low 

PCDD/Fs-dlPCBs, as calculated WHO-TEQ value was below the permissible European Union 

(EU) Regulations limit for fish: 8.0 pg WHO-TEQ g-1 ww, 112 posing low health risks. 

1.5.5 PBDEs and HBCDs 

Mean concentrations of PBDEs and HBCDs in tilapia from Lakes Weija and Volta, and 

Benya and Keta lagoons were low. Mean PBDEs ranged from 0.89-19 µg kg-1 lw; HBCDs 

ranged from 0.04-2.2 µg kg- 1 lw. The least and most contaminated lagoons were Keta and Benya. 
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Dominant congeners- PEDE 47 and 209, were attributed to usage of penta and deca-EDEs. 

Possibilities of degradation of PEDE-99 into PEDE-47, run-off from contaminated areas into 

lakes, and de-bromination of hepta to hexa-EDEs contributed to their accumulation. 30 Possible 

contamination sources of lakes and lagoons were credited to waste discharge from textile 

industries as well as improper wastewater treatment. 30 Mean PEDEs- 0.16 µg ki1 ww for 15 

PEDE-congeners, inclusive of 6 PEDEs,30 exceeded the maximum allowable concentrations for 

biota- Directive 2013/39/EU: 0.0085 µg kg- 1 ww for PEDE- 28, 47, 99, 100, 153 and 154. 113 

Low to medium risks of estrogenic activity from dietary exposure to PEDE-contaminated fish 

are expected, although calculated HI were below the critical value (<1). Low risks from dietary 

exposure to HECDs in fish is predicted as the mean HECD concentration (0.02 µg kg- 1 ww),30 

was below EU Directive-2013/39/EU levels for biota (167 µg kg-1 ww). 11 3 Spatial and temporal 

trends are displayed in Figures 1.8 and 1.9; results of trends are summarized in Supplementary 

Information 4.3 and conclusion sections. 

1.6 Dairy products, meat and miscellaneous 

1.6.1 OCPs in dairy products 

Dietary exposure to six OCPs was assessed in dairy products. Mean DDTs concentration 

in cheese ranged between LOD-298 µg ki1 lw. Lower mean concentrations were detected in 

milk and yoghurt: 4.7-10 µg ki1 lw. The sum of mean OCP concentrations were below WHO 

MRLs. 114 Mean OCP concentrations in cheese were below the extraneous WHO MRLs for 

lindane (100 µg kg-1
), aldrin (150 µg kg- 1

), dieldrin (150 µg kg- 1
), endosulfan (100 µg kg-1

) and 

DDT (500 µg kg-1
) , an indication of low risk from dairy dietary exposure. 114 
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1.6.2 PCBs in dairy products 

A comparison of PCBs in raw cow milk in urban-Accra and rural-Asutuare (Eastern 

region) showed the sum of mean PCBs (27 µg kg- 1 lw) in urban areas to be twice that for rural 

(14 µg ki1 lw). A variation in PCB accumulation in cow milk were mainly attributed to feeding 

habits. 104 The mean concentrations for 15 PCB congeners were below the maximum EU limits of 

40 µg kg-1 lw. 115 Low health risk from milk consumption is expected; however, no studies were 

completed to ascertain the TEQ. 

1.6.3 PBDEs in dairy products 

In urban cow milk, concentrations ranged between 0.47-11 µg ki1 lw (mean: 2.3 µg kg- 1 

lw). Lower concentrations were in rural milk (0.05-2.8 µg kg- 1 lw, mean: 1.0 µg kg- 1 lw). 

Dominant congeners observed were PBDE-47 and 99. HBCD concentrations were below the 

LOD. 104 The mean concentrations of PBDE congeners exceeded allowable concentrations set by 

EU Directive 2013/39/EU for biota (0.0085 µg kg- 1 ww for PBDE- 28, 47, 99, 100, 153 and 

154). 113 The results indicate potential risks from dietary exposure to PBDEs in cow milk. 

1.6.4 OCPs in meat 

Red meat (beef) is a significant source of protein for Ghanaian diet. Meat was analysed to 

identify OCPs in beef fat, lean beef and grasscutter (bushmeat) obtained from Kumasi-Ashanti 

region, 116 and Gomoa-Central region. 117 Elevated mean concentrations of DDE and DDT ranged 

between 32-545 µg kg- 1 lw for beef fat; much lower mean concentrations were in lean meat 

(range: 6-43 µg kg- 1 lw). Other OCPs ranged from 0.6-4.3 µg kg- 1 lw (lindane, dieldrin, 

endosulfan and aldrin) for lean and beef fat. Mean concentrations of OCP analytes in grasscutter 
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ranged from 0.15-0.78 µg kg- 1 lw. Mean concentrations of pesticides in lean and beef fat were 

below EPA tolerance levels for DDT, DDE (5000 µg kg-1 lw), endosulfan I, II and endosulfan 

sulfate (beef muscle: 13,000 µg kg- 1 lw, beef fat: 2000 µg kg- 1 lw), lindane and dieldrin (beef fat: 

7000 and 200 µg kg-1 lw respectively). 118 Concentrations detected were below EPA tolerance 

levels, posing a low risk from dietary exposure to OCPs in food. Possible sources were attributed 

to cattle feed-contamination with pesticides, and the use of pesticides to control ectoparasites. 116 

1.6.5 OCPs in cereal products, maize, cowpea and cocoa beans 

Infant and adult dietary exposures to OCPs were assessed in local and imported cereal-based 

food and cocoa beans. The highest mean OCP concentrations were recorded in cowpea and 

maize (LOD-123 µg kg-1 dw), 119 followed by cocoa beans (LOD-40 µg ki1 dw), 120 and cereal 

(LOD-22 µg kg- 1 dw). 121 The highest OCPs in cowpea and maize were ~-HCH, ~-endosulfan and 

DDTs; 119 that for cocoa beans: y-HCH and p,p'-DDT. 120 In cereal, the highest contributions were 

from y-HCH (local cereal-22 µg kg- 1 dw) and ~-HCH (imported cereal-14 µg kg- 1 dw). 121 

OCP concentrations in cereal, cowpea and maize exceeded MRLs, whereas concentrations in 

cocoa beans were below. Approximately 90% of baby food exceeded EU Directive-2006/125/EC 

of 10 µg kg- 1 assigned for pesticides in cereal. 122 Similarly, OCPs in maize and cowpea exceeded 

EU MRL of 10 µg kg- 1 for ~-HCH, and 50 µg kg- 1 for ~-endosulfan, p,p'-DDE and DDD, an 

indication of medium risks from dietary exposure. 123 Calculated His were >1 (1.62-151), 

indicating carcinogenic and non-carcinogenic risk for infants and young children from pesticides 

in cereal. 121 Health risks from consumption of cocoa beans were estimated as low, since pesticide 

concentrations were below EU MRLs (y-HCH: 1000 µg kg- 1
, ~-HCH: 20 µg kg- 1

, DDTs and 
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dieldrin: 500 µg kg- 1
, and aldrin: 50 µg kg-1

). 
123 Temporal trend plots could not be constructed 

due to the limited number of studies completed. 

1.6.6 OCPs in fruits and vegetable crops 

Some fruits and vegetables obtained from market places in Accra, Kumasi, Tamale and 

101 124farm areas contained OCPs, which exceeded MRLs. 100
• • -

128 For a total of 1137 fruits and 

vegetables collected from market, grocery, and farm sites, mean OCPs ranged between 2-200 µg 

101 125kt1 ww. • • 
128 Mean concentrations for vegetables- Accra, Kumasi and Tamale were 300-500 

µg kg- 1 ww, 126 whilst maximum concentration detected in Kumasi for fruits and vegetables was 

190 µg kt1 ww. 124 HI >1 calculated for OCPs showed endrin exceeded the critical value for 

vegetables from Kumasi, 124 posing a concern for vegetable consumption. An assessment of low 

health risks of decreased thyroid function, and weight loss from dietary exposure to OCPs in 

fruits and vegetables, can be expected. Although most vegetables are edible in their raw states, 

washing and cooking before consumption were advised to reduce ingestion of pesticide residues. 

Spatial and temporal trends are displayed in Figures 1.8 and 1.9; results of trends are 

summarized in Supplementary Information 4.3 and conclusion sections. 

1.6.7 OCPs in honey 

The concentrations of OCPs measured in honey from various areas in Western, Brong-Ahafo 

and Ashanti Regions (LOD-0.01) were below recommended EU MRL. 129 Low health risks can 

be expected; however, risks from other POPs remain unknown as studies are yet to be 

completed. 
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Figure 1.9 Regression plot of HCHs, DDTs and endosulfans in fish (µg kg ww) over sampling year 

-1 
Figure 1.10 Regression plot of HCHs, DDTs and endosulfans in fruits and vegetables (µg kg ww) over sampling year 

45 



1.7 POP concentrations in humans 

Biological monitoring of POPs, involving invasive and non-invasive techniques in human, is 

performed using breastmilk, blood/serum, hair, saliva, semen, fingernails, and urine. These give 

an indication of how POPs accumulate in the body via exposure, POPs potentially transferred via 

placenta, and breastmilk from mother to child, and POPs (and their metabolites) excreted 

through body fluids. 130 

Figure 1.4 shows POPs data in breastmilk. Methods of extraction, clean-up and analytical 

detection are summarized in Table 4.1. A discussion of POPs in human breastmilk and serum is 

given below. Results from these studies indicate that the primary exposure route to POPs 

bioaccumulation in human fluids is via food intake; a secondary exposure route includes 

inhalation from contaminated e-waste sites and farms. The presence of HCHs and DDTs indicate 

their long-term usage and exposure to both breastfeeding mothers and infants within the farming, 

fishing and e-waste communities in Ghana. 

1.7.1 Breastmilk 

1.7.1.1 PCBs 

The risks of exposure to PCBs associated with intake of breastmilk by infants were 

assessed in 304 breastmilk samples, by determining concentrations in exposed and unexposed 

primparae and multiparae mothers. Surprisingly, the sum of mean PCBs in non-occupationally 

exposed mothers (for Accra, Kumasi and Tamale, 30-82 µg kg- 1 lw),31 were higher than for 

occupationally exposed mothers (4.4 µg kg- 1 lw) who lived or worked at the contaminated 

Agbogbloshie e-waste site in Accra. 131 The dominant congeners observed for non-occupationally 
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exposed mothers were PCBs- 153, 138 and 180; for occupationally exposed mothers- PCB 28. 

The unexpected concentrations could indicate other exposure sources, in addition to cumulative 

years of occupational exposure. 

Health risk assessments completed on occupationally exposed mothers indicated low 

risks to infants: hazard quotient (HQ <1). 131 Low potential health risks to breastfed infants is 

expected.31 However, concentrations were consistently higher than the Agency for Toxic 

Substances and Disease Registry (ATSDR) safety standard minimum risk level of 7 µg kg- 1 lw 

(0.03 µg kt1 bw d- 1
) for total PCBs in human milk. 132 

1.7.1.2 OCPs 

The mean concentrations of OCPs monitored in breastmilk ranged from LOD-490 µg kt 

1 lw.23
• 

133
• 

134 The mean concentrations indicated the greatest exposure of mothers to DDTs and 

HCHs: 78 and 46 µg kg- 1 lw, and below the LOD to 490 µg kt1 lw in 2 farming communities;23
• 

133 whilst Ada fishing community had the least exposure: 30 and 12 µg kg- 1 lw. 134 In an absence 

of OCP safety standards in humans, based on recommended safety standards in rats, the 

equivalent milk OCP concentrations that would induce developmental toxicity: 2300 µg kg- 1 

lw, 135 was not exceeded. 

1.7.1.3 PBDEs and HBCDs 

The sum of mean concentrations of PBDEs and HBCDs ranged from 2.2-5.8 and 0.3-2.3 

µg kg- 1 lw respectively, in breastmilk from Accra, Kumasi and Tamale. 31 In comparison to 

Tamale (2.5 µg kg- 1 lw), high mean concentrations in Accra (4.8 µg kg- 1 lw) and Kumasi (5.8 µg 

kt1 lw) were attributed to greater exposure to PEDE-consumer products and dietary 

preferences.31 PBDEs and HBCDs in breastmilk provided a low exposure risk to breastfed 
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infants, as the estimated daily intake was below USEPA reference dose for PBDE-47 and 99 (0.1 

µg kg- 1 bw d-1), and PBDE-153 (0.2 µg kg- 1 bw d- 1
) in human milk. 136

-
138 

1.7.2 Blood/serum 

Blood and serum from urban-Accra and rural areas- Offinso and Tono Irrigation sites in 

occupationally exposed workers were analysed for PCDD/Fs, PCBs, and OCPs. 32 
• 

133 

1.7.2.1 PCDD/Fs and PCBs 

In a cross-sectional study of e-waste workers from Agbogbloshie with control group, 

median PCDD/F concentrations in exposed populations (6.2 pg WHO-TEQ g- 1 lw, range: 2.1-

42.7 pg WHO-TEQ t 1 lw) were higher than in controls (4.6 pg WHO-TEQ t 1 lw, range: 1.6-12 

pg WHO-TEQ g- 1 lw). 32 Human exposure assessments to PCDD/Fs and dlPCBs, from body 

burdens, are relevant when factors such as body weight, fraction of PCDD/Fs and dlPCBs 

absorbed, and half-life are utilized in estimating daily intakes. In an absence of health risk 

assessments of body burdens for both e-waste workers and control groups, a feasible estimate of 

potential risks would have to be based on a comparison of daily intake in order to compare with 

the recommended guideline range of 1-4 pg WHO-TEQ kg- 1 lw bw d- 1
. 

In contrast to PCDD/Fs, associations between PCBs in exposed and control populations 

did not follow the expected trend. High concentrations were observed for PCBs-138, 153 and 

180 in control groups; geometric mean concentrations were significantly higher, ~3 times that 

observed for exposed groups (PCB-138: 0.04 µg L-1
, PCB-153: 0.05 µg L-1 and PCB-180: 0.03 

µg L- 1 whole blood). A strong correlation was observed between work exposure time fore-waste 

workers who live on site; no correlation was found between PCBs concentrations and age. 32 
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1.7 .2.2 OCPs 

Serum of male and female vegetable farmers analysed for OCPs, indicated high mean 

concentrations of dieldrin (127 µg kg- 1 lw). 133 No gender dependence of total OCPs was 

observed on comparison of residues between male and female farmers. Mean concentrations in 

male versus female serum were 10.6 vs 7.1 µg kg- 1 lw DDTs, 6.9 vs 8 µg ki1 lw HCHs, and 134 

vs 115 µg kg-1 lw dieldrin, respectively. 133 Although HCHs are excreted during lactation, higher 

HCHs residue (8 µg kg- 1 lw) were observed in female serum. Concentrations of OCPs detected 

in female serum could indicate possible health risks to foetus when bioaccumulated contaminants 

are transferred transplacentally. 133 Although there are no tolerance levels for OCPs in blood, an 

assigned reference dose of 0.5 µg kg- 1 bw d- 1 for DDT and 0.3 µg ki1 bw d- 1 for HCH by 

USEPA, will not be exceeded if an average body weight of 60 kg is considered. 

1.7.3 Urine samples 

Urine is considered an ideal matrix for non-persistent chemicals; it has however been 

used to monitor pesticides and their metabolites in several studies. 139 Within farming 

communities in Ghana, improper and illegal use of pesticides can expose farmers to absorption 

from the gut, by lungs and across skin. Long-term farming exposure activities (above 30 d yr-1
) 

such as mixing and application of complex combinations of insecticides/pesticides increased 

risks of chronic coughs, wheezing, and phlegm production. Out of 8 OCPs determined in 100 

urine samples, mean concentrations of ~-HCH, heptachlor and endosulfan sulphate (2800 ng L- 1
, 

3600 ng L-1 and 3300 ng L-1
) were noted to strongly correlate with respiratory symptoms. 140 
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1.8 Conclusions 

In this comprehensive and systematic review, our purpose was to collate and review data 

from previous studies undertaken on Stockholm POPs in Ghana, since 2001. We conducted a 

review on POPs in different matrices, compared concentrations against relevant health criteria, 

and where data was available provided a discussion on spatial and temporal trends (Figures 1.2-

1.10, Supplementary Information 4.3). Following this information, we estimated the extent of 

POP contamination by identifying concern levels in matrices with ranking from low, moderate, 

and high, to no data. POPs of high concern where assigned due to data scarcity, increasing 

trends, and exceedances of relevant health criteria (Table 4.6) For 11 matrices and 10 POP

groups assessed in this review, 52% (58 instances) were classified as no data, 8% (9 instances) 

were identified as high risk, 13.6% (15 instances) were identified as moderate risk, and 25.4% 

(28 instances) were identified as low risk (Table 4.6). 

In lakes and drinking water, high risks were observed for PCBs, DDTs and PFASs; 

moderate risks were identified for several OCPs. Moderate risk for air was identified for DDTs 

which showed an increasing trend (Figure 1.5). In water, moderate risks were identified for 

endosulfans and HCHs, with increasing concentration trends (Figure 1.6). A high risk was 

identified for PCDD/Fs in soil and sediment. Low and moderate risks were identified for most 

OCPs in sediments, coupled with decreasing concentration trends for HCHs and endosulfans 

(Figure 1. 7). 

Of the different food groups studied, a high risk was identified for PBDEs (in aquatic 

organisms and dairy products), DDTs in fish (increasing trend) and Drins- sum of endrins and 

dieldrins (in fruits and vegetables)- Figure 1.10. In maize, cowpea, fruits and vegetables , 

moderate risks were identified for DDTs and HCHs. Low risks of DDTs and HCHs were 
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identified for meat, cocoa and dairy products. Large data gaps were identified for PBDEs, 

HBCDs, PCDD/Fs and some emerging contaminants (PCNs and PFASs). Data on PCBs was 

scarce. 

High risks for humans were noted for both occupationally exposed individuals working at 

e-waste sites and farming communities, and vulnerable subgroups through exposure to POPs in 

food. The data reflects a high risk from PCBs due to concentrations in breastmilk exceeding 

guideline values. A moderate risk was identified for DDTs. The data shows few studies have 

been undertaken on a limited subset of POPs in humans. 

The lack of a widespread consistent monitoring programme, and limited sampling periods, 

make a robust assessment of spatial and temporal trends challenging. However, there were 

statistically significant and non-significant temporal trends displaying a decrease in 

concentrations of some legacy POPs (Supplementary Information 4.3). The observed decline, 

although non-significant for some legacy POPs, may be attributed to enforcement of the 

Stockholm Convention, regulations and legal framework targeting POP elimination and 

reduction. Conversely, significant and non-significant increases in DDTs, HCHs and endosulfans 

were observed, and could potentially be attributed to illegal usage, and accumulation of banned 

pesticides. 

1.8.1 Knowledge gaps and recommendations 

Studies undertaken in Ghana over the past 17 years have reported POP concentrations in a 

wide variety of matrices; however, these have been on local POP distributions. Secondly, there is 

a lack of annual measurements and systematic monitoring over time for POPs in all regions. 
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Temporal data have been assessed, but the majority of datasets do not show trends due to 

limited sampling periods, and limited sample size. However, the data serves as a baseline for 

future studies. We hope more consistent monitoring produces nationwide data, leading to 

informed risk management strategies. 

Continuous monitoring should involve screening of matrices via targeted and non-targeted 

analyses for new and understudied POPs. This would reflect POP contaminants that humans and 

wildlife are exposed to. This gap could be addressed with a complementary non/semi-targeted 

analytical approach that would aid in identification of unknown contaminants, and result in more 

robust risk assessments. Collection of data from a wider range of analytes would be beneficial to 

help identify the main sources of POPs and establish their importance in different regions. Non

targeted analyses of archived sample extracts could be investigated to assess spatial and temporal 

trends in data deficient areas. 

Table 4.6 shows a general lack of human, animal and wildlife exposure data. There is no 

data for various matrices including indoor and outdoor air exposure assessment in 

workplaces/homes, cored sediments, ground and bore-hole water, wildlife-avian population data, 

amongst others. To address these gaps in knowledge, further studies would be required. Of high 

importance would be human exposure studies which could include collection of serum and 

breastmilk samples from vulnerable groups, occupationally exposed workers, and the general 

population. Analyses of these samples should ideally be coupled with dietary patterns, and 

workplace/home exposure hazards in questionnaires to clearly correlate POP concentrations with 

socio-demographic characteristics. 

A potential decline in legacy POPs in Ghana can be foreseen with low-toxicity pesticide 

alternatives and regulations implemented by EPA-Ghana. However, more consideration could be 
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placed on emerging contaminants (such as PFASs and HFRs), and unintentionally produced 

POPs (PCDD/Fs, PBDD/Fs, PCNs and dlPCBs), as trends of these contaminants are less well 

understood. Similar trends and data gaps identified in this review may be expected in other 

developing African countries, which highlight these trends as an important area for future study. 

From the time-trend analyses, specific POP-pollutants (DDTs, HCHs and endosulfans) in 

various media are discussed in Supplementary Information 4.3.7. These highlight multi-media 

POP-pollutant occurrences, routes of fate and transport, and differing exposures within the 

Ghanaian environment. 
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Chapter 2 Background Levels of Dioxin-like Polychlorinated Biphenyls (dlPCBs), 
Polychlorinated, Polybrominated and Mixed Halogenated Dibenzo-p-dioxins and 
Dibenzofurans (PCDD/Fs, PBDD/Fs & PXDD/Fs) in sera of Pregnant Women in Accra, 
Ghana. 

* This chapter is currently under review for publication in Science of the Total Environment. 

Minor revisions have been made and presented here. 

2.1 Introduction 

Dioxins, furans and dioxin-like compounds (DLCs) are a class of persistent organic 

pollutants (POPs) unintentionally produced from combustion and industrial processes of 

commercial products containing brominated and/or chlorinated organic compounds. Dioxins and 

furans, are structurally similar planar compounds; they represent two of the 12 groups of 

compounds targeted by the Stockholm Convention on Persistent Organic Pollutants.6
• 

14 1 

Chlorinated, brominated and mixed halogenated dibenzo-p-dioxin and dibenzofuran compounds 

are subsets of the parent class, dioxins and furans. Of the several congeners, 75 possible 

polychlorinated or polybrominated dibenzo-p-dioxins (75 PCDDs, 75 PBDDs), 135 possible 

polychlorinated or polybrominated dibenzofurans (135 PCDFs, 135 PBDFs), and 4600 potential 

congeners of mixed halogenated dibenzo-p-dioxins and dibenzofurans (4600 PXDD/Fs, where 

X= Br or Cl), congeners with halogens (Br or Cl) positioned at the 2378-substituted positions 

exhibit dioxin toxicity. 14 1 
-
143 The most toxic dioxins and furans include 7 congeners of 2378-

polychlorinated dibenzo-p-dioxins (PCDDs) and 10 congeners of polychlorinated dibenzofurans 

(PCDD/Fs). 144 Structurally related analogues- 2378-polybrominated and mixed halogenated 

dibenzo-p-dioxins and dibenzofurans (PBDD/Fs and PXDD/Fs, X=Br/Cl) exhibit similar toxicity 

profiles. 143
-
145 Thus dioxins and furans with chlorine and/or bromines present at the 2378 

positions can bind with the aryl hydrocarbon receptor (AhR), and induce toxic effects with 

54 



promotion of a common pattern of biological responses in humans and vertebrate species, 

including weight loss, reproductive disorders, amongst others. 145
• 

146 Most toxicological work on 

dioxins and furans have been based on a relative toxicity scheme that is normalized to the most 

· d" · 2 3 7 8 hl d"b d" · 141 143-14stoxic 10xm: , , , -tetrac oro i ezo-p- 10xm. · 

Dioxin-like polychlorinated biphenyls (dlPCBs) are a subset of a large family of 209 

congeners of polychlorinated biphenyls (PCBs). There are 12 possible congeners of dlPCBs that 

exhibit similarities in their toxicity profile with dioxins and furans; these consist of 8 mono-ortho 

congeners and 4 non-ortho congeners of dlPCBs. These classes of compounds are lipophilic, thus 

bioaccumulate in the environment; in humans, they bind with the aryl hydrocarbon receptor 

(AhR) and induce toxic effects. 145
• 

146 Figure 2.1 and Tables 2.1, 2.2 and 2.3 give an overview 

of the chemical structures for PCDD/Fs, PBDD/Fs, PXDD/Fs, and dlPCBs. The chemical and 

physical properties have been provided for all classes except for PXDD/Fs and PBDD/Fs which 

are limited or unknown at present. 
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9 1 9 1 3' 2' 2 3
) /a,A_,,,,o,A,,,,,2 8 2 \-2 

4'\=/\\ ;J-4 
7' y "0~3 7~0~3 

5' 6' 6 5 
6 4 6 4 

Polyhalogenated Polyhalogenated Dioxin-like polychlorinated 
dibenzo-p-dioxin dibenzofuran biphenyl 

- Polyhalogenated: Consists of 3 classes- PCDD/Fs, PBDD/Fs and PXDD/Fs 

- PCDD/Fs: Chlorine substitution at position 2378 for polychlorinated dibenzo-p-dioxins and dibenzofurans 

- PBDD/Fs: Bromine substitution at position 2378 for polybrominated dibenzo-p-dioxins and dibenzofurans 

- PXDD/Fs: Bromine or chlorine substitution at position 2378 for mixed halogenated dibenzo-p-dioxins and dibenzofurans 

- Chlorine substitution at non-ortho positions, positions other than: 22'66' 

Figure 2.1 General chemical structure of dioxins and dioxin-like compounds 
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Table 2.1 Structures of 2378-PCDD/Fs, and their physical-chemical properties147 

Analyte Structure Log Water solubility Vapour pressure Boiling 
Kow (mg/L@ 25°C (Pa)@ 25°C point (°C) 
5.38 1415 (2.0 X 10-4)1 48 421.21492,3, 7 ,8-Tetrachlorodibenzo-p-dioxin (4.61 X 10- )a:ct :c( 7 149 

a '-" 0 '-" I 

1,2,3, 7 ,8-Pentachlorodibenzo-p-dioxin Cl 6.64150 (9.82 X 10-5) 151 (5 .8 X 10-8)1 52 464.7152 

ax:(:ct
C1 "' o "' C1 

Cl
1,2,3,4, 7 ,8-Hexachlorodibenzo-p-dioxin 7.30l)j (4.40 X 10-6) 154 (5 .10 X 10-9)152 487.7152aaxx:«,,__ I "- I 

Cl 

1,2,3,6, 7 ,8-Hexachlorodibenzo-p-dioxin Cl 7.801Jj 4(8.75 X 10- ) m (4.80 X 10-Y)DL 487.7l)L 
a x;xX 
Cl ~ 

: ( 
~ 

I 
Cl 

a 

1,2,3,7,8,9-Hexachlorodibenzo-p-dioxin Cl Cl c1X:(°X):c1 8.02l)j (6.34 xl0-4 )m (6.50 X 10-Y)DL 487.7m 

Cl ~ 0 ~ Cl 

1,2,3,4,6,7 ,8-Heptachlorodibenzo-p-
dioxin 

a 

ax;x) ~)('
Cl ~ ~ Cl 

Cl a 
11.05 1 

56 
(2.40 X 10-6

) 
4

D (7.5 X lff 1U)' :>L 507.2m 

1,2,3,4,6,7 ,8,9-Octachlorodibenzo-p-
dioxin 

Cl 

a* Cl ~ 

Cl 

~¢ ( ~ Cl 

12.261 

56 
(4.0 X 10- ')i:,o (2.77 X 10- ')i:, ' 5101)L 

2,3, 7 ,8-Tetrachlorodibenzofuran Cl 
Cl Cl 

a 5.821)1'.1 4(4.19 X 10- ) l:>Y 1 1(1.23 X 104 
) :, 438.3m 

Cl ~ CI 

1,2,3,7 ,8-Pentachlorodibenzofuran Cl Cl Cl 6.791JU (1.08 X 10-L) m (2.3 X lff ')l :>L 464.71)L 

Cl~ CA 
0 

2,3,4,7 ,8-Pentachlorodibenzofuran 6.921JU (5 .15 X 10-4 
) i:" (1.53 X 104 t " 464.71:>L 

a Cl~ 
Cl1,2,3,4, 7 ,8-Hexachlorodibenzofuran a ClCl 7.701Jj (8.25 X 10-0

) m (6.05 X lff:,)' :, 1 487.7l :>L 
a~ CI 

7.601:Jj (2.26 X 10- ) m (1.20 X 10-:,)i :,:, 487.71:>L1,2,3,6, 7 ,8-Hexachlorodibenzofuran 5 

~ I
Cl 1/ _; o"-: Cl 

a 
Cl Cl Cl C l 1,2,3, 7, 8 ,9-Hexachlorodibenzofuran 7.00'-'" (8.59 X 10-4

) IJJ (3 .88 X 10--')' J' 487.71JL 
CI Jr~n~c,

·o·· 
Cl Cl2,3,4,6, 7 ,8-Hexachlorodibenzofuran 7.00 '-'-' (1.56 X 10-J) ..,.., (3 .88 X 10--')' -' 487.7""~ 

c1M c1 
C I 

1,2,3,4,6,7,8-Heptachlorodibenzofuran 8.10'-'" (1.35 X 10-0 (1.84 x 10--')' JI 507.2I JL) w 

~ Ia Cl 

I 

1,2,3,4, 7 ,8,9-Heptachlorodibenzofuran 8.23'-'-' (2.58 X 10--') ..,.., (6.2 x 10-' ) J L 507.2""~ 
Cl 1__; ~ -:, Cl~I 

JJ , JL1,2,3,4,6, 7 ,8,9-Octachlorodibenzofuran 8.78 '-' 0 (2.33 X 10-..) (5 .00 x 10- V) 537 JL 

Cl Cl ~ · 
Cl Cl ..

1) The lower the bo1lmg pomt, the higher the vapour pressure of the analyte, and the shorter 
the retention time, as it spends more time in the gas phase during separation. 

2) The chemical property-values reported were either calculated with models based on 
experimental values or determined experimentally. 
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Table 2.2 Structures of dlPCBs, and their physical-chemical properties147 

Analyte 

33 '44' -Tetrachlorobiphenyl (PCB 
77) 

344' 5-Tetrachlorobiphenyl (PCB 
81) 

2344' 5-Pentachlorobiphen y 1 
(PCB 114) 
2'344'5-Pentachlorobiphen y 1 
(PCB 123) 

233 '44 ' -Pentachlorobiphen y 1 
(PCB 105) 
23 '44'5-Pentachlorobiphen y 1 
(PCB 118) 

3 3 '44'5-Pentachlorobiphen y 1 
(PCB 126) 
233 '44 '5-Hexachlorobiphenyl 
(PCB 156) 

2'3 3 '44'5-Hexachlorobiphen y 1 
(PCB 157) 
2'344' 5 5 '-Hexachlorobiphen y 1 
(PCB 167) 
33 '44'55' -Hexachlorobiphenyl 
(PCB 169) 
233 '44 '55 '-Heptachlorobiphenyl 
(PCB 189) 

Structure 

Ci 

Cl 0 {,_rl= 
1 
J-CI 

Cl 
Cla-o--Q;c, 

Clc1-0-Q-c1 
Cl Cl 

Cla-9-1/c, 
Cl Cl 
Cl Cl

c1--b---qc1 
Cl

Cl-pp-Cl 
Cl Cl 

Cl Cl 

Cl-o-ctCI 

Cl Cl 

H' 
Cl '\___3>----\~ CI 

Cl Cl 

a-Ofta 
Cl Cl 

Cl~ 

Cl Cl 
C::I Cl 

CI 

CIM 

Cl I 

CI 

CIC ! Cl 

c1Q-Q 
Cl Cl Cl 

LogKow 

5.96101 

5.96101 

6.29101 

6.63 104 

6.41 1 
0'! 

6.57 1 
0'! 

6.57 104 

7.13 104 

7.18 10 
:i 

7.291 
0'! 

7.421 
0'! 

7.72104 

Water solubility 
(mg/L@ 25°C 

(9.29 X 10--L)IOL 

(9.29 X 10--L)lOL 

(1.21 X 10--L)IO'I 

(2.Ql X lff_,)104 

(4.05 X 10--L)IOJ 

(1.53 X lffL) 104 

(3.21 X 10-L)lO'-t 

(3.61 X 10--.>)104 

(1.52 X lffL)lO.J 

(1.28 X lffL)IO.J 

104(4.54 X 10--4 
) 

(5.38 X lQ__ _, ) 10_, 

Vapour pressure 
(Pa)@ 25°C 

(1.65 X lffJ)IOJ 

(1.65 X lffJ)lOJ 

(5.58 X 10--J)loJ 

(9.08 X 10-4 
) 

10
_, 

(7.04 X lff4 )IOJ 

(9.62 X 10-4 
) 

10
-' 

(2.73 X 10-4 
) 

10
_, 

(7 .34 X 1 ff4 
) lU J 

(1.39 X lff4 
) 

10-' 

(1.88 X 10--4 
) 
10J 

(1.08 X lff0)IOJ 

(1.55 X 10--.>)lo.> 

Boiling point (0 C) 
(Estimated in K, 
changed to 0 C)160 

374.95 

374.95 

412.3 

412.3 

412.3 

412.3 

412.3 

446.99 

446.99 

446.99 

446.99 

479.67 

58 



O

O

Table 2.3 Chemical structures of PBDD/Fs and PXDD/Fs 

Analyte Structure 
2-bromo-378-trichlorodibenzo-p-dioxin Cl:CCOO Br 

Cl '° '°0 Cl 

23-dibromo-78-dichlorodibenzo-p-dioxin Cl:ccOn-Br 

Cl ' 0 ,;; Br 

2-bromo-1378-tetrachlorodibenzo-p-dioxin Cl 

Cl:ccOO Br
I ~ I ~ 

Cl / ' o / ' cl 

3-bromo-278-trichlorodibenzofuran 

Cl)osJ_Br 
0 

23-dibromo-78-dichlorodibenzofuran 

Cl)osJ_Br 
0 

4-bromo-2378-tetrachlorodibenzofuran 

Cl~O Cl 

Br 
Br13-dibromo-278-trichlorodibenzofuran Cl , \ ,ClJ-'\ , =1 

Cl , _ _j~ ,;\__ Br -- ...or ..._ 

2378-Tetrabromodibenzo-p-dioxin Br X:X O Br 
Br " BrO" 

12378-Pentabromodibenzo-p-dioxin BrBrn OBr 
Br ,,:;; 0 ,,:;; Br 

1234678-Heptabromodibenzo-p-dioxin Br 

Br)QO¢cBr 
I,,:;; I ,,:;; 

Br Br 
Br Br 

2378-Tetrabromodibenzofuran -0:Sfr 
Br Br 

0 

12378-Pentabromodibenzofuran 
B~ 

Br · Br 
0 

1234678-Heptabromod1benofuran 

BrM Br 

Br Br 

Structures for all the analytes targeted in this study were drawn in Chemdraw using the 
Certificate of Analysis documentation from Wellington Laboratories. The chemical and 
physical properties of bromo/chloro dioxins and furans are unknown/limited. 

59 



2.2 Overview and Motivation 

For many decades, occupational, accidental (unintentional) and background exposure to 

dioxins and DLCs have resulted in adverse health concerns including carcinogenic and dermal 

defects, neurodevelopmental and reproductive health effects. 166
-
168 Populations occupationally or 

accidentally exposed to POPs usually possess higher body burdens. For background exposure 

populations, concentrations are lower, can be variable for diverse cultural groups, vulnerable 

groups, and can also be impacted by age and gender. 169 Approximately 90% of human 

background exposure to dioxins and DLCs arise from dietary intake of contaminated food. 170 

However, questions about critical windows of foetal and early-life infant exposure to dioxins and 

DLCs, and their impacts on embryonic, infant developmental or later life consequences, reflect 

on placental transfer of dioxins and DLCs in nutrients from maternal blood and breastmilk 

during infancy. 171 
-
174 Studies undertaken on maternal participants have highlighted 

epidemiological evidence of short and long-term effects of in-utero exposure. These include 

associations between maternal exposure, maternal diet, maternal age, hormonal disruptions in 

children, and impacts on estrogenic metabolism. 175
-
181 Additionally, investigative studies on 

foetal exposure to dioxins and DLCs provide evidence of an association between maternal serum 

with foetal abortion, birth defects and low birth weight. 182
-
184 Although higher concentrations of 

dioxins and DLCs have been detected in placenta, 185
-
188 and umbilical cord blood, 187

• 
189 venous 

blood sample during pregnancy is considered the most representative to evaluate maternal or 

foetal body burdens. 

In the last decade, numerous studies have supported increasing evidence of dioxins and 

DLCs' adverse effects in general and occupationally exposed populations. 190
-
194 Only a few 
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studies on dioxins and DLCs have been documented in African populations. These include 

populations in Egypt, South Africa, Morocco, Canary Island- Spain and Ghana. 195
-
202 Records of 

non-dlPCBs have been reported in sera and breastmilk,202
-
208 in some African countries. 

Ghana is located along the southernmost part of the West coast of Africa, and has a wide 

range of potential sources of POPs. These include a historical legacy of pesticide use, along with 

more recent sources of emerging pollutants such as dioxins and DLCs from the electronic waste 

site in Agbogbloshie. To date, the current knowledge on POPs in Ghana dominantly relates to 

the presence of organochlorine pesticides (OCPs) and non-dlPCBs in environmental matrices. A 

review on the state of POPs in Ghana emphasized concerns of an absence of human 

biomonitoring studies on dioxins, DLCs and emerging contaminants.209 The limited studies on 

human biomonitoring, undertaken in Ghana, have identified health risks from infant dietary 

intake of OCPs and non-dlPCBs in breastmilk in occupationally and non-occupationally exposed 

· h · f · f" h" d · · · Gh 202 201 210 211 p· .1actatmg mot ers m armmg, 1s mg an e-waste commumt1es m ana. · · · 10neenng 

studies on dioxins and DLCs in soil from e-waste sites, sera of e-waste workers, breastmilk from 

lactating mothers, and edible lake fish in Ghana point to possibilities of bioaccumulation in 

201 212human. 199
- • • 

213 Two studies have quantified infant exposure to PCDD/Fs and dlPCBs in 

milk from Ghanaian lactating mothers- The Ghana Environmental Protection Agency, and a 

global survey completed by the World Health Organization (WHO)/United Nations Environment 

Programme (UNEP).200
• 

201 There are currently no background exposure studies that have 

quantified the toxic equivalents, and/or assessed the risks of exposure of pregnant women and 

foetuses to one of the most toxic class of POPs- dioxins and DLCs in sera of pregnant women in 

Ghana. 
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2.3 Research Objectives 

Based on health concerns of mother and foetus, the goal of this study is to provide 

baseline concentration data and to quantify the background exposure levels of 17 congeners of 

PCDD/Fs, 12 congeners of dlPCBs, 7 congeners of 2378-substituted PBDD/Fs and 7 congeners 

of 2378-substituted PXDD/Fs in 34 primiparous Ghanaians. An efficient extraction, clean-up and 

detection method was utilized for the sample preparation and instrumental analysis of dioxins 

and DLCs. The method was validated using Standard Reference Material SRM 1958 from the 

National Institute of Standards and Technology. 

2.3.1 Study sites 

Samples were obtained from participants in Terna and Accra, two municipalities located 

along the south coast of Ghana within the Greater Accra region. These sites are noted to generate 

industrial pollution including organic pollutants (releases into air and water bodies) from local 

manufacturing industries. In addition, Agbogbloshie e-waste site, situated in industrial area in 

Accra, is noted for the release of organic pollutants from open-air burning of scrap electronic 

wastes. Figure 2.2 shows a description of the two study sites below. Pregnant women 

(participants) residential homes were at average distances of 5.6 miles (Accra) and 12 miles 

(Terna) away from the Agbogbloshie e-waste site. 

It is important to note that participants in this study had no known occupational or 

accidental exposure. This study provides important baseline data for background concentrations 

of dioxins and DLCs within primiparous Ghanaians. The study further aims to identify the 

differences in exposure levels to dioxins and DLCs within the two municipalities, and to identify 
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linkages with dietary patterns or local sources of pollution. A comparison of findings from this 

study with existing global datasets for similar cohorts were made on calculated toxic equivalent 

concentrations (TEQs) for PCDD/Fs and dlPCBs using the WHO2005-Toxic Equivalency Factors 

(TEFs). Concentrations of PBDD/Fs and PXDD/Fs were also quantified and the tentative TEQs 

calculated for the brominated and mixed halogenated analytes were based on TEFs from their 

corresponding chlorinated analogues. 
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Figure 2.2 (a) A map of Ghana showing the 10 regions. The shadowed area on the map represents the capital- Greater Accra 
region where sampling occurred in two municipalities, (b) The shape files represent the two municipal areas studied- Accra 
and Terna 

Site description of studied areas: 
1) Potential exposure sources from heavy industrial areas: North Industrial area in Accra, and the heavy industrial area in Terna 
2) The large e-waste site in Agbogbloshie, Accra 
3) The two hospitals: Ridge Regional and Terna General Hospitals where sera samples were collected. 
4) Residents of participants (georeferenced) 
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2.4 Materials and Methods 

2.4.1 Participant Recruitment 

The study was approved by the Ghana Health Service Ethics Review Committee, and 

conducted in accordance with ethical principles for medical research involving human subjects. 

Women in their eighth month of pregnancy were interviewed by research nurses during routine 

health check-ups at the clinics. Participants recruited from Ridge Regional, Accra, and Terna 

General Hospitals, voluntarily completed informed written consent forms and exposure 

assessment questionnaires prior to sample collection. Data on age, occupation, diet, cigarette 

smoking and alcohol intake and bodyweight were documented. Maternal venous blood (15 mL, n 

=34) was collected in April 2017, from primiparous women in Accra (n = 17) and Terna (n = 

17). Blood was collected into clear 15 mL Corning centrifuge tubes without anticoagulant; 5-6 

mL serum was obtained by centrifugation in an Eppendorf Centrifuge 5810 at 4000 rpm/ref for 

10 min, within 24 hours of sample collection. Serum samples were stored at -20 °C prior to 

extraction and analysis. 

2.4.1.2 Sampling Considerations 

Blood ( or serum) and breastmilk are two of the human tissues that are obtained invasively 

and non-invasively, respectively. They are ideal for biomonitoring of POP body burdens 

absorbed and redistributed to tissues and organs throughout the whole body. Due to the lipophilic 

(high fat content) in breast milk, dioxins and DLCs can be absorbed in breastmilk and excreted 

via breastfeeding. As there is no standardized protocol for measuring dioxins and DLCs, various 

methods have used a vast range of sample volume/mass in extraction. Sample volumes/mass 

(assuming a density of 1 g) for extraction of dioxins and DLCs in serum have varied from the use 

65 



of dried blood spot sample on filter paper to > 200 g samples. Other studies have made use of 

pooled samples from different participants to increase sample volume and allow for a resultant 

drop in detection limits.214
-
219 In all these methods, the analytical method and detection limit and 

purpose of study plays a role in determining how much sample volume is required. 

In superstitious African populations, human biomonitoring requiring the use of tissues 

such as blood, urine, breast milk, amongst others, is often frowned on by both educated and 

uneducated individuals. The belief that an individual's body tissue can be utilized to acquire 

wealth by another individual creates difficulties with sampling when there is a need to fill in 

knowledge gaps in a society that requires biomonitoring of POPs. To fulfil the requirement for 

sampling volume and sample size in the protocol submitted to the Ghana Health Service for 

consideration with sampling human tissues, sample size calculations were completed using the 

desired power of the experiment, the significance level, the effect size and standard deviation. A 

sample volume of 20 mL (breastmilk sample) and 15 mL (whole blood) were collected from 

participants. Centrifugation of whole blood resulted in a serum volume of ~ 5-6 mL. Pooled 

serum and breastmilk samples were used in method developments, making use of appropriate 

mass of C18-cartridge-sorbents for extraction, mass of silica and carbon column (for separation of 

planar from non-planar compounds) sorbent for clean-up. Additionally, to minimize the large 

volumes of solvents produced as waste during extraction of large volume sample matrices, the 

volume of solvents and mass of sorbents were scaled down and correlated with the mass of 

serum used. 

66 



2.4.2 Reagents and Chemicals 

Distilled in glass grade organic solvents- n-hexane, toluene, nonane, acetonitrile, 

methanol and water were obtained from Caledon Laboratories Limited (Georgetown, Ontario, 

Canada). Formic acid, 88 % analytical grade reagent and octadecyl non-endcapped bonded silica 

C18 cartridges (500 mg/6 mL) were obtained from Thermo Fisher Scientific. Captiva EMR-Lipid 

removal cartridges (600 mg/6 mL) were obtained from Agilent Technologies. For the separation 

of planar and co-planar PCDD/Fs, dlPCBs and PXDD/Fs (and PBDD/Fs) from non-planar 

compounds, ultra clean carbon mini-columns (2%) and re-usable glass column reservoirs (20 cm 

in length, 0.5 cm in diameter) from Cape Technologies were used. 13C-labelled isotope and 

native PCDD/Fs, dlPCBs and PXDD/Fs standards were obtained from Wellington Laboratories 

Inc. (Guelph, Ontario, Canada). Chromatographic separation column: DBS-MS (5% diphenyl 

95% dimethyl polysiloxane, 60 m x 0.25 mm ID x 10 µm film thickness, J&W Scientific, CA, 

USA) was obtained from Agilent. 

Preparation of calibration, recovery and injection standards for PCDD/Fs, PXDD/Fs, 

PBDD/Fs and dlPCBs are described in detail in Supplementary Information 5.2. PCDD/F, 

PBDD/F, dlPCB, and PXDD/F analytes analysed in this study are listed in Table 5.1. All 

standards were prepared in nonane, except for recovery spiking solutions which was prepared in 

methanol. 

2.4.3 Sample Extraction 

Sample extraction and clean-up steps used in this study were based on analytical 

procedures from CDC with modifications.216 Extraction was performed on serum samples using 
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C 18 solid phase extraction (SPE) with hexane, clean-up usmg Captiva-EMR lipid removal 

cartridge and acidified silica, and fractionation on carbon column. Samples were analysed using 

capillary gas chromatography with atmospheric pressure chemical ionization (APCI) and a triple 

quadrupole mass spectrometer (GC-APCI-MS/MS, Xevo TQ-XS) from Waters Corporation, 

Manchester, UK. 

The analytical procedure for method development is shown in Figure 2.3. For sample 

extraction, briefly, 2 g of serum was spiked with 5 µL of 2 pg/µL label recovery mix- 13C 12-

PCDD/Fs, 13C12-dlPCBs and 13C 12-PXDD/Fs- to determine extraction efficiency, matrix effects 

on recovery and enable quantitation by isotope dilution mass spectrometry. Two millilitres of 

water was added for matrix dilution; 2 mL formic acid for protein denaturation. Serum sample 

mix was vortexed and sonicated for 15 min in between additions. C 18 cartridges were 

conditioned gravimetrically using two cartridge volumes of methanol and water prior to loading 

serum mixture, and eluted at a flow rate of 0.6 mL/min. Serum culture tubes were rinsed with 2 x 

5 mL H2O and transferred onto C 18 cartridge barrels. Cartridges were dried under vacuum pump 

suction for 1 hour to remove water. Analytes were eluted from C 18 cartridge using 3 x 5 mL 

hexane and collected in clear EPA vials, at a flow rate of 0.6 mL/min. 

2.4.4 Lipid removal clean-up and fractionation 

Extracts were evaporated to 500 µL; 3 mL acetonitrile was added. Extracts were loaded 

onto Captiva-EMR Lipid removal cartridge and allowed to flow under gravity. Vials were rinsed 

with 5 mL ACN and loaded onto EMR cartridge. Eluate was collected under gravity into EPA 

vials. Extracts were evaporated to 1 mL. 
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For each sample, acidified silica cartridge, connected to a carbon column was activated 

with 20 mL hexane. A 1 mL serum extract was loaded and the cartridge was rinsed with 30 mL 

hexane. The acidified silica cartridge was replaced with a reusable glass column reservoir. The 

carbon column was then inverted and eluted with 30 mL toluene. Eluate was collected in 40 mL 

EPA vials, evaporated to 350 µL under low N2, transferred into inset vials, evaporated to 

dryness, and reconstituted with 10 µL of 1 pg/µL injection standard. A flow chart of sample 

preparation steps is shown in Figure 2.3 below. 

69 



2 g serum 

13 13 
❖ Spike 15 C12 PCDD/Fs, 7 C12PBDD/Fs ◄ 13 13 
❖ Spike 12 C12 dlPCBs, and 7 C12 PXDD/Fs 

❖ Add2mLH2O, 2mLHCOOH. 
◄ 

❖ Vortex & sonicate for 15 minutes 
in between additions 

C18 extraction 

Aqueous eluate to waste 
Dry cartridge under •◄--- 15 mLhexane 
vacuum for 1 hour elution, 0.6 mL/min 

0.6mLACN ► 

Captiva-EMR Lipid removal 

1 
Silica/carbon column in tandem 

Invert carbon column, ► Fraction 1 eluate ---1 
30 mL toluene elution 

Evaporate eluate to 350 µL, transfer to inset vial 
Evaporate to dryness, reconstitute with 10 µ1 of 1 pg/µL 

l 
APCI-GC-MS/MS 

Figure 2.3 Extraction and Clean-up method utilized in the sample preparation of pregnant 
women sera 
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2.4.5 Lipid measurement 

Five-hundred microlitres of each serum sample was used to determine the total lipid 

concentration. Enzymatic analysis of cholesterol and triglycerides was completed using a 

calibrated BT3000 chemistry auto analyzer (Biotechnica Instruments). Total lipids were 

calculated from the sum of the total cholesterol and triglycerides concentrations using the 

formula: 

Total lipids= (2.27 x Total cholestrol) +Triglycerides+ 62.3 mg/dl Equation 1 

Where units reported are: 

Total lipids, total cholesterol, triglycerides concentrations are reported as mg/dL. 

2.5 Instrumental Analysis 

The gold standard for measuring trace levels (femtogram) of POPs including PCDD/Fs 

has traditionally been with a gas chromatograph coupled to a double focusing magnetic 

deflection (sector)-high resolution mass spectrometer (GC-HRMS). However, gas 

chromatography with atmospheric pressure chemical ionization and tandem mass spectrometry 

(GC-APCI-MS/MS) has recently been used successfully to match the performance of the sector 

instrument for the analysis of PCBs, and PCDD/Fs.220
-
226 

2.5.1 Analytical Instrumentation 

2.5.1.1 Gas Chromatography 

Gas Chromatography (GC) is one of the separation techniques used in the analysis of 

POPs to aid in the global monitoring program of the Stockholm Convention on POPs. In GC, 
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separation of analytes (in this instance dioxins and dioxin-like compounds) are based on their 

physical and chemical properties, and their partitioning between a stationary (column) and 

mobile phase. Common mobile phases used in separation include carrier gases such as nitrogen, 

helium and hydrogen. The carrier gas transfers volatilized analytes/solvent components from the 

injection port, through the GC column to the mass analyser for separation based on their 

retention time and mass-to-charge ratio (m/z). Chromatographic challenges in peak resolution 

can occur due to similarities in the structures of analyte congeners. Thus, the use of an 

appropriate column to minimize or eliminate co-elution of analytes/congeners is important. In 

this research, a non-polar chromatographic separation column, DB5-MS (5% diphenyl 95% 

dimethylpolysiloxane, 60 m x 0.25 mm ID x 10 µm film) (Agilent) was used to resolve the 2378-

substituted congeners from the non-2378-substituted congeners, and the DLCs from the non

DLCs. 

2.5.1.2 Ionization Techniques 

For trace level quantitation of dioxins, DLCs and other halogenated POPs, the universally 

accepted instrumentation has been the use of GC - Electron Ionization - High Resolution Mass 

Spectrometry (GC-EI-HRMS) using a magnetic sector instrument. However, the use of an 

Atmospheric Pressure Chemical Ionization (APCI) source for gas chromatography, coupled to a 

tandem mass spectrometer (MS/MS) system is becoming a commonly used technique in place of 

GC-EI-HRMS. APCI utilizes a plasma discharge from a corona pin to induce ionization of the 

analyte at atmospheric pressure in a nitrogen rich environment. One of the primary advantages of 

GC-APCI-MS/MS is that the ionization is "softer" than El, resulting in very limited 

fragmentation in the source. This results in a higher abundance of the molecular ion with a 

consequent improvement in sensitivity. 
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Gas phase analyte molecules eluting from the GC column are introduced into the 

ionisation region within a sheath of hot, high purity nitrogen gas, directed towards the sample 

cone of the mass spectrometer. A corona pin is located between the GC eluent and the sample 

cone. The primary species formed around the corona pin are nitrogen radical cations, which 

subsequently transfer charge to the analyte molecules. Under the conditions used for the analysis, 

charge transfer results in a molecular ion of the analyte. It is also possible with this ionization 

technique to induce protonation of certain types of analyte, typically using a protic solvent as a 

modifier. Charge transfer was utilized in the production of the molecular ions of the analyte in 

this study. The APCI ionization process is shown in Figure 2.4. 

A major advantage of the magnetic sector is that it is highly selective and sensitive when 

operated at a resolving power of 10,000 (5% peak height definition) for mass spectral resolution 

of dioxins and DLCs from background and matrix interferences. However, it has been 

recognised that, with the selection of sufficiently specific analyte fragmentation pathways, a unit 

resolution MS/MS approach is capable of detecting trace levels of dioxins and DLCs with a limit 

of detection comparable to ( or even below) that of HRMS. 
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Figure 2.4 APCI ionization process 
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2.5.1.3 GC-APCI-MS/MS Analysis 

Sample analysis was performed usmg GC-APCI-MS/MS. Method development was 

performed in full scan mode. A 1 µL sample extract was injected on a DBS-MS (60m x 0.25mm 

x O. lµm) non-polar stationary phase column. Instrumental parameters and operating conditions 

are summarized in Table 5.2. In tandem quadrupole mass spectrometry, a set of 2 mass analysers 

are used with a collision cell between them. Ions created in the source region are transferred into 

the first quadrupole with potential offset of a few volts, causing the ions to travel along the 

optical axis with mass filtration of the desired ions. A combination of RF and DC voltages are 

applied to opposing sets of rods. Only ions of a particular mass-to-charge (m/z) ratio will pass 

through the quadrupole; those of higher or lower m/z will have an unstable trajectory and either 

be ejected or grounded on the rods. The selected ions of a particular m/z then pass into the 

collision cell. In the instrument used, the collision cell is comprised of a series of circular lens 

plates with a travelling wave applied to them, to transfer the ions from the entrance to the exit. 

The cell is filled with an inert gas- usually Ar, (He or N2 have also been used), and produce 

fragment ions of the selected molecular ion under the mechanism of collision-induced 

dissociation (CID). The energy difference between Ql and the collision cell (known as the 

collision energy) is a key parameter that needs to be optimized to achieve best sensitivity. The 

product ions from the CID are transferred to the second quadrupole (Q2) and the desired product 

ion is selected, mass filtered and transferred to the detection system. 

The mass spectrometer was operated in positive 10n mode, usmg multiple reaction 

monitoring (MRM). MRM comprises of a series of parent and product ions (Ql and Q2) masses 
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to be monitored in a repeating cycle. Four transitions (2 quantifiers and 2 qualifiers) were 

monitored for native and 13C12 labelled dlPCBs, PCDD/Fs and PXDD/Fs. Transitions have been 

shown in Tables 5.1 a), b), c) and d) in the Supplementary Information. For PCDD/Fs the 

loss of -COCl was monitored. For dlPCBs, the loss of Cb was monitored. Based on studies of 

Organtini et al. (2015a, b) and Myers et al. (2012), and from the results of the method 

development, ions monitored for polybrominated and mixed halogenated dibenzo-p-dioxins and 

dibenzofurans included native and label -COBrCl, -COBr, -(CO)iBrCl, -COCl, -Br2, and -Br.220
• 

224
• 

227 The transitions, collision energies and retention times are summarized in Table 5.1 in the 

Supplementary Information. 

2.5.2 Quality assurance/Quality Control 

Analytes were quantified by isotope dilution usmg 10ns specified in Table 5.1. For 

linearity, the response obtained for a native, relative to its corresponding label 13C standard was 

linear for the range of calibration standards analyzed. Calculated coefficient of determination for 

PCDD/F analytes was R2 2: 0.998 (except for OCDD and OCDF: R2 = 0.984), that for dlPCBs 

and PXDD/Fs were R2 2: 0.985 and R2 2: 0.996 respectively. The percentage relative standard 

deviations (RSDs) obtained for PCDD/Fs, dlPCBs and PXDD/Fs ranged between 1.6 and 13.8%; 

this is in agreement with the acceptable 15% value. 228 Method validation was performed by 

analysis of fortified serum NIST Standard Reference Material (SRM) 1958. Recoveries for NIST 

standard ranged between 75%-105% for PCDD/Fs, and 67.5%-96.3% for dlPCBs. The results for 

the SRM are presented in Supplementary Information- Tables 5.7 and 5.8. Recoveries for 

isotopically labelled standards, spiked into serum prior to extraction/clean-up, ranged between 

47.9-120% for dlPCBs, 47.3-129.9% for PXDD/Fs, and 41.8-140% for PCDD/Fs (recoveries 
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obtained fell within the acceptable EPA ranges, except for 4 samples, for which 13C-OCDD and 

13C-1234678-HpCDD ranged between 28.8-37% ). The instrument limit of detection (iLOD) was 

restricted by the lowest detectable standard concentration, and ranged between 5-100 fg/µL for 

PCDD/Fs and PXDD/Fs, and 5 fg/µL for dlPCBs. The method detection limits (MDLs) were 

calculated by finding the average concentration in 10 fish serum replicates (a composite fish 

serum was considered as the method blank- fish were reared at MOECC). The method blank was 

spiked with both natives and label in 8 replicates, 2 replicates represented blanks (with no spike). 

The method blank was extracted and analysed with the same analytical methods used for human 

serum samples. The MDL analytes ranged from 10-100 fg/g for dlPCBs, PCDD/Fs PBDD/Fs 

and PXDD/Fs on column. Where concentrations were below the LOD, ½ LODs were assigned 

and used in the TEQ calculations. 

The lipid adjusted sample serum concentrations of dioxins and DLCs are reported as pg/g lipid. 

The Toxic Equivalent (TEQ) for each class of dioxins and DLCs was reported as pg WHO

TEQ/g lipid weight (lw). 144 

2.5.3 Statistical Analyses 

Dioxins and DLCs m sera were statistically analysed using the Minitab 18 software 

package,229 to determine differences in concentrations for the three groups of analytes: PCDD/Fs, 

dlPCBs and PXDD/Fs. Spearman rank correlation and bivariate linear regression were used to 

evaluate bivariate associative correlations between dioxins and DLC concentrations, and factors 

such as age, gestational week, food consumed and body mass index (BMI), and congener 

concentrations of PCDD/Fs, PXDD/Fs and dlPCBs, as well as total concentration (PCDD/Fs + 
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PXDD/Fs + dlPCBs). Multivariate statistical analysis (JMP®, Version 14.1. SAS Institute Inc., 

Cary, NC, 1989-2007) was used to assess congener-specific distributions. Exploratory data 

analysis was conducted using Principal Component Analysis (PCA) with Hierarchical Cluster 

Analysis (HCA) using both box-cox normalized and log-normalized contaminant concentrations. 

This was performed to investigate if participants with different characteristics (e.g. different 

geographical areas, dietary preferences and age) had distinctive chemical patterns. 

The normality of data distribution was checked with Kolmogorov-Smimov test. A log

normal distribution for PCDD/F, PBDD/F, PXDD/F and dlPCB concentrations for 34 pregnant 

women dataset was identified. Because the serum concentration data was not normally 

distributed, descriptive statistics for central tendency of the data was based on the geometric 

mean rather than on arithmetic mean. The range and 95% confidence interval were used to 

describe the data. In addition, the relative percentage of each congener to the total concentration 

was evaluated for each class of dioxins and DLCs. 

2.6 Results and Discussions 

2.6.1 Sample extraction: Problems encountered during method development 

To increase sensitivity and selectivity of dioxins and DLCs, classical analytical methods 

used involve solvent extraction and column chromatography clean-up. During method 

development, two manual extraction techniques were explored to determine the most efficient 

method that will enable detection of trace levels of dioxins and furans. Each step was 

investigated to determine losses of spiked native/label standard. The first method tested involved 

the use of Liquid-liquid extraction (LLE; advantage of lesser extraction time); 5 g of NIST 1958 
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and composite sera ( combination of 34 sera samples from primiparous Ghanaians) were spiked 

with both native and label dioxins and DLCs; protein denaturation was with formic acid, and 

extraction was with hexane (mechanical shaking, followed by sonication, vortexing, and 

centrifugation). The orgamc layer was evaporated to dryness, reconstituted m nonane and 

injected on the GC-APCI-MS/MS. Recoveries obtained were lower than 20%. Serum lipids were 

viscous and yellowish in nature, and noted to dirty the liner in the injection port, the front end of 

the column, and the inlet. The extracts were cleaned with pre-extracted concentrated sulphuric 

acid, by addition of 10 mL H2S04 (extraction by shaking). There was no improvement in percent 

recoveries. The second extraction technique involved the use of C 18-sorptive extraction. As the 

C 18 sorbent is an octadecyl hydrocarbon that is covalently bonded to a silicate substrate, its non

polar character enables it to retain non-polar analytes (such as dioxins and DLCs). C 18 extraction 

(used for all of the serum samples in this study- greater extraction time, cleaner extracts) initially 

resulted in low extraction yields- extraction, clean-up and fractionation (30-40%), although 

extracts were a lot cleaner in comparison to those from the LLE. However, still low % recoveries 

were obtained for highly volatile analytes such as TCDD and TCDF. Although the CDC 

recommends drying the cartridge for an extended period of time, this was identified to result in 

possibly stripping the C 18 sorbent phase of the more volatile tetras. Thus, drying of the C 18 

cartridge was restricted to 1 hour (as opposed to the > 90-minute proposed time) under vacuum 

to avoid losses of TCDD/F. Additionally, the cartridge was eluted with hexane (and acetone to 

rid of any water that might result from incomplete drying). 

To determine the cause of analyte losses, a few parameters were eliminated; for the LLE, 

a combination of formic acid with an organic solvent (over a period of time > 30 minutes) was 
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identified to result in lumps of the sample extract and difficulties with collecting the extracted 

organic layer that contain dioxins and DLCs. A replacement of formic acid with hydrochloric 

acid in LLE resolved problems of lump formation; however, recoveries were still low. This 

indicated that the challenges observed were not all related to sample extraction via LLE or C 18; 

however, sample clean-up steps were required to remove interferences that suppressed analyte 

peaks of interest. 

Data presented in Figure 2.5 show 

a) Low recoveries with the use of formic acid in LLE, and the use of sulphuric acid in lipid 

removal 

b) an improvement in recoveries with the use of C 18-sorbent combined with EMR-lipid 

removal cartridge. 

2.6.2 Sample Clean-up 

In sample clean-up, removal of lipids and other matrix co-extractables is important to 

enable maximum concentration of the extract to a low enough volume to meet detection limits. 

Based on the cleaner extracts obtained with the use of C 18 extraction, this technique was utilized 

to extract biological fluids in this study. Because sulphuric acid and acidified silica did not yield 

higher recoveries, possibilities of breakthrough of dioxins and DLCs were checked by analysing 

volumes meant to be discarded, using the GC-APCI-MS/MS. Although there were no analyte 

breakthroughs, extraction/clean-up recoveries still remained poor. An EMR-Lipid removal 

cartridge (from Agilent) was used to remove lipids from the serum and breastmilk samples, prior 

to clean-up (acidified silica) and fractionation on the carbon column. Based on the principle of 

size exclusion, long hydrocarbon chain lipid interferences are selectively trapped within Captiva-
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EMR sorbent pores and separated from trace level analytes of interest. Better recoveries (ranging 

from 40-140%) were obtained after the use of Cap ti va-EMR lipid removal cartridge. 
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2.6.3 Results from GC-APCI-MS/MS in standards and samples 

The principal objective in analytical method optimization for the analysis of dioxins and 

DLCs in biological matrices, is to be able to separate the congeners, and obtain exceptionally 

low detection limits as typical background concentrations bioaccumulated in humans generally 

range from femtogram to pico/nanogram levels. In setting up the calibration curve for the classes 

of dioxins and DLCs studied, the lowest level calibration standard was used to determine the 

iLOD. Concentrations of 5 fg/µL for each class of analyte were confidently detected at 

reasonable signal-to-noise (S/N) ratios. Figure 2.6 (b) displays a chromatogram showing a 5 fg 

TCDD standard on column. The mass spectral patterns of the dioxins and DLCs were very 

selective. In full scan mode, using APCI as the ionization source, the molecular ion (M+.) was 

intact (no fragmentation); thus the molecular ions represent the base peaks. Characterization of 

the analytes involved the use of the isotopic bromine and chlorine signatures: 79Br, 81Br, 35Cl and 

37Cl. Fragmentation of PCDD/Fs resulted in the parent molecule losing COCl; for PXDD/Fs, 

possible losses included COBrCl, COBr, (CO)iBrCl, COCl, Br2 and Br. Figures 2.6a) displays 

the full scan spectra of the 4 classes of analytes studied (dlPCBs, PCDD/Fs, PBDD/Fs and 

PXDD/Fs), and the 2.6 (b) shows the SIN ratio observed on the lowest calibration standard. 

Figures 2.7, 2.8 and 2.9 show chromatograms of analytes from MRM observed in one of the 

serum samples quantified. 
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Figure 2. 7 Sample Chromatograms showing Tetrachlorobiphenyls, Pentachlorobiphenyls and Hexachlorobiphenyls detected 
in one of the serum samples. 
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Figure 2.8 Sample Chromatograms showing the Tetrahalogenated and pentahalogenated bromo/chloro dioxins and furans 
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Figure 2.9 Sample Chromatograms showing the Hexa-, hepta- and octa-chlorodibenzo-p-dioxins and dibenzofurans in serum 
of one participant 
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2.6.4 Food consumption 

Questionnaire responses on food consumption included major dietary intake of seafood, 

fish, meat and meat products, and dairy products; this can be located in Supplementary 

Information- Section 5.7. Seafood consumed included shrimps, clams, mussels, snails, squid, 

oysters, and lobsters. Fish types included: salmon, mackerel, tilapia, tuna, and dried herring. 

Dairy products frequently consumed included eggs and milk. The majority of participants 

reported consumption patterns that were generally similar for both Terna and Accra 

municipalities. 

2.6.5 Characteristics of pregnant women 

The characteristics of the participants are presented in Table 2.4. All participants were 

primiparous non-smokers; the mean age was 25 yrs (range: 18-38 yrs). The mean gestational age 

was 31.9 weeks, and the average body weight was 145.7 kg. Almost 40% of participants had a 

BMI that exceeded 25 kg/m2 (overweight), none were underweight, and 60% had healthy weight 

(range: 21.3-24.9 kg/m2
). Fifty percent (17) of the subjects resided in Terna, and 50% (17) in 

Accra, Ghana. 
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Table 2.4 Demographic characteristics of primiparous Ghanaians in Accra and Terna, 
Greater Accra region (sampling 2017) 

Parameter Location % of participants 
considered according to BMI

Accra: n=17, Terna: n=17 
Category (kg/m2

) 

Normal 
Overweight 

Maternal 9 (18-23) 22.2 77.8 
age (years) 

14 (24-27) 64.3 35.7 

11 (28-38) 45.5 55.5 

Gestational 24-40 
weeks 

Body 138.5-156.7 
weight (kg) 

*Diet Seafood, dairy products, meat 
and meat products , fish and 

fish products 

Geographic Costal 
Area 

Heavy industrial area 

*Diet- Generally similar pattern of food consumption was observed from questionnaire 
data. 

Seafood: shrimps, clams, mussels, snails, squid, oysters and lobsters 
Fish types : salmon, mackerel, tilapia, tuna, and dried herring. 
Dairy products : eggs, milk and milk products (cheese) 
Meat and meat products: mutton, chevon, venison, and poultry meat 
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2.6.6 Congener specific dioxins and DLCs identified 

PCBs 105 and 118 were detected in 100% of participants. The remaining congeners (114, 

126, 156, 157, 169 and 189) were still regularly detected in participants with detection 

frequencies of 82.4-97.6%. For PCDD/Fs, analytes for which serum concentrations were 

consistently above the LOD were 12378-PeCDF, 23478-PeCDF, 123478-HxCDF, 1234678-

HpCDF, OCDF, 123478-HxCDD, 123678-HxCDD, 123789-HxCDD, 1234678-HpCDD and 

OCDD. Concentrations of chlorinated dioxins and PCBs have been widely reported in human 

serum; however, much less congener specific data has been provided for mixed halogenated 

dioxins and furans. This study provides an important baseline data showing that 3-B-278-CDF 

and 4-B-2378-CDF were consistently identified in all 34 participants. Seven congeners of 2378-

PXDD/F and 7 congeners of 2378-PBDD/F were detected intermittently. Concentrations of 

2378-PBDD/Fs and PXDD/Fs for 2-B-378-CDD, 23-B-78-CDF, 13-B-278-CDF, 2378-BDF and 

23478-BDF were all below the LOD. 

2.6.7 Concentrations of dioxins and DLCs. 

The baseline data obtained for both localities are presented in Tables 2.5, 2.6 and 2.7. 

The concentrations of dioxins and DLCs in participants were within one or two orders of 

magnitude where dlPCBs > PCDD/Fs > PBDD/Fs and PXDD/Fs. The total mean concentrations 

for dlPCBs, PCDD/Fs, and PBDD/Fs (and PXDD/Fs) in Terna were: 59.3 pg/g lw, 52.5 pg/g lw, 

and 2.47 pg/g lw. The mean concentrations in Accra were slightly higher than that for Terna for 

dlPCBs, PCDD/Fs and PBDD/Fs (and PXDD/Fs); these were 96.1 pg/g lw, 71.8 pg/g lw, and 

4.17 pg/g lw, respectively. Statistically significant differences were observed between mean 

concentrations of dlPCBs in Terna and Accra with the exception of PCB 157 (p-value = 0.092). 
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For PCDD/Fs, statistically significant differences were observed for 4 furan congeners : 2378-

TCDF, 1234678-HpCDF, 1234789-HpCDF and OCDF, for both groups of participants. 

Concentrations of 7 of the 14 congeners of 2378-PXDD/Fs and PBDD/Fs (2-B-378-CDD, 23-B-

78-CDF, 23-B-78-CDD, 13-B-278-CDF, 2378-BDF, 12378-BDF, 12378-BDD), were also 

statistically significantly higher in participants from Accra than Terna. Both sites- Accra and 

Terna are along the coastal areas; however, the differences observed in dlPCBs and the 4 sets of 

congeners may be explained by subtle dietary patterns as different food groups have been shown 

to have an important influence on dlPCB and PCDD/F exposure. Other possible reasons for the 

observed differences could be due to local factors such as combustion processes from exposure 

sites: Agbogbloshie e-waste site. Further research is required to identify contributions from 

potential sources. Figure 2.10 presents a comparison of average concentrations for dlPCBs, 

PCDD/Fs, and PBDD/Fs (with PXDD/Fs) for the two sites. Tables 2.5, 2.6 and 2.7 show the 

baseline data obtained for the two sites for dlPCBs, PCDD/Fs, and PBDD/Fs (and PXDD/Fs) 

respectively. It also shows p-values obtained from 2-sample t-test (comparison), and their toxic 

equivalent concentrations (pg TEQ/g lw) for participants from Terna and Accra. 
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Table 2.5 Summary of dlPCB concentrations in sera of pregnant women from Terna and 
Accra 

Analyte Mean dlPCBs Mean TEQ dlPCBs 
(pg/g lw) (pg/TEQ/g lw) 

Terna Accra p-independent TEF Terna Accra 
(Range) (Range) sample t-test 

PCB81 1.46 2.55 0.02 0.0003 <0.001 0.001 
(1.15-1.89) (1.22-6.59) 

PCB77 2.60 5.79 0 0.0001 <0.001 0.001 
(0.40-6.48) (1.37-9.69) 

PCB 123 2.91 5.47 0 0.00003 <0.001 <0.001 
(1.22-6.13) (3.00-7.44) 

PCB118 10.45 15.42 0 0.00003 <0.001 <0.001 
(7.12-12.39) (1 1.02-19 .56) 

PCB 114 4.28 8.67 0.009 0.00003 <0.001 <0.001 
(0.33-9.52) (1.04-18.96) 

PCB 105 6.78 15.97 0 0.00003 <0.001 <0.001 
(1.45-15.28) (10.81-33.69) 

PCB 126 8.56 13.20 0.013 0.1 0.856 1.32 
(3.07-19.28) (6.16-30.21) 

PCB 167 0.56 3.38 0 0.00003 <0.001 <0.001 
(0.28-1.40) (1.61-6.01) 

PCB 156 6.01 12.25 0 0.00003 <0.001 <0.001 
(1.40-14.42) (5.69-22.60) 

PCB 157 5.80 8.04 0.092 0.00003 <0.001 <0.001 
(1.94-20.17) (4.40-14.59) 

PCB 169 3.34 6.32 0 0.03 0.118 0.19 
(2.35-4.97) (3.27-9.88) 

PCB 189 1.54 3.45 0 0.00003 <0.001 <0.001 
(1.04-4.11) (1.40-6.12) 

Sum 59.29 96.14 0.974 1.512 
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Table 2.6 Summary of PCDD/F concentrations in participants from Accra and Terna 

Mean PCDD/Fs Mean TEQ PCDD/Fs 

Analyte 
(pg/g lw) 

Terna Accra 
(Range) (Range) 

p-independent 
sample t-test 

TEF 

(pg/TEQ/g lw) 
Terna Accra 

(Range) (Range) 

2378 TCDF 
0.56 

(0.10-3.70) 
1.04 

(0.59-1.82) 
0.011 0.1 0.055 0.104 

12378 PeCDF 
9.36 

(2.75-17.47) 
13.12 

(1 .00-48.59) 
0.229 0.03 0.281 0.394 

23478 PeCDF 
1.15 

(0.35-3.57) 
1.37 

(0.56-3.56) 
0.409 0.3 0.345 0.412 

123478 HxCDF 
0.44 

(0.15-1.77) 
0.61 

(0.19-1.58) 
0.224 0.1 0.044 0.061 

123678 HxCDF 
0.22 

(0.07-0.80) 
0.24 

(0.05-0.97) 
0.82 0.1 0.022 0.024 

234678 HxCDF 
0.47 

(0.08-1.70) 
0.72 

(0.23-1.68) 
0.075 0.1 0.047 0.072 

123789 HxCDF 
0.31 

(0.08-1.38) 
0.53 

(0.10-1.68) 
0.133 0.1 0.031 0.053 

1234678 HpCDF 
0.59 

(0.22-1.75) 
1.04 

(0.42-2.29) 
0.011 0.01 0.006 0.01 

1234789 HpCDF 
0.44 

(0.07-1.84) 
1.33 

(0.23-3.18) 
0.002 0.01 0.004 0.013 

OCDF 
4.48 

(2.42-8.43) 
8.03 

(3 .50-16.53) 
0 0.0003 0.001 0.002 

Sum 18.01 28.03 0.837 1.145 

2378TCDD 
0.31 

(0.07-0.89) 
1.05 

(0.27-1.88) 
0.011 1 0.309 1.05 

12378PeCDD 
1.05 

(0.22-1.80) 
1.36 

(1.05-1.79) 
0.018 1 1.05 1.36 

123478 HxCDD 
0.53 

(0.18-1.63) 
0.57 

(0.16-1.40) 
0.771 0.1 0.053 0.057 

123678 HxCDD 
0.56 

(0.16-1.85) 
0.68 

(0.28-1.56) 
0.375 0.1 0.056 0.068 

123789 HxCDD 
0.40 

(0.10-1.51) 
0.49 

(0.19-1.39) 
0.461 0.1 0.04 0.049 

1234678 HpCDD 
2.96 

(1.51-5.24) 
4.10 

(1.91-7.90) 
0.018 0.01 0.0296 0.041 

OCDD 
28.73 

(16.32-47.32) 
35.54 

(21.30-49.70) 
0.037 0.0003 0.009 0.011 

Sum 34.53 43 .79 1.549 2.635 
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Table 2.7 Summary of PBDD/F and PXDD/F concentrations in participants from Accra 
and Terna 

Mean TEQ PBDD/Fs 
Mean PBDD/Fs and 

andPXDD/Fs
PXDD/Fs (pg/g lw) 

(pg/TEQ/g lw) 
Analyte 

TEF ( obtained 
Terna Accra p-independent 

from chlorinated Terna Accra
(Range) (Range) sample t-test 

analogues) 
0.09 0.14

3-B-278-CDF 0.182 0.1 0.009 0.014
(0.02-0.09) (0.04-0.34) 

0.09 0.19
2-B-378-CDD 0.002 1 0.085 0.187

(0.03-0.23) (0.07-0.42) 
0.08 0.15

23-B-78-CDF 0.006 0.1 0.008 0.015
(0.02-0.23) (0.06-0.36) 

0.12 0.20 
23-B-78-CDD 0.027 1 0.119 0.199 

(0.02-0.38) (0.05-0.42) 

0.12 0.15
4-B-2378-CDF 0.511 0.3 0.036 0.044 

(0.02-0.47) (0.04-0.48) 

0.12 0.16
2-B-1378-CDD 0.059 0.1 0.116 0.162

(0.03-0.25) (0.07-0.36) 
0.11 0.16

13-B-278-CDF 0.035 0.03 0.004 0.005
(0.02-0.27) (0.10-0.39) 

Sum 0.64 1.15 0.377 0.626 

0.36 1.10
2378- BDF 0.002 0.1 0.036 0.109

(0.08-0.71) (0.07-3 .57) 
0.16 0.26 

2378- BDD 0.079 1 0.162 0.259
(0.07-0.36) (0.07-0.69) 

0.08 0.17
12378- BDF 0.03 0.03 0.003 0.005

(0.03-0.18) (0.07-0.43) 
0.12 0.17

23478- BDF 0.19 0.3 0.036 0.05
(0.04-0.35) (0.02-0.47) 

0.09 0.21
12378- BDD 0.002 1 0.096 0.21

(0.02-0.19) (0.03-0.44) 
0.10 0.34 

1234678- BDF 0.062 0.01 0.001 0.003
(0.02-0.23) (0.10-2.15) 

0.73 0.89 
1234678- BDD 0.569 0.01 0.007 0.009

(0.07-1.80) (0.14-4.40) 

Sum 1.64 3.14 0.341 0.642 

TEQ: Toxic equivalencies were calculated using toxic equivalency factors set by the World 
Health Organization in 2005. 144 

p: p-value for an independent sample t-test for mean comparison between concentrations in sera 
from Terna and Accra, a= 0.05. 
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Figure 2.10 A comparison of average dlPCB, PCDD/F, PXDD/F, and PBDD/F concentrations in 34 primiparous Ghanaian 
sera samples from two municipalities in Ghana: Terna and Accra in 2017. 

In calculation of p-values, for PCDD/Fs, 4 outliers were eliminated; for PXDD/Fs, 2 outliers were eliminated. Results for the two sites 
were statistically significant from a 2-tailed pairwise Ghanaian comparison 
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Concentrations of PCB 118, 105 and 156 were significantly higher than other dlPCBs in 

sera from both Terna and Accra (Table 2.5). For PCDD/Fs, 12378-PeCDF, OCDF, 1234678-

HpCDD and OCDD were higher in both localities. In addition, contributions from PCDDs were 

approximately twice that for PCDFs. Similarly, for the sum of congeners of 2378-PBDD/Fs and 

2378-PXDD/Fs, a higher total concentration was observed in Accra in comparison to Terna. This 

could be attributed to greater releases of PBDD/Fs, PXDD/Fs and PCDD/Fs into neighbourhoods 

from open-air burning of both chlorinated and low molecular weight polybrominated diphenyl 

ethyl ether (PBDE) containing e-waste materials in Agbobloshie, Accra. 

2.6.8 Total TEQ Concentrations 

Tables 2.5, 2.6, 2.7 and 5.5 (in the Supplementary Information) present a summary of 

the TEQ concentrations of dlPCBs, PCDD/Fs, and PBDD/Fs (and PXDD/Fs). The average total 

TEQ concentrations for participants in Accra and Terna were 6.46 and 4.21 pg TEQ/g lw, 

respectively. Figure 2.11 presents a stacked bar chart of TEQ data obtained for the four classes 

of dioxins and DLCs (dlPCBs, PCDD/Fs, PBDD/Fs and PXDD/Fs) in each participant. Although 

PXDD/Fs (and PBDD/Fs) were generally present at lower concentrations than for other dioxins 

and DLCs, they had a large impact on the overall TEQ, accounting for approximately 20% of the 

total TEQ contribution in participants from both Accra and Terna. This indicates the importance 

of mixed halogenated dioxins and furans when undertaking human health risk assessments. The 

largest contributor to dlPCBs TEQ was PCB 126 (the most toxic dlPCB) which accounted for 

approximately 25%. Large contributions were also recorded for 12378-PeCDD (~ 25%) and for 

2378-TCDD (~ 20%). The largest contributions from the brominated and mixed halogenated 

congeners were 2378-BDD (~ 5%), 23-B-78-CDD (~ 4%) and 2-B-1378-CDD (~ 3%). Based on 
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a comparison of relative potencies of PBDD/Fs and PXDD/Fs, 2378-BDF and 3-B-278-CDD are 

of similar potency as 2378-TCDD; 143 these explain their contributions. However, the impact of 

the TEF influences the congener contribution towards its toxicity; this explains why minimal 

contributions were observed for OCDD and PCB 118, although these were the dominant 

congeners detected. 

To interpret TEQs observed, in a global context, our results were compared with 

available TEQ data reported in maternal serum in literature (Table 2.8). 
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Figure 2.11 Baseline maternal sera concentrations (pg WHO-TEQ/g lw) of 2378-PCDD/Fs, 
dlPCBs, 2378-PBDD/Fs and 2378-PXDD/Fs in 34 Ghanaians 
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Table 2.8 A comparison of background TEQ concentrations detected in this study with data from scientific literature 

Location 

Africa 
Ghana 

Asia 
Japan- Hokkaido 
Study 
Japan-Sapporo 
Study 

Taiwan 

Europe 
Germany 
Germany 
Germany 
Greece, Spain, 
Norway, Denmark 
and UK 

WHO-2005 TEQ Estimated 
I PCDDs + IPCDFs + IdIPCBs PXDD/F and 
(pg WHO-TEQ/g lw) PBDD/F-TEQ 

(pg WHO- TEQ/g lw) 

I PCDDs I PCDFs I dlPCBs Sum 
Mean 2.10 0.99 1.24 5.33 0.99 

Median 7.26 2.53 4.87 14.66 -

7.05 2.56 4.58 14.5 -

Median 7.2 2.6 5.1 15.1 -

7f 4.2❖ 6.9❖ 18.8 ❖ -
Mean 
Geometric 5.37H 4.40H 2.79H 12.8H -
mean 

Median 15.3- 9.6'''' 24.9"" -

13.14- 5.68.. 18.82 
.. 

-

0.56-- 0.56-- -

Median -
39_3-*-

WHO-1998 TEF assignments were used in calculat10ns. 
**wHO-1998 TEF assignments were used in calculations. 
-*IWHO-1998 I median (PCDDs+PCDFs) TEF assignments were used in calculations. 
·· wttO-2005 TEF assignments were used in calculations, only dlPCBs were reported. 
-*-wHO-2005 TEF assignments were used in calculations, only dlPCBs were reported 
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Maternal serum 
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Maternal blood in 18 
months old children 
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Maternal blood 
Maternal blood 
Maternal serum 
Maternal serum 
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number 

34 

386 
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121 

134 

50 

232 
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281 
604 

Reference 

This study 
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2.6.9 Observed relationship between dioxins and DLCs in Ghanaian maternal serum 

To detect associations between age and BMI in dioxins and DLCs, possible effects were 

assessed from an examination of serum concentration data using Spearman rank correlation and 

bivariate analysis. There was statistically no significant difference between residents of Accra 

and Terna participants in terms of age. From bivariate analysis, the main predictors that 

confirmed statistically significant associations between mean concentrations of dioxins and 

DLCs, and total TEQ (PCDD/Fs and dlPCBs) were age and BMI. Additionally, positive 

correlations confirmed that an increase in BMI potentially induces an increase in dlPCBs, 

PCDD/Fs and PXDD/Fs during pregnancy. Negative correlations were obtained for the 

association between gestational week, and dioxins and DLCs; an indication that gestational 

weeks does not necessarily increase dioxins and DLCs. Respectively, the mean concentrations 

(pg WHO-TEQ/g lw) were highest and lowest for age ranges of28-38 years and 18-23 years. In 

overweight pregnant women, mean concentrations of dioxins and DLCs were higher than for 

pregnant women of normal weight. In addition, dioxin-like exposure was higher in sera of 

pregnant women who resided in Accra in comparison to those from Terna (Table 5.5). 

2.7 Chemical Signatures 

2.7.1 Principal Component Analysis (PCA) 

Exploratory data analysis involving Principal Component Analysis (PCA) was used to 

investigate how the relative proportions of dioxins and DLCs changed in different participants. 

This was performed to determine if participants with different characteristics (e.g. different 

geographical areas) had a distinct chemical signature. The data set was normalized for dlPCBs, 

PXDD/Fs and PCDD/Fs by expressing the concentration of each congener as a percentage of the 
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combined sum of congeners within its class. A loading plot was constructed using PCA (JMP®, 

Version 14.1. SAS Institute Inc., Cary, NC, 1989-2007) to explain the observed relationships 

between samples and their contributions. A consideration of all dioxins and DLC data points 

showed that two demographics described the congener concentrations. Demographic 1 

(location), was influenced by PXDD/Fs, and demographic 2 (food type frequently consumed) 

influenced both PCDD/Fs and dlPCBs. The results indicated that the data was dominated by a 

few individuals with elevated PCB concentrations. When the data for all dioxins and DLCs were 

assessed together, it appeared to be of little diagnostic value. However, when certain classes of 

dioxins and DLCs were removed from the total data set, the geographical locations of the 

participants were clearly separated. These results showed that PXDD/F congeners were much 

better at identifying local differences, with PCB profiles also showing some degree of correlation 

with diet. 

2.7.2 PCBs 

A plot of the first two principal components shows the variances of normalized 

concentrations for dlPCBs and PXDD/Fs for the 34 residents of Accra and Terna. 

Complementary loading plots based on congener profiles that provide similarities in groupings 

for contaminants observed in the PCA, for participants have also been shown in Figures 2.12 

and 2.13. The first principal component accounted for 66.9% of the total variability in dlPCB 

concentrations (Figure 2.12). These originated from the most abundant dlPCB congeners, and 

showed a positive correlation towards participants who had lived in Accra during their 

childhood, irrespective of their current place of habitation (Accra or Terna). The second principal 

component accounts for 7.5% of the original variance of the data set, and was mostly attributed 
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to dlPCBs, and other non-dlPCBs. Serum samples for residents of Accra were separated from 

those from Terna by the PCA. Group I consisted of samples RlO, R12 and R13 (participants born 

and raised in Accra), and contained higher proportions of PCBs- 77, 81, 118, 167, 169, 114 and 

194. Group II mostly consisted of participants born and raised in other parts of the country who 

had settled in their matrimonial homes in Accra. These consisted of samples R 14-R 17, R19 and 

R2. The concentrations in these samples were enriched with both dlPCBs and non-dlPCBs: 

PCBs- 128, 206, 118, 105 and 123. The dietary pattern of the group consisted mostly of fish and 

meat. Group III consisted of participants who had grown up in varying localities of the country 

and later relocated to either Accra or Terna. These samples consisted of Tl-T19, and 9 of the 

samples from Accra (Rl , R3, RS , R6, R8, R9, Rl 1, R15 and R18). The dietary patterns observed 

mostly consisted of fish, dairy products, seafood and meat. For the majority of these 

concentrations, the patterns suggest that the source of dlPCBs detected in serum could originate 

from dietary patterns. 
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Figure 2.12 Principal component analysis- observation of two components for PCBs. 

Group I consists of samples RIO, R12 and R13; these are represented by the diamond. Group II consists of R14-Rl 7, R19 and R2; 
these are represented by circles. Group III consists of participants- Tl-Tl9, and 9 samples from Accra: Rl, R3, RS, R6, R8, R9, Rl 1, 
R15 and R18. (These are represented by the grey dots: participants from Terna, and black dots represents participants from Accra). 
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2.7.3 PXDD/Fs and PBDD/Fs 

Using the Box-Cox normalized concentrations, exploratory data analysis using both PCA 

and HCA was conducted. Results of the PCA and HCA are shown in Figure 2.13. For the PCA, 

two factors accounted for 49.6% (component 1) and 13.3% (component 2) of the variance 

explained (total 62.9% ). Two groups were identified from the PCA clustering. Group I contained 

18 participants, some of whom had grown up in poor neighbourhoods in Nima (Accra) and who 

are currently staying in Accra. From this group, 5 participants possessed a signature that fit the 

pattern for Accra participants. The major congeners detected in this group were 3-B-278-CDF, 

2378-BDF and 1234678-BDD. The potential sources of these congeners include combustion 

processes from vehicular emissions and biofuel (fuel/charcoal/firewood burning for household 

and commercial use). In addition, potential sources could further be attributed to the proximity of 

the Nima locality to the Agbogbloshie e-waste sites. However, as highlighted in a previous 

study, combustion processes from such a neighbourhood has been identified to contribute to 

biomass smoke and air-particle pollution in Nima- Accra.233 Group II consisted of 16 

participants, the majority (n =13) of whom grew up in Terna, and still reside in Terna. 

Commonly detected PXDD/F congeners in this group were also 3-B-278-CDF and 2378-BDF 

and 1234678-BDD; although PXDD/F concentrations detected were much lower in Terna than in 

Accra. These results indicate the evidence that PBDD/Fs (and PXDD/Fs) are potentially linked 

to the place of residence of an individual, whereas PCBs are linked to dietary patterns. 
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Figure 2.13 Box-Cox principal component analysis and hierarchical dendrogram clustering of mixed halogenated Br/Cl 
dioxins and furans. 

From the hierarchical cluster analysis, the dendrogram splits into two clear groups which can also be seen in the PCA. Participants in pink are predominantly 
from Accra, those in green are from Terna. Participant 4, 6 and 17 possess a signature that fits the pattern for Accra participants, however, these individuals were 
born in Terna, yet had relocated to Accra. Participants 7, 18, 20, 21 and 24 were born in Accra, but these relocated to Accra 

105 



2.8 Data comparison with other studies 

In an absence of published data on exposure to dioxins and DLCs in sera of primiparous 

Ghanaians, result comparisons for vulnerable populations with no known exposure cannot be 

made. However, a comparison between this study and other studies globally (Table 2.8), show 

that the overall mean (5.3 pg WHO-TEQ/g lw) in sera of primiparous Ghanaians is lower than 

most background concentrations reported in sera of pregnant women in other parts of the world. 

Results from this study are also lower than median concentrations (PCDDs + PCDFs) detected 

for occupationally exposed e-waste populations in Ghana: 6.18 pg WHO-TEQ/g2005 lw; 199 TEQ 

concentrations detected in the latter (occupationally exposed e-waste workers) are still lower 

than TEQ concentrations reported in sera of pregnant women globally. Our results [mean total 

TEQ concentrations [dlPCBs + PCDD/Fs =4.31 pg TEQ/g lw] are similar to the mean total TEQ 

concentrations [dlPCBs + PCDD/Fs] detected in individual breastmilk of lactating mothers (n = 

42, 6.07 pg TEQ/g lw) in Accra in 2008 in studies of Adu-Kumi et al. (2010b) and from pooled 

samples from the WHO/UNEP global survey monitoring program (n =50, 5 pg TEQ/g lw).200
• 

201 

In a similar related study, much higher concentrations of the seven indicator PCBs (non-dlPCBs) 

were detected in breastmilk samples of lactating mothers (occupationally exposed participants 

and residents: 4.43 ng/g lw) at the Agbogbloshie e-waste site in comparison to breastmilk 

samples from Kwabenya (control group: 0.03 ng/g lw), in Accra, Ghana. 207 A high potential 

health risk estimated from the seven indicator PCBs (including dlPCB 118) indicated 

significantly higher concentrations in breastmilk from lactating mothers residing in Accra (sum 

of average PCBs: 82 ng/g lw, PCB 118: 3.0 ng/g lw) in comparison to participants from Kumasi 

(sum of average PCBs: 65 ng/g lw, PCB 118: 2.6 ng/g lw) and Tamale (sum of average PCBs: 30 

ng/g lw, PCB 118: 1.9 ng/g lw). Thus, areas considered to be hotspots in Accra- such as the 
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Agbogbloshie e-waste site and heavy industrial areas can impact background concentrations of 

dioxins and dioxin-like compounds. 

In order to answer questions on why lower dioxins and DLC concentrations were 

obtained in comparison to other countries, we considered studies in Ghana that had focused on 

dietary intake of dioxins and DLCs, since 90% of human background exposure arises from 

contaminated food. 170 Due to an absence of publications on estimated daily exposure (dietary 

intake of PCDD/Fs, and dlPCBs) and exposures to PXDD/Fs and PBDD/Fs for the general 

population of Ghana, it is not possible to make robust comparisons with other countries. 

Relatively low concentrations of PCDD/Fs and dlPCBs have been estimated in food (fish) in 

Ghana, in comparison to other industrialized countries. 213 Although the consumption of various 

foods influences the total TEQ for PCDD/Fs and PCBs, there is only one study that has 

estimated concentrations in tilapia and catfish from Lake Volta in Ghana (and may not 

necessarily be representative of the entire country). Data/results from studies of Adu-Kumi et al. 

(2010), however, serves as a baseline for comparison with other countries. WHO-TEQ2005 

concentration (wet weight) of PCDD/Fs and dlPCBs in fish from Ghana: ~ 0.3 pg TEQ/g,213 was 

much lower than that estimated in the Baltic Sea: 8 pg TEQ/g- salmon and prat and 12 pg 

TEQ/g- eel,234 in fresh water or farmed fish from France: ~ 2.8 pg TEQ/g,235 and in freshwater 

fish in South Korea: 1.3 pg TEQ/g.236 This indicates that industrialized and developed countries 

may have a higher dietary intake of contaminated foods- fish, meat, seafood containing 

PCDD/Fs and dlPCBs in comparison to developing countries such as Ghana. 
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2.9 Conclusions 

To our knowledge, this is the first study on background concentrations of dlPCBs, 

PCDD/Fs, PBDD/Fs and PXDD/Fs in sera of primiparous Ghanaians. The results provide an 

average value of 5.3 pg WHO-TEQ/g lw for a cohort of 34 individuals with no known accidental 

or occupational exposure. This value was generally lower than TEQ concentrations of dioxins 

and DLCs in other studies of sera from pregnant women in industrialized countries. A 

breakdown of the results shows that %TEQ contributions in our cohort are predominantly 

resulting from exposure to PCDD/Fs (57.9%), with significant contributions from dlPCBs 

(23.4%), as well as PBDD/Fs and PXDD/Fs (18.8%). These percentages suggest that substantial 

contributions from PCDDs (39.2%) are indicative of sources other than combustion (potentially 

from dietary exposure). However, contributions from combustion processes (from PCDFs, 

PBDD/Fs and PXDD/Fs) are also noted to influence the overall TEQs. The results of the 

PBDD/F and PXDD/Fs data were significantly higher in participants living in close proximity to 

both e-waste and heavy industrial areas in Accra, than for a group of cohorts in Terna. 

Multivariate statistical analysis of the data was able to distinguish between participants from the 

two municipalities using a chemical fingerprint generated with only PBDD/Fs and PXDD/Fs. 

The results indicate that, over time, local sources of potential contamination (industrial areas and 

Agbogbloshie e-waste site) may impact populations that visit, work or live in close proximity to 

the site. We would recommend future studies to better establish the sources of dioxins and DLCs 

in Ghana, and potential trends over time. We also recommend that future biomonitoring studies 

on dioxins and DLCs include determination of PBDD/F and PXDD/Fs as this study indicates that 

their total contribution is significant. 
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Chapter 3 Infant dietary exposure to dioxin-like Polychlorinated Biphenyls (dlPCBs), 
polybrominated and mixed halogenated dioxins and furans (PBDD/Fs and PXDD/Fs, X=Br 
or Cl) in human milk samples of lactating mothers in Accra, Ghana. 

* This chapter will be submitted for publication in Chemosphere this month- January, 2019. 

Minor revisions have been made and presented here. 

3.1 Introduction 

Dioxins and dioxin-like compounds (DLCs) are toxic classes of environmental 

contaminants that can be transferred from mother to foetus/baby via placenta/breastfeeding.201 
• 

237
• 
238 Similar to the oral intake of foods by adults which contribute over 90% of total daily 

exposure to dioxins and DLCs, human milk, although noted for its significance in protecting an 

infants' health, is a major source of toxic contaminants. 170
• 

239
-
241 The daily intake of dioxins and 

DLCs by breastfed infants is linked to maternal body burdens. Due to bioaccumulation in lipid 

rich milk, an infant's exposure is approximately 2 orders of magnitude higher than an average 

adult. 170, 239, 241 

Globally, the vast majority of biomonitoring studies have assessed risks of infant/foetal 

201 239 242 246exposure to intake of PCDD/Fs and dlPCBs in human milk/placental nutrients. 189
• , • -

Unlike PCDD/Fs and dlPCBs, the risks of exposure of 2378-PBDD/Fs and PXDD/Fs for 

breastfed infants are understudied. However, these classes have been found to contribute 

significantly to the total Toxic Equivalents (TEQs) in biomonitoring studies of vulnerable 

populations.247
-
250 Additionally, in occupationally exposed individuals , the PBDD/F TEQ 

concentration was approximately 20 times higher than contributions from PCDD/Fs.251 Since the 

majority of studies performed suggest a linkage to neuro-developmental and endocrine 
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disrupting effects from pre-/post-natal exposure to dioxins and DLCs, investigation of human 

biological matrices will allow for communication of biomonitoring data to population groups 

most susceptible to exposure/high risks.238 

In contrast to the numerous studies that have reported dioxins and DLCs in human milk 

in industrialized countries, most developing African countries have participated in only one 

global baseline survey conducted by the World Health Organization/United Nations 

Environment Programme (WHO/UNEP).201 Exposure risks from dioxin and DLC-toxic 

equivalent in breastmilk have been identified to be predominantly higher in industrialized 

. d d l . . 144 201 23s 252 Th . . f. f d"countnes compare to eve opmg countnes. · · · e maJonty o m ant exposure stu 1es 

have reported concentrations that exceed United States Environmental Protection Agency 

201 240(USEPA) safe levels of 0.2 pg TEQ/g lipid [for PCDD/Fs + dlPCBs] in human milk. no, , • 

252 
• 
253 Reported TEQ-concentrations of PCDD/Fs in human milk from developing countries 

showed a lower mean value of ~ 10 pg/ g International (I)-TEQ/ g milk fat whilst industrialized 

countries had a range between 10-35 pg/g I-TEQ/g milk fat. 254 Specifically, for Ghana, a 

developing country situated on the southernmost part of West Africa, exclusive breastfeeding is 

encouraged for a minimum of 6 months. TEQ concentrations obtained from studies completed by 

the WHO/UNEP survey, and by Adu-Kumi et al. (2010) were approximately 5 pg TEQ/g lipid 

and 6.1 pg TEQ/g lipid in 50 pooled and 42 individual breastmilk samples (for [PCDD/Fs + 

dlPCBs]) respectively.200
• 

201 It is important to note that these studies only focused on dlPCBs 

and 2378-PCDD/Fs. As mixed halogenated dioxins have similar mechanisms of action, their 

toxicity is additive to other dioxins and DLCs. Thus, an exclusion of 2378-PBDD/Fs and 

PXDD/Fs underestimates the total TEQ and potential health risks. 
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A limited number of investigations on POPs in environmental matrices in Ghana have 

been undertaken, these have focused on chlorinated pollutants- organochlorine pesticides 

(OCPs), polychlorinated biphenyls (mostly indicator PCBs) in environmental and food matrices, 

and non-dlPCBs in human biomonitoring studies.209 Little is known about exposure of 

vulnerable and occupationally-exposed populations to toxic dioxins and DLCs, especially with 

respect to brominated and mixed halogenated analogues. Currently, there are a few studies that 

have focused on Ghanaian human biomonitoring; these include studies of dioxins and DLCs in 

sera of occupationally exposed e-waste workers at Agbogbloshie, 199 and background exposure 

concentrations in sera of primiparous Ghanaians.250 Additionally, determination of PCB 118 

(amongst other indicator PCBs) in breastmilk samples from lactating mothers residing in Accra, 

Kumasi and Tamale were undertaken in 2010. Relatively high concentrations of PCB 118 (sum 

of average: 1.9-3.0 ng/g lw) were obtained in breastmilk samples in Ghana in 2010.31 However, 

from previous studies reported above in Chapter 2 of this thesis, the data obtained from the 

baseline study in sera of primiparous Ghanaians showed a lower background exposure of 

foetuses to dlPCBs (1.25 pg WHO-TEQ/g lw), PCDD/Fs (3.10 pg WHO-TEQ/g lw) and 

PXDD/Fs & PBDD/Fs (0.99 pg WHO-TEQ/g lw) in comparison to other studies reported 

globally.250 

A limited number of studies focusing on PXDD/Fs and PBDD/Fs have been published 

249 255globally in human milk.248 
• • -

25 8 In a previous study reported on dioxins and DLCs in sera of 

primiparous Ghanaians (in Chapter 2 of this thesis), a significant contribution of ~20% of 

PXDD/Fs (and PBDD/Fs) to the total TEQ dioxin and DLCs was identified.250 Based on the 
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possibilities of transfer of dioxins and DLCs in human milk from an exposed mother to its baby, 

and the lack of quantified dioxins and DLC data in human biomonitoring studies in Ghana, the 

aims of this study were to assess the risk of exposure of infants to dioxins and DLCs in human 

milk by the 

1) Determination of concentrations and TEQ concentrations of 12 dlPCBs, 7 analytes of 

2378-PBDD/Fs and 7 analytes of PXDD/Fs in 24 Ghanaian human milk samples 

from first-time lactating mothers, with no known occupational or accidental exposure, 

and 

2) Calculation of Ghanaian infant dietary intake from exclusive breastfeeding. 

From the exposure risk calculations, concentrations of dioxin and DLCs in Ghanaian 

breastmilk samples obtained in this study were compared with recommended safety standard 

values and other studies reported globally, to determine possibilities of risk to breastfed infants. 

3.2 Materials and Methods 

3.2.1 Participant Recruitment 

In 2017, 24 first-time lactating Ghanaians (primparous) who reside in industrialized areas 

of Accra were voluntarily recruited by research nurses from Ridge Regional hospital where they 

receive prenatal care. Participants completed informed written consent forms and exposure 

assessment questionnaires during regular prenatal visits, prior to birth and sample collection. 

Data on age, occupation, diet, cigarette smoking, alcohol intake and bodyweight were 

documented. Breastmilk samples (20 mL, n = 24) were collected in April, 2017, during the first 

two weeks after delivery into 50 mL coming tubes and stored at -20 °C prior to extraction and 
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analysis. The study was approved by the Ghana Health Services Institutional Review Board, and 

conducted in accordance with ethical principles for medical research involving human subjects. 

3.2.2 Reagents and Chemicals 

Distilled in glass grade orgamc solvents- n-hexane, toluene, nonane, acetonitrile, 

methanol and water were obtained from Caledon Laboratories Limited (Georgetown, Ontario, 

Canada). Octadecyl non-endcapped bonded silica C 18 cartridges (10 g/75 mL) were obtained 

from Thermo Fisher Scientific. Captiva EMR-Lipid removal cartridges (600 mg/6 mL) were 

obtained from Agilent Technologies. For the separation of dlPCBs, PBDD/Fs and PXDD/Fs 

from non-planar compounds, ultra clean carbon mini-columns (2%) and re-usable glass column 

reservoirs (20 cm in length, 0.5 cm in diameter) from Cape Technologies were used. 13C-labelled 

isotope and native dlPCBs, PBDD/Fs and PXDD/Fs standards were obtained from Wellington 

Laboratories Inc. (Guelph, Ontario, Canada). Chromatographic separation column: DB5-MS (5% 

diphenyl 95% dimethyl polysiloxane, 60 m x 0.25 mm ID x 10 µm film thickness, J&W 

Scientific, CA, USA) was obtained from Agilent. Preparation of calibration, recovery and 

injection standards for PXDD/Fs, PBDD/Fs and dlPCBs are described in detail in 

Supplementary Information 5.2. PBDD/F, dlPCB, and PXDD/F analytes analysed in this study 

are listed in Table 5.1. All standards were prepared in nonane, except for recovery spiking 

solutions which was prepared in methanol. 

3.2.3 Sample Extraction 

Sample extraction used in this study was based on previously validated analytical 

method,259 with minor modifications. The analytical method involved spiking 10 mL breastmilk 

sample with 5 µL of 2 pg/µL label recovery mix- 12 congeners of 13C12-dlPCBs and 2378-
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substituted congeners of 13C12-PXDD/Fs- to determine extraction efficiency, matrix effects on 

recovery and enable quantitation by isotope dilution mass spectrometry. Extraction of lipophilic 

dioxins and DLCs was performed on breastmilk samples using C 18 SPE with acetonitrile and 

water, after addition of sodium oxalate (20 mg/1 g milk) to disrupt the fat globules. 10 mL 

acetonitrile and 10 mL water were added. C 18 cartridges were conditioned gravimetrically using 

two cartridge volumes of acetonitrile and water prior to loading breastmilk mixture. Sample was 

eluted at a flow rate of 5 mL/min. Breastmilk tubes were rinsed with 2 x 10 mL H20 and 

transferred onto C18 cartridge barrels. Cartridges were dried under vacuum pump suction for 1 

hour to remove water. Analytes were eluted from C 18 cartridge using 2 x 10 mL hexane and 

collected in clear EPA vials, at a flow rate of 5 mL/min. All extracts were evaporated, and the 

extracted lipids were determined gravimetrically after solvent evaporation. 

3.2.4 Lipid removal Clean-up and Fractionation 

Extracts were evaporated to 1 mL, and 3 mL acetonitrile was added. Extracts were loaded 

onto Captiva-EMR lipid removal cartridge and allowed to flow under gravity. Vials were rinsed 

with 5 mL acetonitrile. Eluate was evaporated under N2 to 1 mL, and solvent was exchanged for 

hexane. Silica cartridge, connected to a carbon column, was activated with 20 mL hexane. 1 mL 

breastmilk extract was loaded, and cartridge was rinsed with 30 mL hexane. Silica cartridge was 

replaced with reusable glass column reservoir. The carbon column was inverted, and eluted with 

30 mL toluene. Eluate was collected in 40 mL EPA vial, evaporated to 350 µL under low N2, 

transferred into inset vials, evaporated to dryness, and reconstituted with 10 µL of 1 pg/µL 

injection standard. Samples were analysed using capillary gas chromatography with atmospheric 

pressure chemical ionization (APCI) and triple quadrupole mass spectrometry (GC-APCI

QqQMS, Xevo TQ-XS) from Waters Corporation, Manchester, UK. 
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3.2.5 Instrumental Analysis 

The instrumental method used for analysing the breastmilk samples has been previously 

reported in an earlier study developed for sera of pregnant Ghanaian women. 250 The method has 

been described in Section 2.5 in Chapter 2 of the main text in the manuscript. 

3.2.6 Quality assurance/Quality Control 

The quality assurance/quality control method has been described in Section 2.5.2 of the 

main text in the manuscript. For linearity, the response obtained for a native, relative to its 

corresponding 13C labelled standard was linear for the range of calibration standards analyzed. 

Calculated coefficient of determination for dlPCBs and PXDD/Fs (and PBDD/Fs) were R2 2: 

0.998 and R2 2: 0.995 respectively. The % RSDs obtained for dlPCBs and PXDD/Fs and 

PBDD/Fs) ranged between 1.2 and 13.2%; this is in agreement with the acceptable 15% value. 228 

Recoveries for isotopically labelled standards, spiked into breastmilk prior to extraction/clean

up, ranged between 50-70% (recoveries obtained fell within the acceptable EPA ranges). 228 

. . mass of lipid
L1p1d content(%)=-------- x 100% Equation 1 

mass of sample weighed 

The lipid content in the breastmilk was calculated using equation 1. The lipid adjusted 

breastmilk concentrations of dioxins and DLCs were reported as pg/g lipid. The Toxic 

Equivalent (TEQ) for each class of dioxins and DLCs was calculated by multiplying the 

concentration (pg/g lipid) of each congener by its Toxic Equivalent Factor (TEF) value for 
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dlPCBs. For PXDD/Fs and PBDD/Fs, tentative TEQs were calculated using the assigned TEF 

values for polychlorinated dibenzo-p-dioixns/furans. 144 

3.3 Statistical Analyses 

Dioxins and DLCs in breastmilk were statistically analysed using the Minitab 18 software 

package.229 Of the 24 participants that were sampled, 3 breastmilk samples were omitted because 

of technical difficulties during sample preparation. Thus, statistical analyses were performed on 

21 breastmilk samples. Descriptive statistics were calculated. Exploratory data analysis on 

frequency histograms demonstrated that the levels of all congeners of dlPCBs, PXDD/Fs and 

PBDD/Fs follow a lognormal distribution, thus the geometric means were reported rather than 

the mean. 

3.4 Results 

3.4.1 Food consumption 

Questionnaire responses on food consumption included major dietary intake of seafood, 

fish, meat and meat products, and dairy products is presented in the Supplementary 

Information 5.7. The majority of participants reported a similar consumption pattern. Seafood 

consumed included shrimps, clams, mussels, snails, squid, oysters, and lobsters. Fish types 

included: salmon, mackerel, tilapia, tuna, and dried herring. Dairy products frequently consumed 

included eggs and milk. 
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3.4.2 Characteristics of lactating mothers 

The subjects were lactating mothers aged between 21-32 years, at the time they gave 

birth; the geometric mean age was 24 years. The average body mass index (BMI), calculated 

from the height and weight, was approximately 27.5 kg/m2
. The lipid concentrations measured in 

the breastmilk samples ranged between 3.2-4.2% (with a mean concentration of 3.7% ± 0.27: 

Table 3.1). 

3.4.3 Congener specific dioxins and DLCs identified 

A summary of results of the congener-specific concentrations of dlPCBs, 2378-PXDD/Fs 

and 2378-PBDD/Fs in human milk samples, presented on a lipid basis (pg/g) and TEQ 

concentrations are shown in Tables 3.1, 3.2 and 3.3. dlPCBs were detected in all 21 samples; all 

congeners detected were above the limit of detection (LOD). Figure 3.1 summarizes TEQ 

contributions of dlPCBs, PXDD/Fs and PBDD/Fs from each participant's breastmilk sample. 

For PXDD/Fs, analytes for which dioxin concentrations were consistently above the LOD were 

4-B-2378-CDF and 1234678-BDF; concentrations of 3-B-278-CDF were consistently below the 

LOD. An evaluation of the relative percentages of each congener to the total concentration 

showed the highest percentage mean contribution from PCB-156, and the highest percentage 

TEQ contribution from PCB-126. PCBs 81 and 169 contributed the least (3.6%) to the sum of 

average dlPCBs; PCBs 105, 156 and 167 contributed the most (22-26%) towards the overall sum 

of dlPCB congeners. 
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Table 3.1 Mean concentrations (pg/g lipid) of dlPCBs and WHO-TEQ concentrations (pg 
TEQ/g lipid) in human milk samples (n = 21) from first-time lactating mothers in Accra, 
Ghana. 

Analyte 

PCB 81 

PCB77 

PCB 123 

PCB 118 

PCB 114 

PCB 105 

PCB 126 

PCB 167 

PCB 156 

PCB 157 

PCB 169 

PCB 189 

Sum 

Mean 
dlPCBs (pg/g 

lipid) 
1.54 

(0.14-7.35) 
3.39 

(1.23-16.07) 
4.24 

(0.68-33.55) 
5.18 

(0.64-32.51) 
8.59 

(1.21-116.54) 

62.14 
(6.94-212.93) 

15.27 
(3.43-72.38) 

53.14 
(7.87-56.18) 

70.40 
(5.95-810.15) 

16.38 
(3.15-156.12) 

4.14 
(0.19-2.76) 

16.56 
(2.29-79.86) 

261 

TEF 

0.0003 

0.0001 

0.00003 

0.00003 

0.00003 

0.00003 

0.1 

0.00003 

0.00003 

0.00003 

0.03 

0.00003 

Mean TEQ 
dlPCBs (pg 

TEQ/g lipid) 
<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

0.002 

1.527 

0.002 

0.002 

<0.001 

0.124 

<0.001 

1.66 
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Table 3.2 Mean concentrations (pg/g lipid) of PBDD/Fs and PXDD/Fs, and WHO-TEQ 
concentrations (pg TEQ/g lipid) in human milk samples (n = 21) from first-time lactating 
mothers in Accra, Ghana. 

Analyte 

3-B-278-CDF 

2-B-378-CDD 

23-B-78-CDF 

23-B-78-CDD 

4-B-2378-CDF 

2-B-1378-CDD 

13-B-278-CDF 

Sum 

2378-BDF 

2378-BDD 

12378-BDF 

23478-BDF 

12378-BDD 

1234678-BDF 

1234678-BDD 

Sum 

Mean PXDD/Fs 
and PBDD/Fs 

(pg/g lipid) 

PXDD/F 
0.028 

(0.01-0.11) 
0.04 

(0.001-0.18) 

0.05 
(0.01-0.33) 

0.03 
(0.003-0.09) 

0.19 
(0.01-0.56) 

0.11 
(0.03-0.49) 

0.31 
(0.04-0.79) 

0.755 

PBDD/Fs 
0.53 

(0.09-1.67) 

0.08 
(0.004-0.43) 

0.28 
(0.01-0.68) 

0.19 
(0.01-0.76) 

0.07 
(0.01-0.48) 

0.87 
(0.11-0.99) 

0.03 
(0.008-0.09) 

2.06 

TEF 

0.1 

1 

0.1 

1 

0.3 

1 

0.03 

0.1 

1 

0.03 

0.3 

1 

0.01 

0.01 

Mean TEQ 
PXDD/Fs and 
PBDD/Fs (pg 
TEQ/g lipid) 

0.003 

0.038 

0.005 

0.030 

0.057 

0.115 

0.0093 

0.256 

0.053 

0.082 

0.008 

0.056 

0.074 

0.009 

<0.001 

0.285 

120 

https://0.008-0.09
https://0.11-0.99
https://0.01-0.48
https://0.01-0.76
https://0.01-0.68
https://0.004-0.43
https://0.09-1.67
https://0.04-0.79
https://0.03-0.49
https://0.01-0.56
https://0.003-0.09
https://0.01-0.33
https://0.001-0.18
https://0.01-0.11


Table 3.3 Sum of concentrations (pg/g lipid) and sum of TEQ concentrations (pg TEQ/g 
lipid) of dlPCBs, PBDD/Fs and PXDD/Fs in human milk samples (n = 21) from first-time 
lactating mothers in Accra, Ghana. 

Sample Sum Sum 2378- Sum 2378- Sum of Fat Daily TEQ 
ID dlPCBs PXDD/Fs PBDD/Fs TEQs (pg weight Intake (pg 

(pg/g (pg/g lipid) (pg/g lipid) TEQ/g % TEQ/kg 
lipid) lipid) bw/day) 

BMl 381.52 0.74 1.60 1.71 4.2 4.69 
BM2 444.69 0.59 1.65 1.62 3.2 4.72 
BM3 289.86 0.35 1.92 1.45 3.5 3.61 
BM4 158.15 0.52 1.97 1.60 3.8 3.98 
BM5 80.32 0.50 1.44 1.33 3 3.98 
BM6 780.30 1.01 1.48 8.11 3.4 29.21 
BM7 359.35 1.41 1.60 3.95 3 10.83 
BM8 137.21 0.39 1.20 3.00 3.2 9.77 
BM9 140.26 1.10 2.05 2.42 2.9 6.01 
BMlO 138.51 0.73 2.23 2.39 2.9 7.18 
BMll 562.08 0.52 2.35 2.51 4.2 9.04 
BM12 197.30 0.40 1.49 1.49 2.9 3.83 
BMSl 143.96 1.03 1.23 1.92 3.6 5.09 
BMS2 283.35 0.64 1.74 1.55 3.5 4.00 
BMS3 131.05 0.53 3.97 1.50 3.1 4.76 
BMS4 112.21 0.90 3.86 1.25 3 3.20 
BMS5 212.91 1.23 2.10 0.93 3.7 2.39 
BMS6 490.83 0.78 1.75 1.61 3 4.97 
BMS7 109.63 0.44 2.57 1.47 3.4 4.28 
BMS8 66.23 0.51 2.42 2.06 3.4 5.64 
BMS9 194.67 1.55 2.76 2.12 3.2 6.18 

Assumptions: 
1) 600 mL of breastmilk consumed daily 
2) Body weight of an infant: 7 kg 
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Figure 3.1 Mean TEQ concentrations (pg TEQ/g lipid) of dlPCBs, PBDD/Fs and PXDD/Fs 
in human milk samples (n = 21) from first-time lactating mothers in Accra, Ghana. 
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3.4.4 Concentrations and TEQ concentrations of dioxins and DLCs in breastmilk 

The concentrations of dioxins and DLCs in participants were within two orders of 

magnitude; concentrations were in order of dlPCBs > PBDD/Fs > PXDD/Fs in breastmilk. The 

average total concentrations for 21 human milk samples were approximately 261 pg/g lw 

(dlPCBs), 2.06 pg/g lw (PBDD/Fs), and 0.76 pg/g lw (PXDD/Fs). The concentrations for the 12 

dlPCBs ranged between 0.15-330 pg/g lipid. Lower concentrations were detected in 2378-

PXDD/Fs and PBDD/Fs ( <0.01-1.67 pg/g lipid). The tetra bromo/chloro dioxins contributed a 

lower amount in comparison to the penta bromo/chloro dioxins. Percentage mean contributions 

from PXDD/Fs showed 23-B-78-CDD amounted to the lowest contribution of 1.36%; 13-B-278-

CDF (30.9%) contributed the highest amount to the total mean PXDD/Fs. Similarly, for 

PBDD/Fs, concentrations of penta and heptabromo dibenzo furans were higher than that from the 

tetra bromo dioxins and furans. Percentage contributions of furan concentrations to the total 

concentrations were dominated by 1234678-BDF and 2378-BDF. The mean TEQ concentration 

calculated for dlPCBs was 1.67 pg WH02005-TEQ/g lipid; tentative TEQs calculated for 2378-

PBDD/Fs and 2378-PXDD/Fs were 0.29 pg WH02005-TEQ/g lipid and 0.26 pg WH02005-TEQ/g 

lipid, respectively. The mean TEQ for the sum of dlPCBs, 2378-PXDD/Fs and 2378-PBDD/Fs in 

21 Ghanaian breastmilk samples was 2.23 pg TEQ/g lipid. 

3.5 Assessment of intake of dlPCBs, PXDD/Fs and PBDD/Fs (2378) by infants in human 

milk, and maternal body burdens. 

A risk assessment for breastfed infants was determined using the baseline data (for PXDD/Fs 

and PBDD/Fs) and dlPCBs presented in Table 3.3. Considering exclusive breastfeeding (for a 

minimum of 6 months) as the only exposure source to infants, an evaluation of the daily intake 
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and body burdens of dlPCBs, PXDD/Fs and PBDD/Fs was conducted based on following 

assumptions: 

1) An approximate/average volume of breastmilk consumed by an infant per day until its 

first year was estimated to be 600 mL milk per day, assuming an approximate breast milk 

density of 1.03 g/mL. 239
• 
253 

2) An average body weight of an infant to be 7 kg. 253 

To estimate the daily TEQ intake of dioxins and DLCs (pg TEQ/day) m breastmilk, the 

equations below were used. 

Daily TEQ intake (pg TEQ/day) = TEQ concentrations measured in breastmilk (pg TEQ/g) x 

Mass of breastmilk consumed (g) X Lipid(%) Equation 2 
day 

. . Daily TEQ intake (pg~!;) 

Daily TEQ mtake (pg TEQ/day) per kg= Estimated average body weight of infant Equation 3 

3.6 Discussions 

Table 3.4 summarizes the mean TEQ concentrations and infant estimated dietary intake 

in human milk from different countries reported globally on dlPCBs, PCDD/Fs and PXDD/Fs. 

200 201 248 249 253 260 266 
, , • • • - Calculations on estimated dietary intake for nursing infants from 

industrialized countries such as Belgium, United States, United Kingdom, Germany, Sweden, 

China, France and Korea show that the estimated dietary intake of dioxins and DLCs in 

breastmilk ranged between 24-145 pg TEQ/kg bw/day, and exceeded the daily intake observed in 
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Ghana. The estimated mean dietary intake of dlPCBs, PBDD/Fs and PXDD/Fs in 600 mL human 

milk (per day) for an infant of average weight, 7 kg, in this study, is 6.54 pg TEQ/kg body 

weight (bw)/day; the range of intake varied from 2.4 to 29.2 pg TEQ/kg bw/day. Using the upper 

end WHO tolerable daily intake (TDI) safety standard assigned value of 4 pg TEQ/kg bw/day, 

the Agency for Toxic Substances and Disease Registry (ATSDR) reference dose (RID) standard 

of 1 pg TEQ/kg bw/day, and the United States Environmental Protection Agency (0.7 pg TEQ/kg 

bw/day), 71 % of infants' mean daily intake [dlPCBs + PXDD/Fs + PBDD/Fs] calculated in this 

study exceeded the recommended standard values. From the current study, a breakdown of 

contribution from dlPCBs to the daily estimated dietary intake indicated an approximate range 

between 1-28 pg TEQ/kg bw/day. 67 % of infants were below the WHO estimated dietary intake 

of 4 pg TEQ/kg bw/day (upper end); all infants exceeded the recommended estimated daily 

intake of 1 pg TEQ/kg bw/day for dlPCBs. This indicates that although concentrations and TEQ 

concentrations detected from infant dietary intake in Ghana are much lower than that reported 

globally, the risks of Ghanaian infants to toxic dioxins and DLCs from breastmilk intake are still 

high during periods of nursing. Provided an individual continually consumes dioxin and DLC

contaminated food from infancy to adulthood, the amount of daily intake of dioxins and DLCs 

would greatly exceed the safety standards assigned by the ATSDR and the WHO. 

The current concentrations, and TEQ concentrations of dlPCBs detected in this study 

from first time lactating mothers are lower than the approximate baseline dlPCB mean 

concentrations detected in 2008 in studies of Adu-Kumi et al. (2010) : 3 pg TEQ/g lw for 

individual breastmilk samples, and the calculated value of 2 pg TEQ/g lw for pooled breastmilk 

in the WHO-UNEP global survey monitoring study in Ghana.200
• 

201 A decrease in concentration 
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of dlPCBs over a period of 9 years can be noted, although increases of dioxins and DLCs 

pollution have been reported in highly industrialized areas in Accra. 32
• 

39 

An assessment of tetra, penta and hexa PBDD/F and PXDD/F concentrations reported in 

literature showed that a number of studies did not find measurable amounts to quantify in human 

milk.256 Additionally, for studies which reported concentrations, relatively low contributions to 

the total TEQ were observed.248
• 

257 Typical concentrations detected (pg/g lipid) in pooled human 

milk samples in the above studies ranged between non-detect to 0.7 pg/g lipid for 2378-

PBDD/Fs in Flanders in studies of Croes et al. (2013). The mean concentrations of 2378-

PBDD/Fs and 2378-PXDD/Fs reported in studies of Pratt et al. (2013) in pooled Irish breastmilk 

ranged from 0.05 to 1.36 pg/g lipid, and 0.02-0.54 pg/g lipid, respectively.248
• 

257 The sum of 

mean concentrations of 2378-PXDD/Fs and 2378-PBDD/Fs identified in this current study were 

0.76 and 2.1 pg/g lw; these are in agreement with the relatively low concentrations reported in 

literature. In another study on 2378-PBDD/Fs and 2378-PXDD/Fs detected in Japanese 

breastmilk, relatively high concentrations of 2378-PBDD/Fs were reported with an average 

concentration of 269 pg/g lipid; mean PXDD/Fs reported ranged between 0.68 to 12 pg TEQ/g 

..d 24911p1 . 

Contributions from PCDD/Fs were not determined in this study; however, an estimated 

dietary intake was calculated using previously reported TEQ values for PCDD/F in breastmilk 

samples from Ghana for studies of Adu-Kumi et al. (2010) and the WHO global survey result on 

Ghanaian infants. Thus, assuming 3.5% lipid content, and a daily intake of 600 mL 

breastmilk/day, an estimated dietary intake of 9 pg TEQ/kg bw/day [PCDD/Fs] is expected for 
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breastmilk consumed by nursmg infants m 2008. In an absence of known accidental or 

occupational exposure, the major source of dioxins and DLCs, and their respective TEQ 

concentrations in breastmilk of lactating mothers are likely to be attributed to consumption of 

dairy products, meat and meat products, fish and seafood. This is further corroborated by the 

relatively low concentrations when compared to other global values. The results from this study 

were compared against concentrations detected in serum samples obtained from primiparous 

Ghanaians.250 The lipid corrected total concentration of dlPCBs in breast milk samples (261 pg/g 

lipid) was greater than for concentrations reported in serum (77.7 pg/g lipid). The calculated 

TEQ concentration of dlPCBs is breastmilk was slightly higher (1.24 pg/TEQ/g lipid: sera and 

1.67 pg/TEQ/g lipid: breastmilk). The difference in total concentrations was attributed to higher 

concentrations of the more chlorinated PCBs in milk samples: namely 189, 157, 167 and 105. 

Lipid corrected total concentration of PXDD/F in breast milk samples (0.75 pg/g lipid) and sera 

were of a comparable measure (0.90 pg/g lipid); however, the calculated TEQ concentration of 

PXDD/F was greater in sera (0.26 pg/TEQ/g lipid: breastmilk and 0.50 pg/TEQ/g lipid: sera). 

This difference was due to higher concentrations of the highly potent 23-B 78-CDD detected in 

sera. Lipid corrected total concentrations of PBDD/F in breast milk and sera samples (2.05 pg/g 

lipid: breastmilk, sera: 2.39 pg/g lipid) were comparable. However, the calculated TEQ 

concentration of PBDD/F was greater in sera (0.28 pg/TEQ/g lipid: breastmilk and 0.49 

pg/TEQ/g lipid: sera). This difference was due to higher concentrations of the highly potent 

2378-BDD and 12378-BDD detected in the sera. This data indicates the potential for preferential 

accumulation of certain DLCs in breastmilk when compared to sera. This is interesting 

considering that previous studies on PCB profiles in 15 different tissue types from the same 

organisms have been found to be largely consistent.267 However, it should be noted that samples 
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from the milk and sera were obtained from different participants at different times; therefore, 

further research is required to verify any differences observed between the two matrices. 
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Table 3.4 A comparison of estimated dietary intake of dioxins and dioxin-like compounds in breastmilk samples globally 

Country Number of Sample 12 dlPCBs 17 PCDD/Fs 7 PXDD/Fs *-*PBDD/Fs Mean Estimated Daily Intake Refere 
participants/ (year (pg TEQ/g (pg TEQ/g (pg TEQ/g lw) (pg TEQ/g lw) (pg TEQ/kg bw/day) nee 
of sampling) lw) lw) 

Ghana 21/ (2017) Human milk 1.67 - 0.26 0.30 dlPCBs =6.5 This 
study 

Belgium 20/ (2000-2001) Human milk 11.4* 29.4 dlPCBs + PCDD/F = 103 OJJ 

Ghana 92 I (2008-2009) Human milk dlPCBs + PCDD/Fs =6.1 ***dlPCBs + PCDD/Fs = ClN 

18.30 
Ghana 50 (pooled sample) Human milk dlPCBs + PCDD/Fs =5 CV! 

/2008 
**Tolerable Daily Dietary dlPCBs + PCDD/Fs = 1-4 C <N 

Infa nt exposure of 
monkeys 

USA 
Uni ted Kingdom 

1989 
20 x 3 locations (60 

Human milk 
Human milk 

35-53 
dlPCBs + PCDD/Fs =99.4 

Lb! 

.u. 
- Birmi ngham samples made into 
- Glasgow a composite) I 
- Cambridge (1993 -1994) 

Germany and 50 I (1988-1993) Human milk --dlPCBs + PCDD/Fs = 24- C U J 

Sweden 145 
China 60 I (2007) Human milk dlPCBs + PCDD/Fs = 11 .9 dlPCBs + PCDD/Fs =48.2 S O'+ 

France 44 / (1998) Human milk ****dlPCBs + PCDD/Fs = O U J 

62.3 
Korea 24 / (1997) Human milk DIPCBs + PCDD/Fs =85 suu 

Ireland 109 / (2007) Human milk 6.32 -*- 0.72 . ~o 

Belgium 84 /(2009-2010) Human milk *A 1.35 pg/g aJ, 

lipid 
Japan 36/ (2002) Human milk *M 0.68-4.40 *M 0.13-1.2 "'" 

AA < l pg/g lipid C J U 

Safety Standards 
Tolerable Daily Human milk dlPCBs + PCDD/Fs = 0.2- DIPCBs + PCDD/Fs = 1-4 •VO 

Intake 0.9 
MRL Human milk dl PCBs + PCDD/Fs =0.2 DIPCBs + PCDD/Fs = l cu, 
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• Estimated daily milk intake = 600 mL 
• This study: Estimated average infant body weight= 7 kg 
• 

253 
: Estimated average infant body weight= 7 kg 

Only coplanar dlPCBs were considered: PCBs- 77, 126 and 169 253 

• 
260 

: WHO Tolerable daily intake of PCDD/Fs and dlPCBs estimated for infants using an estimate of dietary 
exposure of monkeys. 

• ***

• 
263 

: --[dlPCBs + PCDD/Fs] value given is the daily intake (in units of 1-TEQ) for a kg infant, with an 
estimate of 800 mL breastmilk intake. 

200 
: Estimated dietary intake of dlPCBs and PCDD/Fs in breastmilk (using a 600 mL breastmilk 

intake/day, with a 3.5% lipid percentage) 
• ****265 

: Estimated average infant body weight= 5 kg 
• *-* This study: 7 PBDD/Fs were analysed: 2378-BDF, 2378-BDD, 23478-BDF, 12378-BDF, 1234678-

BDF, 1234678-BDD 
-*-248• : 238-BDF, 2378-BDF, 2378-BDD, 23478-BDF, 12378-BDF, 123478-BDF, 1234678-BDF 

• *" 257 
: 2378-TBDD, 12378-PBDD, 123478/123678-HxBDD, 1234678-HpBDD, 2378-TBDF, 12378-

PBDF, 23478-PBDF, 123478/123678-HxBDF: Assigned concentration represents the total of the mean 
concentrations reported in the study for the above congeners 

• *"* 249 
: TEQ concentrations of PXDD/Fs ranged from 0.68-4.4 pg TEQ/g lipid; TEQ concentrations 

calculated for PBDD/Fs range from 0.13-1.2 pg TEQ/g lipid. Several congeners of non-2378- PBDD/Fs 
and PXDD/Fs were included in their calculation of TEQ values. 

• "" 
256

: Concentrations of PBDD/Fs and PXDD/Fs detected were considered to be low; authors reported 
concentrations of less than 1 pg/g lipid. 

3. 7 Conclusion 

In this study, concentrations of dioxin-like PCBs, polybrominated and mixed halogenated 

dibenzo-p-dioxins and furans were determined in breastmilk from lactating mothers. This 

allowed for calculation of the dietary intake of DLCs in infants via exclusive breastfeeding. The 

sum of average concentrations observed in 21 Ghanaian breastmilk samples were 261 pg/g lipid 

(dlPCBs), 2.05 pg/g lipid (PBDD/Fs), and 0.76 pg/g lipid (PXDD/Fs). The mean TEQ 

concentration was 2.23 pg TEQ/g, with contributions of 75.6% from dlPCBs, 13.3% from 

PBDD/Fs and 11.1 % from PXDD/Fs. The calculated mean infant daily intake for dlPCBs was 

4.95 pg TEQ/kg bw/day; a total average daily intake of 18.30 pg TEQ/kg bw/day was estimated 

when also considering existing PCDD/F and dlPCB data from previous Ghanaian studies. The 

major contributors to the background concentrations of dioxins and DLCs and their respective 

TEQ concentrations in breastmilk of Ghanaian lactating mothers can likely be attributed to 

consumption of dairy products, meat and meat products, fish and seafood. The exposure 
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assessment performed indicates that all infants consummg breastmilk exceeded the 

recommended standard intake of 1 pg TEQ/kg bw/day (as set by the ATSDR & WHO). Provided 

an individual continually consumes dioxin and DLC-contaminated food from infancy to 

adulthood, the amount of daily intake of dioxins and DLCs would highly exceed the safety 

standards assigned by the ATSDR, the USEPA and the WHO. Given that a foetus/infant's 

developmental growth is affected by nutrients consumed transplacentally and via breastmilk, we 

propose strategies by Ghanaian governing bodies be directed towards minimizing/reducing PCB 

and dioxin intake through the food chain. Within this work consideration should also be given 

towards brominated and mixed halogenated DLCs as well as the more traditional chlorinated 

analogues. 
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Chapter 4 Supplementary Information for Chapter 1 

4.1 Challenges with POP dataset comparison from different studies 

1) There was no continuous and consistent monitoring scheme used in the studies collated; 

differences in sample preparation analytical methods potentially introduced bias. 

2) Because environmental data is log-normally distributed, the sum of mean of POPs were 

log transformed and used in regression analyses at 95% confidence interval to identify 

trends over time. 

3) Studies reported concentrations in different units, thus for studies for which specific 

congeners were reported, values were converted to a consistent unit for comparison (for 

example µg kg- 1 lipid weight (lw), wet weight (ww) or dry weight (dw)). 

4) For a couple of manuscripts, when sampling year was not reported, 2 years prior to 

publication date was assumed. 

5) There were differences in motivation for individual studies including background 

assessment, or to identify the extent of contamination at different sites. Therefore, data 

obtained were potentially biased high or low. To address this, only background 

contamination data was used in regression analysis; data from known contaminated (e

waste) sites were eliminated from the analysis. 

6) The absence of Ghanaian regulations that set tolerances on reference guidelines for 

maximum residue limits (MRLs) presents challenges on dataset comparison. This 

review, therefore, made reference to international environmental quality guidelines

United States Environmental Protection Agency (USEPA), United States Department of 

Agriculture (USDA), World Health Organization (WHO), European Union (EU) or 
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Commission (EC), Canadian Sediment Quality guidelines (CSQG), amongst others, 

although these guidelines were based on risk assessments relevant for those countries. 

7) Typically, a regression analysis requires a set of 40 or more samples, over a wide time 

span. However, due to the small sample size obtained from the limited datasets, the 

analyses were completed on sample size above 5, over a time period above 4 years, in 

order to estimate concentration trends. These baseline trends could be used in 

determination of future trends, with ample sample size and sampling periods. 

8) For studies that focused on risk assessments, assumptions made on hazard indices (HI) 

and hazard quotients (HQ) were dissimilar; where studies failed to estimate risk 

assessments, an estimation of body burdens based on an average adult weight was 

compared to tolerance levels. 

4.2 Sample Collection, Extraction and Instrumental Analysis 

A summary of sample pre-treatment, extraction, clean-up and instrumental analysis 

are presented in Table 4.1. In some instances, sample analyses were completed in Ghana, 

whilst others were conducted in developed laboratories outside of Ghana. Specific details of 

methods of analysis utilized in developed countries are provided in a number of reviews as 

details for a variety of POPs,270
-
276 PCDD/Fs,277

-
279 PCBs and OCPs,280 perfluorinated 

compounds (PFCs),281
• 
282 brominated flame retardants (BFRs) and PBDEs.283

• 
284 

4.2.1 Sample preparation 

From the studies reviewed, authors followed similar sampling guidelines in 

agreement with the UNEP Guidance for Analysis of Persistent Organic Pollutants.285 
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Samples were collected in pre-cleaned containers or with aluminium foil. When appropriate, 

samples, field blanks and controls were utilized to assess background contamination. 

Preservation of most matrices ranged between - 4 °C to -20 °C. Some studies provided 

geo-referenced data, sampling years and sample sizes. Sample pre-treatment ranged from air

drying and sieving for soil and sediment, freeze-drying for breast milk, cow milk and some 

vegetables, grinding/blending for homogenization of fish, meat, vegetables and solid foods, 

filtration for water, and in some cases sub-samples and composites representative of all samples 

were used. 

4.2.2 Extraction Methods 

Traditional solvent-based extraction techniques- liquid liquid extraction (LLE) 

was used in extraction of aqueous matrices: breast milk/serum/urine (2 mL to 50 mL), dairy 

products (cow milk and yoghurt), and water (1 L) samples. Solvents used for analyte pre

concentration varied from a single solvent to a combination of different solvent polarities to 

enhance extraction efficiencies. Organic solvents used included hexane, acetone, petroleum 

ether, acetonitrile and dichloromethane, with the intention of matching solvent polarity with 

analyte solubility. A couple of studies utilized sorptive extraction- solid phase extraction (SPE) for 

pre-concentration; an octadecyl C-18 cartridge was commonly used for POPs extraction in 

water. For solid environmental samples, cost-effective soxhlet extraction was commonly 

employed to extract POPs from soil, sediment, fish, vegetables, cocoa, and PUF disks for air 

particulates. Based on solid sample mass (up to 20 g), solvent volumes ranged from 100 mL to 

200 mL. In three studies, enhanced extraction techniques involving solvent extractor and high 

speed extractor were used to elevate solvent temperature and speed up extraction from 
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matrices. The majority of studies reported high recoveries from both traditional methods

Soxhlet, LLE and modem methods- SPE; extraction yields ranged from 50 to 158%. 

4.2.3 Clean-up Methods 

Extract clean-up removes interferences such as lipids from serum, breastmilk, cow 

milk and fish or meat samples, sulphur from sediment, soil, air particulates, and dust samples 

that are co-extracted with analytes of interest. For sulphur removal from sediment, activated 

copper powder was added prior to soxhlet extraction. For lipid removal, clean-up methods 

used included florisil, C-18, sulphuric acid treatment, and silica column fractionation. 

Similarly, silica or multi-layered sorbents were used for sediment, soil, and dust samples. 

Selective clean-up involving activated carbon was combined with silica to separate planar 

PCDD/Fs and co-and non-planar PCBs. 

4.2.4 Instrumental Analysis 

A compilation of instrumentation shows capillary gas chromatography (GC) coupled with 

an electron capture detector (GC-ECD) to be the most commonly used for POP analysis in 

Ghana. Thirty-one studies used GC-ECD. Two studies made use of GC coupled with flame 

ionization detector (GC-FID); two others used the Neutron Activation Gamma Ray 

Spectroscopy. Twelve studies utilized GC-Mass spectrometry (MS); very few made use of 

highly sensitive techniques such as gas chromatographic-high resolution mass spectrometry 

(GC-HRMS) (6 studies), and selective techniques in tandem: GC-MS/MS and liquid 

chromatography (LC-MS/MS) (3 studies each), and ion trap MS (1 study). Overall, some of the 

modern analytical methods used in Ghana were on par with those in developed countries; 

135 



although the majority of assessments used ECD or other non-selective detectors. Targeted 

analysis was the major focus of all samples analysed. 
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Table 4.1 A comparison of sample preparation techniques and detection utilized on Ghanaian matrices in studies reviewed 
Analytes Matrix (sample Location Sample Extraction Clean-up Instrumentation/ Operating Range of Recoveries Quantification Reference 

type & size) preparation technique Method Conditions Concentrations technique 
detected 

OCPs Air samples from 3 Greater Accra: None PUF discs- Buchi Activated florisil GC-MS/MS: OCPs: 75-98% External Standard ·~ 
background sites: two Urban Automatic Capillary Column- DB-5MS: 60 m x 0.25 mm x East Legon: method 
urban/I rural s ite background- East Extractor with 0.25 mm 0.30to 17 1. 1 pg m·3. Calibration curve 

Legon DCM 
435 PUF disc samples Urban Temperature Programme: 80 °C (I min), Kwabenya: 0.33 to 

background- 20 °C rnin·1 to 200 °C, 1.5 °C rnin ·1 to 185.43 pg 111·3. 

Kwabenya 260 °C, 15 °C min·1 to 300 °C (IO min) 
Rural: Lake Bosumtwi: 1.25 to 
Lake Bosumtwi I µL samole was iniected. 83.30 oe m·3. 

OCPs PUF disk- passive air Ghana NIA PUFs were soxhlet Celite, tlorisil and HRGC/HRMS 0.2 to 156 pg m·3. 70- 158% Not reported 
samplers extracted with graphite columns 
13 sites acetone for 12 

hr s 

OCPs PUF disk- passive air Accra: PUF disks were Soxhlet silica column, GC-EI-MS/MS (HP 6890-HP 5975) supplied )3.68-42.7 pg m·l PCBs: > 76% Isotope dilution co, 

samplers Kwaben ya and prewashed, cleaned ex tracti on: 8 hrs fractionated on an with a J&W Scientifi c fused silica column DB- PCDD/Fs: 88-
East Legon extraction in alumina and further 5MS 103% 

acetone and 8 purified on carbon OCPs: 72-102% 
hr s in column. 

PCDDs/Fs were analyzed 
using a GC-HRMS. 

dichloromethane 

PCBs: PUF disk- passive air Not reported Not reported Soxhlet Not reported GC-ECD 38-74 pg m·l Not reported Standard addition 
7 PCBs samplers extraction GC-HRMS 

PCBs: PUF disk- passive air Accra Soxhlet Deactivated alumina GC-MS 0.45-J.2 pg m·l 85-105% Isotope dilut ion ~ 
48 PCBs samplers extraction with and silica 

hexane for 16 
hrs 

~PCNs: PUF disk- passive air 10 regions in None Soxhlet Multi-layer sili ca HRGC-HRMS 0.62-2.20 pg m·l 74- 107% Isotope dilution 
63 PCNs samplers Ghana ex tracti on with column 

acetone for 12 chromatography and 
hrs activated carbon 
Extract was liquid 
liquid with 
hexane 

PCBs: PUF disk- passive air Brong Ahafo PUF disks were Soxhlet GC-EI-MS 37-95 pg m·l >85% Isotope dilution M 

48 PCBs samplers precleaned with extraction with 
EndosulfanI water acetone for 24 
aod II hrs and 

petroleum ether 
for 24 hrs 

PFAA: River water samples Ghana: NIA Solid phase NIA LC-MS/MS: !:PFAAs: Kakum River- PFCs: 82-1 32% Isotope Dilution ,0 

(PFOA, PFOS, Community tap water Pra and Kakum extraction 28 1 ngL·1 

PFHxA, PFDA samples River Basins using octadecyl ES I/negative River Pra- 398 ng L· 1 PFAAs: 
and PFPeA) 9 composite river C 18 catridges Sample injection volume: 10 µL Treated tap water from LOD: 0.01 -0 .79 
PFCA samples (I L each) at C I 8 column (Zmbax the 2 rivers: 197 and 200 LOQ: 0.02-1.44 
PFSA 2 sites= 18 XDB-C l 8) 2. I mm x 150mmdimension ng L· 

5 tap water samples (2 packed with particle size of 5 µm. Risk quot ient: 
sites- treated water from Collision gas: Ar PFONPFOS: 1.0 1, 1.74 
river bas ins) = 10 
samples 
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OCPs: 180 water samples from Vo lta Lake, Ghana Waterbed sed iments 5 g sample was Extract clean-up GC-ECD: L indane: 8 ng L· 78- 104% External 
Lindane Lake Vo lta were pooled and soxhlet extracted by SPE Capillary co lu mn: DB-5: 30 m x 0 .53 mm x Standard 
a,P-endosul fan homogenized and air- l. 5µm u-endosulfan: 36 ng L"1 Method 
Endosulfan 
sulfate 

36 sediment samples dried. Temperature programme: 150 °C (2 min) to 275 
°C@ 10 °C min·1 

p,p' -DDT, Carrier gas: N2 at a flo w rate of 15 rnL rnin·1 

DDE Sample injection volume: I µL 

OCPs 15 Water and sedi1nent Greater Accra: Water samples were IO g sedi1nent was Activated fl orisil GC-ECD: Water: 79-96% External o, 

samples from Densu pre-filtered soxhlet extracted Capillary column: VF-5MS: 30 m x 0 .25 mm x 0 .25 We ija: <LO D to 0.1 85 Standard 
river basin We ija 

Nsawam 
with 150 mL 4: I 
hexane: acetone 

µm 
Temperature program1ne: 60 °C (2 min) to 180 

µg L-1 
, Nsawarn: <LOD-

0 .130 µ g L·1Sediment : 
method 
Calibrat io 

°C ( I min), to 300 °C (3 1.80 min) We ija: 0 .030 to 10.980 n curve 
Water samples 
underwent LLE 

Carrier gas: N2 at a fl ow rate o f I mL min·1 µ g L-1 
, Nsawam: 0 .087 to 

6 .348 µ g L·1 

with 50 mL 
hexane 

OCPs Irrigation water Kassena-Nanka None LLE: I L water in Sediment: Water: >70% Not reported '°' 
Bolgatanga 75 mLDCM 

JO sediment samples District 
fr om Tono Irrigation site SPE of extract, 

elution with 
cyclohexane 

OCPs Water Ghana: Water samples: GC-ECD: Sed iment: 96-10 1% External 
,, 

30 Sediment Lake Bosomtwe LLE with hexane. Capillary column: VF-5MS: 40 m x 0.25 mm x OCPs: <0.0 I· I 5.23 Standard 
Sediment: 0.25 µm µ g kg.1 method 
Sonication in Temperature programme: 70 °C (2 min) to 180 °C ( I PCBs: <0.01-7.55 
ultrasonic bath min) 25 °C min·1 to 300 °C at 5 °C min·1 µ g kg.1 

fo r 2 hrs at with 
3: I hexane:acetone 

Carrier gas: N2 at 1.0 rnL min·1 

Sample injection volume: I µL. 
Water: 
OCPs: <0.0 1-6.35 µ g L·1 

I:PCBs: <0.0 1-7. l 9 µ g L·1 

OCPs: Run-o ff water Ghana: Water sample: Water sample: Florisil GC- MS: Ru n-off H20; Dry Season: 79- 104% Semi-qu antitation " 
a , P-Endosulfan Ashanti Region NIA LLE Capillary column: HP-SMS Upstream: <LOD Downstream:<LOD 
Endosulfan Sampling was Akurnadan and 30 m x 0 .25 mm x 0. 25 µm Wet Season: Upstream:<LOD to 
sulfate undertaken upstream & T ano IL unfiltered Temperature programme: 70 °C (2 min), 25 °C min· 0 .01 

downstream 
Vegetable fi e ld 

Streambed sediment 
sample: 

water was 
extracted in 25 rnL 

I (7010 J50 °C), J0 °C min·\ ( J5010 2()() 0C), 8 °C 
min·1 (200 to 28 0 °C) fo r IO min @ 28 0 °C. Carrier 

µ g L·1 , Downstream: 
<LOD to O.Q7 µ g L·1Streambed 

24 samples: run-off water for Air-dried hexane gas: N2. Th e injection volume was I rnL Sed iments in Dry Season: 
Streambed sediments dry and wet Upstream: 0.05 to 0.42 

seasons Sediment sample: µ g kg•! 
5 g sample was 
soxhlet extracted 

, Downstream: 
0.06 to 0.4 1 µ g kg°1 

in methanol Wet season: Upstream: 0.05 to 0.49 
µ g kg·1 , Downstream: 
0 .3 2 to 1.34 µ g kg°1 

OCPs: Water samples and 32 Ghana: Filtration of water 10 g soil was Silica cartridges Capillary column: VF-5MS: 40 m x 0 .25 mm x Soil: <LOD to 0.05 70- 11 9% External '" 
P-HCH soil samples, was Donnaa West extracted by 0.25 µm Standard 
p,p'-DDT collected from 2 hand District, Brong sonication w ith 10 Temperature programme: 70 °C (2 min) to 180 °C ( I method 
Dieldrin dug wells in cocoa fanns Ahafo Region rnL acetonitrile. min), 25 °C min·1 to 180 °C ( I min) at 5 °C min·1 to Water: <LO D to 0.04 
Lindane LLE of water in 300 °C. µ gL·l 

Heptachlor IOOmLDCM Carrier gas: N2 at 1. 0 mL min·1 

a -Endosulfan Sample injection volume: I µ L. 
Endosulfan 
sulphate 
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OCPs: 
Lindane 
HCB 
p,p'-DDE 
Heptachlor 
epoxide 
a,P-Endosulfan 
Endosulfan 
sulphate 

OCPs: 
Aldrin 
p,p' -DDE, 
DDD 

Dioxin re lated 
compounds: 

Dioxin•like 
PCBs: 

PC DD/Fs: 
(Cl, -Cls) 

PBDFs: 
(Br,-Brs) 

Dioxin Related 
Compounds: 
PCDD/Fs, 
PBDD/Fs, 
PXDD/Fs 

Dioxin•like 
PC Bs 

208 samples of 
Water, 42 Water bed 
sediment, 
tomtoes, 
20 blood samples, 
20 breastrnilk samples 

12 water samples from 
Tono River 

12 Sediment samples 
from Tono River bottom 

40 Fish samples were 
purchased from 
fishermen at Tono River 
site. 

IO soil/ash samples from 
e•waste site 

14 soil samples: 
5 samples for non• 
burning areas 
5 samples for e--waste 
burning areas 
4 samples for non e• 
waste locations 

Akumadan: 
vegetable 
farming 
community 

Water sample was 
fi ltered through 
0.45 µm glass 
fiber filter 

Air•dried sediment 
samples, sieved 
through 250 µ m 
mechanical shaker 

Muse le tissues 
obtained from fi sh 
samples 

Greater Accra: 
Agbogbloshie 

Composite 
samples from e• 
waste burning site 

Greater Accra: 
Agbogbloshie 

Sedi1nent was air
dried; 

Samples were 
homogenized 

NIA 

Air·dried/ 
sieved 

Water: I L water 
sample was 
extracted by SPE. 
5 g sediment and 
10 g oftorrntoe 
was soxhlet 
extracted with 200 
rnL methanol for 8 
hrs. 
Blood: LLE-
4 mL blood with 
40 mL chloroform 
Breastmilk: 
LLE: IO mL milk 
with 40 mL 1:1 
acetone/pet ether 

Soxhlet extraction 
of IO g dried 
sedi1nent, 150 ml 
4: 1 
hexane/acetone 
mixture 

Shaking and 
Ult rasonication of 
IO g fish sample in 
30 mL 2: 1 
hexane/acetone 

LLE of 100 mL 
water sample in 50 
ml hexane 
1-4 g of sample 
were soxhlet 
extracted 

5 or IO g sample 
was soxhlet 
extracted with 
to lu ene 

Sediment and 
tomatoe:SPE 
cleanup; 

Breastmi lk: Si lica 
ge l 

Activated 
si li 

ca gel/sodium 
sulphate clean-up 

Activated 
carbon silica 
gel cleanup 

Multi• layer Silica 
gel/act ivate 
carbon 

GC-ECD: 
Capillary column: DB-5: 30 m x 0.53 mm 
X J. 5 µ m 
Temperature programme: 150 °C (2 min) 
to 275 °C @ IO °C min·1 

Carrier gas: N2 at a flow rate of 15 rnL 
rnin·1 Sample injection volume: I µL 

GC-ECD: 

Capillary co lu mn: SGE BPX•5: 60 m capill ary 
column, 0.25 mm internal diameter and 0.25 
µ m film thickness, equipped with I m 
retention gap. Temperature programme: 
90 °C for 3 min and ramped at 30 °C min·1 

to 200 °C for 15 min and then to 265 °C at 
a rate of5 °C min·1 for 5 min then to 275 
°Cat the rate of3 °C min·1; held for 15 
min. 
Carrier gas, N2 at the fl ow rate of30 mL 
min·1 Sample injection volume: I µ l 

DRC: 
GC-HRMSEI 
Capillary Column: 
(Supelco, 60 x 0.32 mm x 0.20 µm) 

Tetra•Octa 
OCDD/Fs: GC
HRMS 
Capillary Column: DB-5 MS: 60 m x 0.25 mm 
x O.IO µm 

Tetra-HxBDD/Fs: 
DB- l 7HT column, 30 m x 0.25 mm x 0. 15 µ m, 

Hp- to OBDD/Fs DB-5MS 
column: J&W 15 m x 0.25 mm 
x 0. IO µm, DL-PCBs: 
HT-8 column 
Capill ary Column: 
(Supelco, 60 x 0.32 mm x 0.20 
µ m) Tetra-Octa OCDD/Fs: 
GC-HRMS 
Capillary Column: D8·5 MS: 60 m x 0.25 mm 
x O.IO µm 
Tetra•HxBDD/Fs: 
DB•l 7HT co lu mn, 30 m x 0 .25 mm x 0.1 5 
µ m, Hp- to OBDD/Fs DB-5MS co lu mn: 
J&W 15 m x 0.25 mmx 0.10 µm. 

Tomatoe: <0.0 1 to 1.65 To1mtoe: 75-90% Not reported " 
µgkg"I 

Blood: 80-1 20% 
Bbod: 30 to 380 µg kg·1 

Sediment: 0.9 to 0.63 Sediment: SO
µgkg"I I IO% 

Water: <LOD to 62.3 ng L· Water: 85-94% 
I 

Breastrnilk: 40 to 490 Breastmilk: 78• 
µgkg"I 11 5% 

Mean concentration: Fish: 0.0 1· I Not reported External Calibration 
0.3I0 µg g"1 curve 

Sediment: 0.047-0.090 
µg g·l 

Water:<WD 

PCDD/Fs: 5 IO to 
400,000 pg g"1 

Not reported Isotope Dilution '" 
dw 

PBDD/Fs: 1.3 to 
3,800,000 pg g"1dw 

DL-PCBs: 1400 to 
83,000 pg g·1dw 

PCDD/Fs: 18-250 ng g"'dw 64- 11 0% Isotope Dilution " 
PBDD/F: 83-3800 ng g·1 

Dw 

139 



PCBs: 40 Sed iment samples 
from coastal reg ion 

Ghana: A ir-dried/ 
sieved 

10 g dry sample 
was soxhle t 

Silica ge l GC-ECD: LPCB dry season: 
19.6 to 47.89 µ g kg·1 dw 

Semi-quantit ative m 

CB-28, 52, IOI , Western Region extracted: Details not reported 
11 8, 138, 153, 2 sets of samples: wet Central Region Hexane: acetone 
180 and dry season Greater Accra 

Vo lta Region 
( l : l )for 24 hrs. !:PCB wet season: 

15.1 to 43.62 µ g kg·1 dw 56-90% 

PBDE,;: 18 surface soil from e- Greater Accra: Air-dry samples and IO g sampl e w ith Sili ca/pesti carb GC-MS : I:PB DEs: 15.6-96.8 ng g· 83-111 % External Standard " 
BDE-28, 47, waste burning site Agbogbloshie sieve 20 mL 2: 1 Capillary co lumn : Dw met hod 
I 00, 99, 154, hexane:acetone DBS: 15 m x .25 mm x 0.I µm . Calibration curve 
153, 183, 209 was extracted by The carri er gas flo w rate: 

ultrasonication 11. 5 mLrnin"
assisted extraction Temperature programme: 
for 30 min. 90 °C (I min), ramped at 30 °C min·1 to 300 

°C (5 min) and at 
10 °C rnin·1 to 3 10 °C (10 min). 

OCP: 10 soil samples fro m JO Central Regionof 50 g sieved soil Soxhlet extracti on Activated alumina, GC-ECD <LOD to 15.5 mg kg· Not report ed Not report ed " 
Lindane cocoa farms in 5 Ghana of 50 g sieved sodium sulphate GC-ECD: 

districts. sample, IO mL Capillary column : DB-5: 30 m x 0.53 mm x 1. 5 
water, 200 mL Activated silica µm 

Soils depth were I : I acetone: Sample injection volume: I µL. 
sampled between 0-10 chloroform, 
cm. soxhlet extracti on 

PBDE,; 3 ash samples and Greater Accra: Air dried ash soil and IO g sample with Silica SPE GC-MS Not report ed Not report ed Qualitati ve study '" 
JO Top soil. Agbogbloshie vegetable samples IOO mL l : I 
4 vegetable samples hexane:acetone 

was soxhlet 
extracted. 

PCBs: Soil samples fr om Ghana: Soil samples were 10 g soil was Silica ge l GC-ECD: l.22-18. 18 µg kg· 75-125% Se mi-quantit at ive "' 
CB-28. 52. IO I. transfonners Central Region oven dried. soxhlet extracted Capillary column: VF-5MS : 30 m x 0.25 mm x 
153, 138, 180. with 100 mL 1:1 0. 25 µm 

hexane:acetone for Temperature programme: 70 °C (2 min) to 
16 hrs 180 °C@ 25 °C min·' ( I min). to 300 °C 

@ 5 °C min·1 

Carrier gas: N2 at a fl ow rate of I mL min·1 

OCPs: 63 surface sediment Terna Harbour Sedi ment were wet Soxhlet extracti on Silica ge l GC-AD Mean concentration: DDTs and HCHs: Not report ed '" 
DDT 
HCH 

samples sieved, freeze -dried 
and homogenized. 

of IO g sediment 
with activated 

GC- MSD Sedi ment: 0.6-7.5 µg 
kg•I 

78 %-94% 

copper powder, 
150mL 
dichloromethane: 
acetone (I : I) 
occurred for 4 hrs. 

PCBs: Plastic pe Uets Beaches in Accra None Soxhl et Deacti vated sili ca 0. 17-13.SOµ g kg· 86.4-102.7% Extern al Standard 
,, 

CB- 28, 52, extracti on with gel column GC-EC D Method 
IO I. 105. 13 8. 200 mL hexane chromatography 
153. 156. 180 fo r 16 hrs 
PCBs: Plastic resin pe llets and Ghana: NIA Pellets were Activated Silica ge l Gas Chromatography/J on Trap Mass I: 13 PCB: 1-69 ng g· 71-121 % Not report ed ,o 

38 PCB 8 Ri ver Sediments fro m Beaches/Lagoons extracted by Spectro1netry. pellet. 
congeners 11 breaches soaking in hexane. 
CB-8 to CB- PCB sedi ment: 0. 57-
209 I 00 pellets fr om each 32 .2 ng g"1 dw 

beach 
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OCPs: 
a, p, y- HCB 

2 fi sh spec ies Lake Bosumtwi 
WeijaLake 

40 g edible portions 
were homogenized 

Soxhlet 
hiextraction with 

Mult ilayer-
Silica and other 

HRGC-HRMS 
OCPs and PCBs: 

OCPs: <LOD to 1600 
ngg·1 1w 

50- 120% Isotope Dilution " 

o-HCH 13 fi sh samp les Lake Volta with anhydrous DCM sorbents Capillary Co lu mn: 60 m x 0.25 mm x 0.25 
o,p'- & p,p '- Na2SQ4 mm Temperature Programme: 2 min @ 120 DL-PCBs: <LOD to 
DDD, DDE& °C to 210 °C @ IO °C rnin·1 (15 min), to 230 1500 ng g·1 lw 
DDT °C @ 5 °C min·1 to 300 °C@ 10 °C min·1 (5 
Heptachlor min) PCDD/Fs: <LOD to 5 
Cis/trans- Tetra-Hexachlorinated PCDD/F: ngg"1 lw 
chlordane SP-2331 Capillary Column- 60 rn x 0.25 mm x 
Cis/trans- 0.25 mm 
nonachlor Temperature Program1ne: 
Oxychlordane 1.5 min @ 150 °C to 200 °C@ 20 °C min·1 

, 

Octachlorostyre and to 260 °C @ 2 °C min·1 (26 min). 
ne Hepta/Octachlorinated PCDD/F: 

RH-I 2MS Capillary Column- 60 m x 0.25 
Dioxin-Like- mm x 0.25 mm 
PCBs Temperature Programme: 

I min @ 150 °C, 220 °C @ 20 °C min·1 , 265 °C 
PCDD/Fs @ 3 °C min·1 , to 320 °C@ 8 °C min·1 , to 320 °C 

(10 min) 

PCBs 3 Tilapia fi sh species Samples were 15-30 g fi sh was Samples were Silica ge l GC-MS: PCBs: I. I to 300 ng g· PCBs: 88-115% Isotope Dilution ,o 

PBDE.s: collected from: freeze-dried samples extracted with PBDEs and PCBs lw 
BDE-15, 28, WeijaLake, Solvent Extractor PBDEs: 86-111 % 
49, 47, 66, 100, Volta Lake, with 1:1 LC- PBDEs: <0.01 to 52 
99, 155, 154, Benya, hexane:acetone MS/MS: ng g"1 lw HBCDs: 86-104% 
197,204,208, Keta, HBCDs 
207, 206, 209 CSIR Water HBCDs: <0.01 to 8.5 
HBCDs 
OCPs 42 samples of2 fish 

Research Institute 
Volta Region: A composite sample IO g sample was Activated flor isil GC-ECD: 

ngg"1 lw 
0.10 to 37.75 ng g· ww 75- 112 % External Standard •= 

species: Kpando Torkor was made from gills soxhlet extracted Capillary column: method: 
Lake and muscles with 150 mL VF-5MS: 40 mx 0.25 mmx 0.25 µm Calibration curve 

84 samples were I :3 hexane: Temperature programme: 70 °C (2 min) to 180 
collected acetone for I 0 

hrs 
°C (I min), 25 °C min·1 to 300 °C @ 5 °C 
min·1 

Carrier gas: N2 at a flow rate of I mL min·1 

OCPs 4 fi sh species: Volta Lake NIA IO g fi sh sample Deactivated alumina/ GC-ECD: PCBs: 0.90 to 7.76 ng g· OCPs: 80-94% Internal Standard ,~ 
54 fi sh samples was soxhlet Silica Capillary column: SGE PBX -5: 60 m x PCBs: 78-95 % 

PCBs: extracted with 300 0.25 mm x 0.25 µm I:OCPs: 0.34 to 39.62 
CB-28, 52, 0 1, mL3: I ng g•I 

11 8, 138, 156, hexane:acetone for Temperature programme: 90 °C (3 min), 30 
180 16 hrs °C min·1 to 200 °C (15 min) @ 5 °C min·1 

, 

265 °C (5 min), 3 °C min·1 to 275 °C ( 15 

OCPs: 50 fi sh samples Lake Bosumtwi Water samples: pre- Sediment & fi sh: Sediment & Fish: Micro-capillary Gas Chromatograph-ECO: IWater:<LOD to 0.90 ng g"1 78 -97% External Standard <> 

50 sediment samples filtered soxhlet extraction- Octadecy Capillary column: SPB-608: 30 m x 0. 32 mm method Calibration 
Lindane 50 water samples IO g sample with C- 18 catridges X Sediment: 0.20 to 26.40 curve 
Endosulfan Sediments: Air-dried 150 mL20:80 0.25 µm ngg"I 
Aldrin (v:v) acetone: Sample injection volume: I µL 
Dieldrin Fish: hexane for 4 hrs 1Fish: 0.30 to 7.25 ng g·
p,p'-DDE Composite of muscle 
p,p'-DDT Water samp les: 

SPE C-18 
extraction 

OCPs 5 fi sh spec ies: 54 fi sh Densu River basin Homogenized to Soxhl et Deactivated flori sil GC-ECD < LOD to 4.427 µ g kg· 87-95% External Standard '" 
samp les purchased from inWeija fonn a composite ex traction of 10 g Method 
fi shermen sample. fi sh muscle with 

150 mL hexane 
aceton (4: I) 

OCPs 200 (3 species) bivalves, Ghana: NIA Sample was Florisil Liquid-gas I:PCBs dry we ight: 6 1- Not reported Not reported m 

oysters, cockles and Sakumono extracted with 120 chromatography: 364 ng g·l 

PCBs musse ls) were collected Benya mL9: I Capillary co lumn: l:PCBs wet we ight: 54-
from a lagoon in Ghana Ningo hexane:acetone for CP-S il 8CB: 25 m x 0.22 mm x 0.12 µm )68 ng g•I 

10 hrs. 
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PCBs: 320 Oysters and mussels Ada Bivalves were IO g wet tissue Deactivated silica ge l GC-ECD: Ada: 80-92% Semi-quantit at ive '"'5 1 
CB-28, 52, IOI , samples were coUected Narkwa removed from she ll was extracted in Capillary co lumn: VF-5MS: 40 m x Wet season: 0.1 8 to 2.72 
11 8, 138, 153, in the dry and wet Anyanui and blended IOOmL l : I 0.25 mm x 0.25µm µ g kg·1 

, Dry Season: 0 .24 to 
180 seasons hexane:acetone Temperature programme: 70 °C (2 min) 1.41 µg kg"1 

1to 180 °C ( I min), 25 °C min · to 300 Nyarkwa: 
°C@ 5 °C rnin·1 Wet season: 0.46 to 3.10 
Carrier gas: N2 at a flow rate of I mL min· 1µ g kg· , Dry season: 0. 38 to 
I 3 .62 µg kg"1 

Anyanui: 

OCPs: 240 vegetable samples Greater Accra: 50 g fresh samples Maceration of20 g Florisil GC-ECD: <LOD to 0.239 µg g· 80- 103.5 % External Calibration '"' 

Lindane Purchases were was chopped, sample w ith 40 mL Capillary co lumn: 
Heptachlor & made from market homogenized ethyl acetate ZB-5, ZB- 1 &ZB- 17: 30 mx 0.25 mmx 
epoxides centers in Accra- 0.25 
Endrin µm 
Dieldrin Totrntoes Te mperature programme: 
o,p'-DDE, Carrot 60 °C ( I min), 30 °C min·1 to I 80 °C (3 
DDD, DDT Cabbage min), 3 °C min·1 to 220 °C (3 min), 10 
p,p' -DDE,DDT Lettuce °C min·1 to 300 °C. Carrier gas: N2, 

flow rate: I mL min·1 
. Injection 

volu me: I µL 

OCPs: 180 vegetable samples: Ghana: NIA 5 g sample was Silica ge l GC-FID: 0.01-6.0mg kg· Not reported Not reported 
,~ 

Lindane Lett uce Accra soxhlet extracted Capillary colu mn: Varian CP SIL 8 CB: 
Endosulfan Cabbage Kumasi with 100 mL 60m x 
p,p' -DDT Spring onions Tamale methanol for 8 0.25 mm x 0.25µm 

hrs Temperature programme: 60 °C (2 
min) @ 35 °C min·1 to 180 °C, @ 2 
°C min·1 to 270 °C, @ 5 °C min·1 to 
3 10 °C (JO min) 
Sample injection 
volume: 2 µL GC-
ECD: 
Capillary column: DB-5: 30 m x 

OCPs: Tomatoe plant tissues: Ghana Soil samples were 5 g homogenized SPE Cleanup: Bond 
0.53 mm x l.5µm 
GC-ECD: Quantification limit : Soil : 84.5-102.5 % External standard 

,. 
Endosulfan leaf, fru it, stem, root and air-dried plant parts and 5 g elute Cl8 Capillary Column: 0.00 1 mg kg"1 met hod 

prespray soil samples soil were soxhlet met hyl pheynyl phase- 30m x 0.32mm x Plant tissue: 84.3-
collected at different Plant tissues were extracted for 8 hrs 0.25 85.6% 
depths in Ghana fro zen in methanol µm 

separately. Carrier gas: Helium, flow rate: 16 
mL min·1• Sample volume 
injected: I µL. Temperature 
programme: I00 °C ( I min), 
10 °C min"1 ( 100-1 50 °C), 5 °C min"1 (150-
250 °C), 
30 °C min·1 (250-300 °C) for 10 min 
@ 300 °C. 

OCPs: 350 fruits and vegetables Ghana: Fruits were shredded 20 g sample was Florisil SPE GC-ECD: <LOD to 0. 129 mg kg· 87.3-104% External Standard ,M 

y-HCH Kumasi and homogenized macerated wit h 40 Capillary colu mn: ZB-5: 30 m x met hod 
p,p'-DDE, DDT mL eth yl acetate. 0.25 mm x 0.25µ m 
Endrin Temperature programme: 60 °C (I 
Methoxychlor min), 30 °C min·1 to 180 °C (3 min), 
Aldrin to 220 °C (3 min), 10 °C min·1 to 300 
Dieldrin oe, 

OCPs 320 samples of fruits: Greater Accra NIA 20 g sample was SPE: GC-ECD: <LOD to 0.1 1 µ g g" 87-120% External Standard < Q 

pawpaw, app le and macerated with 40 Florisil Capillary co lumn: ZB-5: 30 m x 1nethod 
tomatoes mL eth yl acetate. 0.25 mm x 0.25µm Calibration curve 

Te mperature programme: 60 °C ( I 
min), 30 °C min·1 to 180 °C (3 min), 
to 220 °C (3 min), 10 °C min·1 to 300 
oe, 

OCPs 320 samples of fruits Fru its purchased None Maceration of 20 SPE with tlori sil GC-ECD < 0.01 to 0.1 9 µ g kg· 80-103 .3% External Standard «o 

purchased from 5 markets in g sampl e with 40 Method 
Accra m L e thyl acetate 
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OCPs: 15 pooled vegetable Ghana: samples Samples were cut IO g sample was C- 18 and Florisil SPE GC-MS: <0.0 I to 28.2 1 µg kg· ww 83-9 1% Not reported '"" 
DDT samples from 5 were purchased into pieces extracted with Capillary column: 
endosulfan vegetable types: from local markets ethyl acetate. HP-5MS: 30 m x 
HCH Tomato, Pepper, Garden 0.25mm x 0.25µm 
methoxychlor eggs, onions and Temperature 

cabbages program1ne: 
70 °C (2 min), 25 °C rnin·1 from 70 
to 150 °C, IO °C rnin·1 from 150 to 
200 °C, 8 °C min·1 from 200 to 280 
°C and held IO min at 280°C. 

OCPs Cabbage Oyansia River in IO g fresh cabbage Soxhlet SPE GC-ECD < 0.01 to 0.73 µ g kg° Cabbage: External Standard "' 
Soil Accra fruit was extraction of IO g 85-94% Method 
Water-sediment homogenized. cabbage for 8 hrs Water- sediment: 
Water with methanol 80- 11 0% 

OCPs: 32 cocoa bean samples Ghana: Ferment and grind IO g cocoa bean C- 18 cartridge GC-ECD: OCPs: 70-98% External Standard '"" 

P-HCH were coUected from 16 Donnaa West dried bean was extracted with Capillary column: VF-5MS: 40 m x 0.25 <LOD to 0.06 mg kg· 1 met hnd 
p,p'-DDE, cocoa farm sites. District, Brong 40 mL acetonitri le mmx 
DDT, Ahafo Region and 20 mL water. 0.25 µm 
DDD Temperature programme: 70 °C (2 min) 
Methoxychlor to 180°C (I min) , 25 °C min·' to 180 
Aldrin °C ( I min) at 5 °C mi n·1 to 300 °C. 
Dieldrin Carrier gas: N2 at 1.0 

OCPs Cowpea Fanns in Ejura None I) 5 g sample was Alumina and GC-ECD Maize: 0 .001 - 103 µg kg° 74- 106% External Standard 
,, 

Maize extracted with 30 activated charcoal Cowpea: 0.00 1-108 Method 
mL acetone: µ gkg° 1 

m ethanol ( I: I) by 
mechanical 
shaking for 3 hrs 
LLEwithDCM 

OCPs: IO brands of processed Greater Accra: Samples were 5 g sample with I0 PSA and MgSO, GC-ECD: 0 .002 to 0.022 mg kg° 69- 11 9% Semi quantitat ive "' 
p,y-HCH cereal-based 5 locally produced homogenized mL acetonitrile Capillary column: VF-5 MS: 30 m x 0.25 
Dieldrin complementary foods and 5 imported was extracted by mmx 
P-Endosulfan cereal products QuEChERS. 0.25 µ m 
p,p ' - DDE Temperature programme: 

70 °C (2 min) to 180 °Cat a rate 
of25 °C min·1 

, and then from 180 °C to 
300 °Cat a rate of 
5 °C min"1 

. 

OCPs 45 honey samples were Ashanti Honey was QuEChERS Primary Secondary GC-ECD < l0to50µ g kg° 90-99% External Standard w 

obtained from Brong-Ahafo homogenized 5 g sample + 10 Amine and met hnd 
wi ldforests and bee Western Region m L acetonitri le Magnesium sulphate 

OCPs: 
keepers 

3 dairy products: Ashanti Region: NIA IO g of Octadecyl C- I8 GC: Fresh milk: <LOD to 6 1-95 % External Standard .. 
Lindane Kumasi yoghurt/milk was Carrier gas: Helium, flow rate of30 cm/s 12.53 µg kg· 1 method 
Aldrin Yoghurt transferred into Cheese: <LOO to Calibration curve 
Dieldrin Mill< empty glass 298.57 µ g kg° 1 

Endosulfan Cheese column and eluted Yoghurt: <LOD to I9.20 
DDT with 40 mL DCM . u e ke 1 
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OCPs 15 game 1neat GomoaEast Meat was Soxhlet Activated GC-ECD 0.174-4.6 µg kg· lw 85-98% Internal Standard " ' 
District/Central homogenized extraction for 8 florisil/sodium Method 
Region hrs with sulphate 

acetone~hexane 
using 150mL 
(1:4) 

PCBs: 128 breastrnilk samples Accra QuEChERS GC-MS/MS 0.001 to 1.30 µg kg· lw 80-115% Not reported m 

7PCBs from primiparae and 5 mL sample+ 10 
mu ltiparae mothers mL acetonitrile 
Ii ving/working in 
Agbogbloshie e lectronic 
waste sit e. 

PCBs: 65 breast milk samp les Greater Accra Freeze-dry 50 g High Speed S ili ca gel PCBs and PBDEs: GC-MS l:PCBs: PCBs: Isotope Dilution ,. 

CB-28, 74, 99, (2009): breast milk Solvent Extractor: 15 to 160 ng g·1 lw, 65-110 % 
11 8, 138, 153, Target population: 16 samples, 50% acetone in 
170, 180, 183, (2004): hexane HBCDs: LC-MS/MS. l:PBDEs: PBDEs: 
187 Lactating mothers 25 samples, 0.86 to 18 ng g·1 1w, 78-110% 
PBDEs: Kumasi (2009): 
BDE- 15, 28, 14 samples, l:HBCDs: HBCDs: 
47, 99, 100, Tamale (2009): 0.0 I to 3.2 ng g"1 lw 103- 112% 
153, 154, 183, 12 samples 
196, 197,206, 
207, 209 
HBCDs 

OCPs: I 09 human breast milk Ghana: NIA Blood serum: Florisil GC-ECD: Breastmilk: 8 1-93% Standard addition "' 
DDTs: Capillary Column: l:DDT: <LOQ to 78.3 
p,p ' -DDE, Ashanti Region: LLE. methyl pheynyl phase- 30m x 0.32mm x 0.25 ng g·1 1w, l:HCH: <LOQ 
DDT, DDD 115 serum samples Offinso Distict I rnL serum with µm to 46.4 ng g·1 lw 

5 mL Carrier gas: Helium, flow rate: 16 rnL min- Dieldrin: <LOQ to 122.8 
HCHs: 56 males and 59 females Upper East hexane:acetone 1 

. Sample volume injected: I µL. ngg·1 lw 
a , p, o- HCH 

Target population: 
Region: 
Kassena Nankana 

(90: 10) Temperature programme: 100 °C (I min), 
10 °C min"1 (100- 150 °C), 5 °C min"1 ( 150-250 °C), 

HCB: <LOQ to 4.9 ng g"1 

Serum: 
Dieldrin Vegetable farmers District Breast milk: 30 °C min·1 (250-300 °C) for IO min @ 300 l:DDT: <LOQ to 9. I 
HCB LLE. 0 C. Detector temperature: 350°C ng g·1 lw, l:HCH: 

2 g breastmilk GC-MS <LOQ to 7.3 ng g" 1 lw 
with 50 mL Die ldrin: <LOQ to 127 
hexane:acetone ngg·1 lw 

HCB: <LOQ to 5.3 ng g·1 

OCPs: 21 breast milk samples Greater Accra: NIA LLE: Silica catridges GC-ECD 0.682 to 63.80 µg kg· fat 89-97% External standard ·-
y,o-HCH Ada 10 rnL breastmilk I µ L extract Capill ary method: 
Heptachlor mixed with40 Column: Calibration curve 
Aldrin Target population: mL I : I petroleum RB-5, 30 m x 0.25 mm x 0.25 µ m 
y-Chlordane 
a-Endosulfan 

First time lactat ing 
mothers 

ether/ 
Acetone 

Temperature programme: 60 °C (2 min), 
180 °C min·1 to 300 °C for3 1.8 min. 

p,p'-DDE, DDT Injection temperature: 225 °C Detector 
Dieldrin temperature: 300 °C Carrier gas: N2 @ 1.0 
Endrin mL min·1 Make-up gas: N2 @29 mL min·1 

PCBs: 
CB-138, 153, 

11 5 blood samples Greater Accra: 
Agbogbloshie 

NIA LLE: 
50 mLwhole 

Silica, alumina, 
activated charcoal 

GC-EIMS 
I µL extract Capill ary 

Exposed male: PCDD/F: 
2.1 to 42.7 pg g"1 lw, 

Not reported Isotope Di lution " 

180 Analysis was completed blood (aq) with Column: PCBs: 0.002 to 0. I8 
for patient with high risk PCDD/Fs: I00 rnL hexane DB-5 MS, 60 m, 

17 PCDD/F 
Congeners 

Exposure 21 exposed 
individuals, 

0.1 µm Temperature programme: 50 °C (I 
min), 50 °C min·1 , 170 °C for 11 min; 3.5 °C min·1 , 

Control male: PCDD/F: 
1.6 to 11.6 pg g"1 lw, 

21 controls; 240 °C (0 min), 20 °C min·1 
, 280 °C (9.6 min). PCBs: 0.004 to 0.46 pg g·1 

Injection temperature: 45 °C, Helium flow rate: lw 
PCBs: 0.8 mLmin·1 

39 exposed, 
19 controls 
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·~OCPs: 100 urin e samp les from Akumadan NIA LLE: 5 mL urine Activated s ilica GC-ECD: OCPs: <LOD to 8.4 Not reported External Standard 
P,ii,y-HCH vegetable fanners sample wit h 20 Capill ary column: VF-5MS: 40 m x 0.25 mm x µ g L·l me thod 
Heptachlor mL hexane 0.25µ m Calibration curve 
A ldri n Temperature programme: 70 °C (2 min) to 180 Pyrethroids: 0.0 I to 
Dieldrin °C ( I min), 25 °C min·1 to 300 °C@ 5 °C min ·1 27.20 µg L"1 

Endosulfan- 1Canier gas: N2 at a fl ow rat e of I mL min·
sulfate 
PCBs 94 transfonner oils were Greater Accra: NIA 500 µg oil was NIA Neutron Activati on and Gamma Ray Chlorine conte nt 94-107.25% Not reported " 

coll ected from schools, We ija wate rworks irradi ated Spectroscopy with an HPGe detector detected : 
hospitals, water Korie.Bu hospital 7 1,340- 266,920 µ g kg·1 

treatment plant s, 
industrial and residential 
areas. 

PCBs 60 soil samples from 4 Tern a Not reported 200 mg of NIA Neutron Activati on and Gamma Ray Chlorine content Not reported Not reported 
tr ansformer storage sites TamaJe extracted soil was Spectroscopy with an HPGe detector detected: 

Bolgatanga irradiated < LOD- 171,4 IOµ g kg·1 

Wa 
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Table 4.2 Concentrations sampling (pg m-3) of POPs reported in Ghanaian air monitoring studies from PUF passive sampling 

Sampling area/ Neighbourhood Minimum Maximu Mean Median n: Congeners analyzed !: congeners Reference 
(pgm.J) m(pgm·3) (pgm·') (pgm·') sample Concentration calculation based on sampling (pgm·') 

size volume 
Jasikan, Kajebi Road- rural 0.3 2.8 0.74 0.93 I PCB: 18, 22, 44, 49, 52, 54, 70, 74, 87, 95, 99, I IO, 24.24 ro 

114, 
11 8, 123, 138, 14 1, 149, 15 1, 155, 156, 157, 158, 
167, 
170, 174, 180, 183, 187, 188, 189, 194, 199,203, 
153+132, 3 1+28, 41/64, 60/56, 90/10 1 (sampling rate: 

13.5 m3 ct· ) = 44 PCBs 

Ajumako, A bensia- r ural 0. 19 1. 64 0.45 0.58 I 44 PCB s 8.6 ro 

South coastal area, Gulf of 0.27 3. 1 1. 2 1. 35 I 44PCBs 33.8 ro 

Guinea 
Juapong, Mamfi-Kumasi 0. 11 2.69 0.47 0.67 I 44 PCBs 10.03 ro 

Prooer, A oee:uso- rural 
Aveyime, Battor- rural 0. 11 3.03 0.59 0.78 I 44 PCBs 14.8 ~ 

Wenchi, Bole Road, Twala- 30 564 166 37 I l: OCPs: a-HCH, y-HCH, Endosulfan I, Endosu lfan II 996 M 

Rural Endosu lfan sulphate, Dieldrin 
l:48 PCBs (sampling rate: 3.60-3.9 m3 ct·1) 

35 
Wenchi, Bole Road, Twala- 69 37 12 1059.2 91 I l:OCPs 5296 M 

Backgr ound 
l:48 PCBs ND 

Wenchi, Bole Road, Twala- 70 2633 760.2 74 I l:OCPs 380 1 M 

III-rural 
l:48 PCBs 68 

Wenchi, Bole Road, Toala- 80 3437 907.8 95 I l:OCPs 4539 M 

IV-rural 
l:48 PCBs ND 

Kwabenya- urban l: OCPs: HCH, DDT, HCB, PeCB l:OCPs: 322 "' 
6 l:48 PCBs l:48 PCB s: I 34 

OCPs I 30.7 13.68 11.67 Sampling volume range: 300-600 rn3/3 months (calculated based on mean, sample number and sampling volume) 
PCBs 18.2 28 22.4 21.6 Calculation based on average volume: 450 rn3 
East Legon-urban l:OCPs: 472 "' 
OCPs 0. 3 68.7 19.65 15.66 6 l:OCPs l:48 PCB s: 170.4 
PCBs 15 .3 45. 1 28.4 25.3 l:48 PCBs calculated based on mean, sample number and sampling volume) 

Kwabenya/East Legon: PCDD- "' 
PCDF 1. 243 3.57 2 l: PCDD/Fs 

2.69 7. 17 
PCBs 38 74 I l: PCB s: 28/52/IO I/ I 18/138/153/180 "' 

OCPs I 83.8 11.1 6 6.75 48 l: OCPs: a,p,y,ii-HCH, o,p'-p,p'· (DDE, DDD, 535.52 ,0 

Lake Bosumtwi DDT), PeCB, HCB L OCPs calculat ions based on n--.ean and samp le size 
OCPs 0. 33 750 13.42 3.08 2 19 l: OCPs: a, p, y, ii-HCH, o,p' -p,p' · (DDE, DDD, 2562. 12 ,0 

Kwabenya DDT), 
PeCB, HCB, a, y-chlorddane, oxychlordane, 
trans- nonachlor, heptachlor, cis/trans-heptachlor 
epox.ide, Aldrin, dieldrin, endrin, endrin aldehyde, 
endrin ketone, isodrin, a, P-endosulfan , 

OCPs 0. 3 183 15. 16 5.45 178 l:OCPs 2024. 16 ,0 

EastLeswn 
Tumu 0. 13 132 .85 17.52 5.32 I l: OCPs: 

DDT), 
a, p, y, ii-HCH, o,p' -p,p' · (DDE, DDD, 437 .97I l: OCPs calcu lations based on summation of individual 

HCB, a., y-chlorddane, oxychlordane, c is/trans- concentrations previously obtained from study 
nonachlor, heptachlor, heptachlor epoxide, Aldrin, 
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Tamale 0.20. 149.38 25 .79 9.26 I l: OCPs 644.78 

Sunyani 0.11 73.80 10.65 3.63 I l: OCPs 266.30 

Ejura 0. 20 150.79 28 .25 14.75 I I:OCPs 706. 18 

Ho 0. 11 157.53 27. 25 12.44 I I:OCPs 68 1.37 

Kade 0. 2 1 279. 17 31.11 8.06 I I: OCPs 777.66 

Kumasi 0.23 69.69 11.1 4 3.83 I l: OCPs 278.55 

Somanya 0.10 176.94 34 .83 8.26 I l: OCPs 870.69 

Takoradi 0.23 94.23 2 1.89 9. 13 I 1:OCPs 547.25 

Legon 0.08 72 .99 15.59 6.24 I 1:OCPs 389.67 

Teshie 0. 14 79.34 12.87 4 .3 7 I I: OCPs 32 1.74 

Terna 0. 25 273.78 28 .20 4.93 I I: OCPs 704.97 

Tumu 0.0 1 8.7 0.96 0. 16 I I: PCNs: 35.45 '" 
Tri : 20/1 9, 21/24/14, 15, 16, 17, 26/25, 13, 22, 23, 18. E PCNs calculations based on summat ion of individual 
Tetra: 42,37/33/34, 44, 4 7, 45/36, 28/43, 29, 27 /3 0, 39, 32, concentrations previously obt ained from study 
48/35, 38/40, 46, 31, 4 1 
Penta: 52/60, 58, 61, 50, 51, 54, 57, 62, 53/55, 59, 49, 56 
Hexa: 66/67, 64/68, 69, 71/72, 63, 65,70 Hepta:73, 74 
Octa:75 

Wa O.D2 5. 34 0. 87 0.2 1 I I:PCNs 31.3 1 ' " 

Tamale O.D2 6.79 1.1 9 0. 30 I I:PCNs 47.74 ' " 

Sunyani O.D2 5. 33 0.75 0.20 I I:PCNs 3 1. 64 ' " 

Ejura O.D2 6.07 0.9 1 0. 34 I I:PCNs 37.86 ' " 

Ho om 4.6 0. 86 0. 30 I I:PCNs 36.3 1 ' " 

Kade 0.0 1 8.28 1.40 0. 36 I 1: PCNs 56. 11 '" 

Kumasi 0.0 1 4.09 0.62 0.14 I 1: PCNs 27 .38 '" 

Somanya om 9. 1 1.40 0.5 3 I I: PCNs 58.6 1 ' " 

Takoradi om 9.79 1. 69 0.55 I I: PCNs 69.28 ' " 

Legon O.D2 14.49 1. 56 0.57 I 1: PCNs 65.52 '" 
Teshie om 56.04 2.20 0.42 I 1: PCNs 94.62 '" 
Terna om 8.29 1. 02 0.47 I 1: PCNs 44.06 '" 
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Table 4.3 A comparison of mean/total concentrations (µg kg·1 dw) of OCPs reported in sediments to the Canadian Sediment 
Quality guideline values 

Akoto et Sediment Quality Guideline77 

al. Botweet al. Darko et al. Ntowetal. Ntowetal. 
References (20 16)32 (20 17)40 (2008b)48 (2005)25 (200 1)31 Affu l et al. (20 13b)28 Kuranchie-Mensah et al. (20 12)26 

Sum of mean Mean 
Monitorin Mean Mean Mean concentration fo r I 0 Mean concentrations fo r Weija and

Concentrations concentrations Lowest Effect 
g station concentrations concentrations sites Nsawam 

for HI-H21 No Effect Level (µ g kg.1) Level (µ g kg.1) Severe Effect Level (µg kg-1
) 

p,p'-DDT 
2.743 4.4 10 9.000 4.3S 14 0. 162 7 12000 

p,p'-DDE 
70 1. 438 8.342 52.300 0.460 2. 14 0.93 5 19000 

p,p'-DDD 
47 4.624 1. 23 8 6000 

u-HCH 
1.4 19 0.02 6 10000 

P-HCH 
1.629 0.065 5 2 1000 

y-HCH 
3.624 0.93 0.55 0.2 3 1000 

o-HCH 
0.776 0.4 14 0. 125 

Lindane 6.760 2.300 3.200 

HCB 10 20 24000 

Aldrin 
90 0.065 0. 145 8.68 1 2 8000 

Dieldrin 
0.072 0.72 0.3 1533 0.6 2 91000 

Endosulfan 
(alpha+ beta) 9.680 0.380 0.320 3.01 1. 69 
Endosulfan 

0.36 0.23 3.768 0.676sulphate 
Heptachlor 

0.63 
epoxide 5 5000 

Heptachlor 0.952 0.43 
0.3 

Chlordane 0. 175 1. 64 
5 7 6000 

Endrin I 0.077 
0.5 3 130000 

Endrin 
0. 103

aldehyd 

Methoxychlor 3. 184 0.085 

Endrin ketone 0.213 

!: mean 
OCPs 

207 16.252 19.65 63.6 4.29 6.64 12.36 16.6 73 333,000 

Table 4.3 summarizes the sum of OCPs for which values have been allocated in the Sediment Quality Guideline (SGQ). OCP 
analytes for which no assigned SGQ value exists were not included in the summation. 
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Table 4.4 Concentrations (µg kg-1 dw) of PCBs and OCPs reported in sediments in Ghana 

Sampling area Sampling year Seasonal sampling Mean (µ g kg-1) n, sample size Congeners analyzed :E congeners References 

Western Region: June - November, 2008 Dry 6 .84 20 PCB 28, 52, IOI, 11 8, 138, 153, 47 .89 
290 

Wharf, Half-Assini, Esiarna, Sharna December 2008 - March, 2009 Wei 6.2 3 1 180 43.62 Coastal areas 

Central Region: Dry 5 .2 12 20 l: 7 PC Bs 3 1.27 
290 

Cape Coast, Narkwa Wei 4 .733 28.4 

Greater Accra Region: Dry 4. 11 4 20 l: 7PCBs 28 .8 
290 

Terna, New Town, Ada Wei 3 .705 25 .94 

Volta Region: Dry 2.8 20 l: 7 PCBs 19.6 
290 

Anyanui, Akplorwotorkor Wet 3 .02 15. 1 
,, 

Lake Bosumtwi: Sampling year not reported Not reported II PCB28, 52, IO I, 153, 138, 180 Ranges from4.08- 19.17 

Esaase, Anyitiase, Abaase, Abrorodworn, Obo, Lake 
Nkawi, Pipie 2, Brodekwano, Obonu, Adwafo, 

Ankaase 

" Akosombo Continent al, Aylos Bay Garden 9.86 8 PCB 66, 95 , ( 102, 93 80) Ranges from0. 14-20.4 

Restaurant and Lodge, in Volt a River 90, 10 1, I JO, 77, 149, 106, I 18, 
River 

-Guggisberg Avenue, Pasico Avenue, 2010-20 11 132, 153, 105, 

Recreational Park, Road atop River 138, 160. 163, 164 

-Graphic Road, Volvo House, Beyeeman Freezing 187 (182) 

Co. Ltd, along the River 128, I 80, 170, I 90, 206 

-Abose-Okai Rd, along the River l: 13 PCBs 

-Between Komenda and Elmi na, south of N I 

" Lake Bosomtwe 20 12-20 13 -Dry 3 .34 30 PCB 28, 52, IO I, 153, 138, 180 Ranges from 1.09-5.87 
Lake 

Esaase, Anyinat iase, Abaase, Aborodwom, Obo, -Wet 

Nkawi, Pipie 2, Bodekwamo, Abonu, Adwafo -Minor Wet seasons 

Terna Harbour Janury, 20 I 4 Dry season l: DDT (14sites) = 8 .75 21 l:DDTs: p,p'-DDT, p,p'-DDE, 184.9 
96 

(2 1 sites) l: DDT (?sites) = 9.5 1 p,p'-DDD 

Area I- HI : H l4 l: HC H ( 14sites) = 7.4 1 l: HC Hs: a-HCH, P-HCH, y- 156.4 

Area 2- HI 5-H2 I l: HCH (?sites) = 10.06 HCH, ii HC H 

Tono Irrigation site, Navrongo August 20 14 - March 20 15 :E mean residues: 69 12 l: OCPs: Aldrin, p,p'-DDE, p,p'- 79 

DDD 

Southwards of We ij a Lake Not reported I 6.56 and 14.00 15 l: OCPs: y-HCH, ii-HCH, 81 

Station I and 2- Weija, Nsawam 16.48 heptachlor, aldrin and dieldrin, y-

chlordane, a -endosulfan, 

endosulfan sulfate, 

p,p ' -DDT, p,p ' -DDE, 

met hoxychlor, endrin, endrin 

aldehyde, endrin 

ketone. 
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Akurnadan and Tono, 2 streams February 2005 - January 2006 Dry and Wet seasons Akurnadan: l: mean 3 a -endosulfan + P-endosulfan + 7.98 78 

(upstream + endosulfan sulfate. 

downstream): 2.66 

Tono: E mean (upstream 5.97 

+ downstream): 1.99 

Lake Bosomtwe May-July 2004 l: mean: 29.33 50 L OCPs: Lindane, Endosulfan, 
25 

December 2006-March 2006 Aldrin, Die ldrin, p,p-DDT, DDE 

Volt a Lake February 1995-January 1996 E mean = 64. 34 36 l: OCPs: lindane, a, P- 77 

endosulfan, endosulfan sulphate, 

o,o ' -DDT, DDE 

Akumadan stream , Not reported L mean= 5.74 42 l: OCPs: HCB, lindane, a, P- 226.86 (based on individu al 23 

Afrensu s tream, Bosumpon stream, 

Anyinatase stream , and a public standpipe 
endosulfan, heptachlor epox.ide, means, number of posit ives 

atAkumadan endosulfan sulphate, p,p'-DDE from sample sizes) 

Lake 2012-201 3 -Dry E mean = 11. 34 JO l: OCPs: P-HCH, a -HCH, ii- 75 

Bosomtwe -Wet HCH,y-HCH 21.1 83 

Esaase -Minor Wet seasons Heptachlor, A1drin, 0-chlordane, 19.45 

Anyinatiase u-endosulfan, P-endosulfan, 6.9 

Abaase die ldrin, endrin, p,p-DDT, p,p- 12.25 

Aborodwom DDE, p,p-DDD, endosulfans 21.89 

Obo sulfate 6.8 

Nkawi Methoxychlor 21.77 

Pipie 2 7.75 

Bodekwarno 21.92 

Abonu 9.7 
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Table 4.5 Concentrations (µg kg-1 ((lw, ww for fish), lw for seafood, meat and dairy product, ww for fruits, dw for food cereal, 
maize and cocoa)) of POPs in Ghanaian food 

Food group Location, Sampling Sample size, L PCBs LOCPs L PCDD/Fs l: dioxin-li ke LPBDEs LHBCDs Un its Reference 
sampling year PCBs 

Edible fish I 
Tilapia Tilapia zil/i Lake Bosomtwe, n =50, May- 9.769 WW " 

July, 2004 
December, 2005-March, 2006 

Tilapia (Genus and species Lake Volt a, Lake Weija, Benya VLA: 54 VLA: 7. 1 VLA: 0.75 !w '" 
name not reported in paper). lagoon, Keta lagoon, n = 40, 2010 VLS: 19 VLS: 3.4 VLS: 0.04 

WL:57 WL: 6.4 WL: 1.9 
BL: 150 BL: 19 BL: 2.2 
KL: 22 KL: 0.89 KL: 0.33 
AP: 3 1 AP: 1. 4 AP: 0.80 

Tilapia Heterotis ,iiloticus, Weija and Nsawarn aJong the Densu COW: 2 1.8 1 WW ·-
African Snakehead Channa River, n =6, August 2008-July 2009 CNW: 12.3 
obsc11ra, TZW: 11. 5 
African Pike Characin HNN: 106.2 
Hepsetus odoe, CON: 189.6 
Tilapia Ti!apia zi//i, HON: 199.9 
Catfish Clarias gariepin11s TZN:69.5 
Catfish Ch rysichthys CON: 47.6 
nif?rodif!itatus 

Tilapia Ti!apia zi//i Lake Volta 450.9 1 23 1200 lw " 
Catfish Clarias spp. , Lake Bosurntwe 
Heterobranchus spp. Weija Lake, n = 13 

September 2008 
Catfish Ch rysichthys Densu river basin, n = 54, sampling Ch rysichthys nigrodigitat11s 3.687 WW '" 
nigrodigitaflls, year not reported Hepseflls odoe 3.699 
African Pike Characin Tilapia zilli 4. 157 
Hepsetus odoe, Heterotis ni!otic11 s 3.086 
Tilapia Ti!apia zi//i, Oreochromis nilotic11s 9. 192 
African Arowana Heterotis 
niloticus 
Nile tilapia Oreochromis 
niloticus 
Tilapia Ti!!apia zi//i Volta lake, n = 59, January to T illapia zilli : 2. 1 Tillapia zil/i: 20.35 WW Kuranchie-Mensah et al. (20 11 )~' 
Nile tilapia Oreochromis August, 201 I Oreochromis niloticus: 0.9 1 Oreochromis niloticus: 33.6 
niloticus Chrysichthys nigrodigitat11s: 12.37 Ch rysichthys nigrodigitatus: 100.78 
Catfish Chrysichthys Clarias gariepinus Nonh: 7.76 Clari as ga riepimts North: 40. 74 
nigrodigitatus, 
Clarias uarievin11s North 
Ti!apia zi//i Kpando Torkor lake, n = 84, Ti!apia zi//i muscle 63 WW 

,w 

Catfish Chrysichthys Ti/apia zilli gill 66.8 
nigrodigitatus Chrysichthys nigrodigitatus muscle 

33 

Catfish Clarias anguillaris Tono reservoir, n == 40, August Clarias anguillaris 496 WW 79 

Trunkfi sh Marcusenius 20 14-March 20 15 Marcusenius senegalensis 363 
senegalensis Schilbe intennedius 363 
Catfish Schilbe intermedius Sarotherodon ga /ilaeus 270 
Til apia Sarotherodon 
f!alilaeus 

I Seafood 
Oysters Crassostrea tulipa Narkwa, Ada and Anyanui, n = Lmean-Oysters/Mussels: WW 108 

Mussels Perna pema 320 J une 2008-February 2009 Narkwa: l 1.40/5.55 
Anyanui: 2.95 
Ada: 6.37 

151 



4.3 Temporal and Spatial Evaluations 

The mid-southern part of Ghana is densely populated and primarily dominated by 

industrial sectors; primary emissions of OCPs, PCBs and PCNs influence atmospheric 

concentrations of POPs. Potentially, OCPs, PCBs and PCN emissions arise as waste/exhausts 

released into the environment from point sources- industrial production sites in the mid and 

southern parts. Additionally, direct pesticide applications (fishing and farming sectors) result in 

sediment and water reservoir deposition, volatilization (as a result of warm temperatures), with 

resultant secondary emissions. Higher concentrations in mid-southern parts could result from 1) 

greater mean concentrations from a higher total number of studies, 2) higher monsoon 

precipitation levels and 3) closer source proximity to industrial sectors. The northern sector (the 

warmest/driest part of Ghana) focuses on agriculture and commercial farming; however, due to 

the limited number of studies in air and sediment in that locality, we observe a lesser mean 

concentration for OCPs and PCBs. 

In breastmilk, although the numbers of studies conducted regionally are spatially limited, 

retained amounts of PCBs, OCPs and HBCD concentrations are much higher for the mid-southern 

parts in comparison to northern areas. Although the northern sector is primarily known for its crop 

and livestock farming, no POP study in food had been completed in that area. From this review, 

we observe high concentrations of POPs in food (cereal, meat, dairy, seafood/aquatic organisms 

and fruits and vegetables) from the agricultural and fishing communities in the mid-southern 

parts; possibilities of bioaccumulation are evident from the spatial distribution maps: Figures 1.4 

and 1.8, followed by the mid and northern belts (Figure 1.8). 
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4.3.1 Trends in air 

Concentrations of HCHs (p=0.73) displayed no significant increase or decrease. A 

significant increase and decrease were observed for DDTs (p < 0.05, r 2=0.29) and endosulfans 

(p<0.05, r 2=0.55), respectively. The increasing DDTs trend may reflect illegal usage of DDT 

within some farming communities, and potential release from secondary sources and waste sites. 

Based on the limited number of reported studies, further accumulation of data over a wide 

timespan is needed to confirm trends (Figure 1.5). In the southern and mid industrialized parts of 

Ghana, spatial POP distribution patterns were dominated by OCPs and PCBs (Figure 1.2). 

Contributions of PCN s were greater in the southern areas in comparison to emissions from 

agricultural and commercial farming areas of Northern and mid parts of Ghana. 

4.3.2 Trends in water 

Concentrations of DDTs (p=0.046) and endosulfans (p=0.019) increased significantly over 

time with concentrations of HCHs (p=0.41) in water displaying a non-significant increase 

(Figure 1.6). In 2012, over 72% of total DDTs was as a result of DDT usage or background 

accumulation in fishing communities in Lake Bosomtwe, and endosulfans data from farming 

areas. Increasing trends observed for endosulfans and HCHs may potentially indicate their 

presence, as a result of ongoing primary emissions. However, sampling over a wider timespan is 

needed to better understand these trends. Due to the presence of only 1 study for PCBs, and 

PFASs in water, regression analyses could not be performed for these compounds. Whilst PCB 

concentrations may be expected to decline, in an absence of PFASs ban in Ghana, concentrations 

may well be increasing; this is a cause for concern as the detected concentrations greatly 

exceeded recommended guideline values. It is imperative to obtain data to analyse both spatial 
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and temporal trends on PF ASs in future research studies. 

4.3.3 Trends in sediment 

Concentrations of OCPs in sediment displayed a non-significant decline in HCHs (p=0.37) 

and endosulfans (p=0.65), and a non-significant increase in DDTs (p=0.65) (Figure 1.7). The 

lack of a significant trend is likely due to the paucity of data and limited sampling periods for 

most of the Ghanaian regions. The majority of the data was sampled in 2012, highlighting the 

need for further widespread annual continuous monitoring. Spatially, the mid and southern parts 

of Ghana were dominated by OCPs and PCBs in sediment as shown in Figure 1.3. 

4.3.4 Trends in fish 

Concentrations of HCHs (p=0.62) and endosulfans (p=0.66) did not significantly increase 

or decrease over time; DDTs (p=0.01) in fish increased significantly (Figure 1.9). In 2005, some 

regions had HCHs and DDTs concentrations above the regression line (factor of 3), suggestive of 

higher concentrations in fish from Volta Lake and Lake Bosomtwe. Again, the highest 

concentrations of OCPs and PCBs were recorded in the southernmost part of Ghana; additional 

POPs such as HBCDs and PBDEs were also widespread in the south (Figure 1.8). Accumulated 

data on fish used in regression analysis were calculated using wet weight, other seafood data on 

mussels, oysters, cockles (2 studies,) and meat (1 study) were eliminated due to the limited 

number of studies, and concentration calculation in lipid weight (lw). 

4.3.5 Trends in fruits and vegetables 

There was non-significant increase in concentrations of HCHs (p=0.17) and DDTs 
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(p=0.21), and a significant increase in endosulfans (p=0.03) in fruits and vegetables over time 

(Figure 1.10). Spatial distribution of OCPs was observed to sparsely populate the mid and 

southern parts of Ghana in Figure 1.8. 

4.3.6 Trends in humans 

Only 3 studies provided available data for DDTs and HCHs in human breastmilk, and 2 

studies for DDTs and HCHs in serum. Thus temporal trends could not be constructed. This 

highlights the need for further studies in human fluids in order to determine possible trends. 

Spatial distribution of OCPs and PCBs were observed to be higher in the southern belt, (Figures 

1.2, 1.3, 1.4 and 1.8) indicate the southern and mid parts contain elevated concentrations of 

OCPs and PCBs in air, sediments, breastmilk and food. 

4.3.7 Multimedia POP pollutant occurrences 

Multimedia POP pollutants provide a means to study different routes of fate and transport, 

and differing exposures for toxicity. Environmental distributions of persistent pollutants are 

influenced by their partitioning coefficients,295 and intake fractions based on multiple exposure 

pathways and releases to air and water surfaces.296 Computing mean intake fractions for DDTs, 

HCHs, and endosulfans from studies of Bennett et al. (2002), DDTs show a higher partitioning to 

air (2.5 x 10-4
) in comparison to water (1.3 x 10-4

); and a higher partitioning for HCHs and 

endosulfans in water (1.8 x 10-5, 1.9 x 10-6
) in comparison to air (1.2 x 10-5

, 9.4 x 10-\ 

Results of the time-trend analyses for DDTs show a consistent increase in air, water, 
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sediment and food (Figures 1.5, 1.6, 1.7, 1.9 and 1.10). Concentrations observed in sediment 

could potentially be affected by concentrations in ambient air, soil or water; that for fish, fruits 

and vegetables, could be impacted by concentrations in sediments (for fish), and concentrations in 

irrigation water (for fruits and vegetables). This gives an indication of intermedia transfer, 

reflecting on transport to and from vegetation to sinks (water, sediment, and air), and may be an 

indicator of ongoing DDTs emissions in Ghana. 

The time-trend analyses for HCHs show an increase in water, and fruit and vegetables, and 

a decrease in air, fish and sediment. The trend is in agreement with the above partitioning effects 

and intake fraction theories for water. Although, HCHs have a low solubility in water, they are 

relatively more soluble than DDTs. However, the lower number of data points required for a time

trend analysis might bias the trend observed in fish. Again, possibilities of intermedia transfer can 

be observed from an exchange between air and sediment to water, fruits and vegetables. The 

evidence of HCH accumulation from past usage, or current continual usage might be possible in 

the Ghanaian agricultural and fishing communities. 

From the endosulfans time trend analyses, an increase is observed in water, fish and 

vegetables. The trend is in agreement with the above theories; endosulfan exchange between air 

and sediment influences the uptake by water, and indirectly in fish, fruits and vegetables. Again, 

we observe the probable use of endosulfans in the farming and fishing communities in Ghana. 
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Table 4.6 Identification of concern levels of POPs in varying matrices in Ghana 
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Chapter 5 Supplementary Information for Chapter 2 

5.1 Safety 

The potential toxic effects of PCDD/Fs, PBDD/Fs, PXDD/Fs and dlPCBs in serum were 

considered during sample collection, preparation and analysis. Experimental analyses were 

performed in a BSL-2 certified laboratory- Biotechnology Research Laboratory, University of 

Ghana, Legon and the University at Buffalo. Precautions were taken whilst working on 

biological fluids; laboratory coat, gloves, nose masks were worn whilst handling serum samples. 

Specific training on handling potential HIV serum samples were undertaken: working area 

isolated fume hoods, waste disposal decontamination practices, good personal hygiene, spillage 

disinfection with 10 % bleach were practised. 

5.2 Calibration and Verification Standards 

For PCDD/Fs, calibration and verification solutions (EPA-1613CVS/CSL, concentration 

range- native: 0.1-2000 pg/uL, label: 100-200 pg/uL), internal standards (EPA-1613ISS: 100 

pg/µL) , and recovery standards (EPA-1613PAR*: 100-200 pg/µL) in nonane were used. 

Working solutions for the calibration, recovery and injection standards were prepared to a 

concentration of 0.01-200 pg/µL, 2-4 pg/µL and 1 pg/µL. For PBDD/Fs (and PXDD/Fs), natives 

and label stock concentrations ranging from 25-50 pg/µL were serial diluted to produce a 

calibration curve set and recovery standard working solution with concentration ranges from 

0.005-10 pg/µL (native) and 5 pg/µL (label and recovery) respectively. Stock calibration and 

verification solutions for dlPCBs (WP-CVS native: 0.1-800 pg/µL, label: 50 pg/µL) and 

surrogate spiking standard (WP-LCS: label 1000 pg/µL) were serial diluted to obtain a working 

solution ranging from 0.01-80 pg/µL and 2 pg/µL respectively. All standards were prepared in 
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nonane, except for recovery spiking solutions which were prepared in methanol to mimic the 

aqueous polar state of the analytes in the serum. 

5.3 Method Development- Analytical Procedure 

Prior to extraction, serum samples were thawed at room temperature. Extraction/clean-up 

method was developed with pooled fish serum samples. For method detection limits , 

homogenized fish serum samples from the Aquatic Toxicology Unit of the Ontario Ministry of 

the Environment, Conservation and Parks, was obtained by centrifugation of fresh fish blood. 

Two-gram fish serum was weighed into twelve 16 x 100 mm culture tubes on a Metler Toledo 

balance (ML 203E/03). Prior to extraction, 10 uL of 0.10 pg/uL label recovery and 5 uL of 0.10 

pg/uL PAR native PCDD/Fs, dlPCBs and PBDD/Fs (and PXDD/Fs) standards were spiked into 

10 serum samples; 2 serum samples served as method blanks. Two grams of pregnant women 

serum was weighed out into disposable 16 x 100 mm culture tubes on a Metler Toledo balance 

(ML 203/03). Each serum was spiked with a mixture containing 5 µL of 2 pg/µL fifteen 13C

PCDD/Fs, twelve 13C-dlPCBs and seven 13C-PBDD/Fs (and 13C-PXDD/Fs) to determine the 

extraction efficiency, matrix effects on recovery and enable quantitation by isotope dilution mass 

spectrometry. Due to the concentrated nature of serum (contains large amounts of protein), water 

was added to dilute the matrix (ratio of 1:1) to avoid analyte breakthrough on the C 18 cartridge. 

For protein denaturation, 2 mL formic acid was added. Serum sample mix (serum: water: formic 

acid- 1:1:1) was vortexed on a multi-tube vortexer (Fisher Scientific) and sonicated for 15 

minutes in between addition of water and formic acid. To improve extraction efficiency, serum 

mass was correlated with cartridge sorbent mass based on other studies. For a 2 g serum sample, 

a 500 mg C 18 sorbent cartridge was identified to be optimum in obtaining high recoveries of 
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spiked label standards. C18 cartridges were used on a Supelco Visiprep extraction vacuum 

manifold; sorbent was conditioned gravimetrically using two cartridge volumes of methanol and 

water prior to loading serum mixture quantitatively, and eluting at a flow rate of 0.6 mL/min. 

Care was taken to not exceed pressure beyond 10 inches Hg. Serum culture tubes were rinsed 

with two aliquots of water (2 x 5 mL) and transferred onto the C18 cartridge barrels. Cartridges 

were dried under vacuum pump suction for 1 hour to remove water. Drying the C18 cartridge for 

long hours was avoided, to reduce stripping of the more volatile analytes. Analytes were eluted 

from C18 cartridge using (3 x 5 mL) hexane and collected in clear EPA proclean environmental 

vials, at a flow rate of 0.6 mL/min. 

5.4 Lipid removal clean-up and fractionation 

Extracts were evaporated to 500 µL under low N2 using a Biotage Turbovap LV, 100 µL 

of water and 3 mL acetonitrile were added. Captiva-EMR Lipid removal cartridge has been 

tested with sample extracts containing acetonitrile (ACN) and water only. Ideally, hexane serum 

extracts should be exchanged for acetonitrile; to avoid analyte losses, hexane serum extracts 

were not evaporated to dryness. Based on the principle of size exclusion, long hydrocarbon chain 

lipid interferences are selectively trapped within Captiva-EMR sorbent pores and separated from 

trace level analytes of interest. The extracts were loaded onto Captiva-EMR Lipid removal 

cartridge and allowed to flow under gravity; eluate was collected into 16 x 100 mm culture tubes. 

5 mL ACN rinse of EPA vials were loaded onto EMR cartridge and flushed under vacuum at 

high pressure. Extracts were evaporated to 1 mL, and exchanged for hexane. 
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Silica clean-up and carbon column fractionation of coplanar analytes of interest was 

performed on an SPE vacuum manifold. Acidified silica cartridge, connected to a carbon column 

were activated with 1 cartridge volume of hexane. 1 mL serum extract was loaded onto cartridge; 

culture tubes were rinsed (3x) with 1 mL hexane/rinse and loaded onto cartridge. PCDD/Fs, 

dlPCBs and PBDD/Fs (and PXDD/Fs) were eluted with 30 mL hexane from the silica cartridge 

onto the carbon column. Eluate (fraction 1 was discarded as this contained non-planar 

compounds, coplanar analytes of interest are adsorbed onto carbon column). Silica cartridge was 

discarded/replaced with reusable glass column reservoirs. The carbon column was inverted, 

eluted with 30 mL toluene, and eluates were collected in 40 mL proclean EPA vials. The eluate 

was evaporated to 350 µL under low N2, transferred into inset vials, evaporated to dryness, and 

reconstituted with 10 uL of 1 pg/uL injection standard (prepared in nonane to serve as a keeper) 

to correct for drifts in instrument, variations in sample injection volume on the instrument and 

sample volume variations during concentration/evaporation to dryness. A flow chart of sample 

preparation steps is shown in Figure 2.3. 

5.5 Linearity, Recovery, Quality Control and Method Detection Limit 

Analytes were quantified by isotope dilution using the ions specified in Table 5.1. To test 

for instrument linearity, a 6-point calibration curve was analysed for PCDD/Fs, for 

concentrations ranging between 0.01-200 pg/µL. A 5-point calibration curve for dlPCBs and 

PBDD/Fs (and PXDD/Fs) contained concentrations ranging between 0.01-4 pg/µL, and 0.005-10 

pg/µL respectively. The response obtained for a native, relative to its corresponding label 13C 

standard was linear for the range of calibration standards analyzed. Calculated coefficient of 

determination for PCDD/F analytes was R2 2: 0.998 (except for OCDD and OCDF: R2 =0.984), 

that for dlPCBs and PBDD/Fs (and PXDD/Fs) were R2 2: 0.985 and R2 2: 0.996 respectively. 
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Based on EPA 1613 and 1668B standard methods for GC/HRMS, % RSDs obtained for 

PCDD/Fs, dlPCBs and PBDD/Fs (and PXDD/Fs) in this study were in agreement with the 

acceptable 15% RSD value. RSDs obtained ranged between 1.6 and 13.8%. Method validation 

was performed by analysis of fortified serum NIST Standard Reference Material 1958. 

Recoveries for isotopically labelled standards, spiked into serum prior to extraction/clean-up, 

ranged between 47.9-120% for dlPCBs, 47.3-129.9% for PBDD/Fs (and PXDD/Fs) , and 41.8-

140% for PCDD/Fs (except for 4 samples, for which 13C OCDD and 13C 1,2,3,4,6,7,8-HpCDD 

ranged between 28.8-37%). Blank and recovery checks were completed during method 

development. To prevent losses in signal sensitivity/signal drop-out, instrument detection limits 

(iLODs) were obtained by analyses of 6 replicates of the lowest calibration standard. Since 

APGC-MS/MS instruments produce low background noise levels, relatively high false signal-to

noise ratios are sometimes obtained for weak analyte peaks. 

The lipid adjusted sample serum concentrations of DLCs (reported as pg/g lipid) were 

calculated using the equation adapted from the CDC Laboratory Procedure Manual for analysis 

ofDLCs. 

Concentration serum sample = (Analyte concentration detected)/(Total lipids)*102.6 

(g/dL) Equation 2 

Total lipids are defined in Equation 1, 102.6 is the average density of serum (g/dL). 

The concentrations of serum samples were then divided by the mass of serum weighed 

prior to extraction. 
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To calculate the Toxic Equivalent concentration (TEQ) for each class of DLCs, the sum 

of concentrations contributed by each congener was multiplied by its Toxic Equivalency Factor 

(TEF). The overall TEQ for PCDD/Fs and dlPCBs were calculated by summing up their 

respective contributions. The tentative TEQ for PBDD/Fs (and PXDD/Fs) was calculated using 

their respective chlorinated TEFs (obtained from PCDD/Fs). 

TEQ = L [(PCDD)i x (TEF)i] + L[(PCDF)j x (TEF)j] + L[(PCB)k x (TEF)k] Equation 3 

5.6 Observed relationships between DLCs and Ghanaian maternal serum 

Out of the 12 dlPCBs detected, age correlated positively with PCBs 118, 105, 156 and 

189, for a two-tailed statistical significance value, p < 0.05, and Spearman correlations ranging 

between 0.394-0.402, for both Terna and Accra. Statistically significant associations (p < 0.05) 

were observed for all dlPCBs with age, except for PCB 81 for data from Ridge Regional 

hospital. 

The relationship between serum concentrations of individual congeners of PCDD/Fs and 

factors such as BMI was not strongly correlated (correlation coefficient= -0.51 to -0.014); 

however, a positive relationship was observed for some PCDD/Fs congeners with age. 

An inverse relationship between concentrations of individual PBDD/Fs (and PXDD/Fs) 

congeners and age was observed for 23-B-78-CDF, 13-B-278-CDF, 23478-BDF, 1234678-BDF, 

2-B-378-CDD, 2378-BDD and 1234678-BDD (Spearman rank correlation coefficient ranged 

between -0.356 to -0.004). Moderately strong positive relationship between some of PBDD/Fs 

(and PXDD/Fs) were observed with age: 3-B-278-CDF, 4-B-2378-CDF, 2378-BDF, 12378-BDF 

and 12378-BDD. Additionally, a positive relationship was similarly observed for the association 
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between some PBDD/Fs (and PXDD/Fs) and BMI: 3-B-278-CDF, 4-B-2378-CDF, 2378-BDF, 

12378-BDF and 12378-BDD. 

Bivariate analysis, using linear regression, was further conducted to confirm the main 

predictors that positively correlated with prenatal exposure to mean concentrations of PCDD/Fs, 

dlPCBs, PBDD/Fs (and PXDD/Fs), and the total TEQ for PCDD/F + dlPCBs. A statistically 

significant association was observed between the sum of concentrations of dlPCBs, PCDD/Fs, 

PBDD/Fs (and PXDD/Fs) and age (p<0.001). A positive, statistically significant association was 

observed between PCDD/Fs and BMI (p=0.042); the relationship between dlPCBs, PBDD/Fs 

(and PXDD/Fs) and BMI was, however, not statistically significant. For total exposure, the 

relationship between the TEQ (PCDD/Fs + dlPCBs) with age, and TEQ (PCDD/Fs + dlPCBs) 

with BMI were statistically significant (p<0.001). In addition to the above, positive correlations 

between the sum of DLCs (dlPCBs + PCDD/Fs + PBDD/Fs (and PXDD/Fs)) and BMI were 

observed with Spearman correlation coefficients ranging from 0.025 to 0.640. Distinctly, inverse 

relationships were identified from correlation analysis between gestational week and serum 

concentrations of DLCs. Negative Spearman correlation coefficients ranging between -0.279 to -

0.123 indicate that an increase in gestational week does not necessarily increase DLCs in serum 

concentration during pregnancy. 
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5.7 Voluntary participation/quitting participation 

Prospective participants will not be coerced into being enrolled in the study. For those who opt to take part, they 

have the right to discontinue at any time. Participants should inform the researchers if they no longer want to 

participate. Furthermore, in that event, the samples provided will be destroyed. Participant medical treatment or 

access to medical services will not be affected in any way. Already completed results of the analyses will remain 

in the survey database but will not be used in survey reports. 

Benefits of the survey 
The results from all survey participants will be analysed collectively to show exposures to pollutants and to 
guide policy makers to make informed decisions for the benefit of public health. 

Results from analyses will be compared to health based guidance values, when they are available. If 
necessary, recommendations will be provided on how to reduce the level of a pollutant in your body or to avoid 
future exposures. 

Costs 
There will be no costs associated with this study that will be charged to you. For pregnant women, lactating 
mothers and fire fighters and control participants, a 6-pack energy drink (Malta Guinness) will be provided. 

Compensation 
E-waste workers will be compensated an amount of GHC 50 each for participation in the research study to cover for 
the loss of man hours. 

Possible Risks 

Some potential risks of drawing blood include slight pain, a bruise at the point where the blood is taken, redness 
and swelling of the vein, and a rare risk of fainting. Participants will be given fluids- non-alcoholic Malta 
Guinness or milo beverages to replenish body fluid and prevent risks of fainting. For lactating mothers, there is a 
risk of swelling of the breasts with hand expression and manual pump expression. 

The procedure will not have any influence on your health (e-waste workers, firefighters and lactating mothers), 
and normal delivery procedures for pregnant women. Possible inconveniences are the time you will have to 
spend on providing blood or breast milk samples and responding to questionnaires. The questionnaires and 
contain information, which can be viewed as sensitive. However, these data will be kept strictly confidential. 
We will use coding and process anonymous observations at the data analysis stage. Your personal information will 
only be available to authorized investigators. 

Confidentiality 

Researchers will process the information from the questionnaires and the samples. Your name and address will 
be replaced by a code. If the results of this study will be published in a report or scientific journal, your name 
will not be mentioned and no information that can identify you will be included in such reports or publications. 
All information will be treated confidentially in accordance with relevant privacy laws. 

Consent 

I have read the information leaflet for participation in the human biomonitoring survey (or it has been read to me), 
and want to participate in the survey. I have had the opportunity to ask questions about it and any questions I 
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-------------------

have asked have been answered to my satisfaction. I understand the potential risks and benefits of this survey. I 
understand that the information will be kept strictly confidential. I consent voluntarily, to participating as a 
subject in this study, and understand that I have the right to withdraw from the study at any time. 

For Pregnant women and lactating mothers: 

I understand that I have the right to withdraw from the study at any time without becoming affected in 

receiving medical treatment. I have read the foregoing information, 

Name of participant (printed): 

Participant's Signature or Thumbprint: 

Date: 

Interviewer's name: --------------------------------------------------------------------------------

Interviewer's signature: ----------------------------------------------------------------------------

Date: ----------------------------------------------------------------------------------------------------

Witness for those who cannot read or write (give 
desire to partake in the survey). Witness name: 

Witness signature: ______________ 

Date: 
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Questionnaire for participants who consent to volunteer blood samples 

I. Would you be willing to participate in a research project that requires taking your blood sample? 

B~:s 
2. Where do you li ve?, Are you a resident of Accra/Terna? How long have you been a resident of Accra? 

3. Do you li ve close to a dumping area with constant burning and smoke production, or an e-waste site? 

B~i 
4. How far is your residence from thee-waste site? Do you li ve on the work site? 

5. What is your occupation? 

6. Do you work close to an electronic waste recycling site? 

7. What does your diet mostly contain? 
0Meat D Fresh or smoked Fish D Fatty foods 

8. Height : How tall are you?, How much do you weigh? 

9. Do you smoke? What are your smoking habits? 
D Previous smoker D Current smoker D Do not smoke 

10. How many weeks ' old is your pregnancy? 

11 . What were your feeding habits before pregnancy, what is your feeding habit now? 
D Fi sh/seafood/smoked fi sh D Meat D Dai ry product: milk, butter, yoghurt 

12. How frequent is your fish/seafood, meat or dairy product consumption? 

13. Has your diet changed since you became pregnant? 

14. Is this your first birth/child? 

B~~s 
Name of Participant 

Home Address 

Phone number 
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Questionnaire for participants who consent to volunteer breastmilk samples 

I. 131d you be willing to participate in a research project that requires taking breastmilk sample? 
Yes 
No 

2. Where do you li ve?, Are you a resident of Accra/fema? How long have you been a resident of Accra? 

3. Dtfou li ve close to a dumping area with constant burning and smoke production, or an e-waste site? 
Yes 
No 

4. How far is your residence from thee-waste site? Do you li ve on the work site? 

5. What is your occupation? 

6. Do you gk close to an electronic waste recycling site? 
Yes 
No 

7. What does your diet mostly contain? 

Meat D Fresh or smoked Fish D 
8. Height: How tall are you?, How much do you weigh? Fatty foods 

□ 
Do you smoke? Wha~ e your smoking habits? 

Previous smoker Li Current smoker 0Donot smoke 

10. Have you ever been exposed to accidental spillages of toxic contaminants such as PCBs, etc? 

What were your feeding habits before pregnancy, what is your feeding habit now? 
Fi sh/seafood/smoked fi sh D Meat D Dairy product: milk, butter, yoghurt 

12. How frequent is your fish/seafood, meat or dairy product consumption? 

13. Has your diet changed since you became pregnant? 

1 Is thi s your first birth/child? 
Yes 
No8 

15. No Do you plan on exclusive breastfeeding? 

16. How many months do you intend to breastfeed your baby? 

17. How often do you intend to breastfeed in a day (number of times in a day)? 

Name of Participant 

Home Address 

Phone number 
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Table 5.1 A Summary of congener transitions, collision energies and theoretical isotope 
ratios for a) PCDD/Fs, b) PCBs, c) PXDD/Fs & d) PBDD/Fs 

a) PCDD/Fs 

Analyte Retention Quantifier (MRM) Qualifier (MRM) Collision 
time (min) Parent Parent Daughter Energy 

Daughter (eV) 

2378-TCDF 17.15 303.90 240.94 305.90 242 .93 40 
1 "Cir2378-TCDF 17.15 315.94 251.97 317.94 253 .97 
2378-TCDD 17.77 319.90 256.93 321.89 258.93 30 
.l"C1r2378-TCDD 17.77 331.94 267 .97 333.93 269 .97 
12378-PeCDF 21.19 339.86 276.90 337.86 274.90 40 
.l"C1rl2378-PeCDF 21.19 351.90 287 .93 349.90 285 .94 
23478-PeCDF 22 .41 339.86 276.90 337.86 274.90 40 
.l"Cir23478-PeCDF 22 .41 351.90 287 .93 349.90 285 .94 
12378-PeCDD 22 .81 355.85 292 .89 353.86 290.89 30 
.l"Cir12378-PeCDD 22 .81 367.89 303.93 365.90 301.93 
123478-HxCDF 26.19 373.82 310.86 375.82 312.85 40 
·"cir123478-HxCDF 26.19 385.86 321.89 387.86 323.89 
123678-HxCDF 26.36 373.82 310.86 375.82 312.85 40 
·"cir123678-HxCDF 26.36 385.86 321.89 387.86 323.89 
234678-HxCDF 27 .23 373.82 310.86 375.82 312.85 40 
·"cir234678-HxCDF 27 .23 385.86 321.89 387.86 323.89 
123478-HxCDD 27.50 389.82 326.85 391.81 328.85 30 
·"cir123478-HxCDD 27.50 401.86 337.89 403 .85 339.89 
123678-HxCDD 27 .65 389.82 326.85 391.81 328.85 30 
...,C1rl23678-HxCDD 27 .65 401.86 337.89 403 .85 339.89 
123789-HxCDD 27 .98 389.82 326.85 391.81 328.85 30 
...,Cir123789-HxCDD 27 .98 401.86 337.89 403 .85 339.89 
123789-HxCDF 28.34 373.82 310.86 375.82 312.85 40 
...,Cir123789-HxCDF 28.34 385.86 321.89 387.86 323.89 
1234678-HxCDF 30.55 373.82 310.86 375.82 312.85 40 
1 "Cir1234678-HxCDF 30.55 385.86 321.89 387.86 323.89 
1234678-HpCDD 32.24 423.78 360.81 425 .77 362.81 30 
1 "Cir1234678-H pCDD 32.24 435.82 371.85 437 .81 373.85 
1234789-HpCDF 32.87 423.78 360.81 425 .77 362.81 30 
1 "Cir1234789-H pCDF 32.87 435.82 371.85 437 .81 373.85 
1 "CirOCDD 36.45 457.74 394.77 459 .73 396.77 30 

OCDD 36.45 469.78 405 .81 471.78 407 .81 
OCDF 36.61 453.78 389.82 455 .78 391.81 40 
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b) PCBs 

Analyte Retention 
time (min) 

PCB81 28.00 
PCB 77 28.58 
" C,,- PCB 81 28.00 
" C,,- PCB 77 28.58 
PCB 123 29.77 
PCB 118 30.00 
PCB 114 30.51 
PCB 105 31.36 
PCB 126 33.26 
" C,,- PCB 123 29.77 
" C,,- PCB 118 30.00 
" C,,- PCB 114 30.51 
" C,,- PCB 105 31.36 
" C,,- PCB 126 33.26 
PCB 167 34.34 
PCB 156 35.53 
PCB 157 35.78 
PCB 169 37.68 
" C,,- PCB 167 34.34 
" C,,- PCB 156 35.53 
" C,,- PCB 157 35.78 
" C,,- PCB 169 37.68 
PCB-189 39.67 
" C,,- PCB-189 39.67 

Quantifier (MRM) 
Parent 
Daughter 

289.92 219.98 

301.96 232.02 

323.88 253.95 

335.92 265.99 

359.84 289.90 

371.88 301.94 

393.80 323.86 

405.84 335.91 

Qualifier (MRM) Collision 
Parent Energy 
Daughter (Ev) 

291.92 221.98 38 

303.96 234.02 

325.88 36 36 

337.92 267.98 

357.84 287.91 38 

369.88 299.95 

395.80 325.86 36 

407.84 337.90 

170 



c) PXDDFs 

Analyte Retention Loss Quantifier (MRM) Qualifier (MRM) Collision 
time Parent Daughter Parent Energy 
(min) Daughter (eV) 

3-B-278-CDF 16.73 COBr 349.85 242.94 351.85 242.94 40 

COBrCI 349.85 205.98 351.85 205.98 50 
nC1r3-B-278-CDF 16.73 COBr 361.89 253.97 363.89 253.97 50 

COBrCI 361.89 217.01 363.89 217.01 50 

2-B-378-CDD 17.11 COBr 365.84 258.93 367.84 258.93 30 

COCI 365.84 302.88 367.84 304.88 30 

23-B-78-CDF 18.61 Br2 393.8 233.96 395.80 235.96 40 

COBr 393.8 286.89 395.80 286.89 35 

"C1r23-B-78-CDF 18.61 Br2 405.84 246.00 407.84 248.00 40 

COBr 405.84 297.92 407.84 297.92 35 

23-B-78-CDD 19.05 COBr 409.79 302.88 411.79 302.88 30 

COCI 409.79 346.83 411.79 348.83 30 

"C1r23-B-78-CDD 19.05 COBr 421.83 313.92 423.83 313.92 30 

COCI 421.83 357.87 423.83 359.86 30 

4-B-2378-CDF 20.04 COBr 383.81 276.89 385.81 276.89 36 

' "C1r4-B-2378-CDF 20.04 COBr 395.85 287.93 397.85 287.93 36 

2-B-1378-CDD 20.32 COBr 399.80 292.89 401.80 292.89 30 

COCI 399.80 336.84 401.80 338.84 30 

13-B-278-CDF 21.34 Br2 427.76 267.92 429.76 269.92 42 

COBr 427.76 320.85 429.76 322.84 37 

' "C1r 13-B-278-CDF 21.34 Br2 439.80 279.96 441.8 281.96 42 

COBr 439.80 331.88 441.8 333.88 37 
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d) PBDDFs 

Analyte Retention Loss Quantifier (MRM) Qualifier (MRM) Collision 
time Parent Daughter Parent Energy 
(min) Daughter (eV) 

BDF-2378 22.64 Br2 483.70 323.86 481.70 321.86 45 

COBr 481.70 374.78 483.70 376.78 40 

BDD-2378 23.08 Br2 499.69 339.86 497.69 337.86 40 
COBr 497.69 390.78 499.69 392.78 35 

nC1rBDD-2378 23.08 Br2 511.73 351.90 509.73 349.90 40 
COBr 509.73 401.81 511.73 403.81 35 

BDF-12378 27.46 Br2 561.61 401.77 563.6 403.77 45 
COBr 561.61 454.69 563.6 454.69 45 

BDF-23478 28.26 Br2 561.61 401.77 563.6 403.77 45 
COBr 561.61 454.69 563.6 454.69 45 

BDD-12378 28.37 COBr2 577.6 389.77 579.6 391.77 47 
COBr 577.6 470.69 579.6 470.69 35 

BDF-1234678 37.56 Br2 719.43 559.59 721.42 561.59 50 
COBr 719.43 612.51 721.42 612.51 47 
Br 719.43 640.51 721.42 640.51 50 

BDD-1234678 38.98 Br2 735.42 575.59 737.42 577.58 50 
COBr 735.42 628.51 737.42 628.51 40 
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Table 5.2 Instrumental parameters: GC-MS/MS and APGC operating conditions 

PCDD/F GC Conditions PCB GC Conditions 
Injection volume l.0µL 

Injection volume 1.0 µL Split/Splitless in Pulsed Splitless mode (50 psi for 
1.0 min)

Inlet Conditions 
Temperature 290 QC, purge time 1.8 min Split/Splitless in Splitless mode 
Splitless Gooseneck Deactivated Liner (Restek) Inlet Conditions Temperature 270 °C, purge time 0.75 min 

Splitless Gooseneck Deactivated Liner (Restek) GC carrier gas 1.4 mL/min Helium 

GC InterfaceGC carrier gas 1.7 mL/min Helium 280 °C 
Temperature

GC Interface 
280 °C Initial temperature: 130 QC for 1.8 min 

Temperature Ramp 1: 40 QC/min to 200 QC, hold 0 min 
Initial temperature: 75 QC for 2.0 min Oven Program Ramp 2: 2 QC/min to 235 QC, hold 0 min 
Ramp 1: 15 QC/min to 150QC, hold 0 min Ramp 3: 3 QC/min to 290 QC, hold for 4.62 min Oven Program Ramp 2: 3 QC/min to 270QC, hold 3.0 min Total Run Time: 44 min 
Total Run Time: 50 min 

MS Conditions 

Source Temperature 150 °C 

Corona Current 2.0µAPXDD/F GC Conditions 
Cone Voltage 35 V 

Injection volume l.0µL 
Cone Gas (N2) 270 L/Hr 

Split/Splitless in Pulsed Splitless mode (50 psi for 1.0 
Auxiliary Gas (N2) 200 L/Hr min)

Inlet Conditions 
Temperature 290 QC, purge time 1.8 min Makeup Gas (N2) 300 mL/min 
Splitless Gooseneck Deactivated Liner (Restek) 0.23 mL/min, pressure

Collision Gas (Ar)
GC carrier gas 1.4 mL/min Helium 7e-3 mBar 

GC Interface 
310 °C 

Temperature 
Initial temperature: 110 QC for 1.8 min 
Ramp 1: 40 QC/min to 200 QC, hold 0 min 

Oven Program Ramp 2: 4 QC/min to 320 QC, hold 7 .95 min 
Total Run Time: 42 min 
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Table 5.3 Fortified Standard Reference Material 1958 for serum. A comparison of referenced PCDD/Fs mass fraction values 
with recoveries obtained from this study for method validation 

Analytes NIST 1958 Trial 1 Trial 2 Trial 3 
reference mass 
fraction values 
(pg/kg) 

2378 TCDF 104 ±3 103 103 100 
12378 PeCDF 98 ± 15 103 98 112 
23478 PeCDF 199 ±30 199 200 220 
123478 HxCDF 95.9 ±9.3 103 96 100 
123678 HxCDF 102 ± 11 107 91 111 
123789 HxCDF 94 ± 11 101 98 101 
234678 HxCDF 900 ± 110 925 912 854 
1234678 HpCDF 289 ±9 287 295 285 
1234789 HpCDF 84 ± 12 88 84 90 
OCDF 83.3 ± 1.7 81 72 87 

2378TCDD 94.2 ±7.8 94 101 101 
12378 PeCDD 106 ± 12 108 117 114 
123478 HxCDD 95.3 ±9.9 92 97 106 
123678 HxCDD 340 ±60 306 303 300 
123789 HpCDD 99.6 ±7.2 90 108 91 
1234678 HpCDD 565 ±90 588 587 577 
OCDD 2570 ± 280 2604 2712 2577 
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Table 5.4 Fortified Standard Reference Material 1958 for serum. A comparison of 
referenced dlPCBs mass fraction values with recoveries (Trials 1-3: pg/kg) obtained from 
this study for method validation 

Analytes NIST 1958 Lower Upper Trial Trial Trial 
reference mass bound bound 1 2 3 
fraction values 
(pg/kg) 

PCB123 52.5 ± 4.8 47.7 57.3 39 41 41 
PCB118 412 ± 35 377 447 379 384 360 
PCB114 46.6 ± 8.4 38.2 55 35.3 31 30 
PCB105 419 ± 31 388 450 366 373.7 375.1 
PCB126 7.78 ±1.14 6.64 8.92 6.98 6.83 6.31 
PCB167 403 ±26 377 429 390 379 390 
PCB156 418 ±19 399 437 366 363 367 
PCB157 420 ±42 378 462 358 363 352 
PCB169 8.1 ±3.3 4.8 11.4 7.7 7.8 7.7 
PCB189 402 ±31 371 433 336 326 331 
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Table 5.5 Baseline maternal sera concentrations (pg WHO-TEQ/g lw) of PCDD/Fs, 
dlPCBs, PBDD/Fs and PXDD/Fs in 34 Ghanaian women 

Sample name PCDD/Fs pg dlPCBs pg PBDD/Fs pg PXDD/Fs pg 
WHO-TEQ/g lw WHO-TEQ/g lw WHO-TEQ/g lw WHO-TEQ/g lw 

Rl 3.51 1.31 0.40 0.38 
R2 3.37 2.32 0.73 1.15 
R3 3.39 1.29 0.51 0.54 
RS 5.78 3.21 0.72 0.61 
R6 3.80 2.04 0.47 0.65 
R8 3.36 1.26 0.60 0.60 
R9 3.63 1.86 0.68 0.67 
RlO 3.94 1.29 0.66 0.57 
R11 4.38 1.09 0.51 0.76 
R12 4.68 1.34 0.60 0.69 
R13 2.97 1.29 0.34 0.46 
R14 3.77 1.04 0.53 0.73 
R15 4.78 1.37 0.56 0.51 
R16 3.28 1.48 0.40 0.44 
R17 2.53 1.56 0.73 0.62 
R18 2.26 0.83 0.12 0.33 
R19 4.82 1.16 0.71 0.90 
Tl 2.20 1.37 0.23 0.38 
T2 0.98 1.56 0.19 0.21 
T3 2.33 1.46 0.50 0.92 
T4 0.98 1.22 0.31 0.27 
TS 1.65 1.18 0.17 0.28 
T6 2.01 2.07 0.36 0.33 
T7 1.77 0.74 0.22 0.37 
T8 2.26 0.57 0.35 0.29 
T9 2.92 0.52 0.81 0.34 
T11 2.23 0.46 0.61 0.42 
T12 2.20 0.80 0.71 0.20 
T13 2.38 0.66 0.36 0.51 
T15 2.17 0.62 0.21 0.30 
T16 3.05 0.73 1.05 0.64 
T17 2.40 0.89 0.52 0.39 
T18 4.85 1.11 0.51 0.32 
T19 4.06 0.66 0.32 0.26 
Mean pg TEQ/g lw 3.08 1.25 0.50 0.49 
Respectively, the mean concentrations (pg WHO-TEQ/g lw) were highest and lowest for age ranges of 28-38 years and 18-23 years. In 
overweight pregnant women, mean concentrations of DLCs were higher than for pregnant women of normal weight. In addition, dioxin-like 
exposure was higher in seru m of pregnant women who resided in Accra in comparison to those from Terna. 
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Chapter 6 Summary 

6.1 Conclusions 

Several conclusions can be drawn from the studies discussed above: 

1. A comprehensive and systematic review undertaken on the Stockholm POPs studied 

previous! y ( over the past 17 years) highlighted spatial and temporal trends in various 

environmental matrices, health risks associated with human and environmental exposure from 

POP pollutant, and possibilities for multi-media POP-pollutant occurrences in Ghana. The trends 

observed serve as a baseline for future studies. From knowledge gaps identified on POP studies 

in Ghana, suggestions were made for future studies to include non/semi-targeted analytical 

approaches, and for sample collection to include different regions in the country to accommodate 

data deficient areas. Further considerations were suggested for inclusion of dioxins and dioxin

like compounds, and emerging contaminants in both environmental and human studies. 

2. Following suggestions made in the review in Chapter 1, a modified analytical sample 

preparation method involving sample extraction, clean-up and instrumental analysis were 

utilized to determine trace-level background concentrations of dioxins and dioxin-like 

compounds, and Toxic Equivalent concentrations in sera of primiparous Ghanaians. Associations 

between dietary intake, place of residence, BMI, amongst others were reported for sera of 

primparous Ghanaians. The calculated average toxic equivalent concentration was 5.3 pg TEQ/g 

lw, with contributions from dlPCBs (1.25 pg TEQ/g lw), PCDD/Fs (3.10 pg TEQ/g lw), 

PBDD/Fs (0.49 pg TEQ/g lw) and PXDD/Fs (0.50 pg TEQ/g lw). The calculated total TEQ 

concentration was lower than background TEQ concentrations reported in sera of pregnant 

women globally. Positive correlations were obtained for total dioxins and DLC concentrations 
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with age and Body Mass Index (BMI). Dietary intake of seafood and dairy products had a strong 

influence on PCDD/F and dlPCB concentrations. Statistically significant differences were 

observed for dioxins and DLCs in participants from Accra (in close proximity to Agbobloshie e

waste site) and Terna. Given the significant TEQ contribution of PBDD/Fs and PXDD/Fs 

(~20%), it is essential to explore these classes of dioxins and DLCs in future biomonitoring 

studies as they may pose health risks, and add extra diagnostic information in source exposure 

investigations. 

3. Similarly, the method was applied to estimate an infant's daily intake of dioxins and 

dioxin-like compounds in breastmilk from first-time lactating mothers in Ghana. The mean 

concentration in breast milk ranged from 0.15-212.9 pg/g lipid for dlPCBs (mean TEQ: 1.67 pg 

WHO2005-TEQ/g lipid). Lesser mean concentrations for 2,3,7,8-PXDD/Fs (and PBDD/Fs) ranged 

between <0.01-1.67 pg/g lipid, with a tentative total mean TEQ of 0.56 pg WHO2005-TEQ/g 

lipid. The average estimated daily intake of dlPCBs in 21 breastmilk samples was 4.95 pg 

TEQ/kg bw/day; contributions from PXDD/Fs and PBDD/Fs resulted in an average estimated 

daily intake of 6.56 pg TEQ/kg bw/day. The results obtained in this study, although lower than 

infant dietary intake estimates in breastmilk from industrialized countries, exceeded the 

recommended safety standards of 1 pg TEQ/kg bw/day and 1-4 pg TEQ/kg bw/day from the 

Agency for Toxic Substances and Disease Registry (ATSDR) and the World Health 

Organization (WHO), respectively. 

6.2 Future Work 

1. Studies undertaken in Ghana over the past 18 years have reported POP concentrations 

(pesticides, PBDEs, HBCDs and PCBs) in a wide variety of matrices; however, these have been 
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on local POP distributions with a lack of annual measurement and systematic monitoring. To 

further advance the knowledge gaps on POPs in Ghana, future studies can place more 

consideration on emerging contaminants (such as PFASs and HFRs), in addition to the 

unintentionally produced POPs (PCDD/Fs, PBDD/Fs, PCNs and dlPCBs) as trends of these 

contaminants are less well understood. 

2. Secondly, the second half of this thesis focused on dioxins and dioxin-like compounds 

(DLCs) in vulnerable populations such as pregnant women and lactating mothers. At present, 

there is only one study that focuses on dioxins in occupationally exposed populations- e-waste 

workers in Ghana. Studies on occupationally exposed populations, including firefighters and e

waste workers are underway and should be completed in the near future. The goal is to utilize the 

techniques developed in the two studies above (targeted analysis), to quantify concentrations of 

dioxins and DLCs in sera of these two populations. This will aid in understanding how dioxins 

and DLC patterns differ in humans with different occupations. In addition, a complementary 

non-targeted analysis of toxic contaminants will be developed and utilized to investigate the 

presence of other suites of contaminants that will not, otherwise, be detected via targeted 

analysis. 
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