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• C, N, S, black carbon, soot, char and δ13C
are determined in street dust of a major
city.
• The concentrations of the above species
are strongly positively correlated with
each other.
• Auto repair shops, major roads & markets are more contaminated than residential areas.
• The δ13C is more depleted in street dusts
with higher concentrations of other species.
• C, N, S, black carbon and PAC concentrations are strongly positively correlated.
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a b s t r a c t
Street dust is a major source of pollution and exposure of residents of West Africa to toxic chemicals. There is
however, limited knowledge about the chemical composition and sources of street dust in urban areas of subSaharan Africa. The total carbon (TC), nitrogen (TN), sulfur (TS) and the stable carbon isotope ratios (δ13C) contents of street dust sampled from 25 sites distributed across Kumasi (a metropolis in Ghana with a population of
ca. 2 million) were determined. In addition, black carbon (BC) and their subunits (soot and char) in these samples
were also determined. The concentrations of TC, TN and TS in the dusts were 5–71 mg g−1, 0.3–4.3 mg g−1 and
0.2–1.4 mg g−1, respectively. The concentrations of TC, TN and TS were higher than at the background site of the
metropolis by a factor of 5.1 (range: 1.7–12), 3.9 (1.1–13) and 2.8 (0.7–5), respectively. The BC, char and soot concentrations in these samples averaged 1.6 mg g−1 (0.13–4.4), 1.2 mg g−1 (0.08–3.7) and 0.36 mg g−1 (0.05–1.5),
respectively. The concentrations of BC, char and soot in the street dust were higher than in the background location by factors of 5 (range: 0.8–13), 6 (0.7–17) and 3 (0.5–12), respectively. The TC, TN, TS, BC, soot and char concentrations were positively correlated with each other and with polycyclic aromatic compounds (PAHs,
oxygenated PAHs and azaarenes from a previous study), indicating their common origin and fate. The δ13C values
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ranged from −27 to −24 [‰], with more polluted sites being more depleted in 13C. Based on the chemical composition of the street dusts, the 25 sites could be clustered into four groups by hierarchical cluster analysis which
reﬂect areas of varying anthropogenic inﬂuence and, accordingly, exposure to hazardous chemicals.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Rapid growth in West Africa's urbanization has resulted in signiﬁcant increases in environmental pollution from trafﬁc, industries, domestic activities (e.g. cooking), and waste management. In addition,
emissions from natural mineral dust and biomass burning (vegetation
ﬁres, agriculture, thrash) signiﬁcantly contribute to pollution in West
Africa (Philip et al., 2017; Liousse et al., 2010). Exposure to particulate
matter (PM, including dust) in inhaled air and its hazardous components are harmful for human health and ecosystems (Shiraiwa et al.,
2017; Knippertz et al., 2015; Liousse et al., 2014; McCormack and
Schüz, 2012; Baumbach et al., 1995). In many cities in West Africa,
there are residents whose houses, businesses/shops, and gardens are located in close proximity to roads. Major highways also frequently pass
through cities and villages. There are also signiﬁcant numbers of street
venders of commercial items and street food. Urban residents are therefore exposed to high levels of trafﬁc-related pollutants such as street
dust (Amegah and Jaakkola, 2014; Proietti et al., 2014; Baumbach
et al., 1995).
Street dust is a mixture that originates from vehicles (exhaust and
non-exhaust), industries, household activities (e.g. cooking, generators
for electricity), road wear, construction sites, secondary aerosols,
geogenic materials (soils, rocks, Sahara dust), plant debris, trash burning, etc. (AIRUSE report, 2014a, 2014b; Pant and Harrison, 2013;
Majumdar et al., 2012; Amato et al., 2009; Rogge et al., 1993). Street
dust may signiﬁcantly impact air PM levels because of their resuspension. In many European and West African cities, re-suspended
street dust is a major reason why the concentration of airborne PM frequently exceeds the regulated limits (Amato et al., 2014, 2011; Zhou
et al., 2014, 2013). Aquatic environments, foodstuffs, vegetation and
soils may also be contaminated by street dust through resuspension,
wet/dry deposition and with run-off (Majumdar et al., 2012). Humans
and animals in urban areas can therefore be exposed to dangerous
chemical contaminants that are bound to street dusts (Proietti et al.,
2014; Majumdar et al., 2012; Krein and Schorer, 2000). The photochemical oxidation of the dissolved organic carbon content of street dust has
been identiﬁed as signiﬁcant source of singlet oxygen (1O2), potentially
inﬂuencing atmospheric reactions and causing oxidative stress in exposed populations (Cote et al., 2018).
The characterization of the chemical components of street dust is a
way to assess their sources, their ecological and health impact. Studies
on the composition of street dusts and measures to control their levels
and impact has been a major research activity in Europe and other regions, but much less in West Africa (Bandowe and Nkansah, 2016:
AIRUSE report, 2014a, 2014b; Amato et al., 2014, 2011, 2009; Pant and
Harrison, 2013; Majumdar et al., 2012). The chemical components of
street dusts in other regions included metal oxides, organic carbon
(OC), black carbon (BC), inorganic carbon (IC), nitrogen, sulfur, trace
metals, cations and anions (AIRUSE report, 2014a, 2014b; Pant and
Harrison, 2013; Amato et al., 2009; Rogge et al., 1993).
BC in PM, particularly the small component in soot form, which is
formed at higher temperatures than char, is known to negatively impact
human health, and can modify meteorology and climate because of its
light-absorbing properties (Han et al., 2012; Shrestha et al., 2010). BC
is also intricately linked to toxic compounds (such as polycyclic aromatic compounds) in atmospheric PM, soils, sediments and dusts because these two components are co-formed and co-emitted into the
environment and co-sorbed to each other (Han et al., 2016; Shrestha

et al., 2010). The char/soot concentration ratio in street dust has been
used for source identiﬁcation (Han et al., 2010; Y.M. Han et al., 2009).
The stable carbon isotopic composition (δ13C) of environmental
samples reﬂects that of the material from which they are derived and
isotopic fractionations associated with the processes (biotic and abiotic)
that produce them. Samples (e.g. soils, sediments, dusts, atmospheric
PM, combustion products) with C derived from different plant materials
(C3 and C4 plants), different fossil fuel (gasoline, diesel, coal, natural
gas), different combustion conditions, and different degrees of post
emission transformation can be differentiated using their δ13C (Gorka
et al., 2012; Fisseha et al., 2009; Widory, 2006; Glaser, 2005). C3 plants
have an average δ13C of −27‰ while C4 plants have an average of
−12‰ (Glaser, 2005). The δ13C values of C in air PM, soils, sediments
and combustion products (from different fossil fuels and biomass
under different combustion conditions) have been determined in various studies and used for source apportionment (Gorka et al., 2012;
Cao et al., 2011; López-Veneroni, 2009; Widory, 2006; Widory et al.,
2004).
Such studies are however very limited in sub-Saharan Africa
(Mkoma et al., 2014), even though some of the pioneering work using
δ13C was conducted in the West African region (Cachier et al., 1989,
1985). The chemical composition of street dusts in West African urban
areas could be different from what is known in Europe and China
(Wei et al., 2015; Pant and Harrison, 2013; Amato et al., 2009; B. Han
et al., 2009; Y.M. Han et al., 2009). This is because unlike in the above regions, the composition of West African street dust could be much more
inﬂuenced by inputs from biomass burning, Sahara dust, combustion of
domestic fuels (charcoal usage, wood burning, use of liqueﬁed petroleum gas (LPG) for cooking near roads), emissions from household generators, two wheel vehicles and, on the other hand, less inﬂuence from
coal and power plants (Liousse et al., 2014, 2010: Zhou et al., 2013;
Doumbia et al., 2012; Assamoi and Liousse, 2010). Furthermore, under
the inﬂuence of the tropical climate, the emissions of West African cities
could produce a unique aerosol chemical composition (Knippertz et al.,
2015; Mari et al., 2011).
Previous studies have characterized polycyclic aromatic compounds
(PACs) in street dusts, PM10 and soils of Kumasi (Bandowe and
Nkansah, 2016; Bortey-Sam et al., 2015, 2014). Ambient and indoor
PM were also characterized (mass and elemental chemical composition) in several neighborhoods of Accra (Ghana). The study revealed
that a high percentage (12–33%) of indoor/outdoor PM was from road
dust and vehicular emissions, with contributions from burning of
waste materials, biomass, crustal material and sea salt (Zhou et al.,
2014, 2013). Socioeconomic status of neighbourhood, road conditions,
trafﬁc volume, household cooking (intensity and fuel type), housing
characteristics, population density and proximity to point sources (industrial sites, markets) were important drivers on the mass, concentration and chemical characteristics of PM and street dusts (Bortey-Sam
et al., 2014; Zhou et al., 2014, 2013; Rooney et al., 2012; Dionisio et al.,
2010). The aims of this study were to [1] characterize the total carbon
(TC), BC, soot, char, total S, total N and stable carbon isotope composition (δ13C) of street dusts sampled from a major West African metropolis (Kumasi, Ghana), [2] relate the above chemicals and δ13C to their
major sources, [3] compare the compositions to similar data from
other cities to identify similarities and differences, and [4] ﬁnally study
the relationships between these above chemical properties and PACs
that were measured in the same samples in a previous study
(Bandowe and Nkansah, 2016).
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2. Materials and methods
Kumasi is a major trading hub in the West African region. The city
lies within the moist semi deciduous forest ecological zone with the
major soil type classiﬁed as Forest Ochrosols (Ghana Statistical Service,
2014). It is the second most populous city in Ghana and the capital of the
Ashanti region. The population of Kumasi is ca. 2,000,000 (Ghana Statistical Service, 2012). The major means of transportation within and out
of the city is by road. Most roads are constructed with laterate, sand,
granite and bitumen. The city has a road network length of about
1900 km (Ghana Statistical Service, 2014). A signiﬁcant proportion of
vehicles plying the roads of Kumasi are old and imported second-hand
vehicles with high exhaust and non-exhaust emissions. Information
on the website of one of the commercial fuel vendors in Ghana shows
that they offer commercial brands of unleaded gasoline, diesel and lubricants for automobiles and kerosene for domestic usage (cooking,
heating and lighting).
2.1. Sampling
Sampling was conducted in a random manner with a minimum of
two sampling sites from 10 sub-metros (districts) of the Kumasi Metropolis in February 2013. This sampling period falls within the dry season (and Harmattan period) (Breuning-Madsen and Awadzi, 2005;
Afeti and Resch, 2000). The meteorological conditions (mean for 30year period) for February in Kumasi were: mean daily minimum temperature (22.0 °C), mean daily maximum temperature (33.5 °C), mean
total rainfall (66.3 mm) and mean number of rain days (5.0) according

to information from the World Meteorological Organization (WMO,
2018). On average, the humidity at sunrise is 84.2% and at sunset is
60% (Ghana Statistical Service, 2014).
The sampling sites are shown in Fig. 1. The sites were classiﬁed according to the main activities (such as commercial, recreational, residential, bus terminal, education institution and garage for sale of auto
spare parts; Table 1).
Samples were collected using a brush and a pan. Approximately 20 g
of the dust particles accumulated on impervious surfaces of the pavement and road within a 5 m radius circle were collected using plastic
brushes and dustpans by gentle sweeping motion to collect ﬁne particulates. After each sampling, brushes and dustpans were cleaned with
paper towels. All samples were stored in paper bags wrapped with
solvent-rinsed aluminum foil and then sealed in polyethylene bags
(Ziploc) for transport to the laboratory. Stones, ﬁbers and other big particles were physically removed from the samples. The samples were air
dried in a fume hood to constant weight and sieved through a 250 μm
mesh. Further details of the sampling location and sampling procedures
are described previously (Bandowe and Nkansah, 2016).
2.2. Analysis of carbon, nitrogen and sulfur contents of street dust
The concentration of C, N and S in each sample of street dust was
measured with an Elemental analyzer (EA, vario EL cube, Elementar
Analysensysteme GmbH, Hanau, Germany). The EA was calibrated by
measuring a set of compounds [sulfanilic acid (99%, Sigma-Aldrich), Lglutamic acid (Merck, Darmstadt, Assay ≥ 99%), sulfanilamide
(Elementar, Germany), standard low level N- and S-content (Elementar,

Fig. 1. Map of Kumasi metropolis showing sampling sites.
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Table 1
Sampling locations and characteristics.
Sampling site

Abbreviation Nature of street

Activity

Aboabo
Ahinsan
Ahodwo Melcom
Asafo Market
Methodist Church
Asawase
Asuoyeboa
Ayigya Market
Baba Yara Stadium
Bantama (Metro bus
terminal)
Cathedral
Central Market
Dechemso
KNUST Campus 1

ABO
AHI
AME
ASM

Major
Lane
Major
Major

Diverse
Residential
Diverse
Commercial

AMC
ASY
AYM
BYS
BMT

Minor
Minor
Minor
Pavement
Bus terminal

Diverse
Diverse
Diverse
Recreational
Bus terminal

CTD
CNM
DCS
KNUST 1

Diverse
Commercial
Diverse
University campus

KNUST Campus 2

KNUST 2

KNUST Campus 3

KNUST 3

Kumasi High School

KHS

Kwadaso SDA

KWS

Manhyia
Danyame (Miklin
Hotel)
Old Tafo
Patase Estate
Suame Magazine [1]

MAH
DMH

Major
Major
Minor
Street in gated
compound
Street in gated
compound
Street in gated
compound
Street in gated
compound
Street in gated
compound
Minor
Major

OLT
PAE
SMC

Major
Main street
Lane

Suame Magazine [2]

SMS

Minor

Suame water Works
Wesley College

SWW
WC1

Major
Street in gated
compound

Diverse
Residential
Garage for sale of auto
spare parts
Garage for sale of auto
spare parts
Diverse
College campus

University campus
University campus
School
School
Diverse
Residential

Germany)] with known amounts of C, N and S. Aliquots of milled street
dust (ca. 19–65 mg) were weighed into tin boats and loaded into the
EA-IRMS system and the concentration of carbon (TC), nitrogen (TN)
and sulfur (TS) were measured. A second aliquot (ca. 14–52 mg) of
each sample of street dust was weighed into a crucible and combusted
at 550 °C for 2 h in a mufﬂe oven. The concentration of carbon in the remaining residue was also measured with the elemental analyzer (Loss
on ignition carbon (LOI_C)). The LOI_C in most of the street dust were
below limit of quantiﬁcation. The samples with measurable LOI_C
were SWW (0.50 mg g−1), DCS (1.2 mg g−1), AMC (1.4 mg g−1), SMS
(1.4 mg g−1) and WC (3.5 mg g−1).
Several quality control measures were adopted during the measurements. Some of the samples were measured in replicates and their relative standard deviation (RSD) calculated to obtain the precision of
the measurement. The RSD of replicate determinations of TC and TN
in street dust were b3.2%, b3.6% for TC and TN, respectively. Replicate
determinations of TS in most samples yielded RSD b 5% except in the
sample from KHS which yielded a value of 14%. For the LOI_C determinations, the RSD [%] of replicates was 6, 34 and 4% for DCS (n = 2),
SMM (n = 3) and WC (n = 3), respectively. Several replicates of chemical standards were measured in the same sequence as the samples. For
glutamic acid (n = 7), the mean C (%) and N (%) concentration determined was 40.57 ± 0.21% and 9.63 ± 0.06%, respectively. The true
values of C and N in glutamic acid were 40.78% and 9.52%, respectively.
For low-level n/s standards measurements (n = 7), the average
measured contents (%) of C, N and S were 66.91 ± 0.51%, 0.78 ±
0.02%, 0.847 ± 0.04%, respectively, compared to true values of 67.63%,
0.73% and 0.84% for C, N, S, respectively.
Several replicates of sulfanilic acid (n = 7) were also measured in
the same sequence as the samples as a quality control measure. The average content (%) of C, N and S were 41.56 ± 0.11%, 8.13 ± 0.05% and
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18.46 ± 0.28%, respectively, compared to the true values of 41.61% C,
8.01% N, and 18.8% S.
The δ13C in the street dusts were determined with the same EAIsotope Ratio Mass Spectrometer (EA-IRMS, IsoPrime 100, Elementar,
Germany). The δ13C values were expressed in the conventional [‰]
units relative to Pee Dee Belemnite. The EA-IRMS was calibrated by
three point calibration (y = 1.0197x − 2.7469). The reference materials
EMA-P2 (δ13C = −28.19‰ V_PBD), and IAEA-CH6 (sucrose, δ13C =
−10.449‰ V_PBD), and IAEA-CH-7 (polyethylene, δ13C = −32.15‰
V_PDB) were used to calibrate our data to the international (‰
V_PDB) scale. The precision of the δ13C determinations was done by
measuring several aliquots of certiﬁed reference materials (EMA-P2,
(n = 5), glutamic acid (n = 9), and sulfanilic acid (n = 5)) together
with the samples in the same sequence. The RSD of the δ13C determinations in EMA-P2, glutamic acid and sulfanilic acid, were 0.3%, 0.7%, and
0.2%, respectively. The determinations of δ13C in selected street dusts
were done in replicates. The RSD of the replicate determinations were
for BYS (RSD = 0.10%, n = 2), DCS (RSD = 0.24%, n = 2), SMS (RSD
= 0.73%, n = 3), MAH (RSD = 0.48%, n = 2), KHS (RSD = 0.28%, n
= 2), SMF (RSD = 0.42%, n = 3), WC1 (RSD = 0.17, n = 3) and
KNUST-3 (RSD = 0.14%, n = 2).
2.3. Analysis of black carbon, soot and char in street dust
Street dust was ﬁrst ground to ﬁner particles and sieved (b75 μm).
The BC, soot and char concentration was determined in aliquots (ca.
100 mg) of pretreated samples using Thermal/Optical Carbon Analyzer
(DRI Model, Atmoslytic Inc. Calabasas, CA, USA) and following the Interagency Monitoring of Protected Environments (IMPROVE) protocol
(Wei et al., 2015; Y.M. Han et al., 2009; Han et al., 2007). The weighed
samples were pretreated with HCl and HF to remove carbonates,
metal oxides and minerals. Replicate measurements of several samples
were done as an indication of the precision of measurements. The RSD
for the determination of BC, char and soot were 3.7–16.8%, 1.8–28.5%,
and 5.5–42.3%, respectively. Further pretreatment steps and quality
control procedures during the measurements are described in previous
papers (Wei et al., 2015; Han et al., 2007).
2.4. Calculations and statistical analysis
The KNUST site has frequently been identiﬁed as the background site
with respect to anthropogenic activities (including trafﬁc) in the Kumasi Metropolis (Bandowe and Nkansah, 2016; Bortey-Sam et al.,
2015, 2014). The average concentrations of each chemical species in
street dust from the three KNUST sites (Table 2) was therefore designated as the background concentration in the metropolis. The concentration of each chemical species relative to its average concentration
in the KNUST street dusts was then calculated (enrichment factor) as
indicator of the magnitude of contamination due to enhanced trafﬁc/anthropogenic activities.
All statistical analyses were performed with the software R (R Core
Team, 2017). For all tests, the signiﬁcance level was set at p b 0.05. Variables with 8 or more zeros (out of 25 values, i.e. with about 1/3 or more
of the measured values below the detection limit) were excluded from
the analysis (Table S1). Normal distribution of the variables was tested
with Lilliefors normality test (R function lillie.test() from the package
nortest; Gross and Ligges, 2015). Some variables had to be transformed
to be normally distributed as shown in Table S1. Pearson correlations
between all available variables were calculated. Principal component
analysis (PCA) was performed once for 17 chemical components
(Table S2) determined in the street dusts from the 25 sites to investigate
the relatedness between the chemical components and once for the 25
sites using 52 chemical components (Table S1) determined in the street
dusts. PCA analysis was done with the function principal() from the
package psych (Revelle, 2017). For the PCA, varimax rotation was used
with the Kaiser normalization (eigenvalues N 1). For the sampling
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Table 2
Concentrations [mg g−1] of C, N, S, BC, char, soot and ratios TC/TN, char/soot, BC/TC and δ13C in street dust of Kumasi.
Location

TC

TN

TS

TC/TN

δ13C [‰]

BC

Char

Soot

Char/soot

BC/TC

KWS
ASM
BYS
SWW
DCS
OLT
BMT
SMS
MAH
ABO
AMC
CNM
KHS
AHI
DMH
PAE
SMC
AYM
AME
WC1
ASY
CTD
KNUST 1
KNUST 2
KNUST 3

10.56
59.55
13.04
32.96
16.47
20.77
14.03
71.41
29.88
51.36
47.35
44.07
15.85
6.41
29.67
8.11
54.20
59.84
11.94
22.08
10.69
53.83
6.97
6.21
5.24

0.51
2.57
0.63
0.83
0.46
0.67
0.83
1.40
1.19
1.53
2.16
2.72
1.22
0.38
1.74
0.38
1.58
4.33
0.38
0.94
0.39
1.96
0.38
0.33
0.29

0.48
1.04
0.53
0.90
1.36
0.50
0.70
1.19
0.90
1.42
1.20
1.36
0.45
0.22
0.87
0.32
1.02
1.14
0.46
0.67
0.46
1.12
0.32
0.31
0.27

20.71
23.17
20.82
39.71
36.06
31.00
16.90
50.93
25.18
33.57
21.92
16.20
12.96
16.87
17.05
21.34
34.38
13.82
31.42
23.40
27.41
27.46
18.34
18.82
18.28

−25.56
−25.86
−25.20
−26.28
−25.20
−25.87
−25.62
−26.66
−25.80
−25.64
−25.50
−24.56
−25.44
−24.30
−25.05
−23.98
−26.41
−25.19
−25.85
−24.95
−25.70
−25.86
−24.82
−24.90
−24.88

0.28
1.98
0.33
3.17
0.60
2.74
0.33
4.16
2.03
1.62
2.22
1.55
0.59
0.29
1.32
0.72
4.34
2.93
0.50
1.15
0.42
4.37
0.33
0.58
0.13

0.19
1.33
0.24
2.82
0.41
2.54
0.15
2.96
1.29
1.27
1.90
1.02
0.34
0.17
1.09
0.53
2.87
2.83
0.33
0.81
0.36
3.66
0.21
0.37
0.08

0.09
0.65
0.09
0.35
0.19
0.20
0.18
1.21
0.74
0.36
0.32
0.53
0.25
0.12
0.22
0.19
1.47
0.10
0.17
0.35
0.06
0.71
0.12
0.20
0.05

2.23
2.05
2.64
8.05
2.16
12.53
0.85
2.44
1.75
3.53
6.01
2.07
1.35
1.47
4.87
2.78
1.96
29.7
2.00
2.31
6.49
5.51
1.84
1.86
1.48

0.03
0.03
0.03
0.10
0.04
0.13
0.02
0.06
0.07
0.03
0.05
0.04
0.04
0.04
0.04
0.09
0.08
0.05
0.02
0.10
0.04
0.08
0.05
0.09
0.02

sites, a hierarchical cluster analysis (HCA) was performed to identify
which sites are similarly polluted. To eliminate possible correlations between the variables, the factor loadings derived from the PCA for the
sites were used for the HCA. The HCA was performed using Ward's clustering criterion and the Euclidean distance. The employed R functions
were dist() and hclust() (R Core Team, 2017).
3. Results and discussion
3.1. Total carbon (TC), nitrogen (TN) and sulfur (TS) in street dust
TC concentration in street dust from Kumasi averaged 28 mg g−1
(range: 5–71 mg g−1; Table 2). The LOI_C were mostly below LOQ except in ﬁve locations (DCS, SWW, AMC, SMS and WC), indicating that
the street dusts contained very little or no inorganic C. The average concentration of TN and TS in the street dust was 1.2 mg g−1
(0.29–4.3 mg g−1) and 0.77 mg g−1 (0.22–1.42 mg g−1), respectively
(Table 2). The average enrichment factors for TC, TN and TS were 5.1
(1.04–11.6), 3.9 (1.2–13.03), and 2.8 (0.73–4.72), respectively
(Table 2). Areas with high concentrations of TC, TN and TS were industrial (Suame areas: SMS, SMC), markets and major roads, while the residential and educational institutions had low values (Tables 1 and 2).
The TC concentration of sand taken from a rural site in Niger (a potential
Sahara dust source) averaged 1.2 ± 0.1 mg g−1 (Cote et al., 2018). The
average TC content of street dust from Xi'an, China was 37 mg g−1
(range: 17–73 mg g−1) (Wei et al., 2015). Hence, concentration of TC
in the street dusts of Kumasi are higher than in dusts from a rural site
in the Niger, a potential source of Sahara dust (Breuning-Madsen and
Awadzi, 2005; Afeti and Resch, 2000). It was also found that dusts
trapped on mats during Harmattan seasons in the north of Ghana
(closer to the source of the Sahara) had lower concentrations of organic
C than in the South of Ghana (e.g. in Kade, close to Kumasi (BreuningMadsen and Awadzi, 2005)). The Southward enrichment of the carbon
content of the dust was attributed to trapping of organic matter (from
e.g. bush ﬁres) during long range transport of the dust and faster sedimentation of mineral part of the dust than the organic part of the
dust. It was also shown that in most cases the organic matter content
of the Harmattan dust was higher than in the local soils (Breuning-

Madsen and Awadzi, 2005). The average concentration of TC is slightly
lower in Kumasi street dust than in Xi'an (China). This is probably because of the higher population density, higher level of industrial activity
and vehicular transport in Xi'an (China), compared to Kumasi, Ghana
(Bandowe and Nkansah, 2016; Wei et al., 2015; Y.M. Han et al., 2009).
The TN concentrations in Kumasi street dust are similar to the values
from previous studies in Xi'an and Chengdu, China which showed
values of 2.3 mg g−1 (range: 0.8–5) and 1.2 mg g−1 (range: 0.7–2), respectively (Wei et al., 2015; Zhang et al., 2014). The concentrations of
TS in street dust (PM10 fraction) from Barcelona, Girona and Zürich averaged 7 mg g−1, 9 mg g−1 and 4 mg g−1, respectively (Amato et al.,
2011), which is higher than that in Kumasi street dust. The wide spatial
variation in the TC, TN, TS (Table 2) of street dust of Kumasi is due to the
fact that street dusts are more inﬂuenced by differences in source characteristics and proximities (e.g. trafﬁc density, type of cars, characteristics of neighborhoods where the street is located, nature of road, speed
of vehicles; Table 1; Amato et al., 2011; Lee and Dong, 2010;
Boonyatumanond et al., 2007). Our results also showed that TC, TN
and TS in street dusts were strongly positively correlated with each
other (r = 0.77–0.91, p b 0.01, Fig. S1). Such strong correlations indicate
the common origin and fate of these elements as components of organic
matter, aerosols, fossil fuels, brake wear, asphalt, tire, vehicular exhaust
emissions, and crustal materials that get deposited on roads. Carbon, N
and S can also be emitted in gaseous forms (SO2, NH3, NOX, CO or
non-methane hydrocarbons) or as re-suspended particulate phase
(NH4+, NO3−, SO42−) (Karjalainen et al., 2014; Amato et al., 2011;
Baumbach et al., 1995). The TC/TN ratio in Kumasi street dust averaged
25 (range: 13–51). The highest TC/TN ratio was found in the most industrialized sites, while the lowest was found in the KHS. The KNUST
sites had low TC/TN values (ca. mean 18), but several sites (KHS, CNM,
AHI, BMT, DMH, AYM) had lower TC/TN ratios than that of the background site (Table 2). These sites which had lower TC/TN ratios were
not necessarily less contaminated with TC than the KNUST sites. TC/
TN ratios are inﬂuenced by both the intensity of anthropogenic pollution and the source characteristics. Areas inﬂuenced by higher amounts
of organic biomass/biofuel that are protein rich might lead to lower TC/
TN ratio than areas inﬂuenced by fossil fuel emissions, which may be
richer in C and poorer in N (Widory, 2006; Widory et al., 2004; Talbot
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and Johannessen, 1992). The range of TOC/TN in vegetation near the
catchment, and in surface sediments of Lake Bosumtwi, Ghana, was
26–156 and 26–47, respectively (Talbot and Johannessen, 1992). Street
dust of Xi'an, China, has an average TOC/TN ratio of 16 (Wei et al., 2015).
Morogoro, Tanzania, showed average TC/TN ratio of 10.5 ± 2.6 in PM2.5
aerosols and 11.1 ± 1.8 in PM10 aerosols (Mkoma et al., 2014). In Indian
cities, the TC/TN ratios in atmospheric aerosols ranged 1.9–8.4. Emissions from industrial and road trafﬁc sites in India yielded higher TC/
TN ratios of 13 and 22, respectively, while biomass burning of plants collected in India yielded TC/TN values of 8–32 (Agnihotri et al., 2011).
3.2. Black carbon, soot and char in street dust
The concentration of BC, char and soot in Kumasi street dust averaged 1.55 mg g−1 (range: 0.13–4.37), 1.19 mg g−1 (range: 0.08–3.66)
and 0.36 mg g−1 (range: 0.05–1.47). In street dusts from Xi'an, China
the BC, char and soot concentrations, averaged 5.5 mg g−1 (range:
2.7–9.4 mg g−1), 2.8 (range: 1.4–4.8) and 2.8 (1.3–5.9) mg g−1, respectively (Wei et al., 2015). The BC contribution to the TC in Kumasi street
dusts averaged 5% (range: 3–13.2%), which is lower than the average of
47% (range: 31–65%) in Xi'an street dust (Y.M. Han et al., 2009) and the
20.5% (3.3–36.1%) in atmospheric PM2.5 from Ashaiman, Ghana (Ofosu
et al., 2012). The higher proportion of BC in Ashaiman PM2.5 maybe a result of its smaller particle size and the fact that Ashaiman is close to the
Tema Harbour and the major industrial city in Ghana, Tema (Ofosu et al.,
2012). The higher concentrations of pyrogenic C species and proportion
of pyrogenic carbon species in Xi'an street dust is consistent with the
higher population density and higher levels of industry, power plants
and coal usage in Xi'an than in Kumasi (Wei et al., 2015; Y.M. Han
et al., 2009). For each of the pyrogenic carbon species (BC, soot and
char) the highest concentration was observed in Suame Magazine
(SMS, SMC) or CTD, while KNUST (the background location) samples
had the lowest concentrations (Table 2). Enrichment factors of BC,
char and soot average 5 (range: 0.8–13), 6 (0.7–13.4) and 3.2
(0.5–12), respectively. The higher enrichment factor of char than soot,
in the Kumasi street dust might be an indication of the higher inﬂuence
of low temperature/biomass combustion sources on the C content of the
street dust and also that the street dust (and its C content) originates
from close range sources. In general, high temperature combustion (vehicular/industrial processes) produces low char/soot concentration ratios, while lower temperature combustion (domestic processes e.g.
cooking and biomass burning) produces higher values (Han et al.,
2016, 2012, 2010, 2009). The char/soot ratio ranged between 0.9
(BMT: Bantama metro bus terminal) to the highest value of 30 (AYM:
Ayigya market). We interpret this as indication that the BMT location
is mostly affected by vehicular emission, while at the market site low
temperature combustion of fuel wood, like charcoal might be the
main source of pyrogenic carbon. The char/soot concentration ratio
(Table 2) was N5 in street dust of 6 locations (SWW, OLT, AMC, AYM,
ASY and CTD), which suggests that the main source of the BC in the
street dusts from these locations were from biomass burning and domestic combustion activities (Han et al., 2010). As per the observations,
the sources of street dust at the 6 locations (with char/soot ratio N 5) are
classiﬁed as diverse, but road classiﬁcation could be major or minor
(Table 1). High input from domestic combustion activities for cooking,
which mainly rely on charcoal, wood and LPG gas, may explain the observed char/soot concentration ratio. We suggest that the ratios in street
dusts from the other remaining locations, which ranged between 0.9
and 3.5 (Table 2), might be dominated by vehicular emissions/fossil
fuel combustion emissions. The spatial distributions and temporal variations of BC in atmospheric PM from some West African sites have been
reported (Zhou et al., 2014, 2013; Doumbia et al., 2012; Ofosu et al.,
2012; Cachier et al., 1989). These studies reveal that in urban areas,
the intensity of cooking activities (wood/charcoal burning) near streets,
burning of trash/biomass, forest/savannah ﬁres, trafﬁc density and quality of roads (paved vs. unpaved) all strongly inﬂuence PM and BC levels
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(Zhou et al., 2013; Doumbia et al., 2012; Rooney et al., 2012). Periods associated with high biomass burning, extensive vehicular transport, and
the Harmattan season are associated with high BC concentrations in
West Africa (Zhou et al., 2013; Doumbia et al., 2012; Ofosu et al.,
2012; Rooney et al., 2012; Cachier et al., 1989). In Bamako, Mali, BC concentrations were highest in the city centre and the market place, which
was explained by high trafﬁc density, restaurants and motorcycle repair
shops in and around the market place and city centre (Doumbia et al.,
2012). In Accra, Ghana, the highest BC concentration in PM was measured in James Town, a poor neighbourhood with high usage rate of biomass for household cooking (Zhou et al., 2014, 2013). Hence, we argue
that the spatial distribution of BC, soot, char as well as the char/soot
ratio can be explained by the characteristics of the road, neighbourhood,
vehicular trafﬁc intensity and the sources as explained in the papers
above and in Table 1, Fig. 1.
3.3. Relationships between organic matter properties and PACs in street dust
A correlation analysis and PCA was conducted between the concentrations of the TC, TN, TS, BC, soot, char, δ13C, and concentrations of PACs
determined in the same samples and reported in a previous study
(Bandowe and Nkansah, 2016). ∑Alkyl + parent-PAHs concentrations
were strongly correlated (p b 0.05, n = 25) with the concentrations of
TC (r = 0.93), TN (r = 0.79) and TS (r = 0.87). Signiﬁcant correlations
were also observed between concentrations of ∑OPAHs and TC (r =
0.83), TN (r = 0.65) and TS (r = 0.81) and between the concentrations
of ∑AZAs and TC (r = 0.80), TN (r = 0.72) and TS (r = 0.80, Figs. S1 &
S2). The PCA (Table S2) extracted 3 principal components. The ﬁrst
principal component showed high loading for TC, TN, TS, and PACs.
These correlations and PCA extractions are an indication of the common
sources and fates of C, N, S and PACs in these street dusts. Similarly, correlations between ∑Alkyl + parent-PAHs and TOC in urban dust had
been reported from cities in China (Wei et al., 2015; B. Han et al.,
2009; Y.M. Han et al., 2009) and between TOC, TN and OPAHs and
AZAs in urban soils of Bangkok, Thailand (Bandowe et al., 2014).
∑Alkyl + parent-PAHs also showed signiﬁcant correlations with
the pyrogenic carbon fractions [BC (r = 0.80), char (r = 0.78) and
soot (r = 0.67), Figs. S1 & S2]. The concentrations of BC (r = 0.69),
char (r = 0.68) and soot (r = 0.60) also signiﬁcantly correlated with
the concentrations of ∑OPAHs. The concentrations of ∑AZAs did
show signiﬁcant correlations with BC (r = 0.63), char (r = 0.60) and
soot (r = 0.60, Figs. S1 & S2). The PCA also showed BC, soot, char, extracted with high loading in the ﬁrst principal component together
with TC, TN, TS and PAC groups (Table S2). Thus, it can be concluded
that the spatial distribution of the concentrations of the species (TC,
TN, TS, BC, soot and char) and PAC groups in street dust are very similar.
The reason for the similar spatial distribution is their similarity of
sources and fate.
3.4. Relationship between δ13C of street dusts, sources and intensity of
pollution
The δ13C in the street dust of Kumasi ranged from −26.66 to
−23.98‰ (Fig. 2).
These δ13C values in Kumasi street dust are more depleted than the
average of −17.0‰, −22‰ in street dust (of paved road) and PM2.5
street dust, respectively from Mexico City (López-Veneroni, 2009).
The values are also more negative than the −1.8‰, −16.4‰, and
−18.4‰ measured in BC of street dust from asphalt, curbstone and concrete streets in Japan (Kawashima and Haneishi, 2012). We cannot explain the differences between the values in our street dust and those
from Mexico and Japan, except to point out the particle size differences
and also the fact that in the Japan samples the BC was considered while
in our samples the TC was considered. The δ13C of BC is less than the
δ13C of TC, because of the higher contribution of fossil fuels to BC. The
δ13C values in Kumasi street dusts are similar to values measured in
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Fig. 2. Stable carbon isotope values of street dust from Kumasi.

atmospheric aerosols of the forest region of the Ivory Coast (−24.8 to
−25.8‰), and Morogoro, Tanzania (during the wet season: −24.3 to
−26.1‰) (Cachier et al., 1985; Mkoma et al., 2014). Our values were
also more depleted than in atmospheric aerosols from the savannah region of West Africa (−19.7 to −29.1‰) and during the dry season in
Morogoro (−20.6 to −22.4‰), when aerosol concentrations are more
inﬂuenced by emissions from burning of savannah vegetation
(Mkoma et al., 2014; Cachier et al., 1985). Combustion of biomass (agricultural refuse, wood, and charcoal), and fossil fuel (gasoline, diesel,
LPG, kerosene, engine oils in raw or their combustion emissions)
could also contribute to carbon content of street dust. The typical δ13C
associated with various fossil fuels, biomass, their combustion products
have been reported in previous studies (López-Veneroni, 2009; Widory,
2006; Widory et al., 2004; Glaser, 2005; Cachier et al., 1985) and summarized in supplementary information. The δ13C values in our street
dust fall within the range for C3 plants (Glaser, 2005), and soils and
lake sediments sampled from similar climate zone/ecosystems of West
Africa (Cachier et al., 1985; Talbot and Johannessen, 1992; see Supplementary information). However, the δ13C signals of Kumasi street dust
are more depleted than those for C4 plants in West Africa (Cachier
et al., 1985; Talbot and Johannessen, 1992). The street dusts at each location in Kumasi are obviously impacted by mixtures of sources (with
differences in δ13C signals). The lowest (most negative) values of δ13C
were found for the street dust from Suame locations (SMS, SMC:
which are the most industrialized sites (with auto repair and garage activities)) while the most enriched δ13C values were found in residential
locations of PAE (a residential location), CNM (central market) and
three KNUST (background locations) (Fig. 2, Tables 1 & 2). The variations in the δ13C of street dust from the different locations in Kumasi
(Fig. 2) might therefore reﬂect differences in sources and or intensity
of pollutions. To further elucidate the causes of the differences (in
δ13C), a correlation analysis was conducted between the δ13C and indicators of the level of pollution (i.e. concentration of ∑alkyl + parentPAHs, TC, BC) and also markers of speciﬁc sources of pollution (retene,
∑COMB-PAHs, ∑LMW-PAHs, char/soot ratio and BC/TC, Fig. 3). The
∑COMB-PAHs, ∑LMW-PAHs, retene are markers of high temperature
combustion (e.g. vehicular emissions), low temperature combustion/
petrogenic sources and biomass burning sources, respectively. The BC/
TC and char/soot ratio can be used to infer relative impact of high vs
low temperature combustion sources.
The δ13C was negatively correlated with ∑alkyl + parent-PAHs
(r = −0.60; Fig. 3d), TC (r = −0.57; Fig. 3a) and BC (r = −0.54;
Fig. 3b). The δ13C was also signiﬁcantly correlated with the speciﬁc
sub-groups of PAHs [retene (r = −0.64), ∑LMW-PAHs (r = −0.59)
and ∑COMB-PAHs (r = −0.51)], but not signiﬁcantly with the ratios
char/soot or BC/TC (Fig. 3c, Fig. S1). This was further conﬁrmed by the

PCA loadings in which the concentrations of the considered chemicals
species were extracted in different principal components than the
δ13C values (Table S2). Moreover, this conﬁrms the perception that
areas with high contamination levels should generally show more depleted δ13C values, reﬂecting the signiﬁcance of the contribution of fossil fuels (Widory, 2006; Widory et al., 2004, Supplementary
Information). BC from combustion of diesel tend to be lower in δ13C
values than from oil or natural gas (Widory, 2006; Widory et al.,
2004). The sites with δ13C values (Fig. 2) higher than those of our background sites (KNUST-1, KNUST-2 and KNUST-3) were PAE, AHI and
CNM (Figs. 1 & 2, Table 1). PAE and AHI are both classiﬁed as residential
areas with relatively lower concentrations of TC, TN, TS and BC in their
dusts. The contribution of plant biomass (C3, C4 biota) to TC should be
higher at the less contaminated sites. The contribution of C4 plants in
background locations likely shifts the δ13C towards higher values. In
the case of the market site (CNM, Central Market), we suggest that its
higher TC, TN and TS, as well as the relatively enriched δ13C are strongly
inﬂuenced by cooking, roasting, raw biomass, and biomass burning activities that take place in the market. Hence, the enriched δ13C values in
their street dusts might be due to a high proportion of their carbon content originating from C4 plants.
3.5. Classiﬁcation of sampling sites based on their composition
The sampling sites were clustered into four groups by the HCA
(Fig. 4).
One cluster (CLUSTER 1) included the background locations (KNUST
1–3) and AHI (also a residential location). The sites in CLUSTER 1 represent the background pollution, with the lowest average concentrations
of chemical species (C, N, S, Black carbon, soot and char) and the highest
average (most enriched) δ13C values (Figs. 4 & 5). A second cluster
(CLUSTER 2: BYS, WC1, KHS, AME, PAE, ASY), was the next in ranking
to the background cluster in terms of the average concentrations of
chemical species (Table 2, Figs. 4 & 5), but a more negative average
δ13C value than in CLUSTER 1 (Figs. 4 & 5). These streets include a pavement in a recreational location (BYS), streets on college campus (WCI &
KHS), residential area (PAE) and minor roads (ASY). The next cluster
(CLUSTER 3: DMH, KWS, DCS, OLT, AYM, MAH and AMC), was the next
in ranking, with higher average concentrations of chemical species
(than CLUSTER 1 & 2), but more negative average δ13C than that of
CLUSTER 1 & 2 (Table 2, Figs. 4 & 5). This cluster included a major
road in a residential area (DMH), but also minor roads and sites characterized by small businesses and industries but diverse anthropogenic
activities (Table 1). The highest polluted sites were grouped into a cluster (CLUSTER 4: ASM, SWW, BMT, SMC, SMS, CTD, ABO and CNM),
representing sites with the highest concentrations of the chemical species and the most negative average δ13C values (most depleted)
(Table 2, Figs. 4 & 5). These streets are generally characterized by larger
industries, intensive commercial activity and busy/major streets
(Tables 1 & 2: markets (ASM, CNM), bus terminals (BMT), and auto repair industrial areas (SMS, SMC)). In summary the average values (concentration/ratio) for the variables (TC, TN, TS, BC, soot, char, TC/TN)
increased with clusters: CLUSTER 1 b CLUSTER 2 b CLUSTER 3
b CLUSTER 4, while for δ13C, the opposite trend (CLUSTER 1
N CLUSTER 2 N CLUSTER 3 N CLUSTER 4) was observed (Fig. 5). The BC/
TC ratio was similar for all the 4 clusters while in the case of char/soot
ratio the trend was (CLUSTER 1 b CLUSTER 2 b CLUSTER 4 b CLUSTER
3). An exceptionally high char/soot ratio at location AYM was the reason
for the change in trend (Fig. 5).
4. Conclusions and implications
The study revealed signiﬁcant concentrations of C, N, S, BC, soot and
char in the street dusts from Kumasi, Ghana. There was a signiﬁcant correlation between TC, TN, TS, BC, soot and char on the one hand, but also
correlations between these chemical species and polycyclic aromatic
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Fig. 3. Relationship between δ13C and [a] TC, [b] BC, [c] ratio of BC and TC, [d] ∑alkyl + parent-PAHs, [e] ∑10 OPAHs, and [f] ∑4 AZAs. TC, BC, BC/TC, ∑alkyl + parent-PAHs and ∑10
OPAHs had to be log-transformed to achieve normal distribution. The line shows the regression line according to the given regression equation with coefﬁcient of determination (R2), and
signiﬁcance (p).

compounds (PACs). These relationships reveal the similarities in the
sources and fate of bulk particulate organic matter and speciﬁc toxic organic compounds such as PACs. The δ13C in the street dusts were in general more depleted at locations with high concentrations of TC, TN, TS,

BC and PACs. This suggests the potential use of δ13C values in street
dust as indicator for other pollutants originating from fuel burning,
such as BC, PACs, secondary inorganic aerosol and secondary organic
aerosols.

Fig. 4. Dendrogram of the hierarchical cluster analysis for the 25 sampling sites based on 52 chemical species.
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Fig. 5. Average (bar) ± standard deviation of the concentrations of chemicals species: [a] TC, [b] TN, [c] TS, [d] BC, [e] Soot, [f] Char, and ratios [g] δ13C, [h] TC/TN, [i] char/soot of each of the 4
clusters as deﬁned by the hierarchical cluster analysis.

The relatively high human activities and population density at locations with high concentrations of street dust bound chemical species ultimately leads to exposure of West African urban dwellers to
hazardous levels of toxic pollutants. The exposure is particularly
high for people living in low-income neighborhoods, closer to busy
streets and/or work as street vendors i.e., relatively poor people.
Street dust composition will partly reﬂect air PM components
which are formed in gas-to-particle conversion (secondary inorganic
and organic aerosol including semi-volatiles) (e.g., Cequier et al.,
2014). Many toxic substances found in dust partition between settled dust and the gas-phase, as well as between the phases of the atmospheric aerosol (Weschler and Nazaroff, 2010; Tomaz et al.,
2016). Therefore, these add to the human health risks through inhalation in both gaseous and particulate form. In order to minimize the
exposure to hazardous environmental chemicals in urban areas of

West Africa, efforts must be made to reduce the sources (and toxic
contents) and human exposure to street dust.
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