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ABSTRACT 

 

The aim of this study is to investigate the Sub-

Saharan Africa air pollution in Côte d’Ivoire, 

Senegal, and Benin by studying fine particles 

PM2.5 and to bring out their physicochemical 

characteristics in order to have a better 

knowledge on the African air pollution. Though 

these countries don’t share the same borders, 

their urban environments reveal similarities as 

regards higher concentrations of PM2.5. 

Likewise, similar repartitions of trace elements 

were recorded in the three countries. The ratio 

of specific surface area to the proportion of 2.5 

µm fraction was 0.1 in the three countries. This 

ratio could be used to investigate African urban 

air. Moreover, xylene/ethylbenzene ratio was 

very high (11.1 in Senegal and 4.2 in Benin). 

This suggests a high photochemical reactivity 

attributable to the greatest presence of ozone in 

atmosphere. All results indicated that its main 

cause is traffic emission. Others studies in 

African cities are necessary in order to exclude 

the possible industrial dust and soil influence. 

 

Keywords: Air pollution, Particulate matter, 

Sub-Saharan Africa, Physicochemical 

characterization, Diagnostic ratio 

 

INTRODUCTION 

Urban air pollution is estimated to have 

been the cause of the 1.3 million annual 

deaths worldwide and 82,000 annual deaths 

in Sub-Saharan Africa in 2008 (1). Also, the 

World Health Organisation (WHO) reported 

an increase of 16 % of the total number of 
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deaths attributable to outdoor air pollution 

as compared to the year 2004. In 2008, 

according to the WHO, African countries 

such as Côte d’Ivoire, Senegal and Benin, 

recorded 3,669, 1,441 and 916 annual 

deaths, respectively, caused by urban air 

pollution. Moreover, children under 5 years 

old are the most vulnerable group due to the 

immaturity of their respiratory systems. 

They represent 8, 20, and 13 % of the total 

number of deaths per year in Côte d’Ivoire, 

Senegal and Benin, respectively. This 

African outdoor air pollution is due to the 

migration of rural population to urban areas 

in search of better economic conditions, 

employment or sheer survival (2). It is also 

explained by the unplanned and 

unsustainable development of transports 

especially increasing second-hand cars (3,4) 

and motorbikes (5,6). 

Accordingly, air pollution is becoming a 

major environmental and health concern in 

Sub-Saharan Africa. In recent decades, 

concerns have been raised and it indicated 

that VOCs, PM2.5 and their toxic 

components (heavy metals, Paraffin, PAHs, 

water soluble ions, etc.) were responsible 

for adverse health and environmental effects 
(7–12). Urban air PM is mainly originated 

from incomplete fuel combustion of motors 

but they also depend on global 

characteristics of urban cities. For instance, 

Abidjan (Côte d’Ivoire) is characterized by 

6.8 million inhabitants (in 2011), with high 

emission from buses and utility vehicles, oil 

refineries, gas flares, electrical power 

stations, biomass bush burning, biomass 

burning for cooking purposes, uncontrolled 

waste burning and blowing sand from the 

Sahara Desert (13,14). In Dakar (Senegal), the 

population is estimated to 3.2 million 

residents (in 2011). The majority of the 

population carry on their main activities in 

the center of Dakar and this brings about 

congestion and traffic jams. Dieme et al. (15) 

reported that the city develops many 

industrial activities but it is filled with diesel 

buses which are the main mode of transport. 

Some activities by their nature, as those 

related to lead, provoke a higher level of air 

pollution (16,17). Dakar is often swept across 

by laden wind of desert. In Cotonou 

(Benin), the population is estimated to 1.2 

million of residents. Throughout the city, it 

is easy to note an exposition to gasoline 

cans and bottles along the roadside and to 

observe above the different crossroads, a 

thick layer of smoke which wraps the 

population. The town is identified by the 

lack of public transport and the galloping 

increase of the widespread use of 

motorbikes, particularly the phenomenon of 

motorbike-taxi drivers commonly known as 

“Zemidjan”, which is the main means of 

transport both faster and cheaper with door-

to-door trips.  The city had more than 

94,000 motorbikes and more than 350,000 

old second-hand cars (5,18).  

In addition, numerous epidemiological 

studies have shown the relationship between 

PM and harmful health effects (9,11,19) and 

assess these adverse impact using chemical 

and physical characterization of PM (source, 

size, mass, surface area, organic 

composition, metals, etc.) (20–23). Airborne 

PM with aerodynamic dynameters below 

2.5 μm (PM2.5) are the most toxic particles 
(13,24). In most of the developing countries, 

limited data are available about 

physicochemical characterization of urban 

particulate matter associated to adverse 

health effects assessment (13,25,26). 

The aim of this study is to investigate Sub-

Saharan Africa air pollution in three 

countries, Côte d’Ivoire, Senegal, and Benin 

by studying fines particles PM2.5 through 

their physical and chemical characteristics 

in order to have a better knowledge on the 

African urban air pollution. 

 

Analytical procedures 

Sample collection  

Comparative sampling sites were Abidjan 

(5°20'16.94"N, 3°59'59.86"W; Côte 

d’Ivoire), Dakar (14°40'14"N, 17°26'17"W; 

Senegal), and Cotonou (6°22'2.3"N, 

2°25'46.4"E; Benin) (Figure 1). PM2.5 

samplings were carried out on continuous 

collection in each country and were 

performed from December 12, 2007 to 
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December 17, 2007 (Côte d’Ivoire), from 

July 2009 through September 2009 

(Senegal), and from November 16, 2010 

through December 08, 2010 (Benin). The 

trajectories of air mass were performed 

using the NOAA HYSPLIT model. This 

model is available on the Web 

(http://ready.arl.noaa.gov/hysplit.php). 

Concerning the wind speed average during 

the period collection, it was 3.5 m/s in Côte 

d’Ivoire, 3.4 m/s in Senegal, and 3.0 m/s in 

Benin. As collection method, particles 

samplings were collected with by using high 

volume cascade impaction air samplers 

(Staplex, New-York, USA) as described by 

Billet et al. (27). The impactor’s plates were 

mounted without any filter and backup filter 

to maintain a constant aspiration flow rate 

(i.e., 80 m3/h). 

 

 
Figure 1: Map of urban sampling sites of the three countries 

 

PM size distribution and specific surface 

area 

Laser granulometry (Beckman Coulter 

LS13 320MW with Universal Liquid 

Module) has been used to study the PM size 

distribution. The laser granulometer 

measures particle size distribution over the 

range from 0.017 to 2,000 µm and based on 

polarization intensity differential scattering 

(PIDS). Duration of each measure was 1 

min and limit of beam obscuration was 8 - 

12 %. The power had been adjusted between 

-4 mV and +4 mV. 

Specific surface area analysis was 

performed with Quantasorb® Surface Area 

Analyzer (Quantachrome Corporation, New 

York, U.S.A.) which is based on Brunauer 

Emmett Teller (BET) method. Particle 

samples placed in a small Pyrex U-shaped 

cell were outgassed at 200 °C and volumes 

of pure nitrogen gas adsorbed to their 

surface at -196 °C (liquid nitrogen 

temperature). Amount of nitrogen absorbed 

at various partial pressures was used to 

calculate sample’s surface area. 

 

Trace elements, soluble chemical species 

and organic compounds  

PM samples were digested with HNO3 and 

HClO4 (ratio 1:2, v/v) using microwave 

digestion (MARS 5 XPRESS, CEM 

Corporation). Thereafter, the solutions 

obtained were filtered by Whatman 

cellulose filters and analysed by ICP-MS 

(Varian 820 MS) as described by Cazier et 

al. (28). 

Soluble species were determined by ion 

chromatograph Dionex DX 100 coupled 
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with Dionex ICS 900. Samples were 

previously extracted and filtered on 

cellulose acetate filter 0.45 µm and then 25 

µL were injected in chromatograph. Soluble 

anions were determined by chemically 

suppressed ion chromatography (carbonate 

1mM/bicarbonate 3.5 mM eluents and 

AG14A/AS14A columns, 1.2 mL/min, 

Dionex DX 100). Soluble cations were 

determined by chemically suppressed ion 

chromatography (methane sulfonic acid 20 

mM eluents and CG12A/CS12A columns, 1 

mL/min, Dionex ICS 900). 

Chromatographic data were analyzed by 

Chromeleon® software.  

Volatile organic compounds (VOCs) 

analysis were carried out as published by 

Caplain et al. (29). At the beginning, samples 

have been trapped in glass tubes prior and 

desorbed by thermal desorption between  

220 and 300°C using GC/MS (Combi 

Injector/Desorber module - EM640 Brüker).  

Polycyclic aromatic hydrocarbons (PAHs) 

and paraffins adsorbed on PM samples were 

extracted with dichloromethane by soxhlet 

after the thermal desorption. Extracts were 

concentrated under nitrogen flux and 

injected in a gas chromatograph (VARIAN 

3800) coupled to a mass spectrometer 

(VARIAN 1200 TQ). The capillary column 

is a Factor four VF-5 ms (30 m x 0.25 mm x 

0.25 µm) and used helium as carrier gas. 

The total time for this analysis was 60 min; 

40 °C for 5 min, 5 °C/min up to 310 °C and 

310 °C for 3 min. The parameter of mass 

detector was impact electronic ion current = 

70eV and temperature of source 280 °C. 

The samples were analyzed between 40 and 

350 mass unit. Compounds were identified 

by comparing retention times of 

chromatographic peaks from samples with 

those from standard mixtures and by 

comparing mass spectra with those 

contained in NIST and/or WILEY libraries.  

 

RESULTS AND DISCUSSION  

Comparative table of demographic 

characteristics  

PM studies were conducted in urban area of 

Côte d’Ivoire, Senegal, and Benin. These 

countries have enjoyed a strong 

demographic growth for several years. 

Table 1 summarized demographic changes 

in the three countries under study. Impact of 

air pollution PM on the health of the 

population, particularly on children living in 

city, would be associated to the main 

conducted activities. It is important to 

underline that despite the relatively low 

population density in Senegal, the rate of 

children death was higher than those 

reported in Côte d’Ivoire and Benin. This 

difference is most likely due to the activity 

relating to the smelting of lead performed 

by some companies (16,17) and high emission 

level of diesel old motors. In Benin, many 

women with small children sell gasoline in 

bulk along the roadside. Moreover, 

motorbike-taxi drivers generate a lot of 

exhaust gas in the air due to the poor 

maintenance of motors (6). PM2.5 

physicochemical characteristics are 

necessary to explain potential sources of 

urban air pollution. 

 
Table 1: Comparison of population characteristics of the three urban cities 

Cities/Countries City population 

(2011) 

x 106 

Density 

x 103 

resid/km2 

Main town characteristics Annual 

deaths 

(AUP - 

2008) 

Children deaths 

under 5 years 

% (AUP - 2008) 

Cotonou  
(Benin) 

1.2 15 Zemidjan phenomenon, gasoline carboys 
along roadside, old second-hand cars 

916 13 

Abidjan  

(Côte d’Ivoire) 

6.8 16 Old buses and vehicles, bush and waste 

burning  

3669 8 

Dakar  
(Senegal) 

3.2 5.8 Many diesel buses, congestion and traffic 
jams, lead activities 

1441 20 

AUP = attributable to urban air pollution; resid = residents 

 

Sampling conditions and PM2.5 

concentrations 

This comparative study focuses on PM2.5 

concentrations in ambient air and 
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meteorological parameters that could 

influence their presence.  

According to the NOAA Hysplit backward 

trajectories, the air masses originated from 

the sea and went through the three cities 

under study (Figure 2). Overall, Table 2 

reported a relatively low wind speed during 

the collection period on the three sites. 

Prevailing wind direction showed that wind 

was blowing from Atlantic Ocean during 

that period and thus, the wind was not under 

the influence of the Sahara Desert (northeast 

wind called Harmattan) (30). This is rather a 

maritime trade wind (southwest wind or 

monsoon). The highly relative humidity 

confirmed the origin of dominant wind. 

Temperature was relatively stable over the 

considered period as compared to West 

African average temperature (28 °C). 

Weinstein et al. (30) obtained in Guinea 

PM2.5 concentrations (177 µg/m3) near to 

those recorded in Benin; this value was 

found in harmattan period. It means that 

PM2.5 concentrations in Benin would come 

at a very high level under harmattan 

influence. It is important to note that all 

values of PM2.5 concentrations found in the 

three countries greatly exceed standards set 

by the World Health Organization (31) (25 

µg/m3 - 24h average concentration and 10 

µg/m3 annual average). Physicochemical 

characteristics provide more understanding 

on high level of PM concentrations. 

 

 
Figure 2: Trajectories of air masses on sampling sites of the three countries 

 
Table 2: Meteorological conditions during the different collections in the three countries 

Cities/ 

Countries 

Period Location  

site 

Average 

temperature 

(°C) 

Relative humidity 

(%) 

Average 

wind speed 

(m/s) 

Wind 

direction 

PM 

concentrations 

(µg/m3) 

Cotonou  

(Benin) 

Nov-Dec 6°22'2.3"N 

2°25'46.4"E 

31.4 72 3.0 SSW 180.9 

Abidjan  

(Côte d'Ivoire) 

Dec 5°20'16.94"N 

3°59'59.86"W 

28.0 n.a. 3.5 SSE 105.6 

Dakar 

(Senegal) 

Jul-Sep 14°40'14"N 

17°26'17"W 

28.0 82 3.4 SSW 75.1 

n.a. = not available 

 

PM2.5 physical characteristics 

Numerous studies established the 

correlation between particle characteristics 

and biological responses (22,32,33). Table 3 

showed up PM size distribution and ability 

to absorb chemical compounds on their 

surface.  

According to Table 3, values of Cotonou, 

Abidjan, and Dakar indicated similar and 

significant proportions of PM2.5 fraction in 

ambient air. PM fraction ranged from 1 µm 

to 0.5 µm were the same in the studied 

countries considering the ratio of this 

fraction against PM number below 2.5 µm. 

Contrariwise, Dakar’s particles were 
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abundant in ultrafine particles as compared 

to the ratio found in Benin. Moreover, PM2.5 

of the three cities presented the similar ratio 

of specific surface area/PM2.5 proportion. 

This suggests that surface area of particles is 

strongly associated to the proportion of 2.5 

µm fraction. This ratio could be used to 

estimate one of the parameters by knowing 

the other one and to appreciate ability of PM 

to absorb harmful compounds associated 

with adverse health effects. However, these 

findings need to be confirmed by future 

studies on West African particle samplings.   

 

Table 3: PM size distribution and specific surface area in the three urban cities 

Cities/Countries PM number (%) surface area 

(m2/g) 

ratio  
≤ 2.5 µm 

 
1- 0.5 µm ratio 

 
0.5 - 0.33 µm ratio 

 

Cotonou (Benin) 97.5 
 

55.2 0.6 
 

24 0.2 
 

10.7 0.1 

Abidjan (Côte d'Ivoire) 88.3 
 

n.a. n.a. 
 

n.a. n.a. 
 

9 0.1 

Dakar (Senegal) 94.7 
 

61.4 0.6 
 

35.5 0.4 
 

12.7 0.1 

The ratios have to be calculated in relation to PM number ≤ 2.5 µm; n.a. = not available 

 

Inorganic and organic compounds comparative study 

Trace elements had been usually correlated to natural environment (e.g. Na, Mg, Ca, Ti) and 

anthropogenic origin (e.g. Fe, Al, Mn, Ba, Cr, Zn, Pb, Cu) (15,22). In this comparative study, 

inorganic elements in urban air of Côte d’Ivoire, Senegal, and Benin are heterogeneous 

(Table 4). 

 
Table 4: Inorganic elements on PM2.5 air pollution in Abidjan, Dakar, and Cotonou 

Metals    Percentage (%)  
Cotonou   Abidjan   Dakar 

Al 41.7 
 

32.8 
 

36.0 

Ba 0.4 
 

n.a. 
 

0.3 

Cr 0.1 
 

0.8 
 

0.0 

Cu 0.3 
 

0.1 
 

0.1 

Fe 34.4 
 

29.4 
 

39.1 

Mg 7.0 
 

3.9 
 

8.4 

Mn 0.6 
 

0.4 
 

0.3 

Pb 0.2 
 

0.3 
 

0.1 

Sr 0.2 
 

n.a. 
 

0.3 

Ti 1.2 
 

2.1 
 

2.2 

Zn 1.3 
 

0.2 
 

0.3 

Others 0.2   0.1   0.1 

 

Cities under study registered the greatest 

concentrations in Al, Fe, Mg, and Na and 

these values were similar. In African 

countries, there is red soil rich in iron which 

contains iron oxide (Fe2O3) and aluminium 

oxide (Al2O3) due to the strong presence of 

bauxite. Extraction activities with the 

processing of bauxite to final aluminium 

products can explain the high value of iron 

and aluminium in African ambient air. 

Moreover, urban PM2.5 of the three 

countries hold in transition metals and 

alkaline soil metals which are usually found 

in African ground (34). Among these trace 

elements there are Cr, Pb, Zn, Cu, V and Cd 

that are carcinogenic (35,36). Many studies 

attributed the presence of atmospheric 

heavy metals to natural emissions, traffic 

emissions and industrial metallurgical 

processes  (37–39). However, it is crucial to 

investigate West African soil in order to 

discount the possibility of soil pollution 

influence. 

With regards to ionic species concentrations 

(Figure 3), PM were abundant in calcium, 

nitrate, sulphate, sodium, and chloride ions. 

Sodium and chloride ions profiles are 

similar and likely due to the marine dust 

influence (28,40). Significant amounts of 

calcium could come from natural erosion 

and/or dust of cement industry. In Cotonou 

(Benin), cement industry is located at about 

1 km of the sampling site. Furthermore, 

sulphate and nitrate are anthropogenic 

activities (15,22,28,41,42). High nitrate value 

observed in Abidjan (Côte d’Ivoire) 

indicated an anthropogenic contribution 

particularly animal and human waste (43). 
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Figure 3: Ionic species profile in PM2.5 of the three countries under study 

 

In this study, West African countries under 

study recorded heterogeneity of paraffins 

(Figure 4). High level in C16 and C25 were 

found in urban PM2.5 of Abidjan and high 

C33 in Cotonou. Overall, urban ambient air 

of studied countries was abundant in C20-

C30. In the literature, paraffins ranged from 

C13 to C19 indicated microbiota and diesel 

influence and C20-C37 are attributed to fossil 

fuel rubbish and plant waxes (28,44,45). 

Kotianová et al. (46) reported that n-alkanes 

up to C20 are attributed to gasoline powered 

vehicles and until C25 are due to heavy duty 

diesel trucks. In short, in West Africa, 

paraffins could come from emissions of 

gasoline and/or diesel vehicles. Study of 

PAHs ratios provides also more information 

about possible urban sources.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Paraffins profile in air particulate matter of Abidjan, Dakar, and Cotonou 

 

In this work, we focus on BTEX of VOCs 

(Table 5). We had limited data in Abidjan. 

However, benzene value was similar in 

Abidjan and Cotonou, and twice higher than 

those found in Dakar. Contrariwise, Dakar 

recorded a high xylene level (53.5 %) 

compared to Cotonou (39.0). It is difficult to 

forecast the true influence of different 

emission sources. Some researchers have 

generally used diagnostic ratios of BTEX to 

identify the possible sources (47–49). 

Toluene/benzene (T/B) ratio found in PM2.5 

samplings was 3.9 and 3.2 in Benin and 

Senegal, respectively. According to the 

literature, T/B ratio ranged from 1.5 to 4.0 

in urban areas indicated traffic emissions (50–

53). Ethylbenzene/benzene (E/B) values in 

this study were 1.8 and 2.3 in Benin and 
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Senegal, respectively. They were relatively 

higher than E/B ratio (1.2) found in Tokyo 
(54). Furthermore, xylene to ethylbenzene 

ratio (X/E) has been widely used an 

indicator for photochemical reactivity from 

OH-oxidation in the atmosphere. Recent 

studies showed that this ratio (o-X/E) was 

ranged from 0.2 to 0.9 worldwide (55). In the 

present study, o-X/E ratio was remarkably 

higher in Benin (4.2) and Senegal (11.1). 

This ratio of xylene to ethylbenzene could 

be a good tool to assess air quality in 

African countries. Moreover, 

benzene/toluene ratio (B/T) recorded was 

similar in PM2.5 in urban African cities 

under study. These values were near to 

those found by Wang et al. (56) and they 

indicated vehicular exhaust origin (49). 
 

Table 5: Comparative study of VOCs and PAHs in PM2.5 urban air of the three countries and diagnostic ratios of source 

identification 

VOCs 
 

Percentage (%)   
Cotonou 

 
Abidjan 

 
Dakar 

Benzene 
 

5.2 
 

5.7 
 

2.1 

Toluene 
 

20.3 
 

n.a. 
 

6.7 

Ethylbenzene 
 

9.3 
 

4.1 
 

4.8 

o-Xylene 
 

39.0 
 

n.a. 
 

53.5 

Other 
 

26.2 
 

90.2 
 

32.9 

VOCs Ratios 
      

T/B 
 

3.9 
 

n.a 
 

3.2 

B/T 
 

0.3 
 

n.a 
 

0.3 

X/E 
 

4.2 
 

n.a 
 

11.1 

E/B 
 

1.8 
 

0.7 
 

2.3 

PAHs 
      

Naphtalene Nap 0.5 
 

n.a. 
 

2.0 

Phenanthrene Phe 1.0 
 

n.a. 
 

4.1 

Fluoranthene Flu 5.5 
 

n.a. 
 

4.7 

Pyrene Pyr 14.1 
 

n.a. 
 

5.8 

Benzo[a]Anthracene BaA 9.5 
 

n.a. 
 

9.3 

Chrysene Chr 13.1 
 

n.a. 
 

7.8 

Benzo[b]Fluoranthene BbF n.a. 
 

n.a. 
 

18.0 

Benzo[k]Fluoranthene BkF 15.1 
 

n.a. 
 

7.0 

Benzo[a]Pyrene BaP 12.1 
 

n.a. 
 

9.4 

Dibenzo[a.h]Anthracene DahA 10.6 
 

n.a. 
 

n.a. 

Indeno[1.2.3-c.d]Pyrene Ind n.a. 
 

n.a. 
 

15.5 

Benzo[g.h.i]Perylene BghiP 18.6 
 

n.a. 
 

16.4 

PAHs Ratios  
      

∑COMB/∑PAHs 
 

0.9 
 

n.a. 
 

0.9 

BaP/BghiP 
 

0.6 
 

n.a. 
 

0.6 

BaP/(BaP + Chr) 
 

0.5 
 

n.a. 
 

0.5 

BaA/(BaA + Chr) 
 

0.4 
 

n.a. 
 

0.5 

BbF/BkF 
 

n.a. 
 

n.a. 
 

2.6 

Flu/(Flu + Pyr) 
 

0.3 
 

n.a. 
 

0.4 

Ind/(Ind + BghiP) 
 

n.a. 
 

n.a. 
 

0.5 

VOCs = Volatile Organic Compounds; PAHs = Polycyclic Aromatic Hydrocarbons; ∑PAHs = sum of total non-alkylated PAHs; ∑COMB = 
∑ BaP, Chr, Flu, Pyr, BaA, Ind, BkF, BbF and BghiP; T/B = toluene/benzene; B/T = benzene/toluene; X/E = xylene/ethylbenzene; E/B = 

ethylbenzene/benzene; n.a. = not available 

 

PAHs data in PM2.5 were unavailable in 

Côte d’Ivoire. So, at this level, comparative 

study considers the values just in Senegal 

and Benin.  Several studies used PAHs 

ratios to identify their possible source (57–60). 

Percentages of PAHs were similar in Dakar 

and Cotonou, and present the same ratios. 

Flu/(Flu + Pyr) was 0.4 and 0.3 in Dakar 

and Cotonou, respectively. This indicated 

gasoline emissions (61). The ratio of 

BaP/(BaP + Chr) suggests that PAHs in 

urban African PM2.5 were from diesel 

emissions (28). Further, BaA/(BaA + Chr), 

BaP/BghiP, and ∑COMB/∑PAHs reveal 

that PAHs of West African PM2.5 are 

attributed to combustion and traffic 

emissions (62–64). In Dakar, ratios of 

BbF/BkF and Ind/(Ind + BghiP) indicate 

aluminium smelter emissions (65) and diesel 

emissions (61), respectively. 

 

CONCLUSION 

The purpose of this study is to compare the 

physicochemical characteristics of PM in 

urban air of Sub-Saharan countries. This 

work focuses particularly on three West 
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African countries: Senegal, Côte d’Ivoire, 

and Benin. Though these countries don’t 

share the same borders, their urban 

environments reveal similarities as regards 

higher concentrations of particles. Higher 

concentrations of PM2.5 were recorded 

especially in Cotonou (Benin). The same 

distribution of PM and similar specific 

surface areas were found in these countries. 

Further, the ratio of specific surface area to 

the proportion of 2.5 µm fraction could be 

used to investigate African urban air. 

Likewise, similar repartitions of trace 

elements were recorded in the three 

countries. These metals can come from 

African soil and it is crucial to investigate 

West African ground to clarify pollution 

source. Identification tools of pollution 

source as VOCs ratios and PAHs ratios 

were used to detect pollutants origin. 

Concentrations of ozone could be high in 

West African ambient air. All results 

suggest mostly traffic emissions. However, 

other studies are necessary to exclude the 

possible industrial dust influence in African 

urban areas.  

 

Declaration by Authors 

Acknowledgement: None 

Source of Funding: None 

Conflict of Interest: The authors declare no 

conflict of interest. 

 
REFERENCES 

1. World Health Organization. World Health 

Organization, Public Health and 

Environment, PHE - WHO Burden of 

disease associated with urban outdoor air 

pollution for 2008. 2008 Available on 

http://www.who.int/phe/health_topics/outdo

orair/databases/burden_disease/en/index.ht

ml 

2. United Nations. UN - Department of 

Economic and Social Affairs. World 

Urbanization Prospects: The 2009 Revision. 

United Nations, New York. 2010 

3. First Interministerial Conference on Health 

and Environment in Africa. Health security 

through Healthy Environments. Republique 

Gabonaise, UNEP United Nations 

Environmental Programme, World Health 

Organization WHO Regional Office for 

Africa, Libreville, Gabon August 2008 

Proceedings. 2008 Available on 

http://www.afro.who.int/ 

4. Programme des Nations Unies pour 

l’Environnement. PNUE – 3ème Rapport de 

l’Avenir de l’Environnement en Afrique 

(AEO 3): Résumé à l’intention des 

décideurs. 2013 Available on 

http://www.unep.org/pdf/aeo3_Fr.pdf 

5. Avogbe PH, Ayi-Fanou L, Cachon B, Chabi 

N, Debende A, Dewaele D, et al. 

Hematological changes among Beninese 

motor-bike taxi drivers exposed to benzene 

by urban air pollution. Afr J Environ Sci 

Technol. 2011;5(7):464-72.  

6. Cachon B, Ayi-Fanou L, Cazier F, 

Genevray P, Adéoti K, Dewaele D, et al. 

Analysis of Gasoline Used by Motorbike-

Taxi Drivers in Cotonou. Environ Pollut. 

2013;2(2).  

7. Badyda AJ, Dabrowiecki P, Lubinski W, 

Czechowski PO, Majewski G. Exposure to 

traffic-related air pollutants as a risk of 

airway obstruction. Adv Exp Med Biol. 

2013;755:35-45.  

8. Chuang HC, BéruBé K, Lung SCC, Bai KJ, 

Jones T. Investigation into the oxidative 

potential generated by the formation of 

particulate matter from incense combustion. 

J Hazard Mater. 2013;244–245:142-50.  

9. Kelly FJ, Fussell JC. Size, source and 

chemical composition as determinants of 

toxicity attributable to ambient particulate 

matter. Atmos Environ. 2012;60:504-26.  

10. Merbitz H, Buttstädt M, Michael S, Dott W, 

Schneider C. GIS-based identification of 

spatial variables enhancing heat and poor air 

quality in urban areas. Appl Geogr. 

2012;33:94-106.  

11. Sun H, Shamy M, Kluz T, Muñoz AB, 

Zhong M, Laulicht F, et al. Gene expression 

profiling and pathway analysis of human 

bronchial epithelial cells exposed to 

airborne particulate matter collected from 

Saudi Arabia. Toxicol Appl Pharmacol. 

2012;265(2):147-57.  

12. Wang J, Hu Z, Chen Y, Chen Z, Xu S. 

Contamination characteristics and possible 

sources of PM10 and PM2.5 in different 

functional areas of Shanghai, China. Atmos 

Environ. 2013;68:221-9.  

13. Kouassi KS, Billet S, Garçon G, Verdin A, 

Diouf A, Cazier F, et al. Oxidative damage 

induced in A549 cells by physically and 

chemically characterized air particulate 



Fresnel Boris Cachon et.al. Urban PM2.5 air pollution in Sub-Saharan Africa: a comparative study between 

case of Benin, Côte d'Ivoire and Senegal 

 

                                      International Journal of Research and Review (ijrrjournal.com)  453 

Volume 10; Issue: 1; January 2023 

matter (PM2.5) collected in Abidjan, Côte 

d’Ivoire. J Appl Toxicol. 2010;30(4): 310-

20.  

14. Ogunjobi KO, He Z, Simmer C. Spectral 

aerosol optical properties from AERONET 

Sun-photometric measurements over West 

Africa. Atmospheric Res. 2008;88(2): 89-

107.  

15. Dieme D, Cabral-Ndior M, Garçon G, 

Verdin A, Billet S, Cazier F, et al. 

Relationship between physicochemical 

characterization and toxicity of fine 

particulate matter (PM2.5) collected in Dakar 

city (Senegal). Environ Res. 2012;113:1-13.  

16. Cabral M, Dieme D, Touré A, Diop C, Jichi 

F, Cazier F, et al. Impact du recyclage des 

batteries de véhicules sur la santé humaine 

et l’environnement: étude pilote effectuée 

sur des femmes de Colobane et des 

mécaniciens de Médina. Ann Toxicol Anal. 

2012;24(1):1-7.  

17. Cabral M, Dieme D, Verdin A, Garçon G, 

Fall M, Bouhsina S, et al. Low-level 

environmental exposure to lead and renal 

adverse effects: A cross-sectional study in 

the population of children bordering the 

Mbeubeuss landfill near Dakar, Senegal. 

Hum Exp Toxicol. 2012;31(12):1280-91.  

18. Kèlomé NC, Lévêque J, Andreux F, 

Milloux MJ, Oyédé LM. C4 plant isotopic 

composition (δ13C) evidence for urban CO2 

pollution in the city of Cotonou, Benin 

(West Africa). Sci Total Environ. 

2006;366(2–3):439-47.  

19. Raaschou-Nielsen O, Andersen ZJ, 

Hvidberg M, Jensen SS, Ketzel M, Sørensen 

M, et al. Lung Cancer Incidence and Long-

Term Exposure to Air Pollution from 

Traffic. Environ Health Perspect. 

2011;119(6):860-5.  

20. Boublil L, Assémat E, Borot MC, Boland S, 

Martinon L, Sciare J, et al. Development of 

a repeated exposure protocol of human 

bronchial epithelium in vitro to study the 

long-term effects of atmospheric particles. 

Toxicol In Vitro. 2013;27(2):533-42.  

21. Camatini M, Corvaja V, Pezzolato E, 

Mantecca P, Gualtieri M. PM10-biogenic 

fraction drives the seasonal variation of 

proinflammatory response in A549 cells. 

Environ Toxicol. 2012;27(2):63-73.  

22. Dergham M, Lepers C, Verdin A, Billet S, 

Cazier F, Courcot D, et al. Prooxidant and 

Proinflammatory Potency of Air Pollution 

Particulate Matter (PM2.5–0.3) Produced in 

Rural, Urban, or Industrial Surroundings in 

Human Bronchial Epithelial Cells (BEAS-

2B). Chem Res Toxicol. 2012;25(4):904-19.  

23. Longhin E, Pezzolato E, Mantecca P, 

Holme JA, Franzetti A, Camatini M, et al. 

Season linked responses to fine and quasi-

ultrafine Milan PM in cultured cells. 

Toxicol In Vitro. 2013;27(2):551-9.  

24. Senlin L, Zhenkun Y, Xiaohui C, Minghong 

W, Guoying S, Jiamo F, et al. The 

relationship between physicochemical 

characterization and the potential toxicity of 

fine particulates (PM2.5) in Shanghai 

atmosphere. Atmos Environ. 2008; 

42(31):7205-14.  

25. Adohinzin JBN, Xu L, Du J, Yang F. 

Capacity strengthening for environmental 

assessment in Benin. Environ Monit Assess. 

2011;180(1-4):269-82.  

26. Diouf A, Garçon G, Diop Y, Ndiaye B, 

Thiaw C, Fall M, et al. Environmental lead 

exposure and its relationship to traffic 

density among Senegalese children: a cross-

sectional study. Hum Exp Toxicol. 

2006;25(11):637-44.  

27. Billet S, Garçon G, Dagher Z, Verdin A, 

Ledoux F, Cazier F, et al. Ambient 

particulate matter (PM2.5): Physicochemical 

characterization and metabolic activation of 

the organic fraction in human lung epithelial 

cells (A549). Environ Res. 

2007;105(2):212-23.  

28. Cazier F, Dewaele D, Delbende A, Nouali 

H, Garçon G, Verdin A, et al. Sampling 

analysis and characterization of particles in 

the atmosphere of rural, urban and industrial 

areas. Procedia Environ Sci. 2011;4:218-27.  

29. Caplain I, Cazier F, Nouali H, Mercier A, 

Déchaux JC, Nollet V, et al. Emissions of 

unregulated pollutants from European 

gasoline and diesel passenger cars. Atmos 

Environ. 2006;40(31):5954-66.  

30. Weinstein JP, Hedges SR, Kimbrough S. 

Characterization and aerosol mass balance 

of PM2.5 and PM10 collected in Conakry, 

Guinea during the 2004 Harmattan period. 

Chemosphere. 2010;78(8):980-8.  

31. World Health Organization. World Health 

Organization, Public Health and 

Environment, PHE - WHO Air quality 

guidelines for particulate matter, ozone, 

nitrogen dioxide and sulfur dioxide - Global 

update 2005. 2006 Available on 

http://whqlibdoc.who.int/hq/2006/WHO_SD

E_PHE_OEH_06.02_fre.pdf 



Fresnel Boris Cachon et.al. Urban PM2.5 air pollution in Sub-Saharan Africa: a comparative study between 

case of Benin, Côte d'Ivoire and Senegal 

 

                                      International Journal of Research and Review (ijrrjournal.com)  454 

Volume 10; Issue: 1; January 2023 

32. Peacock JL, Anderson HR, Bremner SA, 

Marston L, Seemungal TA, Strachan DP, et 

al. Outdoor air pollution and respiratory 

health in patients with COPD. Thorax. 

2011;66(7):591-6.  

33. Oh SM, Kim HR, Park YJ, Lee SY, Chung 

KH. Organic extracts of urban air pollution 

particulate matter (PM2.5)-induced 

genotoxicity and oxidative stress in human 

lung bronchial epithelial cells (BEAS-2B 

cells). Mutat Res Toxicol Environ Mutagen. 

2011;723(2):142-51.  

34. Alford ÉR, Pilon-Smits EAH, Paschke MW. 

Metallophytes - a view from the 

rhizosphere. Plant Soil. 1 déc 2010; 337(1-

2):33-50.  

35. He K, Yang F, Ma Y, Zhang Q, Yao X, 

Chan CK, et al. The characteristics of PM2.5 

in Beijing, China. Atmos Environ. oct 

2001;35(29):4959-70.  

36. Cheng S. Heavy metal pollution in China: 

Origin, pattern and control. Environ Sci 

Pollut Res. 1 mai 2003;10(3):192-8.  

37. Cheung K, Daher N, Kam W, Shafer MM, 

Ning Z, Schauer JJ, et al. Spatial and 

temporal variation of chemical composition 

and mass closure of ambient coarse 

particulate matter (PM10–2.5) in the Los 

Angeles area. Atmos Environ. mai 

2011;45(16):2651-62.  

38. Duan J, Tan J. Atmospheric heavy metals 

and Arsenic in China: Situation, sources and 

control policies. Atmos Environ. août 

2013;74:93-101.  

39. Fang GC, Huang YL, Huang JH. Study of 

atmospheric metallic elements pollution in 

Asia during 2000–2007. J Hazard Mater. 15 

août 2010;180(1–3):115-21.  

40. Rodrı́guez S, Querol X, Alastuey A, Viana 

MM, Alarcón M, Mantilla E, et al. 

Comparative PM10–PM2.5 source 

contribution study at rural, urban and 

industrial sites during PM episodes in 

Eastern Spain. Sci Total Environ. 26 juill 

2004;328(1–3):95-113.  

41. Diédhiou M, Cissé Faye S, Diouf OC, Faye 

S, Faye A, Re V, et al. Tracing groundwater 

nitrate sources in the Dakar suburban area: 

an isotopic multi-tracer approach. Hydrol 

Process. 2012;26(5):760-70.  

42. Khan MdF, Shirasuna Y, Hirano K, 

Masunaga S. Characterization of PM2.5, 

PM2.5–10 and PM> 10 in ambient air, 

Yokohama, Japan. Atmospheric Res. 

2010;96(1):159-72.  

43. Oga Yei MS, Sacchi E, Zuppi GM. Origin 

and effects of nitrogen pollution in 

groundwater traced by δ15N–NO3 and 

δ18O–NO3: the case of Abidjan (Ivory 

Coast). Int. Symp. on Advances in Isotope 

Hydrology and its role in Sustainable Water 

Resources Management, IAEA, Vienna. i 

2007;1:139-47.  

44. Fu PQ, Kawamura K, Pavuluri CM, 

Swaminathan T. Molecular characterization 

of urban organic aerosol in tropical India: 

contributions of biomass/biofuel burning, 

plastic burning, and fossil fuel combustion. 

Atmospheric Chem Phys Discuss. 2009; 

9(5): 21669-716.  

45. Pietrogrande MC, Abbaszade G, Schnelle-

Kreis J, Bacco D, Mercuriali M, 

Zimmermann R. Seasonal variation and 

source estimation of organic compounds in 

urban aerosol of Augsburg, Germany. 

Environ Pollut. 2011;159(7):1861-8.  

46. Kotianová P, Puxbaum H, Bauer H, Caseiro 

A, Marr IL, Čík G. Temporal patterns of n-

alkanes at traffic exposed and suburban sites 

in Vienna. Atmos Environ. 2008; 

42(13):2993-3005.  

47. Lan TTN, Minh PA. BTEX pollution caused 

by motorcycles in the megacity of 

HoChiMinh. J Environ Sci. 2013; 

25(2):348-56.  

48. Lan TTN, Liem NQ, Binh NTT. Personal 

exposure to benzene of selected population 

groups and impact of commuting modes in 

Ho Chi Minh, Vietnam. Environ Pollut. 

2013;175:56-63.  

49. Zhang Y, Mu Y, Liu J, Mellouki A. Levels, 

sources and health risks of carbonyls and 

BTEX in the ambient air of Beijing, China. 

J Environ Sci. 2012;24(1):124-30.  

50. Buczynska AJ, Krata A, Stranger M, 

Locateli Godoi AF, Kontozova-Deutsch V, 

Bencs L, et al. Atmospheric BTEX-

concentrations in an area with intensive 

street traffic. Atmos Environ. 2009;43(2): 

311-8.  

51. Liu J, Mu Y, Zhang Y, Zhang Z, Wang X, 

Liu Y, et al. Atmospheric levels of BTEX 

compounds during the 2008 Olympic 

Games in the urban area of Beijing. Sci 

Total Environ. 2009;408(1):109-16.  

52. Miller L, Xu X, Grgicak-Mannion A, Brook 

J, Wheeler A. Multi-season, multi-year 

concentrations and correlations amongst the 

BTEX group of VOCs in an urbanized 



Fresnel Boris Cachon et.al. Urban PM2.5 air pollution in Sub-Saharan Africa: a comparative study between 

case of Benin, Côte d'Ivoire and Senegal 

 

                                      International Journal of Research and Review (ijrrjournal.com)  455 

Volume 10; Issue: 1; January 2023 

industrial city. Atmos Environ. 2012;61: 

305-15.  

53. Miller L, Lemke LD, Xu X, Molaroni SM, 

You H, Wheeler AJ, et al. Intra-urban 

correlation and spatial variability of air 

toxics across an international airshed in 

Detroit, Michigan (USA) and Windsor, 

Ontario (Canada). Atmos Environ. 

2010;44(9):1162-74.  

54. Hoshi J ya, Amano S, Sasaki Y, Korenaga 

T. Investigation and estimation of emission 

sources of 54 volatile organic compounds in 

ambient air in Tokyo. Atmos Environ. 

2008;42(10):2383-93.  

55. Lan TTN, Binh NTT. Daily roadside BTEX 

concentrations in East Asia measured by the 

Lanwatsu, Radiello and Ultra I SKS passive 

samplers. Sci Total Environ. 2012;441: 248-

57.  

56. Wang Y, Ren X, Ji D, Zhang J, Sun J, Wu 

F. Characterization of volatile organic 

compounds in the urban area of Beijing 

from 2000 to 2007. J Environ Sci. 2012; 

24(1):95-101.  

57. Ladji R, Yassaa N, Balducci C, Cecinato A, 

Meklati BY. Distribution of the solvent-

extractable organic compounds in fine 

(PM1) and coarse (PM1–10) particles in 

urban, industrial and forest atmospheres of 

Northern Algeria. Sci Total Environ. 

2009;408(2):415-24.  

58. Dvorská A, Lammel G, Klánová J. Use of 

diagnostic ratios for studying source 

apportionment and reactivity of ambient 

polycyclic aromatic hydrocarbons over 

Central Europe. Atmos Environ. 2011; 

45(2):420-7.  

59. Tobiszewski M, Namieśnik J. PAH 

diagnostic ratios for the identification of 

pollution emission sources. Environ Pollut. 

2012;162:110-9.  

60. Li X, Wang Y, Guo X, Wang Y. Seasonal 

variation and source apportionment of 

organic and inorganic compounds in PM2.5 

and PM10 particulates in Beijing, China. J 

Environ Sci. 2013;25(4):741-50.  

61. Ravindra K, Bencs L, Wauters E, de Hoog 

J, Deutsch F, Roekens E, et al. Seasonal and 

site-specific variation in vapour and aerosol 

phase PAHs over Flanders (Belgium) and 

their relation with anthropogenic activities. 

Atmos Environ. 2006;40(4):771-85.  

62. Akyüz M, Çabuk H. Gas–particle 

partitioning and seasonal variation of 

polycyclic aromatic hydrocarbons in the 

atmosphere of Zonguldak, Turkey. Sci Total 

Environ. 2010;408(22):5550-8.  

63. Katsoyiannis A, Terzi E, Cai QY. On the 

use of PAH molecular diagnostic ratios in 

sewage sludge for the understanding of the 

PAH sources. Is this use appropriate? 

Chemosphere. 2007;69(8):1337-9.  

64. Ravindra K, Sokhi R, Van Grieken R. 

Atmospheric polycyclic aromatic 

hydrocarbons: Source attribution, emission 

factors and regulation. Atmos Environ. 

2008;42(13):2895-921.  

65. Callén MS, de la Cruz MT, López JM, 

Mastral AM. PAH in airborne particulate 

matter: Carcinogenic character of PM10 

samples and assessment of the energy 

generation impact. Fuel Process Technol. 

2011;92(2):176-82.  

 

 
How to cite this article: Fresnel Boris Cachon, 

Anthony Verdin, Denis Dieme et al. Urban 

PM2.5 air pollution in Sub-Saharan Africa: a 

comparative study between case of Benin, Côte 

d'Ivoire and Senegal. International Journal of 

Research and Review. 2023; 10(1): 444-455.  

DOI:  https://doi.org/10.52403/ijrr.20230151 

 

 

****** 


