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ABSTRACT 

 

Daily concentrations of inorganic and organic compounds associated with PM10, i.e., atmospheric particulate matter with 

aerodynamic diameter of less than 10 µm, was determined at the south Mediterranean coastal area located in Bou Ismaïl, 

40 km west of the Algiers city area in Algeria. From September 2011 to January 2012, chemical characterization of aerosol 

particles comprising water-soluble ions (WSI), trace metals, carbonaceous aerosols, the anhydrosugars levoglucosan and 

arabitol, dicarboxylic acids, and semi-volatile organic compounds (SVOC), i.e., alkanes, PAHs, and hopanes, was carried 

out by using a variety of analytical techniques. Overall, the concentrations of selected ionic species were similar to those 

reported at other Mediterranean sites, ranging from 3.62 µg m–3 to 5.20 µg m–3 for the monthly total WSI. Sulfate was the 

most abundant ion. The total concentrations of semi-volatile organic compounds (SVOC) recorded in Bou Ismaïl ranged 

from 7.06 to 58.8 ng m–3 for n-alkanes, from 2.44 to 35.3 ng m–3 for polycyclic aromatic hydrocarbons (PAHs), from 0.14 

to 1 ng m–3 for hopanes, and from 0.67 to 13.2 ng m–3 for n-alkan-2-one. In order to reconcile species concentrations and 

their emission sources, sampling days were grouped into two categories according to air mass origin. In the first group, the 

aerosol particles were mainly of a marine origin, while those of the second group originated in the dust sector. A source 

analysis of total contents organic compounds (PAHs, alkanes, hopanes, and alkanones) and individual inorganic compounds 

by spearman rank correlation illustrated that the principal sources consisted of sea salt, secondary aerosol, and biomass 

burning. Additionally, PM10 constituent diagnostic ratios and the carbon preference index (CPI) for n-alkanes indicated the 

importance of anthropogenic emissions. 
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INTRODUCTION 

 

The composition of airborne particulate matter is complex 

and consists of a mixture of many different chemical 

components, which can have different natural or man-made 

sources (Kelly and Fussell, 2012). Recent epidemiological 

studies have shown that the exposure to high levels of 

airborne particles can have various health effects (Lippmann 

and Chen, 2009).  

The World Health Organization (WHO) showed that 
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health effects can be expected from long-term exposure to 

PM10. WHO guidelines support maximum mean annual 

concentrations of 20 µg m–3 (PM10) and maximum mean 

daily concentrations of 50 µg m–3 (PM10) (World Health 

Organization 2006). In the European Union, a maximum of 

35-day exceedance of the daily limit for PM10 of 50 µg m–3 

is allowed, while the average yearly limit is set at 40 µg m–3 

(Directive 2008/50/EC). However, in Algeria, the limits are 

less stringent and the maximum value of PM10 is fixed at 

80 µg m–3 (People’s Democratic Republic of Algeria 2006). 

To understand these effects, it is imperative to elucidate 

particle sources in the atmosphere by studying their chemical 

composition and physical properties (Borgese et al., 2012). 

Water soluble ions and heavy metals are widely studied 

as important constituents of inorganic aerosol. Researching 

water-soluble ions (WSI) can help identify their main sources 

and formation mechanisms, because not only are particle 

formation, acidity, and fate directly influenced by them, they 

also indirectly impact ecosystems and environmental materials 

through deposition (Liang et al., 2016a). Out of all WSI 

(water-soluble ions) in fine particles, the three most abundant 

ions are nitrate (NO3
–), sulfate (SO4

2–), and ammonium (NH4
+) 

(Yin et al., 2014), which are usually formed by secondary 

processes from their precursor gases nitrogen dioxide (NO2), 

sulfur dioxide (SO2), and ammonia (NH3) (Wang et al., 2006). 

Besides these three main ions, there are many other water-

soluble ions, such as Cl–, Na+, K+, Mg2+, and Ca2+ (Bressi et 

al., 2013; Deshmukh et al., 2013), that form part of the 

inorganic particle fraction. 

Trace metals comprise another fraction of inorganic 

particles. Based on the origin of trace metals, the various 

elements in particle matter can often be distinguished in 

anthropogenic ones (e.g., V, Cr, Mn, Ni, Cu, Zn, Cd, Pb) and 

natural ones (e.g., Na, Mg, K, Ca, Si, Al) (Contini et al., 

2012). The elements Cu, Zn, and Pb are often associated 

with road dust and traffic emissions (Birmili et al., 2006), 

oil combustion sources are represented by V, Ni, and Pb 

(Viana et al., 2008), while Cd, Zn, Cu, and Hg represent an 

important source of industrial processing of materials and 

nonferrous minerals (Sánchez de la Campa et al., 2011). 

Saccharidic compounds are considered to be an important 

constituent of organic particulate matter and one of the 

major class of water-soluble organic compounds (Liang et 

al., 2016b). The anhydromonosaccharide levoglucosan is a 

specific biomass-burning tracer formed through the pyrolysis 

of cellulose and hemicellulose (Fu et al., 2016), while the 

sugar alcohol arabitol is a tracer for airborne fungal spores 

(Bauer et al., 2008). 

Low molecular weight dicarboxylic acids (LMW DCA) 

from (C2) to (C5) can represent another significant fraction of 

water-soluble organic aerosols in the atmosphere (Kawamura 

and Sakaguchi, 1999), and are ubiquitous in atmospheric 

particles in the troposphere (Kawamura and Bikkina, 2016). 

Among LMW DCA, oxalic acid (C2) is usually the most 

abundant, followed by either malonic (C3) or succinic (C4) 

acid (Kawamura and Bikkina, 2016). DCA can be produced 

by many primary sources, such as biomass burning (Legrand 

et al., 2007), cooking (Schauer et al., 2002), vehicular exhaust 

(Kawamura and Bikkina, 2016), and natural marine sources 

(Rinaldi et al., 2011), while their main origins are secondary 

formation from different volatile organic precursor gases 

(van Pinxteren et al., 2014). 

Semi-volatile organic compounds (SVOC), including 

polycyclic aromatic hydrocarbons (PAHs), hopanes, and 

alkanes, are one of the most studied organic pollutants in 

atmospheric chemistry (Wang et al., 2009; van Pinxteren et 

al., 2015; Liang et al., 2016a). The PAHs are carcinogens 

and mutagens (IARC, 2005), and are hugely associated with 

anthropogenic emissions from incomplete combustion of 

petrochemicals, biomass, tobacco, coal, and wood (Khedidji 

et al., 2017). In the gas-phase, PAHs generally exist for a 

few hours or less and they might also react chemically and 

photochemically in the particle phase (Oliveira et al., 2014). 

One compound that is distinguished among the 16 PAHs 

classified by U.S. EPA is benzo(a)pyrene which is considered 

because of its strong carcinogenicity (Srogi, 2007; Rabhi et 

al., 2018), equivalent toxicity (dozens of ng m–3), and 

individual carcinogenicity index (several 10–5) (Li et al., 

2012). Triterpenoid hydrocarbons, better known as hopanes, 

are compounds mainly derived from bacteria such as 

bacterioparanols and produced during a geological period 

through diagenesis in sediments (Oros and Simoneit, 2000).  

Carbonaceous aerosols (organic and elemental) can 

considerably affect health, the environment, and the climate 

system (Liang et al., 2016a). Organic carbon (OC) can be 

produced through the primary emission or secondary 

conversion of volatile organic compounds (VOCs) into 

particulate matter, while elemental carbon (EC) is primary 

emitted through incomplete combustion (Zhu et al., 2014).  

Overall, the composition of organic and inorganic particulate 

matter in marine aerosols in Algeria remains largely unclear, 

mainly due to insufficient spatio-temporal coverage of in-

situ measurements and the lack of identification and 

quantification of organic and inorganic compound species. 

In the present work, the concentrations, compositions, and 

sources of particulate organic and inorganic constituents of 

PM10, including water-soluble ions, trace metals, OC, EC, 

sugars, dicarboxylic acids, SVOC, i.e., alkanes, PAHs, and 

hopanes are presented. Our study was conducted near the 

coastal area of Bou Ismaïl in Algeria, 35 km south-west from 

downtown Algiers.  

Due to its geographical position, which covers a coastline 

of ca. 1622 km, Algeria is an interesting location to study 

potentially toxic substances occurring in the air of hot, 

temperate, tropical and desert regions and provide better 

insights into the pathways as well as spatial and temporal 

scales through which contaminants are spread out over the 

whole Mediterranean Basin. 

For this purpose, an intensive monitoring campaign was 

conducted for five months (September 2011–January 2012). 

The main aim was to study marine aerosol chemical 

composition in the coastal region, with a special focus on the 

influence of anthropogenic emissions.  

The chemical composition of marine aerosol particles was 

combined with information regarding air mass origin and 

meteorological data to elucidate the characteristics of 

marine aerosols and to reveal their sources. 

The results of this study were compared to those obtained 
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elsewhere in Algeria and the Mediterranean region, and the 

toxicity associated with the occurrence of target compounds 

was assessed. 

 

EXPERIMENTAL 

 

Description of Sampling Sites 

In order to assess the monthly and daily variations of 

water-soluble ions (WSI), metals, carbonaceous material, 

sugars, dicarboxylic acids (DCAs), and semi-volatile 

organic compounds (SVOCs), marine aerosol particles were 

collected in the coastal area of Bou Ismaïl from September 

2011 to January 2012. The samples were taken in the open air 

on the campus of the Scientific and Technical Research Center 

in Physico-Chemical Analysis (CRAPC) (36°38'26.39"N, 

2°43'6.57"E), situated at an altitude of 160 m above sea level 

(Fig. 1). 

Fishing, agriculture, and some summer tourism are 

considered to be the main activities of the city. Additionally, 

two major industrial groups have established themselves 

there: paper tonic and ceramics manufacture. 

Bou Ismaïl has experienced a long period of marine 

pollution caused by domestic and industrial wastewater 

discharges (including tonic and hippocampus). Accordingly, 

swimming was banned by the local authorities in 2007. 

 

Collection Materials and Sampling Protocols 

Aerosols were collected with a medium volume sampler 

(MVS) model, DDA-PLOB-PD, operating at a flow rate of 

39 L min–1 and equipped with a PM10 inlet and a volume 

counter that measured the volume of the air that passed 

through the quartz filter (type Munktell filter, SWEDEN, 

diameter 47 mm). 

First, the filters were placed in a filter holder and then 

changed manually, with a sampling time of 24 hours for 

weekday sampling and 72 hours for weekend sampling from 

Thursday to Sunday. During the five months between 

September 2011 and January 2012, a total of 84 filters were 

collected and analyzed. Additionally, several field blank 

filters were also collected. All filters were heated in an oven 

for 4 h at 450°C in order to reduce contamination before use. 

The filters were then stored in packs of 30 in sealed glass 

vials at room temperature before their use on-site in 

desiccator. After collection the filters were stored in the 

freezer at a low temperature (–20°C) and were kept in the 

dark until chemical characterization was performed. Sample 

storage at low temperature (–20°C) and in the dark is 

typically considered to minimize any potential alterations of 

chemical composition. All concentrations were corrected for 

mean blank filter values. 

 

ANALYTICAL METHODS 

 

Several analytical methods were applied for the chemical 

characterization of the samples. To determine the trace 

metals, three punches of 8 mm discs (a total of about 1.5 cm2 

of the filter area) were used. In the case of organic carbon 

(OC) and elemental carbon (EC), a punch of 1 cm2 (about 

6% of the filter area) was used, while the SVOC analysis 

utilized two punches of 6 mm discs. The remaining part of 

the filter was used for the analysis of ionic species, sugars, 

and DCAs. A description of the sample preparation can be 

found in Müller et al. (2010). Briefly, the remaining portion 

of each filter was extracted into 1.75 mL of ultrapure water 

under ultrasonic agitation for 30 min. After extraction, the 

solution was filtered through a syringe filter (0.45 µm, Ion 

Chromatography Acrodisc, Pall, NY, USA) to remove 

insoluble materials. 

 

 

Fig. 1. General view of the Mediterranean Sea indicating sampling locations on the CRAPC campus. 
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Inorganic Ion Analysis 

The analysis of inorganic ions (Cl–, NO3
–, SO4

2–, Br–, 

PO4
3– Na+, NH4

+, K+, Mg2+, and Ca2+) was performed 

through ion chromatography (ICS3000, Dionex) equipped 

with a conductivity detector and automatic production of 

high purity eluents. The eluent used for cations was 

methylsulfonic acid (MSA), while anion analysis was carried 

out with potassium hydroxide (KOH). To separate cations, a 

combination of GC16 and CS16 columns (3 mm) was used, 

while AG18 and AS18 columns were applied for anions. 

 

Metal Analysis 

The elements Al, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Cu, 

Zn, Ba, and Pb were determined from the quartz filter pieces 

using total reflection X-ray fluorescence spectroscopy 

(TXRF, Picofox S2, Bruker, Bremen, Germany) equipped 

with a Mo X-ray source on polished quartz substrates 

(sample holder). The 8 mm filter punches were digested in 

0.6 mL of a 3:1 HNO3/HCl solution at 80°C to extract the 

elements. After digestion, the samples were cooled and 

aliquots of 100 µL were added to the polished quartz sample 

holders. These were heated at 90°C to evaporate the liquid, 

and gallium was added as an internal standard. The amount 

of gallium applied depended on the aerosol loading of the 

filters (10 ng for blank filters, 100 ng for moderately 

polluted samples, and 1000 ng for heavily polluted samples). 

Si concentrations could not be effectively quantified due to 

the high Si background values of the quartz sample holder 

substrate. The extensive analytical procedure of trace metals 

can be found in Fomba et al. (2013). 

 

EC/OC Analysis 

The determination of the total carbon (TC) as organic 

carbon (OC) and elemental carbon (EC) was performed by 

a thermo-optical transmission system described in detail 

elsewhere (van Pinxteren et al., 2015), using a dual-optical 

carbon analyzer (Sunset Laboratory Inc., USA). The 

temperature protocol EUSAAR 2 (EUropean Supersites for 

Atmospheric Aerosol Research) was used and a correction 

for charring effects was employed. First, the sample was 

heated up to about 870°C in an inert atmosphere of pure 

helium. These conditions allowed the organic carbon to be 

volatilized and conducted in the second furnace filled with 

Mn2O (oxidation catalyst), where it was quantitatively 

oxidized into CO2. As a second step, the sample was placed 

in an oxidizing atmosphere (helium/oxygen), leading to the 

oxidation and volatilization of the refractory elemental 

carbon remaining on the filter. 

The elemental carbon thus desorbed was also quantitatively 

converted into CO2 in the second furnace. The CO2 formed 

during the analysis was not directly measured, but passed 

through a methanizer in order to be converted into CH4, a 

species quantitatively detected by the flame ionization 

detector (FID). 

During the first thermal step (pure helium), part of the 

organic carbon can pyrolyze and remain on the filter. This 

"Pyrolytic" carbon has properties similar to those of EC, i.e., 

it is refractory and absorbs light. It can only be desorbed 

during the second step while measuring elemental carbon 

and its detection can lead to an underestimation of the OC 

and an overestimation of the EC. Therefore, a correction of 

the pyrolysis was achieved by monitoring the absorption 

properties throughout the measurement (Birch and Cary, 

1996; NIOSH, 1998). The correction value for pyrolytic 

carbon was determined by measuring the sample transmission 

using a laser at 678 nm. 

 

Saccharidic Compounds Analysis 

The chemical characterization of saccharidic compounds 

was performed by applying a procedure described elsewhere 

(Iinuma et al., 2009). Selected saccharidic compounds, e.g. 

levoglucosan and arabitol, were analyzed using high-

performance anion-exchange chromatography coupled with 

pulsed amperometric detection (HPAEC-PAD). The method 

was performed by using a Dionex ICS-3000 system consisting 

of SP (quaternary pump and degasser), DC (column 

compartment), ED (electrochemical detector and gold 

electrode), and EO (eluent organizer) units and an AS40 

autosampler (Dionex, Sunnyvale, CA, USA).  

 

Dicarboxylic Acid Analysis 

The analysis of the DCAs oxalate (C2), malonate (C3), 

succinate (C4), malate (C4), and glutarate (C5) was carried 

out through capillary electrophoresis (Spectra Phoresis 1000, 

Thermo Separation Products, Germany) of the aqueous filter 

extract. The separation was performed in a fused silica 

capillary of 70 cm (63 cm to the detector) with an internal 

diameter of 75 µm. The background electrolyte was composed 

of 10 mmol L–1 of p-aminobenzoic acid, 8 mmol L–1 of 

diethylenetriamine, and 3.5 mmol L–1 of aqueous sodium 

hydroxide (pH = 9.6) (van Pinxteren et al., 2014). 

 

Analysis of the SVOCs by CPP-GC/MS 

Analyses of selected semi-volatile organic species, namely 

n-alkanes, polycyclic aromatic hydrocarbons (PAHs), 

hopanes, and ketones, were carried out using a Curie-point 

pyrolyzer (JPS-350, JAI Inc., Japan) coupled with a GC-MS 

system (6890 N GC, 5973 inert MSD, Agilent Technologies, 

CA, USA). 

The filter aliquots were spiked with a solution of internal 

standards, including perdeuterated tetracosane-d10 (C24–

D50), dotriacontane-d66 (C32–D66), acenaphthene-d10 (C12–

D10), phenanthrene-d10 (C14–D10), chrysene-d12 (C18–D12), 

perylene-d12 (C20–D12), and coronene-d12 (C24–D12). The two 

punches of each filter were then covered by an alloy of iron 

and nickel (50% Fe; 50% Ni) and vaporized instantly in a 

pyrolysis chamber at 510°C for 4 s in a helium atmosphere 

(Scheinhardt et al., 2013). 

A separation of different species was performed using a 

capillary column coated with a stationary phase of 5% phenyl-

arylene and 95% dimethylpolysiloxane (ZB-5MS, 30 m 

long, 0.25 mm internal diameter, film thickness of 0.25 µm, 

Phenomenex). The column temperature was held at 50°C for 

5 min, then raised to 200°C at +20°C min–1 and kept constant 

for 5 min; a second ramp (+12°C min–1 rate) heated the 

column up to 310°C, where elution was completed within 

10 min. The mass spectrometer system was operated in 

electron impact mode (ion source energy = 70 eV), and the 
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GC/MS data was acquired by a dedicated software 

(ChemStation) purchased from Agilent. 

A second mixture of compounds containing n-alkanes 

(C20–C34, plus phytane and pristane), PAHs and their 

derivatives, hopanes, and n-alkan-2-ones (K15–K19) was 

included for each series of analyses. 

An analysis of more than 84 aerosol samples collected in 

a coastal area near Bou Ismaïl enabled the identification and 

quantification of 56 semi-volatile organic compounds (17 

n-alkanes, 19 PAHs, 3 Me-PAHs, 3 OPAHs, 9 hopanes, and 

5 n-alkan-2-one) during the period from September 2011 to 

January 2012. The concentrations of individual organics 

measured over the whole campaign can be found in the 

Supplementary Information (Table S1). 

These elements were identified using the mass spectral 

library, which usually supplied by the concessionaire. It is 

to note that the library presented a lack of data in regard to 

the chemical composition of atmospheric aerosols. In this 

case standards are often required. 

 

Quality Control/Quality Assurance 

The analytical features of the method used for the analysis 

of the previously assigned classes were already reported in 

the framework of previous studies (Iinuma et al., 2009; 

Müller et al., 2010; Scheinhardt et al., 2013; van Pinxteren 

et al., 2014; Fomba et al., 2018). Nevertheless, new tests 

were carried out in order to verify the efficiency, recovery, 

repeatability and reproducibility. Both clean filters spiked 

with 20 ng of native standards and real aerosol samples were 

submitted to analysis after the usual sample preparation.  

To assess the analyte recovery, three sets, each including 

three samples, were kept from a homogeneous matrix and 

analysed as follows: The first set (X) was fortified with 25 ng 

of native standards and internal standard and was injected 

directly in the pyrolysis chamber of the GC-MS system. The 

second one (Y) was fortified with 5 ng internal standard onto 

the samples just before GC injection. The third set (Z) was 

processed without special treatment as a control group. The 

average concentrations from the Y set divided by those from 

X yielded the percent recovery values [100 × (Y/X) = % 

recovery] for all analyte compounds. 

Comparing the results from each aliquot of X and Z groups, 

the average repeatability was calculated; reproducibility was 

evaluated by comparing the results in each set and among 

sets. The analytical quality control parameter values are 

reported in Table S2. 

The total PAH recoveries were in the range of 71.2% 

(Retene) and 96.4% (Chrysene). In the case of n-alkanes, the 

calculated recovery among all homologues was equal to 70–

80%. The large variability associated with the recoveries of 

the PAHs was due to the presence of large differences 

between compounds. Among all PAHs recoveries, the lower 

value found for fluorene (FA) was likely owed to the high 

volatility of the substance.  

 

METEOROLOGICAL INFORMATION AND 

CLASSIFICATION OF SAMPLING DAYS 

 

The daily temperature, wind speed, and rainfall were 

continuously measured at a station of the national office of 

meteorology (25 km east of the sampling site).  

Temporal variations during the measuring period were 

classified based on two seasons of the year, fall (September 

until November; Fa) and winter (December until January; Wi), 

which were divided into five weeks per month. Temperature 

and wind speed were calculated as average weekly values, 

while for rainfall the weekly sum was calculated.  

Rainfall values were found to be between 1 mm and 

84.9 mm during fall, as well as 2 mm and 33 mm in the 

winter. The temperature varied between 15°C and 23°C 

during fall and between 9.6°C and 14°C in the winter. The 

highest average wind speed was on September 2011-Week 5 

(W5) (37.5 km h–1) and the lowest was on November 2011-

W5 (13 km h–1). 

A classification of the sampling days and meteorological 

conditions is given in the Supplementary Information 

(Table S3). 

The origin of the sampled air masses was determined from 

48-hour back-trajectories were obtained with the NOAA 

Hysplit model (Draxler and Rolph, 2003) (http://ready.arl.n 

oaa.gov/hysplit-bin/trajtype.pl). Days with an air-mass 

transport from the northwest or northeast sector were 

considered to be maritime-influenced, whereas days with an 

air mass from the southeast or southwest sector were mostly 

influenced by mineral dust. Out of the 21 sampling weeks 

(equivalent to 124 sampling days), sixteen have an air mass 

origin in the marine sector. The back trajectories used to 

define the different types of air masses (marine or dust) 

sampled at Bou Ismaïl are shown in the Supplementary 

Information (Fig. S1). For each of the sampling periods, 

only one back trajectory was selected as a representative of 

the whole week. 

Most sampling periods show that the air masses crossed 

Spain and France towards the Mediterranean Sea, except for 

the samples from October 2011-W4, October 2011-W5, 

November 2011-W1, November 2011-W5, and December 

2011-W1, which were from the dust influenced sector. The 

air masses of the marine samples have rather similar origins, 

and followed an essentially marine path before reaching the 

sampling site in the north. 

 

RESULTS AND DISCUSSION 

 

Weekly Variations of PM10 Chemical Compositions and 

Trends of Meteorological Conditions 

Fig. 2 shows the relationships between the weekly 

averaged concentrations of individual ions, trace metals, 

EC/OC, sugars, DCAs, and SVOCs. As the samples are 

spread over the two seasons fall and winter under varying 

weather conditions such as temperature and rainfall, this 

allows for an examination of the temporal variability of the 

concentrations and their connection with meteorological 

conditions and air mass origin. It is observed that the 

concentrations can strongly vary over the weekly periods. In 

both seasons, the average weekly temperatures varied from 

a minimum value of 17°C up to a maximum of 31°C, with 

mean values of 26.2°C in fall and 20°C in winter. Throughout 

the sampling campaign, the sums of the weekly rainfall  

http://ready.arl.noaa.gov/hysplit-bin/trajtype.pl
http://ready.arl.noaa.gov/hysplit-bin/trajtype.pl
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Fig. 2. Weekly relationship between the concentrations of individual ions, trace metals, EC/OC, sugars, DCAs, and SVOCs. 
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reached a maximum of 84.9 mm and almost no rainfall was 

registered for 6 weeks of the campaign. Based on this former 

observation of meteorological data, two seasons could be 

distinguished, higher temperature (September–November) 

and lower temperature (December and January). Overall, the 

maximum concentrations of the different constituents were 

obtained during low precipitation periods, whereas the 

minimum concentrations occurred during periods of high 

precipitation. Similar to the findings in this work, Han et al. 

(2009) found that heavy rainfall would reduce concentrations 

of anthropogenic aerosols in summer. 

In both seasons, a similar situation was observed regarding 

the total concentrations of inorganic ions, EC/OC, and SVOCs, 

while the trace metal levels were, on average, higher in winter 

than in fall. Contrary to trace metals, the concentrations of 

DCAs were found to be higher in fall than in winter. This 

finding goes hand in hand with the influence of photochemical 

reactions on the production of DCAs in the warm season, 

whereas the strong concentration of metal elements in the 

cold season could be explained by an anthropogenic origin 

from heating processes. The temporal variability has been well 

demonstrated by these former compound groups. Moreover, 

the northern air mass origin was more significant in winter 

than in fall while the southeastern or southwestern emissions 

by the Sahara dust are assumed to be more important during 

the warm period. In total, the highest level of all compounds 

was found in the NE and NW categories with no or less rain 

during the week, and the lowest concentrations were found 

in the warm weeks and S categories. 

 

Monthly Variations of PM10 Constituents 

The monthly mean concentrations of the inorganic and 

organic compounds observed in the aerosol particles in Bou 

Ismaïl are reported in Table 1. 

The average concentrations of the determined constituents 

are strongly dependent on the intensity of their source 

emissions, weather conditions, and dispersion and deposition 

processes. All these conditions are generally very variable on 

a given site throughout the year, which can lead to seasonal 

cycles. 

 

Water-soluble Ions (WSI) 

The inorganic ion concentrations of PM10 during the 

campaign are summarized in Table 1. Total ion concentrations 

varied between 3.62 µg m–3 in December and 5.20 µg m–3 in 

September. The bulk (65%) of the ionic material mass was 

made up of SO4
2–, NO3

–, and NH4
+, while the other determined 

ions contributed to the rest of the mass. 

Out of all measured ionic species, sulfate was the most 

abundant ion, with concentrations between 0.74 µg m–3 

(December) and 2.44 µg m–3 (September). The highest 

concentration of SO4
2– in fall, which is comparable to that in 

winter, is most likely caused by the photochemical oxidation 

reaction of SO2, accelerated by high temperatures and strong 

solar radiation (Sun et al., 2004; Wang et al., 2005; Zhao et 

al., 2013). The mass concentrations of NH4
+ ranged from 

0.15 ng m–3 to 1.92 µg m–3 and showed their highest average 

in the atmosphere during fall. This finding can be explained 

by the conversion of gaseous NH3 to aqueous NH4
+ and 

depends on the concentration of acids in the atmosphere, 

temperature, and water availability, as well as the flux rates 

of NH3 which likely favoured NH4
+ formation in fall. The 

concentrations of NO3
–, were between 0.95 and 1.52 µg m–3, 

with higher values in fall than in winter, suggesting that NO3
– 

was formed in acidic and ammonium-poor environments as 

reported in a previous study in Beijing, China (Xiang et al., 

2017). Also, ammonium-poor conditions were defined 

as[NH4
+]/[SO4

2–] < 1.5 (Pathak et al., 2011). In our study, the 

value of this ratio was low (i.e., 0.31 on average) suggesting 

the acidic nature of the aerosol and generally an ammonium-

poor environment. 

The distribution patterns of concentration time series of 

inorganic ions are shown in Fig. 3. 

Comparing the profiles of NH4
+ and SO4

2– on the one 

hand and Cl–
 and Na+ on the other hand seemed to have 

similar distribution, suggesting that these species were 

overall released by the same sources. 

The higher concentrations of chloride and sodium were 

found in winter with maximum values of 4.11 and 2.77 

µg m–3, respectively. 

The concentrations of sulfate, nitrate and ammonium 

obtained in this study on the coast of Bou Ismaïl and in other 

areas in the Mediterranean Sea are shown in Table 2. The 

observed concentrations in this study are lower than those 

measured in the atmospheres of Marseille (El Haddad et al., 

2009), Zagreb (Perrone et al., 2018), Antalya (Ö ztürk et al., 

2012), the harbor of Barcelona (Pey et al., 2013), and rural 

Finakolia in Greece (Li et al., 2013). They are of the same 

order of magnitude as those recorded at the urban site of 

Oporto (Custódio et al., 2016). 

However, there is some difficulty when comparing the 

concentrations obtained in those few studies, since the ion 

ranges are not comparable on every site. 

For instance, Benchrif et al. (2018) reported lower 

concentration ranges of ions such as SO4
2– and NH4

+ at 

Tetouan in northern Morocco, with average values of 

0.41 µg m–3 and 0.31 µg m–3, respectively, but mentioned 

higher values of NO3
– (1.45 µg m–3). Results obtained by 

Galindo et al. (2017) on the mountain Aitana in Spain 

showed lower mean concentrations of NO3
– (0.82 µg m–3) 

and NH4
+ (0.39 µg m–3), but higher ones of SO4

2– (1.5 µg m–3), 

when compared to the present study. Anions such as NO3
– 

and SO4
2– had higher mean concentrations than those reported 

by Pietrogrande et al. (2018) at the central Mediterranean 

site Salento in Italy, but the cation NH4
+ had an average 

concentration comparable to our results. 

 

Metal Elements 

Fig. 4 and Table 1 depict the daily variations of all trace 

metals measured in the field campaign. The total trace metal 

concentrations varied between 16 ng m–3 and 143 ng m–3. Out 

of the ten trace metals identified in the atmosphere of Bou 

Ismaïl, barium (Ba), titanium (Ti), aluminum (Al), and iron 

(Fe) are the most abundant metal elements, with average 

daily concentrations of 32.1 ng m–3 (4.67–57 ng m–3), 15.5 

ng m–3 (0.44–29.6 ng m–3), 15 ng m–3 (4.08–36.4 ng m–3), and 

12.6 ng m–3 (0.56–24.4 ng m–3), respectively. Barium is a 

major element in the air around Bou Ismaïl and represents 
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Table 1. Concentrations of inorganic and organic constituents of PM10 (average, standard deviation, SD) collected during 

the campaign (2011–2012) in Bou Ismaïl (n = 84). 

Compounds 
September (n = 10) October (n = 22) November (n = 18) December (n = 20) January (n = 14) 

Average SD Average SD Average SD Average SD Average SD 

Ions (µg m–3)           

Cl– 0.19 0.10 0.18 0.15 0.99 0.92 0.56 0.86 0.42 0.17 

NO3
– 0.95 0.57 1.02 0.93 1.52 2.10 1.11 1.60 0.97 1.03 

SO4
2– 2.44 1.24 1.82 1.34 0.85 0.23 0.74 0.28 0.91 0.37 

Br– 0.01 0.003 0.01 0.002 0.01 0.004 0.01 0.003 0.01 0.003 

PO4
3– 0.13 0.09 0.27 0.13 0.19 0.16 0.13 0.12 0.33 0.69 

Na+ 0.19 0.07 0.27 0.10 0.82 0.66 0.42 0.57 0.38 0.27 

NH4
+ 0.90 0.59 0.57 0.68 0.15 0.17 0.29 0.51 0.29 0.28 

K+ 0.14 0.06 0.14 0.06 0.10 0.05 0.08 0.04 0.08 0.02 

Mg2+ 0.02 0.005 0.03 0.01 0.10 0.08 0.05 0.08 0.04 0.01 

Ca2+ 0.10 0.02 0.14 0.06 0.36 0.27 0.22 0.29 0.15 0.05 

Metals (ng m–3)           

Al 8.58 1.99 10.66 1.66 14.46 9.14 15.83 8.48 14.03 6.81 

Ti 4.26 3.3 6.45 0.67 14.77 7.32 17.35 7.33 16.97 6.23 

V 0.99 0.53 0.63 0.31 0.41 0.18 0.38 0.18 0.49 0.19 

Cr 0.12 0.13 0.11 0.04 0.25 0.14 0.30 0.23 0.27 0.16 

Mn 0.02 0.03 0.00 0.00 0.28 0.37 0.10 0.30 0.01 0.02 

Fe 4.01 3.02 4.99 1.86 12.15 5.87 14.39 6.50 13.28 4.97 

Cu 0.23 0.14 0.13 0.14 0.20 0.39 0.02 0.07 0.04 0.12 

Zn 8.78 11.6 3.5 2.03 6.36 12.33 2.17 4.36 8.27 9.01 

Ba 7.41 6.64 9.62 1.69 28.20 14.94 36.66 16.81 34.73 12.46 

Pb 8.20 2.66 10.64 3.57 4.76 3.75 3.91 2.10 5.91 3.25 

OC (µg m–3) 3.51 0.86 3.72 1.12 2.90 1.29 3.01 1.48 1.98 0.38 

EC (µg m–3) 1.21 0.38 1.36 0.60 1.33 0.58 1.21 0.55 0.93 0.40 

TC (µg m–3) 4.73 1.07 5.08 1.44 4.23 1.54 4.22 1.91 2.90 0.74 

Levoglucosan (ng m–3) 38.5 17.8 38.1 19.5 51.3 32.9 47.9 28.5 92.1 55.3 

Arabitol (ng m–3) 1.27 0.84 1.21 0.59 4.78 5.08 2.16 4.07 1.67 0.90 

DCAs (ng m–3)           

Oxalate 229.35 85.34 199.6 97.9 108.92 47.25 100.46 38.9 123.37 29.4 

Malonate 9.16 3.6 5.79 4.16 20.23 21.64 8.06 11.59 5.53 1.7 

Succinate 8.96 5.05 5.79 2.79 20.53 18.52 6.40 8.06 10.27 9.07 

Glutarate 9.15 8.22 9.37 6.94 7.76 10.35 4.65 3.68 7.75 4.45 

Malate n.d n.d n.d n.d 18.5 16.07 12.85 n.d 2.93 1.05 

SVOCs (ng m–3)           

n-AlKanes 38.3 11.6 29.9 10.5 20.1 10.2 19.5 7.1 30.9 14.8 

PAHs 8.30 1.91 8.05 1.95 9.52 4.56 9.35 3.7 14.9 6.87 

Hopanes 0.44 0.08 0.42 0.12 0.36 0.16 0.33 0.12 0.55 0.19 

Alkan-2-ones 4.47 2.73 4.68 2.06 4.24 2.22 5.79 3.83 6.18 3.00 

 

37.6% of the total average concentrations of the Ten 

elements studied. 

Based on the main sources and concentration levels, the 

metals can be subdivided into two groups: First, there are 

crustal elements with high concentrations that originate 

from dust, such as Al, Ti, Mn, Fe, and Ba, while the second 

group (V, Cr, Zn, Cu, and Pb) can overall be attributed to 

elements emitted by vehicular (fuel, combustion, brake, and 

tire abrasion) and industrial sources (Pey et al., 2010). It is 

to note that Fe and Mn can both be emitted by other sources, 

such as road traffic and fossil fuel emissions, respectively 

(Fomba et al., 2018). 

In this study, the elements of the first group (Ba, Ti, Al, 

and Fe) have consistently been found to be the most abundant 

metals originating from dust and they have attributed 

approximately 70 % to the total concentration. Out of the 

elements that belong to the second group (Zn, Cu, Cr, V, and 

Pb), most of which are considered to be carcinogenic (Satsangi 

et al., 2014), zinc (Zn) showed the highest concentration at 

8.2 ng m–3 and copper (Cu) the lowest at 0.22 ng m–3. 

The individual metals displayed quite similar trends and 

orders of magnitude during fall and winter, except for copper 

(Cu). The concentration of Cu was between 0.001 ng m–3 

and 1.22 ng m–3 and was by a factor of 4 higher in fall than 

in winter. These results were in agreement with another 

study carried out in Chinese coastal area by Cheng et al. 

(2012) where no significant effect of seasonal variation on 

concentrations of some metals was found. 

The mean concentrations of Pb were higher (0.96–13.2 

ng m–3, with a mean value of 5.18 ng m–3) than concentrations   
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Fig. 3. Concentration time series of the main ions measured at Bou Ismaïl (2011–2012). 

 

reported on other sites located in the Mediterranean Sea, 

such as Aitana in Spain (Galindo et al., 2017). However, they 

were by a factor of 3 lower than the concentrations reported by 

Pietrogrande et al. (2018) in Salento in Italy. The concentration 

ranges of this metal were within the same order of 

magnitude as those reported at the harbor of Barcelona (Pey 

et al., 2013) and on sites in urban Zagreb (Perrone et al., 

2018). The concentrations of Pb reveal that emissions are 

not yet subjected to any sort of control by public authorities 

and are suspected to still affect the air quality on both a local 

and a regional scale. Because of this, the authorities must 

work on phasing out leaded gasoline and improving 

technological processes that are related to Pb emissions. 

 
Organic Carbon (OC) and Elemental Carbon (EC) 

The concentrations of the carbonaceous material content 

of the PM10 measured at the coast of Bou Ismaïl can be found 

in Table 1. 

In this study, the daily average OC concentrations were 

between 0.94 to 5.53 µg m–3, while the average concentrations 

of EC were between 0.41 to 2.85 µg m–3. Therefore, TC 

concentrations ranged from 1.72 to 8.02 µg m–3. 

Overall, the evolutions of OC and EC concentrations 

follow a very similar monthly cycle throughout the investigated 

period (Fig. 5). Nevertheless, the average concentrations 

recorded in October were slightly high, with average values 

of 3.72 µg m–3 for OC and 1.36 µg m–3 for EC, while the 

minimum values were obtained in January, with the values 

EC = 0.93 µg m–3 and OC = 1.98 µg m–3. 

In order to evaluate the level of carbonaceous material, a 

comparison of the Bou Ismaïl EC-OC values with other 

studies in the Mediterranean Sea can be seen in Table 2. The 

concentrations measured on the Bou Ismaïl site were higher 

than those recorded in Tetouan in Northern Morocco 

(Benchrif et al., 2018) and Aitana in Spain (Galindo et al., 

2017) but lower than the concentrations reported in Oporto, 

Portugal (Custódio et al., 2016), Barcelona, Spain (Pey et 

al., 2013), Marseille, France (El Haddad et al., 2009), Salento, 

Italy (Pietrogrande et al., 2018), and on a semi-urban site in 

Beirut, Lebanon (Waked et al., 2014). However, these values 

are comparable to those observed in rural locations in 

Finakolia, Greece (Li et al., 2013). 

 

Sugars 

Two compounds known as the anhydrosaccharide 

levoglucosan and the saccharide alcohol arabitol were 

measured between September 2011 and January 2012 in 

particle samples from Bou Ismaïl. Their monthly and daily 

average concentrations throughout the campaign are listed 

in Table 1 and displayed in Fig. 6. 

Levoglucosan can be utilized as a specific indicator for 

the presence of biomass burning emissions in aerosol 

particulate matter, while arabitol has been used to estimate 

primary biological aerosol particles, such as pollen, fungal 

spores, vegetative debris, viruses, and bacteria (Bauer et al., 

2008; Fu et al., 2012). These different sources are supported
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Fig. 4. Concentration time series of the main metal elements measured at Bou Ismaïl (2011–2012). 

 

in the present study by the daily variations of the arabitol 

and levoglucosan levels, which confirm that emissions of 

these compounds originate in different sources. 

The levoglucosan and arabitol concentration levels in the 

aerosol samples ranged from 3.8 to 211 ng m–3 and 0.09 to 

20.6 ng m–3, respectively. The concentrations of both sugars 

were about two times higher in winter than in fall. Notably, 

there were three extreme days observed for levoglucosan: 

January 10, 2012 (211 ng m–3), January 8, 2012 (165 ng m–3), 

and January 11, 2012 (143 ng m–3). Arabitol concentrations 

also peaked on two days: November 24, 2011 (20.6 ng m–3) 

and December 28, 2011 (19 ng m–3), which could be explained 

by the presence of primary biological aerosols in our 

samples during those days. 

The high levoglucosan values in the Bou Ismaïl coastal 

region in the winter might have occurred due to bonfires on 

the beach, wood that was used for heating, and the burning 

of fallen leaves in the fall. 
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Fig. 5. Concentration time series of carbonaceous material (EC/OC) measured at Bou Ismaïl (2011–2012). 

 

 

Fig. 6. Concentration time series of the anhydrosaccharide levoglucosan and the saccharide alcohol arabitol measured at 

Bou Ismaïl (2011–2012). 

 

The large variations observed in winter could be attributed 

to the spatial inhomogeneity of biomass burning and various 

types of air masses (marine and dust) that come to the north 

of Algiers in Bou Ismaïl. Additionally, temperature, wind 

conditions, and the type and number of fires might also have 

played an important role in levoglucosan levels (Reche et 

al., 2012; Scaramboni et al., 2015). 

The concentration levels of levoglucosan recorded in this 

study were compared to measured values from other 

locations of the Mediterranean (see Table 2). In Bou Ismaïl, 

levoglucosan fell in the same range as the semi-urban areas 

of Beirut, Lebanon (Waked et al., 2014), although they were 

higher than in Finakolia, Greece (Li et al., 2013). 

 

Dicarboxylic Acids (DCA) 

Fig. 7 shows the concentrations of five dicarboxylic acids 

that were measured in the marine aerosol of Bou Ismaïl. 

Systematically, oxalate is the most abundant of these species, 

with concentrations between 31 and 432 ng m–3, followed 

by malonate (1.72–81.5 ng m–3) and succinate (0.36–70.5), 

whose concentrations are very close to each other. However, 

no malate was detected throughout the first two months 

(September and October) and only the observed average 

concentration of other periods are presented in this study. 

The concentrations and maximum values of oxalate were 

generally higher in fall (September and October) than in 

winter (November–January). This can be explained by the 

dominance of secondary sources during the warm season 

(fall) compared to the cold season (winter). On average, 

malonate and succinate did not show apparent seasonal 

variations, but were slightly higher in winter than fall. 

Glutarate was measured with similar concentrations in both 

seasons although its fall concentrations were slightly higher. 

Contrary to this, concentrations of malate do not allow for a 

more in-depth comparison because it was only detected in 

three winter months. 

The secondary production of oxalate is probably induced 

by precursors, especially through the photo-oxidation of  
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Fig. 7. Concentration time series of the five dicarboxylic acids (DCAs) that were measured in the marine aerosol of Bou 

Ismaïl (2011–2012). 

 

hydrocarbons and other diacids, such as malonic or succinic 

acid (Kawamura and Gagosian, 1987; Ebert et al., 2000; van 

Pinxteren et al., 2014). The concentrations of the other acids 

do not allow for a more in-depth comparison between the 

different periods studied here. The mean concentrations of 

the oxalate recorded in the coastal region of Bou Ismaïl were 

compared with those from earlier studies in the Mediterranean 

Sea (see Table 2). The oxalate concentration levels are 

higher than those recorded in the atmosphere of Tetouan, 

Morocco (Benchrif et al., 2018), as well as in semi-urban 

Beirut, Lebanon (Waked et al., 2014). They are of the same 

order of magnitude as those recorded on the mountain 

Aitana in Spain (Galindo et al., 2017), but they are lower 

than those in Oporto in Portugal (Custódio et al., 2016) and 

Salento in Italy (Pietrogrande et al., 2018). 

 

Semi-volatile Organic Compounds (SVOCs) 

Fig. 8 presents the average cumulative concentrations of 

each group of semi-volatile organic compounds (SVOCs) 

recorded over the course of five months. The total yields (the 

sum of all identified organics) observed in the Bou Ismaïl 

region are also given. 

The average total n-alkane concentrations during the five 

months were determined to be at 38.3 ng m–3 (September), 

29.9 ng m–3 (October), 20.1 ng m–3 (November), 19.5 ng m–3 

(December), and 30.9 ng m–3 (January). The n-alkane 

concentrations peaked at C25–C29, with C25 and C31 as 

predominant congeners, while the n-alkane concentrations 

up to C23 were much lower. The highest levels were reached 

by C31 in September (5.14 ng m–3) and October (4.21 ng m–3), 

while in the months of November, December, and January, 

the predominant compounds were C25, C26, and C27. Cmax 

(C29, C31) imply strong biogenic input, whilst the lower rates 

(≈1 and C19 up to C25, respectively) are typical of anthropogenic 

sources (Pio et al., 2001). As can be seen in Fig. 9, the 

concentrations of n-alkanes in the warm times were slightly 

higher than in the cold ones. 

Additionally, pristane (26-, 10-, 14- tetramethylpentadecane) 

and phytane (2-, 6-, 10-, 14-tetramethylhexadecane) were 

identified and quantified as molecular markers of vehicular 

emissions; average values of pristane ranged from 0.02 to 

0.96 ng m–3, while those of phytane varied between 0.09 and 

1.04 ng m–3. 

Twenty-two PAHs with 3 to 7 rings were identified and 

quantified. Fluorene (FA), benzo(ghi)perylene, and retene 

were the most abundant of them in aerosol particles and 

contributed approximately 56% of the total PAH 

concentrations. 

The predominant low molecular weight congener FA and 

high molecular weight congener BghiP characterize coarse 

and fine particles, respectively (Ladji et al., 2014). 

The predominance of fluorene (FA) can be explained by 

the fact that its concentrations in the air were to some degree 

underestimated because of the high volatility of the PAHs 

with two to four aromatic rings, which led to them 

accumulating under ambient conditions in the gas phase 

rather than the particulate phase (Khedidji et al., 2013). 

Moreover, it was determined that retene has higher levels 

in winter (1.48 ng m–3) than fall (0.74 ng m–3). Retene is a 

marker compound for coniferous wood combustion (Spindler 

et al., 2012). This compound’s presence in the marine 

environment is assumed to arise out of local emissions by 

burning wood/coal in individual stoves during the cold 

season. This is a strong indication for the long-range transport 

of anthropogenic air masses. 

Additionally, the hypothesis of lignite combustion 

sources can be excluded from the present study due to the 

absence or low quantity of benzonaphthol (1,2-d) thiophene 

in our samples (0.001 to 0.07 ng m–3). 

Contrary to what has been observed for alkanes, the PAH 

concentrations determined during the winter months are 

more important than those during the fall ones. This seems 

to match the general evolution of the meteorology dominating 

the Bou Ismaïl region, although the combustion processes 

are the main sources of these compounds (Khedidji et al., 

2017; Rabhi et al., 2018). Indeed, the inversion of temperature 
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Fig. 8. Concentration time series of cumulative concentrations of n-alkanes, hopanes, alkan-2 one, PAHs, and their 

derivatives. 

 

 

Fig. 9. Seasonal evolution of n-alkanes, hopanes, alkan-2-one, PAHs, and their derivatives. 

 

in the lower troposphere is very frequent in winter and prevents 

the dispersion of the PAHs so that they accumulate above 

the earth’s surface layer, while low ambient temperatures shift 

the partition of semi-volatile species toward the condensed 

phase (Ladji et al., 2009a). Nevertheless, the concentration 

levels of PAHs determined in the different periods of the 

campaigns are lower than those of alkanes. 

In the present study, we focused our attention on oxygenated 

PAHs such as 9H-fluoren-9-one, 9,10-anthracenedione, and 

benzanthracene-7,12-dione. 9H-fluoren-9-one was always 

the most abundant oxygenated PAHs and ranged from 0.27 

to 1.21 ng m–3. 

A series of hopanes was detected in the marine samples, 

with total concentrations ranging from 0.14 ng m–3 in 

November to 1 ng m–3 in January. The concentrations of the 

compounds that were measured in the winter were slightly 

higher than the ones in the fall. 

The molecular composition of hopanes is characterized by 

two major congeners at 17α(H),21β(H)-Norhopane (C29αβ) 

and 17α(H),21β(H)-30-hopane (C30αβ) in both seasons, 

while Hop-17(21)-ene (C30α-ene) and α,α,α20R-Cholestane 

(C27αααR) only occur in winter. However, the distributions 

of the hopane series derived from the other period were very 

similar. This suggests that the emission characteristics of 

hopanes might be independent of temporal variation. 

Hopanes can decompose by reacting with OH radicals in the 

atmosphere, and tend to quickly disappear, leaving space for 

their oxidation byproducts (Fu et al., 2010). 
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Hopanes are known as petroleum molecular markers and 

are specific indicator compounds mainly present in 

hydrocarbon fractions. They can be used to trace the 

contributions of motor vehicle exhausts to airborne PM (El 

Haddad et al., 2009). 

The concentrations of these compounds and their relative 

distributions in the atmosphere depend on their emission 

sources. Therefore, in direct vehicular emissions, the 

majority of hopanes are 17α(H),21β(H)-Norhopane (C29αβ) 

and 17α(H),21β(H)-Hopane (C30αβ), while in coal stove 

emissions, the majority of the compounds are 17α(H)-

22,29,30-Trisnorhopane (C27α) (El Haddad et al., 2009). 

The (C29αβ/C30αβ) ratio documented values of 2.5 for 

diesel emissions, 3.7 for gasoline engines, and 0.1 to 2.6 for 

coal combustion (Oros and Simoneit, 2000). In our case, the 

average ratio ranged from 1.19 to 1.61, suggesting a 

fingerprint of coal emissions. However, the predominance 

of αβ-configuration compounds on the marine site indicates 

that a petroleum derivative of high maturity is used on this 

site. 

The total content of n-alkane-2-one was between 0.67 to 

13.24 ng m–3 and peaked in December. The same pattern of 

distribution of n-alkan-2-one concentrations was observed 

in both seasons, suggesting that they come from similar 

sources. However, the n-alkan-2-one levels were much 

lower than those of n-alkanes. 

Furthermore, two main sources are known to be 

responsible for the presence of n-alkane-2-one in the air: 

incomplete combustion and in-situ microbial α-oxidation of 

the carbon chain (Yassaa et al., 2001a). The first source 

often creates n-alkane-2-one with a predominance of odd-

numbered carbon atoms; on the other hand, the last source 

gives rise to the opposite. 

In the present study, a strong predominance of odd n-

alkane-2-one rather than pairs was clearly observed for these 

compounds, suggesting that the incomplete combustion of 

organic material was the principal ambient source in this 

region. In particular, heptadecane-2-one (K17) was the most 

abundant in all the samples and reached a maximum 

5.23 ng m–3. 

The total contents of n-alkanes, PAHs and n-alkan-2-ones 

were compared to PM10 contents measured in other locations 

of Algeria and the world. 

The levels of n-alkanes in this study were clearly lower 

compared to those reported in other Algerian cities such as 

in industrial district (Yassaa and Cecinato, 2005; Khedidji et 

al., 2017) and in urban areas (Ladji et al., 2009a; Ladji et al., 

2014), although they were higher than recorded in the 

marine atmosphere of southern and eastern Mediterranean 

Sea by Romagnoli et al. (2016). 

Total PAHs were lower than those reached in the 

industrial area of Hassi-Messaoud (22–65 ng m–3), in an 

urban environment in southwest China (79.6 ng m–3) and at 

residential sites in Taiwan (45.2–44.1 ng m–3) (Yassaa and 

Cecinato, 2005; Hi et al., 2019; Zhu et al., 2019). However, 

they were similar to those recorded in industrial areas (6–11 

ng m–3), in urban ambient air of Tafourah (15.9 ng m–3) and 

in the urban zone of Ben Aknoun (13–16 ng m–3) (Ladji et 

al., 2009a; Ladji et al., 2014; Khedidji et al., 2017), but were 

much higher compared to those reported for Italian locations 

such as in the coastal area (Romagnoli et al., 2016) and 

Naples (Di Vaio et al., 2016). 

Generally, the concentrations of n-alkan-2-ones appear to 

be very low when compared to those usually reported for 

industrial processes in Algiers (121 ng m–3) (Yassaa et al., 

2001a), the industrial area of Hassi-Messaoud (27.8 ng m–3), 

and Oued Smar (32.07 ng m–3) (Yassaa et al., 2001b; Yassaa 

and Cecinato, 2005). 

 

ASSESSMENT OF AEROSOL SOURCES 

 

Spearman Rank Correlation 

In order to determine the nature, strength, and relevance 

of the correlations between variables, a spearman rank 

correlation analysis was performed (Table 3). The total 

contents of PAHs, alkanes, hopanes, and alkanones were 

used for statistical calculations, while for the ions their 

individual concentrations were used. 

The two main sources of chloride in atmospheric aerosols 

are emissions from sea salt that are mainly associated with 

sodium (Quinn, 2004; Kumar et al., 2008; Zhao and Gao, 

2008) and its outcome from coal combustion (Zhao and Gao, 

2008), whereas sodium originates in sea spray. Ca2+ and 

Mg2+ mainly originate in crustal sources and can also have 

marine origins. A high positive correlation coefficient was 

found between Na+, Cl–, Ca2+, and Mg2+ on the one hand and 

a negative correlation of these ions with OC on the other 

hand. This indicates that these four ions have a common 

source, which could be attributed to the sea salt that is a 

principal part of marine sources in this area. 

A Spearman rank order correlation matrix indicates a 

strong correlation of oxalate with K+, SO4
2–, and NH4

+ (rho = 

0.676, rho = 0.839, and rho = 0.784, respectively; Table 3), 

which suggests that biomass burning emissions (Hays et al., 

2005; Tang et al., 2014) and secondary transformations are 

important sources of shorter-chain di-acids. Moreover, the 

high correlation coefficient between NH4
+ and SO4

2– (rho = 

0.87) and the slightly lower one between NH4
+ and NO3

– 

(rho = 0.414) can suggest that (NH4)2SO4 and (NH4NO3) are 

the major ionic species in PM10.  

The conversion of gaseous NH3 to particulate NH4
+ depends 

on the concentration of acids in the atmosphere, temperature, 

and water availability, as well as the flux rates of NH3. Strong 

correlation between SO4
2− and NH4

+ as described bellow 

indicated that ammonium was present as ammonium sulfate 

((NH4)2SO4). Whereas (NH4NO3) is a product of gas-phase 

reactions between ammonia and nitric acid (Meng et al., 2016). 

The strong correlation coefficients of rho = 0.699 for 

NO3
– - Cl–, rho = 0.65 for NO3

– - Na+, rho = 0.68 for NO3
– - 

Mg2+, and rho = 0.714 for NO3
– - Ca2+ indicate that the major 

source of nitrate ions in PM10 samples was the reaction of 

precursor gases (HNO3) with marine species through 

heterogeneous condensation (Li et al., 2014). 

Moreover, a highly significant correlation between the 

organic compounds, namely alkanes, PAHs, hopanes, and 

alkan-2-ones, indicates that these pollutants have common 

sources, which could be attributed to traffic and to related 

industrial activity in this area (Khedidji et al., 2017). 
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The sources proposed through the Spearman rank 
correlation will be further discussed in the next section by 
analyzing molecular fingerprints and diagnostic ratios. 
 
Non-sea-salt Sulfate Contributions 

Non-sea-salt sulfate (nss-SO4
2–) is calculated from sodium 

under the assumption that Na+ is of a marine origin only 
(Seinfeld and Pandis, 1998). The calculation goes as follows: 
 
nss-SO4

2– = SO4
2–

Total – ([SO4
2–/Na+]marine × Na+

Total) (1) 
 
with [SO4

2–/Na+]marine = 0.25 (Morales et al., 1998; Zhou et 
al., 2016). 

The values of nss-SO4
2– ranged in a similar way, regardless 

of the sampling time (Table 4). They are comparable to those 
observed on other European sites with different topologies 
(Putaud et al., 2004). During this study, mass fractions of 
non-sea-salt sulfate (nss-SO4

2–) to total sulfate varied between 
76 and 98%, which confirms the anthropogenic nature of the 
source of sulfate. This finding is further confirmed by the 
Spearman rank analysis resulting in correlation between 
sulfate and potassium of rho = 0.631. 
 
EC and OC Sources: Tracer of Primary and Secondary 
Emissions 

A simple expression has been adopted to differentiate 
between primary OC (OCpri) and secondary OC (OCsec) 
from concentrations of EC and total OC (OCtot) (Spindler 
et al., 2012). 

 
OCPri = (EC) × (OC/EC)min (2) 
 
OCSec = (OC)tot – (OC)Pri (3) 
 

In the current study, the average value of primary OC 
(OCpri) was at 1.77 µg m–3 and ranged from 0.47 to 4.13 
µg m–3, while secondary OC (OCsec) was estimated to be at 
2.64 µg m–3 and ranged from 0.84 to 5.39 µg m–3 (Fig. 10). 

The secondary organic carbon (OCsec) was consistently 
higher than the primary organic carbon (OCpri). Therefore, 
the formation of secondary organic aerosols (SOA) from 
biogenic or anthropogenic precursors appears to be strong in 
the Bou Ismaïl region. 

A different approach was chosen to separate primary OC 
from combustion and other sources (non-combustion) (Russell 
and Allen, 2004). The method determines the minimum 
slope of the regression line between the concentrations of 
the total OC and those of EC. The OC/EC slope corresponds 
to the primary sources of combustion, while the interception 
gives information about the contribution of primary sources 
other than combustion. 

Fig. 11 shows the correlation between OC and EC in 
different measurement periods. Since these correlations are 
based on only few data points, their values are mainly used 
to indicate possible trends during the five months. 

The correlation is strong in January (R2 = 0.59) and 
significantly lower in November (R2 = 0.05). Additionally, 
the regression slopes in the months of September, October, 
and November are much lower than the ones recorded in  
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Table 4. Monthly values of non-sea salt measured at Bou Ismaïl (in µg m–3 and %). 

Months September October November December January Mean 

SO4
2– (µg m–3) 2.44 1.82 0.85 0.74 0.91 1.35 

nss-SO4
2– (µg m–3) 2.39 1.75 0.64 0.63 0.81 1.25 

nss-SO4
2– (%) 98.02 96.36 75.78 85.76 89.43 92.29 

 

 

Fig. 10. Daily assessment of primary organic carbon (OCpri) and secondary organic carbon (OCsec) measured at Bou Ismaïl. 

 

 

Fig. 11. Correlations between EC and OC concentrations during the five months. 

 

December and January. Consequently, the strong correlation 

observed in January seems to indicate a great homogeneity 

in the nature of the sources of carbonaceous material in this 

month. The slopes observed in September, October, and 

November are lower, indicating a greater distance from the 

sources of carbonaceous matter (i.e., less primary aerosol) 

and/or sources with different profiles than in the other months. 

The lower correlation in November indicates a high 

variability of the sources. This is quite compatible with the 

diversity of air mass sources in late winter and early fall 

(November) and also matches the general observations of 

the primary and secondary organic carbon values (see 

previous section). The intercepts are lower in December and 

January, most likely indicating a lower impact of OC 

sources that do not produce EC. 

 

SOURCES OF ORGANIC AEROSOLS 

 

In the present study, different diagnostic parameters were 

adopted to explore natural and anthropogenic contributions 

to the observed concentrations of organic particle constituents, 

comprising Carbon preference indexes (CPI), contributions 
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of natural wax n-alkanes (CWAX) and petrogenic n-alkanes 

(CPTR), and molecular diagnostic ratios (DRs) of PAHs (Yassaa 

et al., 2001a; Ladji et al., 2009b; Cecinato et al., 2014). 

 

Anthropogenic and Biogenic Sources 

In order to better understand the natural sources of n-alkanes 

from the epicuticular waxes of plants and anthropogenic 

sources originating in fossil fuel, a carbon preference index 

(CPI) computation was applied. A CPI rate was calculated 

by the following formula: 

 

CPI = ∑(C21–C33)/∑(C20–C32) (4) 

 

It is well known that n-alkanes originate in epicuticular 

waxes of plants and exhibit higher values of CPI (CPI >> 1) 

than vehicle emissions and other anthropogenic activities, 

which are characterized by CPI values close to 1 (Kavouras, 

2002). 

As can be seen in Table 5, the CPI values increased to around 

1.5 in the marine samples in both seasons and always decreased 

in the range of 1.39 to 1.64, suggesting a mixed situation 

where the emissions were dominated by petroleum-related 

sources but a slight influence by high plant waxes survived. 

The contribution of these waxes (CWAX) to the total 

amount of n-alkanes (CTOT) can be quantified using Eq. (5). 

The remaining n-alkanes are assumed to come from 

petroleum sources (CPTR) (Simoneit et al., 1991; Pio et al., 

2001; Yue and Fraser, 2004). Overall, the predominance of 

n-nonacosane (C29) and hentriacontane (C31) (typically 

associated with higher plant waxes) among high molecular 

weight homologues was indicative of a mixed impact of 

natural sources (Khedidji et al., 2017). 

The wax-negative Cn values are considered null values. 

Consequently, only n-alkanes with an odd number of carbon 

contribute to vegetable waxes (Simoneit, 1984; Li et al., 2010). 

 

 (5) 

Biogenic n-alkane contribution (CWAX) makes up between 

12%, and 31.65%, with n-hentriacontane and n-nonacosane 

being the principal homologues associated with vegetation, 

accounting for ca. 5.57% and 3.16% of all total plant wax 

n-alkanes, respectively (see fig. 12). 

This suggests the existence of a mixed situation, in which 

emissions are dominated by anthropogenic sources, with a 

modest contribution by alkanes derived from vegetable 

waxes. 

 

Diagnostic Ratios (DRs): Vehicular Emissions, Wood 

Burning, and Coal Combustion Contributions 

In order to determine the major sources of these pollutants 

during the five months studied, the ratios between the PAH 

concentrations were calculated (Khedidji et al., 2013; Balducci 

et al., 2014; Cecinato et al., 2014). Some criticism has been 

directed at this technique since PAH data and DRs do not tend 

to vary systematically with respect to atmospheric conditions 

and often seem to be unrelated to particular sources 

(Marchand et al., 2004). However, qualitative information 

remains inferable when three or more PAH ratios are 

considered. 

The reports of [BghiP/BeP], [CHAP/THAP], [Phe/(Phe + 

Ant)], [IcdP/(IcdP + BghiP)], [Flu/(Flu + Pyr)], and [BaP/(BaP 

+ BeP)] are graphically illustrated in Fig. 13. 

For instance, [CHAP/THAP] rates close to 0.3, 0.41, and 

0.51 were calculated for heavy-duty diesel trucks, non-catalyst 

automobiles, and catalyst-equipped automobiles, respectively 

(He et al., 2010). In our samples, the [CHAP/THAP] ratio 

values obtained throughout the whole period were 

comparable to those of heavy-duty diesel trucks, except for 

the month of January. This is confirmed by the [BghiP/BeP] 

report, which characterizes vehicular emissions in four 

months and their absence in January. Analogous results 

were drawn by analyzing the [Phe/(Phe + Ant)] ratio; in this 

regard, values ≥ 0.7 are typically associated with lubricant 

oils and fossil fuels, and those ≤ 0.7 with solid fuel exhausts 

(Vicente et al., 2012). The [Phe/(Phe + Ant)] ratio shows 

that these PAHs are essentially issued forth by burning fossil 

 

Table 5. Diagnostic parameters applied to concentrations of organic compounds. 

Diagnostic parameters September October November December January 

CPI n-alkanes 1.54 ± 0.07 1.64 ± 0.18 1.39 ± 0.17 1.44 ± 0.15 1.46 ± 0.17 

Cwax 6.58 ± 1.91 6.44 ± 3.04 3.22 ± 2.41 3.15 ± 1.05 5.03 ± 2.32 

Cwax n-alkanes (%) 17.41 20.79 15.34 16.70 17.18 

Cptr 31.73 ± 10.08 23.49 ± 7.92 16.91 ± 8 16.31 ± 6.33 25.92 ± 13.15 

Cptr n-alkanes (%) 82.59 79.21 84.66 83.30 82.82 

CHAPs/THAPs 0.32 ± 0.12 0.32 ± 0.08 0.41 ± 0.13 0.38 ± 0.12 0.44 ± 0.11 

BghiP/BeP 2.40 ± 1.62 2.44 ± 1.21 4.02 ± 2.34 3.62 ± 1.82 3.40 ± 2.36 

IcdP/(IcdP + BghiP) 0.39 ± 0.17 0.38 ± 0.10 0.29 ± 0.12 0.30 ± 0.11 0.35 ± 0.13 

Phe/(Phe + Ant) 0.92 ± 0.10 0.87 ± 0.09 0.79 ± 0.16 0.84 ± 0.11 0.89 ± 0.16 

Flu/(Flu + Pyr) 0.47 ± 0.09 0.46 ± 0.08 0.35 ± 0.14 0.40 ± 0.08 0.39 ± 0.10 

BaP/(BaP + BeP) 0.26 ± 0.05 0.30 ± 0.04 0.27 ± 0.10 0.27 ± 0.05 0.32 ± 0.10 

BaPE (ng m–3) 0.21 ± 0.07 0.23 ± 0.10 0.23 ± 0.12 0.22 ± 0.11 0.51 ± 0.28 

BaPE% 6.23 7.29 6.22 6.58 4.28 

Pri/Phy 1.24 ± 0.26 1.42 ± 0.81 1.19 ± 1.32 1.29 ± 0.39 1.05 ± 0.31 

C29αβ/C30αβ 1.19 ± 0.25 1.33 ± 0.28 1.34 ± 0.44 1.53 ± 0.27 1.61 ± 0.26 

OC/EC 2.90 2.73 2.19 2.49 2.13 
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Fig. 12. Biogenic and anthropogenic contributions of n-alkanes in PM10 (ng m–3) recorded over five months. 

 

fuels during the five months. The [IcdP/(IcdP + BghiP)] ratio 

reflects the importance of gasoline exhaust emissions, diesel 

particulates, and coal soot in the coastal region of Bou Ismaïl. 

The [Flu/(Flu + Pyr)] ratio value obtained in this study 

ranged from 0.35 to 0.47 during the five months. This value 

was similar to those previously documented for automobile 

emissions, particularly catalyst-equipped automobiles (del 

Rosario Sienra et al., 2005; Quiterio et al., 2007). 

The [BaP/(BaP + BeP)] report was used to evaluate the 

photochemical reactivity of aerosols in the atmosphere. 

Indeed, BaP and BeP are emitted into the air with the same 

ratio (1:1) in several types of combustion. BeP is very stable, 

unlike BaP, which is one of the most reactive pollutants in the 

particulate phase. There is a modification of the [BaP]/([BaP] 

+ [BeP]) report away from the emission source. Therefore, 

BaP is prone to sunlight-induced decomposition as well as 

oxidants. Consequently, this ratio can be taken as an indicator 

of the aging of particles suspended in the air. The values of 

[BaP]/([BaP] + [BeP]) (~0.5) indicate that the aerosol is 

fresh, and if this ratio is even lower (~0), it shows that the 

air mass is rather old (Assami et al., 2018). In our samples, 

the ratios lied in the range 0.12–0.54 (average 0.31) with the 

highest values obtained in January. 

The [BaP/(BaP + BeP)] ratio values obtained in this work 

suggest that the composition of the particles was amended 

somewhere by the reactivity of the atmosphere throughout 

the whole period, except in January when the aerosols were 

freshly emitted. This finding was in agreement with 

meteorological data of very high temperatures during the 

first months of sampling which accentuate the photochemical 

reaction. While for the last months of sampling, the 

temperature has dropped considerably which coincides with 

the difference in the results. 

Overall, PAH diagnostic ratios indicate that both 

vehicular gasoline and diesel exhaust, particularly catalyst-

equipped, were the major sources of organic aerosols in the 

Bou Ismaïl coastal region. 

 

Risk Assessment and Toxicity of Aerosols 

Benzo[a]pyrene-equivalent carcinogenic power (BaPE) is 

an indicator for assessing the carcinogenic potential of 

aerosols, taking into account the most toxic PAHs. Many 

PAHs display toxic properties (IARC, 1987; U.S. EPA, 1993), 

and six of them (including BaA, BaP, PBF, Chr, DBahA, 

and IcdP) have been classified by U.S. EPA (1993) as 

possible carcinogens for humans. Due to its special potency 

(U.S. EPA, 1984; Collins et al., 1998), BaP was chosen by 

the World Health Organization (WHO) as an indicator of 

PAH-associated carcinogenicity. Nevertheless, a more 

complete indexing (regarding benzo[a]pyrene-equivalent 

carcinogenic power, BaPE) of particulates can be obtained 

by applying equivalency factors to all toxic PAHs and 

multiplying them by the respective concentrations in the air. 

Thus, the expression of BaPE proposed by the national 

committee of toxicology in Italy (1991) (Cecinato, 1997) has 

been improved by Khedidji et al. (2017). 
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Fig. 13. Graphic illustration of the diagnostic ratios of the sources of PAH emissions. 

 

Relative carcinogenicity was set at 1, because uniformity 

has not yet been established. Hence: 

 

BaPE = 0.06 × BaA + 0.07 × ∑BFs + BaP + 0.08 × IcdP + 

0.6 × DBahA (6) 

 

The BaPE values of the five months are reported in Table 5; 

the BaPE ratios ranged from 0.21 to 0.51 ng m–3, with the 

percentages of carcinogenic PAHs at 4.28% in January up to 

7.29% in October. The daily BaPE values exceeded the 

maximum permissible risk level of 1 ng m–3 set by the World 

Health Organization on one day: January 10th, which reveals 

that the health risk is minimal in the region. Overall, these 

values are higher than those obtained elsewhere in Algeria, 

such as in Boumerdes (0.03–0.18 ng m–3), Rouiba-Réghaia 

(0.08–0.49 ng m–3), and the forest atmosphere of Chréa 

(0.005–0.034 ng m–3) (Ladji et al., 2009b). 
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CONCLUSIONS 

 

A large dataset of constituents’ concentrations in marine 

aerosol particles over the southern Mediterranean Sea was 

obtained between September 2011 and January 2012. It gave 

insights into the dominating sources of ambient PM10, which 

include marine and traffic emissions and the incomplete 

combustion of biomass. The concentrations of different 

species reached their maximum when the sampled air 

masses originated in southern Europe, as well as during the 

cold period. 

Aerosol particles were rich in sulfate, nitrate, and 

ammonium, accounting for 65% of the total ions measured 

throughout the investigation. The contribution of dust was 

put in evidence by the crustal metals profile, including (Ba, 

Ti, Al, and Fe), which contributed approximately 70% of the 

total concentrations of metal elements. 

A Spearman rank correlation analysis between selected 

ions such as potassium, sulfate, ammonium, and oxalate 

demonstrates the strong influence of marine sources, 

secondary aerosol formation, and biomass burning. 

The daily variations of concentrations in OC/EC were 

very similar throughout the entire study and within the range 

of a few µg m–3. The assessment values of OCpri/OCsec 

show that carbonaceous materials are related to the secondary 

formation of precursors emitted during biomass burning. 

The diagnostic ratios of speciated PAHs, the carbon 

preference indexes (CPI) of n-alkanes, and the OC/EC ratios 

showed that the emission of these pollutants was mainly due to 

petroleum combustion residues including vehicular emissions, 

while the plant waxes as biogenic source contributed 

relatively little. Additionally, the marked concentrations of 

pristane, phytane, and several hopane compounds were 

indicative of the high contribution of automobile exhaust 

emissions. 
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