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A B S T R A C T   

We report the results from a 12 month-long study of the organic compounds associated to PM2.5 samples 
collected around two petroleum refineries (4 samples/month/site) in two complex industrial zones reporting 
atmospheric pollution issues in the past (Estuary of Huelva and Bay of Algeciras, Spain). Sampling campaign was 
done from March 2020 when a Covid-19 lockdown was established at Spain to March 2021. Concentrations of 
fine particulate polycyclic aromatic hydrocarbons (PAHs) and anhydrosugars were separately measured using 
gas chromatography-mass spectrometry (GC-MS) and ion chromatography-amperometric detection (IC-PAD). 
The annual average abundances of PM2.5-bound benzo[a]pyrene (BaP) are 0.024 and 0.013 ng˖m− 3 at La Rábida 
and Puente Mayorga monitoring stations, while both sites have annual average concentrations of levoglucosan in 
PM2.5 of 14.98 and 9.78 ng˖m− 3, respectively. Seasonal variations are observed for concentrations of ƩPAHs and 
total anhydrosugars in both sampling sites. For PAHs, the highest concentrations averaging c. a. 0.400 (La 
Rábida) and 0.350 ng m− 3 (Puente Mayorga) are reported in cold months during December 2020-Febraury 2021 
(post-lockdown period), compared to the lowest levels averaging 0.111 and 0.211 ng˖m− 3, respectively, in 
temperate months from mid-March 2020 to early June 2020 (0.284 and 0.321 ng m− 3 on average annually), 
coinciding with the confinement and relaxation periods in Spain. Similarly, total anhydrosugars show the highest 
values of 81.80 ng˖m− 3 (La Rábida) and 53.52 ng˖m− 3 (Puente Mayorga) in winter and lowest values of 2.71 
ng˖m− 3 and 3.30 ng˖m− 3 into the lockdown period (22.51 and 14.09 ng˖m− 3 on average annually). Except 
phenanthrene, PAHs are present in PM2.5 principally as result of motor vehicle exhausts. Levoglucosan, a tracer 
for biomass burning, peaked in December 2020 and January 2021, during the high residential wood-burning 
season. In addition, multivariate analysis was used to assess the origin of organic components of PM2.5 sam
ples. The two principal components are characterized by the grouping of heavy PAHs associated to vehicular 
traffic, and anhydrosugars indicating biomass burning emissions, respectively.   

1. Introduction 

The industrialization may result in fine particulate matter air 
pollution episodes, particularly when numerous activities are clustered 
together in complex industrial zones (e.g., Chen et al., 2016; Vega et al., 
2021). There is currently few information on the emission of fine par
ticles (PM2.5) into the air in complex industrial zones, despite the 

monitoring of inorganic contaminants (toxic metals) and organic pol
lutants, such as polycyclic aromatic hydrocarbons (PAHs), and anhy
drosugars adhered to PM2.5, is certainly an issue of major environmental 
concern, owing their possible human public health impacts 
(López-Ayala et al., 2019). Two of the most highly industrialized areas in 
Spain, which both include a series of facilities (a petroleum refinery, a 
thermoelectric power plant, and other emitters), are located in Palos de 
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la Frontera (Estuary of Huelva) near Huelva city and San Roque (Bay of 
Algeciras) very close to the Strait of Gibraltar (Fig. 1). Palos de la 
Frontera and San Roque (including Puente Mayorga) are two small 
towns located in southwestern Spain, which are susceptible for pollution 
episodes as a result of atmospheric stability, clear skies and marine 
aerosols circulation (de la Rosa et al., 2010). 

Fine particulate matter (PM2.5) air pollution has been associated with 
several adverse health effects and high levels of mortality and morbidity 
(Kappos et al., 2004). Apart from fossil fuel combustion, emissions from 
domestic wood heating and agricultural waste burning are one of the 
main sources of organic fine and ultrafine particles (Sánchez de la 
Campa et al., 2018). Organic tracers such as levoglucosan and benzo[a] 
pyrene (BaP) are measured to estimate biomass burning contributions 
(Amato et al., 2016; Pérez-Pastor et al., 2020). PM2.5-bound PAHs may 
contribute to acute effects on environment or result in long-term human 
health risks (Li et al., 2009). Airbone PAHs arise from the incomplete 
combustion of organic substances and the vaporization of volatile fuels 
(Alam et al., 2015), being one of the most ubiquitous environmental 
contaminants known these days (Kim et al., 2012). A group of PAHs (for 
instance, benzo[a]pyrene) has been classified as probable carcinogenic 
and mutagenic chemicals and possess cardio-, immune-, hemato-, and 
neuro-toxicities (Ravindra et al., 2006; IARC Working Group, 2010). The 
European Commission proposed the most toxic PAH (BaP) as a proxy of 
ƩPAHs for the development of annual objectives. An annual maximum 
limit of 1.0 ng m− 3 for particulate BaP was established by the European 
Commission. Anhydrosugars, also called monosaccharide anhydrides, 
are formed by thermal decomposition of hemicellulose and cellulose 
(Vicente and Alves, 2018). The anhydrosugars levoglucosan (Lev), 

galactosan (G) and mannosan (M), as tracers for biomass burning 
(Cheng et al., 2013), were related with altered cellular responses and 
increases of mutagenic activity (van Den Heuvel et al., 2018). There is 
no specific regulation on emissions of wood burning tracers in Europe, 
only some eco-design rules for heating efficiency applied to solid fuel 
boilers in order to control emissions of organic compounds, among 
others (European Commission, 2015). 

The coronavirus disease 2019 (Covid-19) reached Spain during the 
first quarter of 2020 and, on 14th March, Spanish Government imposed 
a lockdown across the country and limiting human mobility to diminish 
the percentage of population infected by SARS-CoV-2. The confinement 
period in Spain was from 16th March to 10th May followed by a 
relaxation period from 11th May to 31st July characterized by a mild 
reduction in mobility restrictions between regions (Querol et al., 2021). 
In Bay of Algeciras and Estuary of Huelva, the comparison of the PM10 
trace element average concentrations in 2020, during the Covid-19 
lockdown, and 2013–2016 indicated that road traffic emissions 
decreased significantly due to mobility restrictions. By contrast, the in
dustrial emissions from these two complex industrial zones located near 
Huelva and San Roque were maintained during the confinement and 
relaxation periods (Millán-Martínez et al., 2022). 

The aims of this research work were to relate fine particulate organic 
compounds with their possible sources, with a particular focus on PAHs 
and anhydrosugars, and to study the interactions between air pollution, 
meteorology, and Covid-19 lockdown in the areas surrounding the Bay 
of Algeciras and Estuary of Huelva complex industrial zones in Anda
lusia. It is envisioned that this research will give valuable information on 
fine particulate air pollution in complex industrial zones to assess 

Fig. 1. a) Map showing the location of the Andalusian region in Spain and the study areas which are: a) La Rábida; and b) Puente Mayorga. For each it was included 
the placement of the monitoring stations as well as the main industrial and urban areas. 
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further policies for the control of emissions in these two areas. 

2. Samples and methods 

2.1. Sampling sites and collection 

Measurements of PM2.5-bound PAHs and monosaccharide anhy
drides were conducted at two air quality monitoring stations outside 
Palos de la Frontera (La Rábida) and inside Puente Mayorga areas, 
respectively, with the following geographical coordinates: 37◦11′ 08′′ N, 
6◦54′03′′ W, and 36◦11′01′′ N, 5◦23′48 W (Fig. 1). The location of the 
sampling sites (about 300 m away the corresponding oil refineries) are 
shown in Fig. 1. Both stations can be considered as urban/suburban 
areas with industrial influence and shipping emissions (de la Rosa et al., 
2010). Maritime traffic is heavy in the Strait of Gibraltar given its 
location connecting the Atlantic Ocean to the Mediterranean Sea (Pan
dolfi et al., 2011). PM2.5 fraction was collected from March 2020 to 
March 2021. Sampling duration was 24 h 47 and 48 p.m.2.5 samples, 
respectively, were taken at Puente Mayorga and La Rábida to charac
terize the organic aerosol and elucidate sources. Details of the sampling 
procedure were described in Pindado et al. (2009). The quartz fiber 
filters (150 mm of diameter) were previously baked out at 400 ◦C for 6 h 
for removing organic remnants. After sampling, the filters were equili
brated, weighted, and stored at − 20 ◦C before extraction and analysis. 
Clean quartz fiber filters were processed as blanks to determine the 
traces of PAHs and anhydrosugars due to adsorption of components into 
filter during and after sampling. 

PM2.5 (particles of aerodynamic diameter ≤2.5 μm), OC, EC, and 
potassium ion concentrations for daily measured air quality metrics 
during the sampling period were also taken from the aforementioned 
sampling stations, which belong to the Andalusia Regional Air Quality 
Network. 

2.2. Sample analyses and quality control 

A part of 1/4 of each quartz fiber filter was extracted and derivatized 
following the methodology of Fontal et al. (2015). Another 1/4 part was 
extracted for anhydrosacharides. Twelve individual PAHs and other 
organic compounds were identified and quantified using an Agilent 

5977 B-MSD GC-MS (available at the Research Service of the Center for 
Research in Sustainable Chemistry, University of Huelva). The analytical 
method used is based on that used by Alier et al. (2013). A mixture of 16 
deuterated EPA’s priority polyaromatic hydrocarbons (Dr. Ehrenstrofer, 
PAH-mix 9) was added to each sample as internal standards. Total 
procedure exhibited recoveries over 90% thus percentages of 100% 
were assumed. Quantification of PAHs was performed using external 
standard calibrations. A multipoint calibration curve for each PAH 
compound was constructed by analyzing aliquots of a standard stock 
solution (Supelco, EPA 610 PAHs mixture), and high linear correlations 
(r > 0.999) were shown. Detection limits (Table 1) were calculated as 
three times the standard deviation of results from analysis of six blanks. 
Concentrations below the respective detection limit and the remaining 
ones were blank-corrected. Peak identification was undertaken by 
comparison of mass spectra with literature, comparing of retention 
times with those of authentic standards, and library data. The fine 
particulate matter concentrations of 12 PAHs including phenanthrene 
(Phen), anthracene (Anth), fluoranthene (Flt), pyrene (Pyr), benzo[a] 
anthracene (BaA), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene 
(BkF), chrysene (Chry), benzo[a]pyrene (BaP), benzo[g,h,i]perylene 
(BghiP), indeno[1,2,3-c,d]pyrene (Ind), and dibenzo[a,h]anthracene 
(DahA) were quantified in PM2.5 samples. Naphthalene, acenaph
thylene, fluorene, and acenaphthene are not reported here due to 
analytical artifacts (Kim et al., 2012) and low recoveries (Choi et al., 
2007). 

Anhydrosugars are analysed by ion chromatography (IC) with pulsed 
amperometric detection (PAD). Individual monosaccharides levogluco
san (1,6–anhydro-β-D-glucopyranose), mannosan (1,6–anhydro-β-D- 
mannopyranose) and galactosan (1,6–anhydro-β-D-galactopyranose) 
were quantified using an Ion Chromatography system from Metröhm 
(Herisau, Switzerland), equipped with a 940 Professional IC Vario 1 
Chromatograph, and a MetroSep Carb 2/150 × 4.0 mm column fixed at 
15 ◦C (polystyrene/divinylbenzene copolymer with quaternary ammo
nium groups, 5 μm of particle size), specific for separation of carbohy
drates, mobil phase of NaOH:NaAcO 300:1 mM at a follow of 0.50 mL 
min− 1. The three anhydrosugars were analysed by pulsed amperometric 
detection (PAD) after injection with a peek sample loop of 250 μL. For 
this a 945 Amperometric Detector IC Vario from Metröhm was employed 
with the follow components and parameters: a Wall-Jet cell (Au, Pd) for 

Table 1 
Mean concentrations of PAHs and anhydrosugars (ng m− 3), as well as average values of PM2.5, OC, EC, and K+ (μg m− 3).   

MW LOD TEF La Rábida Puente Mayorga 

Annual Winter Spring Summer Autumn Annual Winter Spring Summer Autumn 

Phenanthrene 178 0.02 0.001 0.019 0.017 0.041 0.018 0.011 0.047 0.049 0.010 0.056 0.052 
Anthracene 178 0.02 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fluoranthene 202 0.02 0.001 0.024 0.030 0.015 0.027 0.015 0.042 0.036 0.012 0.066 0.038 
Pyrene 202 0.02 0.001 0.023 0.025 0.008 0.029 0.016 0.037 0.032 0.010 0.059 0.034 
Benzo(a)anthracene 228 0.02 0.100 0.010 0.011 0.006 0.011 0.009 0.006 0.008 0.003 0.007 0.005 
Chrysene 228 0.02 0.010 0.032 0.052 0.012 0.024 0.029 0.041 0.060 0.018 0.036 0.038 
Benzo(b)fluoranthene 252 0.02 0.100 0.065 0.101 0.013 0.061 0.053 0.057 0.080 0.021 0.066 0.041 
Benzo(k)fluoranthene 252 0.02 0.100 0.017 0.028 0.006 0.012 0.015 0.015 0.023 0.009 0.013 0.012 
Benzo(a)pyrene 252 0.03 1.000 0.024 0.033 0.017 0.023 0.016 0.013 0.016 0.010 0.015 0.011 
Benzo(ghi)perylene 276 0.03 0.100 0.037 0.046 0.011 0.039 0.035 0.028 0.038 0.012 0.032 0.021 
Indeno(123-cd)pyrene 276 0.03 1.000 0.035 0.056 0.010 0.026 0.039 0.035 0.053 0.018 0.022 0.038 
Dibenz(a.h)anthracene 278 0.04 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
ƩPAHs – – – 0.284 0.401 0.139 0.271 0.238 0.321 0.395 0.122 0.371 0.291 
BaPeq – – – 0.072 0.108 0.031 0.062 0.066 0.059 0.085 0.033 0.049 0.057 
Levoglucosan – – – 14.98 37.80 4.85 6.64 10.63 9.78 20.41 6.90 4.44 7.37 
Manosan – – – 5.41 15.05 0.43 1.68 4.48 3.07 6.52 1.71 0.99 3.06 
Galactosan – – – 2.12 3.57 2.38 1.28 1.25 2.07 2.23 4.16 0.55 1.34 
ƩAnhydrosugars – – – 22.51 56.42 7.67 9.58 16.37 14.09 29.16 9.44 5.98 11.78 
PM2.5 – – – 12.92 15.39 10.51 13.31 10.37 14.06 13.58 12.52 15.84 13.55 
OC – – – 1.43 1.57 1.13 1.36 1.53 1.29 1.40 0.83 1.28 1.45 
EC – – – 0.18 0.21 0.09 0.17 0.22 0.22 0.19 0.12 0.25 0.28 
K+ – – – 0.10 0.13 0.06 0.08 0.11 0.08 0.13 0.02 0.06 0.07 
Temperature (◦C) – – – 18.2 12.4 18.9 24.9 16.5 18.3 14.0 18.1 23.7 17.3 

Notes: Molecular weight (MW); Limit of detection (LOD); Toxic equivalency factor (TEF; Nisbet and LaGoy, 1992). 
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anion analysis of analytes with a gold (3 mm) as working electrode and a 
palladium reference electrode, spacer of 50 μm, measuring potential 50 
mV, measuring range 200 μA, measuring time 100 ms, cycle duration 
550 ms and temperature of 32 ◦C. 

2.3. Statistical data analyses 

Basic and multivariate statistical analyses, namely Pearson correla
tions (r) and Principal component analysis (PCA), were used for 
analyzing chemical and meteorological data. For these analyses the 
STATISTICA version 8 (2008) software package (StatSoft) was used. 

PCA was performed with a Varimax rotation of the data matrix, and 
the principal components (PCs) or factors were extracted in accordance 
with a series of quality criteria: the number of eigenvalues higher than 1 
(Kaiser criterion), the over 10% of total variance and the over 70–85% 
percentage of cumulative variance explained by the corresponding PCs 

(Jolliffe and Cadima, 2016). PCA reduces the large number of variables 
to a few PCs, and this multivariate technique makes it possible to 
simplify the interpretation for complex systems such as those related to 
the chemical composition of fine airborne particles. As concerns SLR, 
Pearson correlation coefficients (r) were checked for the probability (p). 
When the corresponding “p” values were greater than 0.05, a two-tailed 
t-test was applied with the 95% confidence interval. If the null hy
pothesis is “r = 0”, then the two-tailed tests assess whether “r” is 
significantly different from zero. 

2.4. Meteorology and air masses origin 

Meteorological data on sampling period were obtained from two 
stations of the Spanish State Meteorological Agency (AEMET, 2020) 
located in Moguer (province of Huelva) and Tarifa (province of Cádiz). 
The coast of Huelva and Cádiz has both temperate Mediterranean and 

Fig. 2. Seasonal and monthly variation of OC, EC and K+ in PM2.5 for the sampling period at Puente Mayorga and La Rábida.  
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Atlantic climates (Millán-Martínez et al., 2021). Precipitations are 
moderate (around 500 and 300 L m− 2 in 2020, respectively) and occur 
principally in spring and autumn since winters and summers are dry or 
very dry at two sampling sites. Average seasonal ambient temperatures 
near the sampling sites during the period of study are also shown in 
Table 1. Persistent wind conditions with hardly any change over 24 h in 
the Bay of Algeciras are dominated by two components, namely easterly 
(E–SSE) and westerly (W–NNW) winds. One out of every three days was 
characterized by mixed hourly east and west wind directions (Pandolfi 
et al., 2011). Two main hourly wind patterns were also identified at the 
Estuary of Huelva (Millán-Martínez et al., 2021): one due to Atlantic 
breeze (SW) and the other due to the topographical features of the area 
(NW–NE). It is also worth noting the more frequent air stagnation con
ditions in the summer and winter seasons coinciding with irregularity 
and low rate of precipitation rainfall (de la Rosa et al., 2010). 

3. Results and discussion 

3.1. PM2.5-bound PAH and anhydrosugar levels and seasonal variations 

Average levels of the PAHs and anhydrosugars obtained in the cur
rent study are shown in Table 1, arranged by sampling site and seasons 
of the year. Annual and seasonal (winter, spring, summer, and autumn) 
average concentrations of PM2.5, elemental carbon (EC), carbonaceous 
species or organic carbon (OC), and potassium ion for the Puente 
Mayorga and La Rábida sampling sites are also shown in Table 1. The 
PM2.5, OC and EC levels were similar in La Rábida and Puente Mayorga, 
with average annual OC values of 1.43 and 1.29 μg˖m− 3, EC concen
trations of 0.18 and 0.22 μg˖m− 3 on average annually, and PM2.5 levels 
averaging 12.92 and 14.06 μg˖m− 3 over the sampling period, respec
tively. Fig. 2 shows the time variations of PM2.5, EC, OC, and potassium 
ion (K+), the latter being a typical biomass burning tracer used in 

previous studies (Cheng et al., 2013), of fine particles at the two sam
pling sites. 

Fig. 3 shows the ƩPAH concentrations at the two sampling sites in 
each season. Appreciable seasonal variations were observed for indi
vidual compound and the sum of the PAHs at both sites (Table 1 and 
Fig. 3), with the highest seasonal concentrations registered during 
winter (post-lockdown period) from December 2020 to February 2021 
(averaging c. a. 0.400 ng˖m− 3 in La Rábida and Puente Mayorga) and 
summer (relaxation period) season (0.271 and 0.371 ng˖m− 3 on 
average, respectively), coincident with some intervals of highly stable 
atmospheric conditions that prevent the spread of contaminants and the 
presence of stationary high pressure systems over southern Spain (e.g., 
van Drooge and Grimalt, 2015). Attending to meteorological data, 
certain factors might explain these relatively high levels. Puente May
orga and La Rábida stations are located in warm Spanish areas (both 
having annual mean temperatures around 18 ◦C) with low rainfall 
(monthly maximum values of 173 and 99 mm in Puente Mayorga and La 
Rábida, respectively), which favours the resuspension and photo
degradation (AEMET, 2020). By contrast, the lowest ƩPAH levels aver
aging 0.111 and 0.211 ng˖m− 3 in La Rábida and Puente Mayorga during 
temperate months from mid-March 2020 to early June 2020 (0.284 and 
0.321 ng˖m− 3, respectively, on average annually), coinciding with the 
lockdown period in Spain. Additional factors might contribute to sea
sonal variations in PAH concentrations: reduced atmospheric dispersion 
resulting from lower mixing height, diminished photochemical degra
dation, and lower atmospheric temperature lead to higher PAH levels in 
PM2.5 samples during winter (Li et al., 2009). Regarding anthropic 
factors, higher PAH emissions from primary sources of combustion such 
vehicle exhausts and domestic heating contribute to elevated PAH levels 
in winter (Ludykar et al., 1999). 

BaP is of greatest interest due to its high carcinogenic potency 
(Huang et al., 2013) and is the only PAH compound in particulate matter 

Fig. 3. Seasonal and monthly variation of PM2.5, ƩPAHs and Ʃanhydrosugars for the sampling period at Puente Mayorga and La Rábida.  
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that is regulated by normative (Directive, 2004/107/EC). The detected 
BaP annual average concentrations reached 0.024 and 0.013 ng˖m− 3 in 
La Rábida and Puente Mayorga, respectively, while the maximum con
centrations of PM2.5-bound BaP were low (around 0.060 ng˖m− 3) in the 
areas surrounding the Gibraltar-San Roque and La Rábida refineries. 

Results from Estuary of Huelva and Bay of Algeciras point to PAHs 
with molecular weights (MWs) ≤ 202 accounted for 23–30% of ƩPAHs 
in the fine particle-phase. Most PAHs with MWs > 202 have high relative 
toxicities (Nisbet and Lagoy, 1992). Except phenanthrene in Estuary of 
Huelva, measured EPA priority PAHs in both sampling sites reached 
their minimum concentrations during spring due to the road traffic and 
industrial activity reduction as a result of the Covid-19 lockdown. 
Anomalous high phenanthrene levels in La Rábida during the spring 
season might be explained by the great proximity of the monitoring 
station to the Huelva Port, where harbour activities continued through 
the confinement period (Donateo et al., 2014). Chrysene is mainly 
emitted from industrial oil burning and diesel/gasoline vehicle exhausts; 
while BghiP is only indicative of gasoline automobile emission (Kulkarni 
and Venkataraman, 2000; Ho et al., 2002) and BbF or Phe are indicators 
of biomass burning (Kakareka et al., 2005). 

Although the presence of the biomass burning tracer levoglucosan 
was detected all year in La Rábida and Puente Mayorga because of 
several causes such as agricultural fires after harvesting (Table 1), the 
highest levels of Lev and M in winter are suggestive of a higher domestic 
biomass burning activity during the cold season at both sampling sites 
(Zhang et al., 2008). Seasonal variations in levels of levoglucosan have 
also been previously reported (Jedynska et al., 2014). In both sampling 
sites, samples exhibited values typical for zones with low influence of 
biomass burning (Puxbaum et al., 2007), with annual maximum con
centrations of levoglucosan in PM2.5 samples during winter below 50 
and 120 ng˖m− 3 near the Gibraltar-San Roque and La Rábida refineries 
(9.78 and 14.98 ng˖m− 3, respectively, on average annually). Fig. 3 also 
shows the sum of the three monosaccharide anhydride concentrations at 
both sampling sites in each season. The highest Ʃanhydrosugar levels 
registered from late November 2020 to mid-January 2021 (averaging 
31.73 and 19.29 ng m− 3 in La Rábida and Puente Mayorga, respectively; 
see Table 1). This period coincides with the same PAHs variations and 
with the use of domestic heating systems during the winter season in 
Southern Spain, such as biomass burning chimneys or pellet stoves (Ren 
et al., 2022). By contrast, the lowest Ʃanhydrosugar levels averaging 
3.92 and 3.88 ng m− 3, respectively, in La Rábida and Puente Mayorga 
(22.51 and 14.09 ng m− 3, respectively, on average annually) from May 
2020 to late September 2020, during the warm season. 

3.2. Toxicities of PM2.5-bound PAHs 

Assessing health risk on the basis of the EPA priority PAHs should be 
investigated. This can be done through toxic equivalent factors (TEFs) 
for individual PAH compounds using BaP as a reference component 
(Jung et al., 2010). Thus, the concentration of each PAH compound can 
be assessed by multiplying its concentration by the respective TEF in 
order to obtain BaPeq values (see Table 1). As expected from BaP and 
ƩPAH concentrations, BaPeq were the highest in winter (see Table 1), 
which is mainly attributed to higher anthropic contributions (Pindado 
et al., 2009). The seasonal average PM2.5-bound BaPeq values (ng˖m− 3) 
at both monitoring stations have the trends of winter > autumn ~ 
summer > spring during the sampling period (Table 1) and winter (c.a. 
0.10) > autumn ~ spring (c.a. 0.06) > summer (c.a. 0.04) for the 
2018–2019 biennium (unpublished results), respectively. These 
different trends can be explained by COVID-19 pandemic restrictions 
affecting Spain in spring 2020, as previously suggested. 

The PM2.5-bound PAH results obtained from Puente Mayorga and La 
Rábida are comparable to those reported by Oliveira et al. (2007) in 
several non-urban sites of Europa, but with significant anthropic con
tributions due to road traffic and marine transport. Particularly, warm 
season data were comparable to those obtained at other European rural 

and industrial areas (ƩPAHs around 1.0 ng˖m− 3; Pindado et al., 2009). 
Assuming that PAHs are emitted in large quantities during biomass 
burning (Alier et al., 2013) and taking into account that BaPeq did not 
increase notably in winter when compared to annual average values (see 
Table 1), it could be stated that biomass burning was not the main source 
of PAHs in the study areas. 

3.3. Diagnostic ratios and source appointment 

The OC/EC ratios in La Rábida and Puente Mayorga stations aver
aged annually 8.25 and 6.07, respectively (Table 2). OC/EC ratios 
ranging from 1.9 to 2.3 in Spain suggest the direct influence of com
bustion engine emissions, specially diesel motorized vehicle exhausts 
(Querol et al., 2013); while higher OC/EC ratios probably reflected 
additional OC sources such as contributions of secondary organic 
aerosols (SOA) and wood combustion (van Drooge et al., 2022). Biomass 
burning emissions make important contributions to OC and PAHs, but 
they are lower contributors to EC compared to road traffic and maritime 
transport emissions (Schauer et al., 2008). 

Table 2 also shows information on several PAH isomeric diagnostic 
ratios. These parameters have been used to identify sources of com
bustion, even though there are not definitive values for a given source 
(Tobiszewski and Namiesnik, 2012). Undetectable levels of Anth 
compared to Phen in both sampling sites suggest photodegradation of 
low molecular weight PAHs (Ladji et al., 2007) and are probably due to 
the lower photolability of the latter (Wild et al., 2005). Negligible 
concentrations of BeP in relation to BaP in aerosols may indicate fresh 
combustion emissions when compared to aged aerosols due to photo
chemical degradation (Galarneau, 2008). Mean annual Flt/(Pyr + Flt), 
Ind/(BghiP + Ind), BaA/BaP, and BaA/(Chry + BaA) ratios of around 
0.5, >0.5, <0.5, and <0.3 for both stations would be indicative of a 
variety of sources (traffic, industry, and others) of PM2.5-bound PAHs in 
La Rábida and Puente Mayorga. 

The monosaccharide anhydride levoglucosan has been used to 
determine the relative contribution of biomass burning through the ratio 
Lev/OC in wood burning smoke emissions (Maenhout et al., 2012). This 
ratio averaged annually 0.012 and 0.009, respectively, in La Rábida and 
Puente Mayorga (Table 2), showing lower contributions of biomass 
burning in the latter sampling station. As expected, Lev/OC averages 
increased to 0.027 and 0.015 during winter, respectively, in La Rábida 
and Puente Mayorga. These levels are comparable with most of obser
vations at urban sites (e.g., Cheng et al., 2013). However, Lev/OC values 
decreased in both sampling sites during the warm season in this study 
(Table 2), suggesting that the contribution from biomass burning was 
thereby diminished. In addition, Lev/K+ averaged 0.29 and 0.20 during 
winter, respectively, in La Rábida and Puente Mayorga. These mean 
values were lower than those (c.a. 0.50) during winter time at urban 
sites (e.g., Cheng et al., 2013). Annually, Lev/K+ mean values decreased 
to 0.14 and 0.13, respectively, in La Rábida and Puente Mayorga 
(Table 2), indicating a minor contribution from biomass burning during 
the other seasons (Chantara et al., 2019). 

Levoglucosan and mannosan were correlated well (r > 0.9) during 
the sampling period in both sites. The Lev/M ratio in smoke plumes from 
hardwood and softwood burning have been characterized by values in 
the ranges of 11–146 (28 on average) and 2.5 to 4.7 (4.3 on average), 
respectively (Jung et al., 2014). The Lev/M values in La Rábida and 
Puente Mayorga, averaging annually 3.30 and 3.52 in PM2.5 (Table 2), 
respectively, may indicate a limited influence of hardwood combustion 
in the two areas of study. More precisely, the highest Lev/M ratios in 
Puente Mayorga were observed on July and September during several 
one-day episodes, with peak values from 18.42 to 38.02 notably higher 
than the seasonal average (4.45), which might be explained by the fact 
that crop residue and/or other burning aerosols can be transported long 
distances downwind from the source areas (e.g., Liang et al., 2020; 
Cheng et al., 2022). These episodes did not occur in August 2020, which 
is the typical month for holidays, suggesting that they may be partially 
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caused in this case by grass burning after brush clearing (Sullivan et al., 
2008). This brush clearing activity is usual in Andalusia during the early 
spring in order to reduce the risk of forest fires in summer, however, the 
COVID-19 pandemic delayed it until the summer 2020 in some Anda
lusian areas. By contrast, in spring, the peak values of Lev/M in La 
Rábida (13.40–35.06) were higher than those in Puente Mayorga 
(5.86–9.90). The lowest Lev/M averages were found in the cold seasons 
(Table 2), with values ranging from 0.62 to 3.67 in La Rábida and from 
0.87 to 5.18 in Puente Mayorga. 

3.4. Relationship among PAHs, OC and other air pollutants 

Correlations between the PM2.5-bound ƩPAH concentrations and 
other air contaminants in PM2.5 have been used to elucidate the emission 
sources for these compounds in the ambient air (Crimmins et al., 2004). 
Our findings indicate that such correlations were appreciably different 
among seasons (Table 3). In autumn and winter (post-lockdown period), 
ƩPAHs showed good relationship with EC and OC of fine particles, with 
positive Pearson correlation coefficients (r) exceeding 0.4. In summer 
(Relaxation and post-lockdown periods) it is noteworthy to mention that 
ƩPAHs showed a significant correlation with OC (>0.4) instead of EC 
(<0.1). This might reveal that PAHs and OC, unlike EC, were generated 
from the same sources in this season. In spring (lockdown period), fine 
particle PAHs were negatively or not correlated with OC and EC, 
respectively, in Puente Mayorga and La Rábida. In all seasons, the cor
relation coefficients between ƩPAHs and EC are lower than those be
tween ƩPAHs and OC, which could be might be explained by the 
influence of gasoline automobile emissions (Kim et al., 2012) and by the 
fact that EC is less abundant than OC in smoke plumes from biomass 
burning (Pósfai et al., 2003). The relationship between PAHs and K+

showed similar seasonal variation than that between OC and K+ in La 

Rábida, while PAHs showed no or inverse relationship with potassium 
ion in Puente Mayorga in all seasons (Table 3). 

Finally, despite the fact that PM2.5-bound ƩPAH and OC levels are 
often negatively correlated to the ambient temperature because of the 
semi-volative character of these compounds (Li et al., 2009), little cor
relations were observed between both levels and temperature 
throughout the year in Estuary of Huelva and Bay of Algeciras probably 
due to more stable atmospheric conditions favouring resuspension of 
soil dust and photochemical activity in warm seasons. 

3.5. Principal component analysis (PCA) 

The differences among data were studied using PCA. This was done 
in order to determine the sources of PAHs and anhydrosugars in PM2.5. 
The results from the Sequential Principal Component Analysis of OC, EC, 
K+, PAHs and monosaccharide anhydrides were obtained for all samples 
collected during the 2020–2021 annual period in both stations. A 
Pearson correlation study and a PCA performed until 95% of the total 
variance allowed us to find the following groups of interrelated vari
ables: a) levoglucosan and mannosan with Ind, Chry and BkF; b) BghiP, 
BbF and BaP with Lev and Man. After removal of variables with low 
communalities (non-significant), the four PCs accounted for 79.3% of 
the total variance (Table 4). 

PC1 accounted for 41.2% of the total variance and appeared 
grouping of the less volatile PAHs: BghiP, BbF, BaP, BaA, BkF, Ind and 
Chry with high positive loadings (0.70–0.94). The higher scores were 
found in samples collected during two periods: first, those collected 
during weekends in June and July 2020, probably due to people 
commuting into the study areas throughout the summer, and second, 
samples collected on weekdays in January 2021 and the Christmas day 
date in 2020. Therefore, this group of high concentrations of heavy 

Table 2 
OC/EC, PAH and other diagnostic ratios.  

Ratio La Rábida Puente Mayorga 

Annual Spring Summer Autumm Winter Annual Spring Summer Autumm Winter 

OC/EC 8.25 10.37 9.23 6.50 6.90 6.07 6.66 5.24 5.27 7.13 
Lev/OC 0.012 0.006 0.004 0.012 0.027 0.009 0.013 0.003 0.005 0.015 
Lev/M 3.30 5.26 2.36 3.07 2.51 3.52 3.95 4.45 2.54 3.13 
Lev/K+ 0.14 0.11 0.04 0.15 0.29 0.13 0.15 0.07 0.10 0.20 
Ind/(BghiP + Ind) 0.51 0.54 0.40 0.53 0.58 0.56 0.59 0.44 0.63 0.58 
BaA/BaP 0.42 0.26 0.43 0.63 0.36 0.43 0.30 0.44 0.46 0.54 
Flt/(Pyr + Flt) 0.50 0.57 0.47 0.48 0.51 0.51 0.53 0.49 0.52 0.51 
BaA/(Chry + BaA) 0.26 0.35 0.33 0.25 0.12 0.13 0.14 0.15 0.12 0.12  

Table 3 
Pearson correlation coefficients (r) among OC, EC, K+ and ƩPAHs.   

La Rábida  Puente Mayorga  

OC EC K+ PAHs  OC EC K+ PAHs 

Spring OC 1 – – – Spring OC 1 – – – 
EC 0.617 1 – – EC (0.135) 1 – – 
K+ 0.028 0.091 1 – K+ 0.597 (0.191) 1 – 
PAHs (0.227) (0.242) (0.280) 1 PAHs 0.044 0.024 0.098 1 

Summer OC 1 – – – Summer OC 1 – – – 
EC 0.469 1 – – EC 0.460 1 – – 
K+ 0.701 0.484 1 – K+ 0.168 0.468 1 – 
PAHs 0.465 0.124 0.208 1 PAHs 0.413 0.040 (0.240) 1 

Autumn OC 1 – – – Autumn OC 1 – – – 
EC 0.865 1 – – EC 0.728 1 – – 
K+ 0.898 0.795 1 – K+ 0.245 0.272 1 – 
PAHs 0.766 0.693 0.703 1 PAHs 0.662 0.442 0.094 1 

Winter OC 1 – – – Winter OC 1 – – – 
EC 0.913 1 – – EC 0.584 1 – – 
K+ 0.873 0.889 1 – K+ 0.571 0.084 1 – 
PAHs 0.631 0.556 0.449 1 PAHs 0.760 0.460 0.097 1 

Note: negative values in parenthesis. 
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PAHs is associated to combustion engine vehicle emissions even in these 
two industrial areas. 

PC2 explained 20.9% of the total variance, and it is characterized by 
the concentrations of Lev, M and G, with high positive loadings 
(0.62–0.79), indicating high emissions of anhydrosugars on cold days, 
particularly in winter. This second principal component is related with 
the results of the cold season as commented above. Based on the 
representative scores, the samples associated in both sampling stations 
were collected from late November 2020 to mid-January 2021, showing 
the highest coefficients for fine particles collected on really cold days at 
the end of 2020 and beginning of 2021. Therefore, this grouping of high 
concentrations of Lev, M and G can be associated to biomass burning of 
wood in chimneys and pellets’ stoves at home (Cheng et al., 2013). 

PC3 accounted for 11.3% of the total variance and grouped the light 
PAHs: Flt, Pyr and Phe (positive loadings of 0.78–0.86) associated 
mainly to Puente Mayorga and some samples from La Rábida. In this 
research work, Phe, Flt and Pyr can be associated with ship emissions in 
coastal areas near important harbours (Valavanidis et al., 2006), such as 
the two complex industrial zones under study. Regarding representative 
samples of PC3, 44% of high scores correspond to PM2.5 collected in 
summer and 28% in all holiday weekends from 9 October to December 
20, 2020. Therefore, in this case PC3 was attributed to PAHs emitted 
from domestic wood burning and wood-based waste combustion 
(Kakareka et al., 2005; Park et al., 2013). Finally, PC4 explained 5.9% of 
the total variance and is characterized by the levels of OC, EC and K+

(positive loadings of 0.70–0.81) and to a lesser content anhydrosugars. 
The highest scores were found in samples from both industrial zones 
collected in March–July and September 2020, but not in August, sug
gesting that grass burning under anticyclonic conditions as previously 
mentioned. 

4. Conclusions 

Limiting human mobility imposed by the Spanish Government across 
the country during part of the year 2020 by the coronavirus disease 2019 
(Covid-19) brought about exceptional conditions for investigating the 
evolution of air organic contaminant concentrations. In this work, sea
sonal PAH and monosaccharide anhydride concentrations in PM2.5 
fraction were studied from March 2020 to March 2021 in Puente May
orga and La Rábida (Southern Spain). Results indicated a decrease in 
PM2.5-bound ƩPAH concentrations in the study areas during the 
confinement period resulting from diminution of road traffic emissions. 

In Bay of Algeciras and Estuary of Huelva, the highest seasonal ƩPAH 

concentrations in 2020 were recorded during winter (post-lockdown 
period) and summer (relaxation and post-lockdown periods), coincident 
with climate factors such as low rainfall, dry soils favouring resus
pension and/or high photodegradation in the two study areas. In both 
cases, levels of anhydrosugars, diagnostic ratios and multivariate anal
ysis suggest contributions from the road traffic emissions, shipping oil 
combustion and industrial estate, along with a definite influence of 
biomass burning. 
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