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H I G H L I G H T S  

� BVOCs oxidation tracers and other related polar organic species at a background area of Eastern Mediterranean. 
� Pinene SOA showed higher contribution to OC than Isoprene SOA in PM10 samples but similar contribution in PM2.5 samples. 
� Phthalic acid is considered as a secondary product while its isomers found to be primarily emitted. 
� Malic acid originated from a variety of sources. 
� Dust episodes may affect secondary formation in PM10 samples.  
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A B S T R A C T   

Atmospheric particle samples with aerodynamic diameter <10 μm (PM10) and <2.5 μm (PM2.5) were analyzed 
for elemental (EC), organic (OC) carbon and polar organic compounds. Samples were collected, on a daily basis, 
over 44 days during the winter period in Agia Maria Xyliatou, a background location of Cyprus. Polar organic 
compounds were determined using a 3-step derivatization method prior to analysis with GC/MS. Gas phase 
compounds and meteorological data were also measured. Secondary OC was estimated and found to be signif
icantly higher in PM2.5 than PM10 fraction (mean of 0.81 � 0.58 over 0.51 � 0.66 μg m� 3). Concentrations of 
biogenic secondary formation tracers, monocarboxylic acids, dicarboxylic acids and aromatic acids ranged from 
7.3 to 29.0, 2.9–162, 7.6–82.0 and 1.9–19.6 ng m� 3 respectively, in all aerosol samples, accumulated mostly on 
PM2.5 fraction. Molecular diagnostic ratios of selected carboxylic acids indicated influence of biogenic sources 
and aged aerosols. Source apportionment tools employed, including principal component analysis, demonstrated 
anthropogenic activity, biomass burning, biogenic volatile organic compounds oxidation and oxidation of un
saturated fatty acids as the basic sources of the studied analytes. Estimation of OC contribution from different 
sources was performed using tracer-based methods, such as “SOA tracer method” presenting biomass burning as 
a significant contributor (12.8 � 14.8% in PM2.5 and 5.8 � 4.8% in PM10). Oxidation of biogenic volatile organic 
compounds accounted for 13.0 � 8.9% and 5.6 � 3.5% of OC in PM2.5 and PM10 samples respectively. Dust 
episodes that occurred during the sampling period, appear to enhance secondary formation mostly on PM10 
particles.   

1. Introduction 

Investigation of organic matter in atmospheric aerosols, also 
mentioned as organic aerosol (OA), is a continuing concern among sci
entists due to its severe consequences on human health (Kelly and 

Fussell, 2012), air quality and climate (Kanakidou et al., 2005). Organic 
aerosols can be emitted in the atmosphere primarily from direct sources 
but also can be formed through numerous and complex reactions that 
occur in the gas and particle phase (Kroll & Seinfeld, 2008), the so 
called, secondary organic aerosol (SOA). An increasing interest has been 
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observed about SOA formation (Volkamer et al., 2006; Shrivastava et al., 
2017) and its possible effects on human health (Baltensperger et al., 
2008). Recent studies, for example, have highlighted potential associa
tion of isoprene derived compounds with the expression of oxidative 
stress response genes in human lung and bronchial epithelial cells (Lin 
et al., 2016; Arashiro et al., 2018). SOA formation is the result of the 
reaction of atmospheric volatile organic compounds (VOCs), biogenic 
(BVOCs) (Williams et al., 2013) or anthropogenic (AVOCs) (Chen et al., 
2010), with O3, NO3, OH radicals, chlorine atoms (Huang et al., 2012) or 
via photolysis. These reactions are greatly affected by the structure of 
each precursor and the ambient conditions, such as relative humidity, 
temperature, NOx and SO2 concentration levels (Hallquist et al., 2009; 
Atkinson and Arey., 2003). The variety and diversity of the factors 
affecting the oxidation process of atmospheric VOCs leads to a great 
number of compounds constituting the SOA yields. The SOA yields 
include species with one or more oxygenated functional groups such as 
carbonyl (C––O), hydroxyl (OH) and carboxyl (HOC––O) groups (Hoff
man et al., 1997; Liao et al., 2007; Hallquist et al., 2009). 

Recent studies regarding the global emissions of VOCs indicate that 
the amount of BVOCs emitted in the atmosphere is greatly higher than 
the AVOCs (Ashworth et al., 2013). The most characteristic BVOCs that 
act as secondary organic aerosol precursors are isoprene, monoterpenes 
and sesquiterpenes (Williams et al., 2013). Their intense reactivity is due 
to the presence of C––C bonds in their molecules. Pinic acid (dicarbox
ylic acid) and pinonic acid (oxo carboxylic acid) are the main products of 
the reaction of α and β pinene with O3 (Ma et al., 2007) while 3-hydrox
yglutaric acid is considered as a marker of α-pinene photoxidation 
(Claeys et al., 2007). 2-Methyltetrols (sum of 2-methylerythritol and 
2-methylthreitol are major products of isoprene oxidation under low-
NOx conditions (Claeys et al., 2004), while 2-methylglyceric acid is the 
basic product under high-NOx conditions, resulting from further oxida
tion of methacrolein and methacrylic acid which both are gas phase 
isoprene oxidation products (Surratt et al., 2006). The ratio of 2-methyl
erythritol/2-methylthreitol varies from 0.76 to 2.5 but in most cases 
2-methylerythritol is more abundant than its diastereoisomer (Claeys 
et al., 2004; Fu et al., 2009, 2010). The variety of the above ratio sug
gests that formation procedures may differ by time and location (Fu 
et al., 2013). 

Another group of compounds that can be formed via atmospheric 
photo-oxidation of volatile or semi volatile compounds are dicarboxylic 
acids (Zhang et al., 2010a). Their sources can be both biogenic and 
anthropogenic (Mochida et al., 2003); nevertheless their formation and 
chemical behavior remains a matter of concern (Zhao et al., 2014). The 
group includes straight chain dicarboxylic acids, unsaturated low mo
lecular weight dicarboxylic acids, hydroxydicarboxylic acids and aro
matic polyacids (Claeys et al., 2004; Kawamura and Bikkina, 2016, and 
references therein; He et al., 2018). 

East Mediterranean (EM) is a region where the air quality receives 
increasing attention (Kanakidou et al., 2011; Achilleos et al., 2016; 
Iakovides et al., 2019). This area is characterized by excesses of the 
particulate matter and ozone limits, especially during the summer 
(Kanakidou et al., 2011). The intense solar radiation all year round, also 
enhances the photochemical processes (Dayan et al., 2017) making EM a 
favored place of expanded photochemical activity and thus formation of 
secondary pollutants. 

Cyprus is located on the east side of the Mediterranean Sea. Its 
location between three continents, Europe, Africa and West Asia, makes 
Cyprus a receptor of air masses of different chemical composition. For 
example, Kleanthous et al. (2014) reported that high-ozone levels over 
the region are clear outcomes of long-range transport (Kleanthous et al., 
2014). Moreover, transported dust is a significant contributor i.e. 33.6%, 
of the yearly PM10 levels measured in background stations (Pikridas 
et al., 2018). In addition, findings from the studies of Debevec et al. 
(2017, 2018), regarding the budget of AVOCs and BVOCs in the atmo
sphere of Cyprus, suggest that contributors of SOA exist in significant 
amounts in this region (Debevec et al., 2017, 2018). 

In this study, we collected 132 samples, 44 PM10, 44 PM2.5 and 44 
gas phase samples from a background area of Cyprus, in order to study 
the formation, distribution and possible sources of BVOCs oxidation 
tracers and other related polar organic species, i.e. mono- and dicar
boxylic acids (MCAs-DCAs), aromatic acids (AAs) and biomass burning 
tracers (levoglucosan) during the winter period. As far as we know, no 
previous research has investigated SOA in this region and this study is 
one of a few that have taken place in areas of the Mediterranean Sea 
(El-Haddad et al., 2011; Pietrogrande et al., 2014). 

2. Experimental 

2.1. Site description & sample collection 

The sampling site is located at the Cyprus Atmospheric observatory 
(CAO) at Agia Marina Xyliatou, a remote location in the middle of the 
island (35.03◦N, 33.05◦E) (Fig. 1). CAO is at an altitude of 532 m ASL 
(above sea level), 1 km south of the village of Agia Marina (population 
about 630) and more than 35 km away from the major Cypriot cities 
with limited anthropogenic influences. The sampling location includes 
extensive plant life, such as the “maquis”, and is near the oak and pine 
forests covering the Troodos Mountain (Fall et al., 2012). The station is 
cooperated within the network of the European Monitoring and Evalu
ation Program (EMEP) by the Department of Labour Inspection (DLI). 

Particulate phase samples (n ¼ 44 for PM10, n ¼ 44 for PM2.5) were 
collected daily (00:00–23:59), on pre-weighted filters (Whatman 
Quartz, 1851-150; Pall Tissuquartz 2500 QAT-UP) from 18 November 
2017 to 31 December 2017. Two samplers (Leckel SEQ 47/50 and 
Digitel DHA-80) were used to collect the PM10 (flow rate 30 m3 h� 1) and 
the PM2.5 (flow rate 2.3 m3 h� 1) samples, respectively. Particle mass 
determination was carried out gravimetrically following the protocol of 
EN12341:2014 (EN12341, 2014). After collection, each filter was stored 
in a Petri dish in the freezer (� 21 �C). 

A weather station (Campbell Scientific Europe, Antony, France) 
located on the rooftop of CAO (5 m a.g.l) was used for the monitoring of 
real time meteorological parameters, such as atmospheric pressure (AP), 
atmospheric temperature (AT), relative humidity (RH), wind speed 
(WS), wind direction (WD) and solar radiation (SR) (5-min time 
resolution). 

Moreover, inorganic gases, i.e. NO, NO2, CO, SO2 and O3 (1-hr time 
resolution) were measured at the CAO for the whole sampling period. 
More details for the latter measurements are provided in Kleanthous 
et al. (2014). During the sampling period, VOCs were also measured 
including 1 biogenic VOC (isoprene) and 6 anthropogenic (benzene, 
toluene, ethylbenzene, m þ p xylene, o-xylene and 1,3-butadiene). 

2.2. Measurement of organic carbon, elemental carbon and gas phase 
hydrocarbons 

A 1 cm � 1.5 cm standard punch (1.5 cm2) of the aerosol filter sam
ples and the field blanks was cut and analyzed for organic carbon (OC) 
and elemental carbon using an OC/EC Lab Instrument (Model 5) of 
Sunset Laboratory Inc., USA, following the EUSAAR 2 temperature 
program. More details for the analysis can be found elsewhere (Cavalli 
et al., 2010). Secondary organic carbon (OCsec) can’t be measured 
directly, so it was calculated using the method described by (Castro 
et al., 1999). In particular, the minimum OC/EC ratio, from the 
measured OC and EC concentrations, was used to calculate primary 
organic carbon (OCpri) and OCsec by applying the following equations 
Eqs. (1) and (2). 

OCpri ¼EC� ð
OC
EC
Þmin (1)   

OCsec ¼OC – OCpri                                                                         (2) 

This equation has already been used for the estimation of OCsec in 
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many rural/background and urban locations (Wang et al., 2010; Sici
liano et al., 2018; Li et al., 2018a). 

Gas phase hydrocarbons were measured by applying the 
EN14662–3:2015 protocol (EN14662-3, 2015) for sampling and anal
ysis, with automated pump sampling and in situ gas chromatography 
using two Synspec GC955-800 automatic analyzers, with PID and 
FID/PID detectors. 

2.3. Chemical and reagents 

Extraction solvents, methanol (MeOH) and dichloromethane (DCM), 
were purchased from Fischer Scientific and Carlo Erba, respectively. 
Hexane and acetonitrile (ACN) were purchased from Macron Fine 
Chemicals. As derivatization reagents, O-Methylhydroxylamine hydro
chloride (MHA), (trimethylsilyl) diazomethane solution (TMSD) (Sigma 
Aldrich) and N,O-Bis(trimethylsilyl)trifluoroacetamide with 1% TMCS, 
as a catalyst, (TCI Chemicals) have been used. All chemicals used for 
standard solutions, surrogate and internal standards were obtained from 
Sigma Aldrich except from cis-Pinic acid (Chiron). 

2.4. Extraction, derivatization and GC-EI-MS determination 

The procedure of filter pretreatment and 3-step derivatization were 
described in detail elsewhere (Flores and Doskey, 2015). Briefly and 
with few modifications, the filters were extracted with 30 mL of (1:1) 
dichloromethane/methanol in an ultrasonic bath for 20 min. Prior to the 
extraction, 5 μL of ketopinic acid (5 μg mL� 1, in MeOH) was added as 
surrogate standard. Also 5 μL of ketopinic acid (5 μg mL� 1, in MeOH) 
and 5 μL of meso-Erythritol (5 μg mL� 1, in MeOH) were added as surro
gate standards in blank filters for recovery evaluation. The extraction 
procedure was repeated in triplicate. The extracts were then combined, 
filtered through a Pasteur pipette and concentrated at nearly 4 mL with a 
rotary evaporator (Buchi). Further condensation took place with a 
gentle steam of nitrogen until dryness. The first step of the derivatization 
procedure starts with the addition of 60 μL of heated MHA solution 
(1 mg mL� 1, in ACN). The reaction of carbonyl compounds with MHA 
took place for 60 min at 70 �C in a water bath. The second step includes 
the methylation of carboxylic acids to methyl esters. This was achieved 
by adding 12 μL of TMSD and 8 μL of methanol. Then, the vials were left 
in an ultrasonic bath for 20 min. Following this, we added 245 μL of 
BSTFA with 1% TMCS in order to convert the hydroxyl groups of the 
species to their trimethylsilyl ether derivatives. Additionally, 50 μL of 

pyridine were added. The reaction was carried out in an oven for 60 min 
at 70 �C. After cooling to room temperature, 50 μL of tetracosane d-50 
(30 μg mL� 1, in DCM) were added to each sample as the internal 
standard. 

An Agilent GC/MS (6890N/5975 B) was employed for analysis. The 
GC instrument was equipped with a split/splitless injector and a HP-5ms 
[5%-(phenyl)-methylpolysiloxane] capillary column. The GC oven 
temperature program was: 84 �C (hold for 1min) to 200 �C at 4 �C min� 1, 
hold for 2 min, then to 300 �C at 10 �C min� 1 with final isothermal hold 
for 15min. 

2.5. Quality control 

The analytes were identified by comparing the mass spectra and the 
retention time with the reference standards. In this work, the following 
reference standards have been used: succinic acid (diC4), glutaric acid 
(diC5), malic acid (dihC4), adipic acid (diC6), pimelic acid (diC7), suberic 
acid (diC8), azelaic acid (diC9), sebacic acid (diC10), pinic acid (PA), 
pinonic acid (PNA), 2-C-methyl-D-erythritol (MTL1), phthalic acid 
(PTHA), isophthalic acid (iPTHA), trimellitic acid (TRIM), palmitic acid 
(C16), margaric acid (C17) and stearic acid (C18). Selected ion monitoring 
(SIM) mode was used for the quantification of the analytes. The ionic 
fragments used and the retention time of the compounds are presented 
in Table S1. Calibration curves over the range of 0.1 μg ml� 1 to 
10 μg mL� 1 were constructed at 5 levels, for each of the mentioned 
compounds. Limits of detections (LODs) of the method ranged from 
0.16 ng m� 3 (pinonic acid) to 0.61 ng m� 3 (palmitic acid acid) when 
calculated with the average PM2.5 sampling volume of 55.2 m3 and from 
0.06 ng m� 3 to 0.23 ng m� 3 when calculated with the average PM10 
sampling volume of 720 m3. Average recoveries of all quantified com
pounds ranged from 73 to 108%, therefore data presented was not 
corrected. Other compounds, whose reference standards were not 
available, were identified by comparing data with previous studies and 
with compounds in the NIST library with a match greater than 90% 
(Clayes et al., 2004; Szmigielski et al., 2007; Flores et al., 2015; Molo
gousi and Bakeas, 2016). The fragment ions of 2MTL1 were used to 
identify and quantify 2-methylthreitol (MTL2), terephthalic (tPTHA) 
acid was determined using isophthalic acid as a reference, 3-hydroxyglu
taric acid (3-HGA) and 2-methyl glyceric acid (2-MGA) were determined 
using malic acid. GC/MS response of meso-erythritol was used to 
quantify levoglucosan (LEV), while stearic acid was used for the quan
tification of linoleic (C18:2) and oleic (C18:1) acids Table S2. Field blank 

Fig. 1. Eastern Mediterranean and Cyprus maps. Sampling point is displayed with a red rhombus. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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samples (n ¼ 3 for PM10 and n ¼ 3 for PM2.5) were treated with the same 
procedure as the real samples and appropriate correction of the data 
took place when it was necessary. 

2.6. Statistical analysis 

Statistical analysis of the data was carried out using IBM SPSS sta
tistics 23. Shapiro-Wilk test was used to check the normal distribution of 
the data and Mann Whitney test was selected to estimate the signifi
cance, using the 95% confidence level (p < 0.05). Correlation analysis 
was applied with the use of Spearman test and Principal Component 
Analysis (PCA) was carried out in order to predict common sources 
between the analytes. 

3. Results and discussion 

3.1. PM, OC, EC and OCsec concentrations 

Concentrations of PM, OC, EC, TC and OCsec are summarized in 
Table 1. Meteorological data during the sampling period are also 
presented. 

During the sampling period, PM10 and PM2.5 concentrations ranged 
from 5.3 to 268.9 μg m� 3 and from 2.0 to 71 μg m� 3, respectively. 
Although the maximum concentrations are relatively high the average 
values were 25.0 μg m� 3 for PM10 and 10.0 μg m� 3 for PM2.5. High PM 
concentrations can be explained by the dust episodes that occurred from 
13 to 17 and on 27 of November 2017 and from 21 to 23 of December 
2017. 

(https://www.airquality.dli.mlsi.gov.cy/news/archive/2017?page 
¼0) 

During these days, PM10 concentrations exceeded the daily limit of 
50 μg m� 3 (EU, 2008/50/EC) and thus five limit violations were 
observed. On 21 and 22 of December the threshold of 25 μg m� 3 for 
PM2.5 (WHO, 2006) was exceeded too. Mean concentrations of PM10 and 
PM2.5 appear to be consistent with the average November values 
measured at the same site during 2010–2015, although wintertime 
precipitation is responsible for the lower December values. (Pikridas 
et al., 2018). Additionally, a rural site near Brindisi (Italy) exhibited 
approximately same levels both for PM10, i.e. 22 � 14 μg m� 3 and for 
PM2.5 i.e. 11 � 6 μg m� 3 (Siciliano et al., 2018). In contrast, in Chenhu 
qihao, a background location in Wuhan, China, PM10 and PM2.5 levels 
were significantly higher ranging from 125 � 57 and 98 � 53 μg m� 3 

respectively, during the winter period (Xu et al., 2017). Significant good 
correlation (r ¼ 0.98, p < 0.05) is observed for PM10 versus PM2.5 mass 
concentrations and the linear increase of their values reveals common 
emission sources (Fig. 2). Same trend was also noted at Brindisi (Sici
liano et al., 2018). 

In PM10 OC and EC values ranged from 0.43 to 9.1 μg m� 3 and from 

0.03 to 1.4 μg m� 3 respectively, while in PM2.5 OC concentrations varied 
from 0.38 to 3.0 μg m� 3 and EC concentrations from 0.06 to 0.82 μg m� 3 

(Fig. 3). Values noted in this work are comparable with results from 
other background locations in Greece (0.28–2.23 μg m� 3) (Bardouki 
et al., 2003) and lower than most rural sites of Italy (Sandrini et al., 
2014). Interestingly, OCsec in PM2.5 exhibited significant higher con
centrations (p < 0.05) (from 0.10 to 2.67 with median value 
0.70 μg m� 3) than OCsec in PM10 (from 0.11 to 4.39 with median value 
0.35 μg m� 3), indicating that secondary organic carbon is mainly fine 
(Fig. 3). Comparing the concentration levels of OCsec, measured with the 
same method, to those of other background locations, they appeared to 
be relatively lower than 2.9 μg m� 3 detected in Gongga Mountain, China 
(Li et al., 2018a), 3.31 μg m� 3 (heating season) and 1.46 (non-heating 
season) in Krynica Zdroj, Poland (Klejnowski et al., 2017) and 
1.97 μg m� 3 (PM10) and 1.59 (PM2.5) in Brindisi, Italy (Siciliano et al., 
2018). Daily variations of PM, OC, EC and OCsec concentration are 
presented in (Figs. 4 and 5). As it is clear, dust episodes affect OC levels 
of both PM fractions, but higher diameter particles were more influ
enced, especially the 22nd of December 2017. 

OC/EC ratios are an alternative way to estimate the contribution of 
primary and secondary sources to atmospheric aerosol. In particular, 
high ratios of OC/EC (>2) refer to secondary processes as the main 
contributor to the organic aerosol (Kunwar and Kawamura, 2014; Haque 
et al., 2019). In this study, ratios of OC/EC were on average 4.8 and 5.2 
for PM10 and PM2.5 respectively, suggesting that aerosols in Agia Marina 
Xyliatou are affected by secondary sources. 

3.2. Gas and particle phase concentration of the analytes 

3.2.1. Overall results 
Concentrations of inorganic gases and organic compounds of the gas 

phase are presented on Table 2, while particle phase concentrations of 
the analytes are illustrated on Table 3. 

Anthropogenic aromatic compounds of gas phase exhibited low 
concentrations levels reinforcing the background typology of the loca
tion as firstly mentioned by (Debevec et al., 2017). Even lower con
centrations were observed for benzene (0.18 � 0.07 μg m� 3) and toluene 
(0.07 � 0.04 μg m� 3), than those reported during March of 2015, i.e. 
0.37 μg m� 3 and 0.19 μg m� 3 respectively (Debevec et al., 2017). 1, 
3-Butadiene, an anthropogenic VOC with high reactivity and short 
lifetime, was measured at very low levels (in 12 out of 44 samples was 
measured above detection limits) compared to EU and US urban loca
tions (RAR, 2002) but its gas/particle phase reaction products are 
receiving great attention (Jaoui et al., 2014). Isoprene ranges in our 
study were from 0.03 to 0.54 μg m� 3 with a median of 0.13 μg m� 3 

showing comparable concentrations with those reported in Valderejo of 
Spain (0.14 μg m� 3) (Navazo et al., 2008) and quite lower than those 
measured in the background location of Finokalia, Greece, during the 

Table 1 
Average, median concentrations and concentration ranges of PM, OC, EC, OCsec and meteorological parameters of the sampling period.  

Species  PM10 (n ¼ 44) PM2.5 (n ¼ 44) 

(μg m� 3) Min Max Average Median SD Min Max Average Median SD 

C PM 5.3 268.9 25.0 13.0 41.8 2.0 71.0 10.0 7.4 11.0 
OC 0.43 9.1 1.6 1.1 1.4 0.38 3.0 1.3 1.0 0.80 
EC 0.03 1.4 0.33 0.19 0.29 0.06 0.82 0.24 0.19 0.28 
TC 0.48 10.5 1.9 1.2 1.7 0.44 3.65 1.5 1.1 0.90 
OC/EC 3.3 20.9 5.7 4.8 2.8 1.96 17.6 5.7 5.2 2.8 
OC/PM (in %) 3.3 12.8 8.5 8.9 2.6 3.7 31.3 15.2 14.2 6.3 
OCsec 0.11 4.39 0.51 0.35 0.66 0.10 2.67 0.81 0.70 0.58 

Parameter Average Value ± SD 

AT (oC) 13 � 2 
RH (%) 64 � 7 
SR (W m� 2) 108 � 30 
WD S/SW  

P.G. Kanellopoulos et al.                                                                                                                                                                                                                      

https://www.airquality.dli.mlsi.gov.cy/news/archive/2017?page=0
https://www.airquality.dli.mlsi.gov.cy/news/archive/2017?page=0


Atmospheric Environment 237 (2020) 117622

5

cold months of 2004–2006. (Liakakou et al., 2007 & 2009). The values 
are on the same levels with those reported for the same site in March 
2015 (46 ppt) and lower than those of summer 2015 (121 ppt) (Debevec 

et al., 2018). 
Regarding the size distribution of the analytes, almost every one 

shows statistically significantly (p < 0.05) higher concentration in 
PM2.5, except pinonic acid which presented higher but not significantly 
higher concentration (p ¼ 0.053). Dicarboxylic acids are found from 1.5 
to 4.4 times higher in PM2.5. Similar size distribution of dicarboxylic 
acids is presented by Van Pinxteren et al. (2014) where dicarboxylic 
acids in particles with aerodynamic diameter of 0.14–1.2 μm having 
significantly higher concentrations (p < 0.05) than in coarse particles 
(Van Pinxteren et al., 2014). Our results are also mostly comparable to 
those presented by Li et al. (2013) where most of their studied analytes 
showed higher concentrations in fine mode particles (<2.1 μm) (Li et al., 
2013). Among pinene oxidation products pinic and 3-hydroxyglutaric 
acids were found mainly in fine particles (1.7- and 2.4-times higher 
concentration in PM2.5, respectively). However, pinonic acid didn’t 
show significant difference regarding its concentration in PM10 and 
PM2.5 (p ¼ 0.053). A reason for this can be the high volatility of pinonic 
acid (Li et al., 2013). Secondary products from isoprene were from 2.2 to 
2.9 times more abundant in PM2.5, as well as malic acid and levoglu
cosan are mainly associated with fine particles as also observed by 
(Graham et al., 2003). Aromatic acids presented 1.7–2.3 times higher 
concentrations in PM2.5 as well. Monocarboxylic acids were found from 
2.3 (oleic acid) to 3.6 times (stearic acid) higher in PM2.5 indicating that 
these compounds are associated mostly with the fine mode. 

Fig. 2. PM10 versus PM2.5 mass concentrations.  

Fig. 3. Concentrations of elemental (EC), organic (OC), secondary organic 
(OCsec) and total carbon (TC) in PM10 and PM2.5 samples (o refers to values 
above the 3rd quartile and * to outliers). 

Fig. 4. Daily variation of PM10, OC, EC and OCsec concentrations.  
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Comparison of the concentration levels of studied analytes with 
those of other studies is presented in Table S3. 

3.2.2. BVOCs oxidation products 
In this study, six compounds known as oxidation products of BVOCs 

such as isoprene and pinenes have been detected. Pinic and pinonic s are 
the major reaction products of the oxidation of α/β-pinene with O3 or 
OH radicals in a NOx free environment (Eddingsaas et al., 2012), 
whereas 3-hydroxyglutaric acid is generated from monoterpene oxida
tion in a NOx-present atmosphere (Claeys et al., 2007; Lyu et al., 2017). 
The most representative isoprene SOA tracers include the 2-methyltetrol 
isomers (2-methylerythritol and 2-methylthreitol) (Claeys et al., 2004; 
Surratt et al., 2006) and 2-methylglyceric acid which is mostly formed in 
NOx rich atmosphere (Surratt et al., 2006). Pinene SOA tracers exhibited 
higher concentrations than isoprene SOA tracers in both PM fractions 
(Table 3). In PM2.5 samples, the median concentration of the total pinene 
SOA tracers was approximately 1.6 times higher than the sum of 
isoprene SOA tracers (12.9 � 3.2 versus 8.1 � 2.0 ng m� 3). Same trend 
was observed in PM10 fraction where concentrations of pinene SOA 
tracers were 1.9 higher those of isoprene (7.1 � 3.8 versus 
3.7 � 0.80 ng m� 3). This difference is in agreement with (Debevec et al., 
2018) who found in the same site, αþβ pinene levels over 2 times higher 
than isoprene levels on June–July of 2015 approximately 5 times higher 
on winter of 2015 (Debevec et al., 2017, 2018). This indicates that 

pinene oxidation is the main biogenic source of SOA in this region. In 
other studies, in three China sites isoprene oxidation dominates pinene 
oxidation (Lyu et al., 2017; Li et al., 2018a; Hong et al., 2019). On the 
contrary, in Marseille and Los Angeles pinene oxidation is a more 
important source of SOA (Stone et al., 2009; El Haddad et al., 2011). 
Among the pinene SOA tracers, the most abundant was pinic acid with 
median concentration 6.9 � 1.8 ng m� 3 for PM2.5 and 4.1 � 1.8 ng m� 3 

for PM10 samples, followed by 3-hydroxyglutaric acid in PM2.5 
(3.4 � 0.83 ng m� 3) and by pinonic acid in PM10 (1.9 � 1.3 ng m� 3). The 
dominance of pinic over pinonic acid can be attributed to low vapor 
pressure of the former, as also described by (Deshmukh et al., 2019) in 
summer time aerosols in Alaska and by (Hong et al., 2019) in all-year 
round aerosols, but especially during the fall-winter period, pinic acid 
was found about 5 times higher than pinonic acid. On the other hand, in 
two mountainous sites in China 3-hydroxyglutaric acid was greatly 
higher than the sum of pinic and pinonic acids indicating that different 
formation pathways are favored (Lyu et al., 2017; Ren et al., 2019). 

Of isoprene SOA tracers, 2-methylerythritol was the most abundant 
(4.9 � 0.92 for PM2.5 and 2.2 � 0.47 ng m� 3 for PM10) followed by 2- 
methylthreitol. The least abundant isoprene SOA tracer was 2-methyl
glyceric acid with median values of 1.1 � 0.38 and 0.43 � 0.19 ng m� 3 

in PM2.5 and PM10 samples respectively. Furthermore, the low concen
trations of 2-methylglyceric acid (approximately 4.5 times than 2-meth
ylerythritol) can be explained by the low NOx levels of the sampling site 
meaning that other processes of isoprene oxidation are favored. In 
contrast, in the North China Plain, where NOx levels are close to 20 ppb, 
2-methylglyceric acid was observed higher than 2-methylthreitol and 
close to 2-methylerythritol (Li et al., 2018b). The ratios of 2-methylery
thritol/2-methylthreitol, in our study, were 2.1 � 0.60 in PM2.5 and 
2.2 � 0.5 in PM10 fraction, values that are in agreement with the most 
studies in the literature (Fu et al., 2009, 2010; Ding et al., 2012; Li et al., 
2018b). 

Concerning the potential associations among the BVOCs oxidation 
products we observed strong and significant correlations between 
pinene oxidation products (r ¼ 0.70–0.84, p < 0.01 in PM2.5 and 
r ¼ 0.68–0.86, p < 0.01 in PM10 aerosol samples, Tables S4 and S5) 
potentially confirming their same source and possible same formation 
pathways. Similarly, regarding the isoprene oxidation products, very 
strong correlations were observed between 2-methylerythritol and 2- 
methylthreitol in both PM fractions (r ¼ 0.92, p < 0.01 in PM2.5 and 
r ¼ 0.91 in PM10 particles), revealing identical formation pathways. 
However, lower but significant correlations were found between 2- 

Fig. 5. Daily variation of PM2.5, OC, EC and OCsec concentrations.  

Table 2 
Minimum, maximum, median concentrations and concentration ranges of vol
atile organic compounds and inorganic gases during the sampling period 
(n ¼ 44).  

Organic Compounds Min Max Median SD 

Benzene (ng m� 3) 84.8 320 178 69.1 
Toluene 15.8 200 74.1 43.8 
m þ p Xylene 1.3 38.3 4.7 9.7 
o- Xylene 1.1 20.0 5.4 5.3 
Ethylbenzene 1.0 13.8 1.5 3.1 
Isoprene 24.6 543 115 95.1 
1,3-Butadiene 2.8 46 2.3 10.3 

Inorganic gases (μg m¡3) 

NOx 1.9 6.6 3.3 1.2 
SO2 0.18 3.2 0.89 1.3 
O3 71.8 102.9 82.7 0.84 
CO 111.8 82.7 156.8 8.0  

P.G. Kanellopoulos et al.                                                                                                                                                                                                                      



Atmospheric Environment 237 (2020) 117622

7

methylglyceric acid and the two methyltetrols (MTL2: r ¼ 0.48, p < 0.01 
in PM2.5 and r ¼ 0.54, p < 0.01 in PM10) (MTL1: r ¼ 0.54, p < 0.01 in 
PM2.5 and r ¼ 0.47, p < 0.01 in PM10) suggesting that their formation 
procedures may differ (Tables S4 and S5). Similar correlations of 2- 
methylglyceric acid were noticed in an urban site of Marseille (El 
Haddad et al., 2011). Ratios of the sum of methyltetrols to 2-methylgly
ceric acid appear to be affected by the NOx (NO þ NO2) levels even in 
this low NOx atmosphere. In particular, in PM2.5 samples the above ratio 
correlated significantly with NOx (r ¼ |0.64|, p < 0.01) (Fig. 6). Same 
trend was found also in PM10 samples (r ¼ |0.60|, p < 0.01) suggesting 
that the increase in NOx concentrations could affect the isoprene SOA 
formation. 

Interestingly, isoprene levels are poorly correlated with 2-methylte
trols values of the same day (R2 ¼ 0.001 for PM2.5, R2 ¼ 0.02 for PM10) 

(Fig. 7), but the correlation significantly increases with the next day 
values of 2-methyltetrols (R2 ¼ 0.55 for PM2.5, R2 ¼ 0.54 for PM10) 
indicating the reaction time between isoprene and O3. This outcome is in 
accordance with the calculated atmospheric lifetime of isoprene with O3 
(1.3 days) (Atkinson and Arey, 2003). Although the OH-initiated 
oxidation of isoprene is favored, isoprene ozonolysis was suggested as 
an important contributor to SOA formation in urban and rural areas 
(Rattanavaraha et al., 2016; Li et al., 2018b). 

3.2.3. Linear dicarboxylic acids 
A homologous series of linear dicarboxylic acids, from 4 to 10 carbon 

atoms as well as malic acid (2-hydroxybutanedioic acid) were detected 
in both PM10 and PM2.5 samples during the sampling period. In general, 
linear dicarboxylic acids can be emitted into the atmosphere by both 

Table 3 
Minimum, maximum, median concentrations and concentration ranges of polar organic compounds in PM10 and PM2.5 during the sampling period.  

Species PM10 (n ¼ 44) PM2.5 (n ¼ 44) p-value 

(ng m� 3) Min Max Median SD Min Max Median SD  

Linear dicarboxylic acids 
Succinic (diC4) 1.0 13.2 5.5 3.3 2.0 22.9 8.1 5.9 0.008 
Malic (dihC4) 1.1 4.3 2.0 0.88 3.1 13.9 4.8 2.5 0.000 
Glutaric (diC5) 0.25 3.0 1.0 0.63 0.64 12.8 3.2 3.3 0.015 
Adipic (diC6) 0.15 8.6 2.2 1.8 1.1 12.6 3.2 2.9 0.015 
Pimelic (diC7) 0.15 2.8 0.40 0.66 0.38 3.9 0.98 0.88 0.000 
Suberic (diC8) 0.09 9.4 1.3 1.7 1.1 12.9 2.4 2.9 0.000 
Azelaic (diC9) 0.55 10.3 2.4 2.2 0.74 14.8 5.8 3.5 0.000 
Sebacic (diC10) 0.11 2.6 0.80 0.67 0.58 10.7 3.5 2.2 0.000 
Σdicaroxylic acids 7.6 37.4 18.0 7.1 8.7 82.0 35.3 16.1 0.000 
BVOCs oxidation products 

Pinic acid 1.6 10.1 4.1 1.8 2.6 11.8 6.9 1.8 0.000 
Pinonic acid 0.18 5.3 1.9 1.3 0.86 4.8 2.7 0.77 0.053 
3-Hydroxyglutaric acid 0.92 5.5 1.4 1.1 1.3 5.7 3.4 0.83 0.000 
2-Methylglyceric acid 0.20 1.1 0.43 0.19 0.32 2.0 1.1 0.38 0.000 
2-Methylthreitol 0.69 0.95 0.80 0.67 0.78 5.6 2.3 0.90 0.000 
2-Methylerythritol 1.9 4.1 2.2 0.47 3.2 8.5 4.9 0.92 0.000 
ΣPinene SOA tracers 2.9 20.8 7.1 3.8 5.1 21.2 12.9 3.2 0.000 
ΣIsoprene SOA tracers 3.0 6.5 3.7 0.80 4.4 16.1 8.1 2.0 0.000 
ΣBVOCs SOA tracers 7.3 25.3 11.0 3.9 12.9 29.0 21.1 3.7 0.000 
Aromatic acids 

Phthalic 0.20 4.7 2.0 0.77 0.22 8.9 4.4 2.1 0.000 
Isophthalic 0.18 0.54 0.39 0.08 0.20 1.3 0.70 0.38 0.037 
Terephthalic 0.24 4.0 1.0 0.90 1.1 7.8 2.3 1.7 0.000 
Trimellitic 0.28 4.1 1.2 1.1 0.45 5.9 2.4 1.2 0.000 
Σaromatic acids 2.7 9.6 5.1 1.7 1.9 19.6 9.9 4.3 0.000 
Monocarboxylic acids 

Palmitic (C16) 0.33 16.1 5.5 4.7 2.3 64.5 16.6 18.1 0.000 
Margaric (C17) 0.57 4.1 0.94 0.78 0.60 9.8 2.4 2.1 0.000 
Stearic acid (C18) 0.60 17.3 4.1 4.0 1.4 58.3 14.6 14.3 0.000 
Oleic (C18:1) 0.22 5.9 1.4 1.5 0.57 11.3 3.3 2.7 0.000 
Linoleic acid (C18:2) 0.16 5.4 0.79 1.4 0.49 7.64 2.0 1.9 0.000 
Σmonocarboxylic acids 2.9 39.2 13.4 9.5 14.0 162 55.7 36.5 0.000 
Biomass burning tracer 
Levoglucosan 0.54 34.0 4.0 5.8 1.0 30.8 7.1 5.4 0.014  

Fig. 6. Scatter plot of NOx versus the ratio of MTLs (sum of 2-methylerythritolþ2-methylthreitol) to 2-methylglyceric acid in PM2.5 (left) and PM10 (right) samples.  
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primary and secondary sources. Primary sources include biomass 
burning (Kundu et al., 2010a; Cao et al., 2017) and fossil fuel combus
tion (Kawamura and Kaplan, 1987). Dicarboxylic acids can also be 
formed by the oxidation of biogenic and anthropogenic olefins (Hata
keyama et al., 1987; Stephanou and Stratigakis, 1993; Gao et al., 2004; 
Jaoui et al., 2017). Another formation pathway of lower molecular 
weight dicarboxylic acids might be the oxidation of their higher ho
mologues (Yang et al., 2008). As far as malic acid is concerned, until 
now, there has been no reliable evidence about its primary sources (Hu 
and Yu, 2013). Malic acid can be formed by the ozonolysis of some 
olefins i.e. cyclopentene, cyclohexene and 1-methylcyclopentene (Gao 
et al., 2004), isoprene (Claeys et al., 2004) and is also believed to be an 
intermediate of the oxidation of unsaturated fatty acids (Kawamura and 
Ikushima, 1993). In PM2.5 aerosol samples of our study, succinic acid 
was the most abundant dicarboxylic acid with median concentration 
8.1 � 5.9 ng m� 3 (Table 3), followed by azelaic acid with a median of 
5.8 � 3.5 ng m� 3. Lower concentrations have been observed for malic 
acid (from 3.1 to 13.9 ng m� 3, with a median of 4.8 ng m� 3). The two C4 
diacids accounted for 37.8 � 18.3% of the total measured linear dicar
boxylic acids (Table 4). Glutaric and adipic acids exhibited almost the 
same concentration in PM2.5 samples i.e. 3.2 � 3.3 and 3.2 � 2.9 ng m� 3 

respectively. Pimelic acid was the least abundant dicarboxylic acid in 
our study with median concentration 0.98 � 0.88 ng m� 3 accounting for 
3.3 � 3.3% of the total diacids. Among low molecular weight dicar
boxylic acids, good correlations were observed (Table S4). Particularly, 
correlation coefficients among succinic, glutaric and adipic acid ranged 
from 0.73 to 0.77 (p < 0.01) attributing to the same source. In addition, 
each of the mentioned dicarboxylic acids exhibits strong correlation 
with phthalic acid (r ¼ 0.72–0.77 p < 0.01) indicating common anthro
pogenic sources (see below). Comparable correlations were observed in 
a background location in Sweden (Hyder et al., 2012), during a one-year 
study, and in Pearl River Delta region of south China (Zhao et al., 2014). 

High molecular weight dicarboxylic acids (diC8-diC10) are consid
ered as photoxidation products of unsaturated fatty acids (Kawamura 
and Gagosian, 1987; Stephanou and Stratigakis, 1993; Ho et al., 2010). 
Suberic and sebacic acids are significantly correlated (r ¼ 0.68, 
p < 0.01) suggesting that they have common source. However, azelaic 
acid isn’t as strong correlated with the previous acids (r ¼ 0.30 and 0.36 
respectively, p < 0.05) but shows interesting relationship with biomass 
burning as it highly correlated with levoglucosan (r ¼ 0.69, p < 0.01). 
The main source of diC8 and diC10 acids may be the oxidation of fatty 
acids as both are satisfactorily correlated with the sum of oleic (r ¼ 0.83) 
and linoleic (r ¼ 0.69) acids. However, biomass burning might also 
enhance the formation of suberic and sebacic acids as they are signifi
cantly (p < 0.01) but moderately correlated with levoglucosan (r ¼ 0.47, 
0.45 respectively). Biomass burning has already reported to enrich the 
aerosols with dicarboxylic acids (Kawamura et al., 2013; Cao et al., 
2017). Malic acid in PM2.5 samples is strongly correlated (r ¼ 0.64, 
p < 0.01) (Fig. 8) with the sum of pinene oxidation tracers indicating 
that pinene oxidation might be the source of malic acid. Same correla
tion is observed as well in PM2.5 samples in Hong Kong during both 
summer and winter periods (Hu and Yu, 2013). Lately, 1,3-butadiene 
was proposed as a precursor of malic acid following similar reaction 
pathways with isoprene (Jaoui et al., 2014), though such relationship is 
most likely to occur at urban aerosols. However, in this study, concen
trations of 1,3-butadiene, which were measured above the detection 
limits, were correlated with malic acid suggesting another possible 
formation pathway of the latter (Fig. 9). 

In PM10 samples, dicarboxylic acids with 4 carbon atoms, likewise 
PM2.5 samples, were abundant accounting together for 41.5 � 14.0% 
(Table 4.) of the total measured dicarboxylic acids. In particular, suc
cinic acid showed the highest concentrations from 1.0 to 13 ng m� 3 

(median concentration, 5.5 ng m� 3). Corresponding concentrations of 
malic acid varied from 1.1 to 4.3 ng m� 3 (median value, 2.0 ng m� 3). 

Fig. 7. Scatter plot of isoprene versus MLTs (sum of 2-methylerythritolþ2-methylthreitol) in the same (triangle) and next day (circle) in PM2.5 (left) and PM10 
(right) samples. 

Table 4 
Relative abundance (%) of linear dicarboxylic acids in PM10 and PM2.5 samples.  

Linear dicarboxylic acids PM10 (n ¼ 44) PM2.5 (n ¼ 44) 

Relative abundance % Min Max Median SD Min Max Median SD 

Succinic (diC4) 12.2 55.0 30.0 10.5 1.0 51.2 22.9 10.8 
Malic (dihC4) 5.3 20.8 11.5 3.5 5.3 38.2 14.9 7.5 
Glutaric (diC5) 1.6 14.1 6.1 3.1 0.96 25.9 9.6 6.6 
Adipic (diC6) 1.1 34.6 12.8 7.8 1.5 22.7 9.7 4.4 
Pimelic (diC7) 0.08 23.2 2.1 4.9 0.82 17.0 3.3 3.3 
Suberic (diC8) 0.55 28.5 7.7 6.0 3.0 23.2 7.6 4.9 
Azelaic (diC9) 5.9 34.7 17.9 8.1 3.0 41.0 15.4 8.7 
Sebacic (diC10) 0.13 11.4 4.6 2.9 0.86 28.2 9.1 6.3  
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Adipic and azelaic acids were more relatively abundant in PM10 samples 
accounting for 12.8 � 7.8% and 17.9 � 8.1% respectively, of the total 
measured linear diacids Glutaric acid exhibited lower relative abun
dance (6.1 � 3.1%) in PM10 samples and pimelic acid was found again 
with the lowest concentrations (0.40 � 0.66 ng m� 3). Differently from 
PM2.5 samples, sebacic acid presented lower concentrations than suberic 
acid (median concentration of 1.3 versus 0.80 ng m� 3). The profile of 
dicarboxylic acids observed in this work is in agreement with that pre
sented in a rural site of China where succinic acid was dominant fol
lowed by azelaic acid (Zhao et al., 2014) (Table S3). However, in other 
studies azelaic acid was found to be the most abundant diacid followed 
by succinic and suberic acids (Hyder et al., 2012; Yin et al., 2014) 

Low molecular weight dicarboxylic acids in PM10 show different 
correlations compared to those in PM2.5. For example, succinic acid isn’t 
strongly correlated with glutaric (r ¼ 0.55, p < 0.01) and adipic 
(r ¼ 0.57, p < 0.01) acids (Table S5.) but is more associated with malic 
acid (r ¼ 0.61, p < 0.01) meaning that succinic acid possibly has 
different origin in higher diameter particles. On the other hand, glutaric 
and adipic acids are significantly correlated with each other (r ¼ 0.74, 
p < 0.01) and both of them with phthalic acid (r ¼ 0.65 and 0.74, 
p < 0.01 respectively) revealing anthropogenic sources of the former 
acids. Another interesting difference between PM10 and PM2.5 samples is 
that malic acid is stronger correlated with succinic acid (r ¼ 0.61, 
p < 0.01) than with pinene oxidation tracers (r ¼ 0.21, p < 0.05) (Fig. 8) 
which means that pinene oxidation isn’t the main source of malic acid. 
In addition, malic acid didn’t show significant correlation with 1,3-buta
diene as it was observed in PM2.5 samples (Fig. 9). Furthermore, sig
nificant (p < 0.01) correlations were observed between suberic, azelaic 
and sebacic acids (r ¼ 0.69–0.76) (Table S5) suggesting that they are 
generated from the same source, such as the oxidation of unsaturated 
fatty acids. This hypothesis can be reinforced by the strong correlations 
between each individual diacid (diC8-diC10) with linoleic and oleic 
acids. 

3.2.4. Aromatic acids 
Three aromatic dicabroxylic acids (phthalic, terephthalic and 

isophthalic) and one aromatic tricarboxylic acid (trimellitic acid) were 
detected in this study. Although phthalic acids are reported to be pri
marily emitted by motor exhaust (Kawamura and Kaplan, 1987) or 
through plastic burning (Simoneit et al., 2005) they have been observed 
as oxidation products of naphthalene and methylnaphthalene in both 
high and zero NOx levels (Kleindienst et al., 2012; Kautzman et al., 
2010). Recently, phthalic acid was proposed for the first time as SOA 
tracer for naphthalene photoodixation (Al-Naiema and Stone, 2017). 
Additionally, polycarboxylic aromatic compounds such as trimellitic 
acid have been used as SOA tracer (Sheesley et al., 2004; Stone et al., 
2011), though primary sources are reported as well (Simoneit, 1985). 
Therefore, it is clear that there are many contributors of aromatic acids 
into the atmosphere and thus field studies need to predict the fate and 
sources of these acids (Al-Naiema and Stone, 2017). In this study, 
phthalic acid was the most abundant among aromatic carboxylic acids 
both in PM2.5 (median concentration 4.4 � 2.1 ng m� 3) and PM10 (me
dian of 2.0 � 0.77 ng m� 3) aerosol samples. Trimellitic and terephthalic 
acids presented lower and comparable median concentrations in both 
PM fractions, respectively equal to 2.4 � 1.2 and 2.3 � 1.7 ng m� 3 in 
PM2.5 and equal to 1.2 � 1.1 and 1.0 � 0.90 in PM10. Isophthalic acid 
presented the lowest levels in both PM2.5 (0.70 � 0.38 ng m� 3) and PM10 
(0.39 � 0.08 ng m� 3) (Table 3). Comparable levels of phthalic acid iso
mers have been measured in mountainous aerosols in China (Li et al., 
2013) (Table S3) but in urban/rural aerosols those are significantly 
increased (Ho et al., 2007; Zhao et al., 2014; Zhu et al., 2017) 

As described above (3.2.3), phthalic acid showed high correlation 
with low molecular weight dicarboxylic acids in PM2.5 (r ¼ 0.72–0.77, 
p < 0.01), but weaker association with the other aromatic acids. For 
example, the correlation coefficient of phthalic acid with isophthalic, 
terephthalic and trimellitic acids was 0.46, 0.46 (p < 0.05) and 0.55 
(p < 0.01) respectively. The weak relationship between phthalic and its 
other isomers combined with the strong correlation of terephthalic and 
isophthalic acids with levoglucosan (r ¼ 0.63 & 0.62, p < 0.01) (see 
below) indicates that secondary transformation may be the source of 
phthalic acid and biomass burning the source of its isomers, although 
association between phthalic acid and biomass burning has been 

Fig. 8. Scatter plot of pinene oxidation tracers versus malic acid in PM2.5 and PM10 samples.  

Fig. 9. Scatter plot of 1,3-Butadiene versus malic acid in PM2.5 (left) and PM10 (right) samples.  
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reported in urban aerosols in Thessaloniki, Greece (Balla et al., 2018). 
Also, iso- and terephthalic acids correlated strongly and significantly 
with each other (r ¼ 0.68, p < 0.01) enhancing the hypothesis of their 
common origin (Table S4). Same relationship about isophthalic and 
terephthalic acids with biomass burning is also observed in Iowa during 
winter (Al-Naiema and Stone, 2017). Additionaly, Zhao et al. (2014) 
provided evidence that terephthalic acid is primarily emitted into the 
atmosphere in contrast with its other isomers, which are mostly sec
ondary products, in PRD region of China, during the cold months (Zhao 
et al., 2014). In PM10 samples, phthalic acid is well correlated with 
glutaric and adipic acids (r ¼ 0.59 and 0.72, p < 0.01) but again poorly 
correlated with the other aromatic acids (r ¼ 0.05 with terephthalic, 
0.11 with isophthalic and 0.03 with trimellitic acids) suggesting same 
origin as in PM2.5. Terephthalic and isophthalic acids are well correlated 
(r ¼ 0.73, p < 0.01), as in PM2.5, leading to the conclusion that they have 
similar origin. Both the latter acids as well as trimellitic are moderately 
but significantly correlated with levoglucosan, (r ¼ 0.42–0.55, p < 0.01, 
respectively) indicating possible enhances from biomass burning 
(Table S5). 

3.2.5. Monocarboxylic acids 
Monocarboxylic acids are ubiquitous compounds of the atmosphere 

and they have been detected in rural, marine and urban aerosols 
(Mochida et al., 2002; Shannigrahi et al., 2014; Guo et al., 2015). In this 
work, three saturated monocarboxylic acids have been detected 
including palmitic, margaric and stearic and two unsaturated including 
oleic and linoleic. All of them are considered Low molecular weight 
Fatty Acids (LFAs C � 20) and they can be emitted into the atmosphere 
from plenty of sources such as vegetation, phytoplankton, biomass 
burning emissions and microbial activity; (Simoneit and Mazurek, 1982; 
Kawamura et al., 2003; Oliveira et al., 2007). For example, oleic and 
linoleic acids can be issued into the atmosphere from the leaf surface of 
terrestrial plants (Yokouchi and Ambe, 1986). Emissions from cooking 
operations is an additional source of monocarboxylic acids and espe
cially of palmitic acid and stearic acid (Schauer et al., 1999). 

In this study, palmitic and stearic acids were dominant in both 
aerodynamic diameter fractions with median concentrations respec
tively equal to 16.6 � 18.1 and 14.6 � 14.3 ng m� 3 in PM2.5 and equal to 
5.5 � 4.7 and 4.1 � 4.0 ng m� 3 in PM10 which are higher than those 
measured in Mt Tai, China (Zhu et al., 2017) (Table S3) but over 10 
times lower than those measured in Beijing (Ren et al., 2016). Margaric 
acid was detected in quite lower concentrations for both fractions i.e. 
median of 2.4 � 2.1 ng m� 3 in PM2.5 and 0.94 � 0.78 ng m� 3 in PM10. 
The predominance of even carbon number monocarboxylic acids is 

generally observed in many studies (Guo et al., 2015; Kang et al., 2016). 
Unsaturated fatty acids (sum of oleic and linoleic) presented median 
concentrations of 5.1 � 4.5 ng m� 3 in PM2.5 and 2.0 � 2.9 ng m� 3 in 
PM10 which are quite higher than those reported in a background ma
rine aerosol site in Greece but lower than those measured in forest sites 
(Kavouras and Stephanou, 2002). 

Oleic and linoleic were greatly correlated with each other in both 
aerodynamic diameter aerosol samples (r ¼ 0.94 for PM2.5, r ¼ 0.99 for 
PM10, p < 0.01) confirming their common origin. Comparably strong 
correlations were observed for palmitic versus stearic acids (r ¼ 0.81 for 
PM2.5, r ¼ 0.93 for PM10, p < 0.01), proposing that they have similar 
source. Margaric acid showed a significant association with levogluco
san (r ¼ 0.55, p < 0.01) only in PM2.5 samples suggesting probably 
enhancement from biomass burning. 

3.2.6. Biomass burning tracer 
The tracer of biomass burning (levoglucosan) was also determined. 

Levoglucosan is the thermal decomposition product of carbohydrates 
such as cellulose (Simoneit, 2002). Levoglucosan, in this study, ranged 
from 1.0 to 30.8 ng m� 3 in fine mode (median of 7.1 ng m� 3) and from 
0.54 to 34.0 in PM10 samples (median of 4.0 ng m� 3). Levels reported 
here are comparable with the wintertime levels in Okinawa, Japan 
(5.3 � 4.9 ng m� 3) (Zhu et al., 2015), a little lower than those reported 
in Finokalia, Greece (mean of 12.6, 0.89–142 ng m� 3) (Theodosi et al., 
2018) during two campaigns and quite lower than Belgrade, Serbia 
(average of 424.9 ng m� 3) (Zangrando et al., 2016). As already discussed 
(3.2.4), levoglucosan was mostly correlated with terephthalic, azelaic 
and margaric acids in PM2.5. Significant (p < 0.01) but moderate cor
relation was also observed with the following acids: trimellitic 
(r ¼ 0.50), sebacic (r ¼ 0.45), suberic (r ¼ 0.47), pinic (r ¼ 0.47), iso
phthalic (r ¼ 0.47) phthalic (r ¼ 0.43), oleic (r ¼ 0.41) and linoleic 
(r ¼ 0.37). In PM10 the only moderate but significant correlations 
observed were with terephthalic acid (r ¼ 0.55, p < 0.01), isophthalic 
acid (r ¼ 0.48, p < 0.01), trimellitic acid (r ¼ 0.42, p < 0.01), pinonic 
acid (r ¼ 0.38, p < 0.05) and oleic acid (r ¼ 0.31, p < 0.05) (Tables S4 
and S5). 

3.3. Diagnostic mass ratios of carboxylic acids 

Investigation of the potential anthropogenic or biogenic sources of 
organic aerosol can be performed by calculating the ratios of phthalic 
acid (Ph) and adipic (diC6) acid to azelaic acid (diC9) (Ho et al., 2006). In 
general, lower values of the above ratios show that aerosols are influ
enced by biogenic sources. In contrast, higher values indicate influences 
from anthropogenic emissions. In the present study, Ph/diC9 ratio 
ranged from 0.04 to 2.8 (mean 

Value 0.71 � 0.81) in PM2.5, whereas in PM10 from 0.01 to 4.2 (mean 
value 0.52 � 0.75). Respectively, diC6/diC9 value ranged from 0.02 to 
2.8 (mean value 0.63 � 0.64) in PM2.5 samples while in PM10, the same 
ratio ranged from 0.04 to 4.7 (mean value 0.70 � 0.90). The values of 
Ph/diC9 determined in this work are considerably lower than those re
ported in Mainz (3.13) (Zhang et al., 2010a) and Hong Kong (6.50) (Ho 
et al., 2006) which are rural/urban and urban sites respectively, lower 
than San Pietro (rural site) (0.93) during the wintertime of 2013 (Pie
trogrande et al., 2014) and higher than Vavihill (background site) (0.40) 
during a one-year study (Hyder et al., 2012). Furthermore, diC6/diC9 
value was quite lower than Wuhan (1.89) (Guo et al., 2015), lower than 
Hong Kong (0.90) (Ho et al., 2006) and on the same levels with those 
reported in the rural/urban site in Mainz (Zhang et al., 2010a). 

The calculated ratio levels in Agia Marina Xyliatou, show that 
aerosols are mainly impacted by biogenic sources but anthropogenic 
emissions are not negligible. Comparison of the mentioned mass ratios 
with ratios of other studies can be observed in Table 5. 

Apart from source estimation, aerosol aging can be additionally 
assessed from the ratio of oleic (C18:1) to stearic acid (C18). Oleic acid 
with its C––C bond is considered unstable and reacts promptly with the 

Table 5 
Diagnostic mass ratios of Ph/diC9 and diC6/diC9 in comparison with other 
studies.  

Location Ph/ 
diC9 

diC6/ 
diC9 

Particle 
size 

Time Reference 

Agia Marina 
Xyliatou, 
Cyprus 

0.52 0.70 PM10 November- 
December 2018 

This study 

Agia Marina 
Xyliatou, 
Cyprus 

0.71 0.63 PM2.5 November- 
December 2018 

This study 

San Pietro, 
Italy 

0.96 0.38 PM2.5 Winter 2013 Pietrogrande 
et al. (2014) 

Mainz, 
Germany 

3.13 0.65 PM3 June 
2006–May 
2007 

Zhang et al. 
(2010a) 

Vavihill, 
Sweden 

0.40 0.54 PM10 April 
2008–March 
2009 

Hyder et al. 
(2012) 

Hong Kong, 
roadside 

6.50 0.90 PM2.5 Summer, 
winter 2003 

Ho et al. (2006) 

Wuhan, 
China  

1.89 PM2.5 Winter 
2011–2012 

Guo et al. 
(2015)  
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atmospheric oxidants (O3 and OH radicals) (Kawamura and Gagosian, 
1987). Therefore, higher values refer to lower aging processes and thus 
fresher aerosols (Bendle et al., 2007). For example, Cao et al. (2017) 
found the latter ratio during intensive field burning days equal to 5.2 
(Cao et al., 2017). In our study, the mean value of C18:1/C18 was 
0.27 � 0.46 for PM2.5 and 0.37 � 1.0 for PM10 showing that aerosols 
were aged. However, during the dust episode days (n ¼ 4) (Fig. 10) an 
increase of the average ratio regarding the PM10 samples has been 
observed to 3.0 � 1.1, approximately 5.4 times higher than the average 
ratio of normal days (0.56 � 0.74). Additionally, OC levels exhibited 
about 3.6 time higher average concentrations during dust episode days 
(4.7 � 3.0 μg m� 3) than normal days (1.3 � 0.74). For PM2.5 samples, 

during dust episode days the average C18:1/C18 ratio was increased 
approximately 2.6 times (1.0 � 0.46 on dust episode days, 0.38 � 0.42 
on normal days) and OC levels increased almost 1.9 times (1.2 � 0.75 on 
dust episode days, 2.2 � 0.78 on normal days). In PM10 samples, apart 
from the C18:1/C18 ratio and OC levels, we observed an increase in the 
concentrations of azelaic, suberic and sebacic acids, known photo
xidation products of oleic and linoleic acid, hinting that dust episodes 
boost the atmosphere with fresh particles which might also enhance SOA 
formation on PM10. This is also supported from Kang et al. (2016) where 
fresher particulate matters were observed on dust storm days and were 
mainly associated with coarse mode (Kang et al., 2016). However, with 
a small sampling size (n ¼ 4) concerning the dust episode days, caution 
must be applied as the findings might not be representative and more 
samples from dust episode days are needed. 

3.4. Contribution to OC from different sources 

Contribution towards OC of biogenic SOA precursors can be esti
mated from a tracer-based method, called “SOA tracer method”. In 
particular, contributions of α-pinene and isoprene oxidation products 
can be quantified with the values of their concentrations divided by the 
conversion factor (fsoc), 0.231 � 0.111 for α-pinene and 0.155 � 0.039 
for isoprene (Eqs. (3 and (4), Kleindienst et al., 2007). The aforemen
tioned fsoc values, were derived from smog chamber experiments, under 
high NOx conditions. However, it was shown that mass fractions of 
isoprene are comparable with those of zero NOx levels. Consequently, 
the above method can be applied to low NOx level atmospheres and has 
been also used in previous studies (Kleindienst et al., 2007; Zhu et al., 

2017; Lyu et al., 2017; Li et al., 2018a). Contributions of biomass 
burning to OC can be determined from the concentrations of levoglu
cosan and the emission factor of 0.080 as an average emission factor 
because there isn’t reported data about the biomass type and combus
tion conditions used in the Cypriot region (Eq. (5) (Zhang et al., 2010b 
and references therein). The equations used are demonstrated below: 

Contribution of α-Pinene oxidation products: 

Cpinic acid þ Cpinonic acid þ C3 � hydroxyglutaric acid
OC � 0:231

� 100% (3)     

Contribution ​ of ​ biomass ​ burning:
Clevoglucosan
OC � 0:080

� 100% (5) 

It should be noted here that pinene and isoprene oxidation products 
include only the compounds detected in this work. We know from the 
literature that more oxidation products of isoprene and pinene exist and 
moreover, respective equation is used as well for caryophyllene oxida
tion products (Li et al., 2018a; Kleindienst et al., 2007). Following the 
equations provided above, the average contributions of biomass 
burning, pinene oxidation, isoprene oxidation to OC in PM2.5 samples 
were 12.8 � 14.1%, 6.5 � 4.1%, 6.5 � 4.8% respectively with a total 
contribution of 25.8 � 23.0%. However, the total contribution is ex
pected to be higher assuming that other BVOCs oxidation products may 
be present in the aerosols. Corresponding different source contributions 
to aerosol OC in PM10 samples were 5.8 � 4.8% (biomass burning), 
3.2 � 2.1% (pinene oxidation products) and 2.4 � 1.4% (isoprene 
oxidation products) (Table 6). Highest contributor for both PM fractions 
was biomass burning (nearly 2 times higher in PM2.5). Pinene oxidation 

Fig. 10. Comparison of OC (in μg m� 3), suberic, azelaic and sebacic acids (in ng m� 3) average concentrations and oleic/stearic acid average ratio during dust episode 
and normal days for PM10 samples. 

Table 6 
Average contribution to OC from different sources in PM2.5 and PM10.  

Species % PM2.5 PM10 

Pinene oxidation 6.5 � 4.1 3.2 � 2.1 
Isoprene oxidation 6.5 � 4.8 2.4 � 1.4 
Biomass burning 12.8 � 14.1 5.8 � 4.8 

Sum 25.8 � 23.0 11.4 � 8.3  

Contribution ​ of ​ isoprene ​ oxidation ​ products:
C2 � methylerythritol þ C2 � methylthreitol þ C2 � methylglyceric acid

OC � 0:155
� 100% (4)   
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contribution was approximately 2 times higher in fine mode while 
isoprene oxidation contribution was about 2.7 times higher in PM2.5. 
Pinene and isoprene oxidation contribution was fluctuated at similar 
levels in PM2.5 fraction, whereas in PM10 particles pinene contribution 
was slightly higher. Products of biogenic volatile compounds oxidation 
accounted for 13.0 � 4.9% contribution to OC in PM2.5 samples, versus 
5.6 � 3.5% contribution to OC in PM10 samples leading to the conclu
sion that biogenic secondary organic compounds occupy a significant 
proportion of the organic carbon in the fine particles. Using the previous 
method Li et al., 2018a found isoprene oxidation the highest contributor 
to OC (15.7 � 15.0%), followed by biomass burning and fungi spores 
contribution (5.2 � 5.3 and 5.0 � 6.2, respectively). In contrast with this 
study, pinene oxidation contributed only for (0.60 � 1.0%) (Li et al., 
2018a). 

3.5. Source apportionment by principal component analysis 

Principal component analysis (PCA) was performed in order to 
evaluate potential common sources of the species examined in this 
study. For this purpose, we included in our analyses the compounds that 
are or may be products of transformation processes. PCA for PM2.5 and 
PM10 aerosol samples are illustrated in (Tables 7 and 8) where load
ings > 0.5 are in bold. 

Regarding the PM2.5 samples, four principle components (PCs) 
explain 71.2% of the total variance. The first component (33.2% of total 
variance) is heavily loaded with levoglucosan, dicarboxylic acids from 7 
to 10 carbon atoms, terephthalic and isophthalic acids, attributing to 
biomass burning. Recently, biomass burning has been reported to be 
responsible for increased levels of unsaturated fatty acids, the precursors 
of high molecular weight dicarboxylic acids (Cao et al., 2017). There
fore, biomass burning may play an important role to the production of 
pimelic to sebacic acids, even though the correlation of each individual 
compound with levoglucosan wasn’t very strong except for azelaic acid, 
and the primary emission of the two aromatic acids. Component 2 
(15.0% of total variance) includes small linear dicarboxylic acids (suc
cinic, glutaric and adipic) and phthalic acid. Small loadings of trimellitic 
acid are observed as well; as a result, this component is mainly associ
ated with secondary oxidation of anthropogenic VOCs. The third 
component (12.8% of total variance) is attributed to pinene oxidation as 
we observed very tight clusters of pinene oxidation products. Malic acid 
also presented high loadings in component 3 suggesting than it origi
nates from the same source. Recently, a photodegradation pathway from 

3-hydroxyglutaric acid to malic acid was proposed (Hu and Yu, 2013) 
supporting this hypothesis. The last component (10.2% of total vari
ance) refers to another biogenic source, i.e. isoprene oxidation, through 
high loads of the two 2-methyltetrols and 2-methylglyceric acid. 

In PM10 samples, five PCs explain 70.0% of the total variance. Con
trary with PM2.5 samples, component 1 (20.6% of total variance) is 
strongly loaded with C4–C6 diacids and phthalic acid referring to 
oxidation of anthropogenically emitted compounds. Same component 
was observed in PM2.5, with only difference, the absence of trimellitic 
acid. The second component is associated with oxidation of unsaturated 
fatty acids through the heavy loads of C8–C10 diacids. In contrast with 
PM2.5 samples, this factor doesn’t include levoglucosan, indicating that 
biomass burning may not affect the formation these diacids in higher 
aerodynamic diameter particles. The next two are related with biogenic 
sources as tight clusters of pinene and isoprene oxidation products are 
observed in components 3 and 4 respectively. The last component is 
attributed to biomass burning since strong loads of the biomass burning 
tracer (levoglucosan) were observed. Other than that, high loads of iso- 
and terephthalic acid in this component indicate that these compounds 
are primarily emitted through biomass burning. In contrast with PM2.5 
samples, trimellitic acid present loads in this component hint that pri
mary sources prevailed over the secondary. The biggest difference 
regarding the PCA analysis of PM10 and PM2.5 aerosol samples is related 
to malic acid. Although in PM2.5 analysis malic acid is clearly loaded in 
component 3 the PM10 PCA analysis shows that it is distributed over the 
first three components. The variety of sources of malic acid is often 
discussed in the literature as it reported to be secondary product of both 
biogenic and anthropogenic sources (Claeys et al., 2004; Sato et al., 
2007; Hu and Yu, 2013). Moreover, it has been suggested lately that the 
photochemical oxidation of high molecular weight dicarboxylic acids 
leads to the formation of their lower homologues (Yang et al., 2008) 
supporting the statement by (Tedetti et al., 2007) that azelaic acid can 
be photochemical oxidized and producer lower diacid homologues from 
C2–C4. As a result, malic acid is very often correlated with succinic acid 
and is considered as an intermediate for other atmospheric oxidation 
processes (Bikkina et al., 2015). From the above and the significant 
correlation of malic acid with succinic (3.2.3), it seems that succinic may 
be a source of malic acid, but other sources exist as well. 

Principal component analysis is parallel with (Hyder et al., 2012) in 
which the 3 extracted components included: secondary anthropogenic 
compounds (component 1), oxidation of unsaturated acids (component 
2) and oxidation of naturally emitted compounds (component 3) 

Table 7 
Principal Component values of PCA for selected compounds in PM2.5 samples.   

Variance 
Component 

1 2 3 4 

33.2% 15.0% 12.8% 10.2% 

diC4 .054 .886 .206 -.073 
diC5 -.009 .920 -.018 .016 
diC6 .382 .809 .094 -.100 
3-HGA .236 -.054 .848 -.010 
diC7 .542 .095 -.020 -.090 
PA .332 .035 .896 .006 
diC8 .650 .279 .160 .463 
PHTHA .296 .854 .119 .069 
PNA .018 .176 .918 -.046 
TPHTHA .677 .305 .265 -.202 
IPHTHA .571 .254 .261 -.062 
diC9 .733 -.005 .150 -.206 
2-MGA -.056 -.199 .083 .709 
MTL1 -.062 .029 -.029 .922 
MTL2 -.106 .142 -.110 .918 
diC10 .688 .072 -.020 .385 
TRIM .436 .528 .204 .278 
LEV .795 .096 .244 -.069 
dihC4 .081 .278 .743 .046  

Table 8 
Principal Component values of PCA for selected compounds in PM10 samples.   

Variance 
Component 

1 2 3 4 5 

20.6% 16.9% 15.6% 8.9% 7.9% 

diC4 .752 .119 -.078 -.063 .084 
diC5 .850 -.111 -.045 -.077 .216 
diC6 .923 .013 -.068 .056 -.038 
3-HGA -.032 .051 .911 -.082 .042 
diC7 -.307 -.205 .297 .241 .087 
PA -.003 .212 .936 -.043 .048 
diC8 .064 .883 .153 .030 .130 
PHTHA .735 .088 .034 .009 .033 
PNA -.026 .264 .824 .123 .234 
TPHTHA .003 -.054 .184 -.306 .752 
IPHTHA .061 .035 .090 -.291 .764 
diC9 .130 .908 .104 .022 -.085 
2-MGA -.207 .465 -.094 .645 .020 
MTL1 .099 -.013 .043 .917 -.122 
MTL2 -.045 .016 .027 .925 -.221 
diC10 .072 .824 .177 .079 .176 
TRIM .136 .111 -.071 .205 .536 
LEV .001 .074 .128 -.052 .818 
dihC4 .390 .298 .234 .047 -.059  
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explaining 87% of the total variance. 

4. Conclusion 

Organic carbon, elemental carbon and polar organic compounds 
including mono and dicarboxylic acids, biogenic secondary organic 
aerosol tracers, aromatic polycarboxylic acids and tracers of biomass 
burning were determined from 88 daily aerosol samples (n ¼ 44 PM10, 
n ¼ 44 PM2.5). Secondary organic carbon was calculated and found 
significantly (p < 0.05) higher in PM2.5 particles. Almost every analyte 
(except pinonic acid) exhibited significant (p < 0.05) higher concentra
tions in PM2.5 samples. Among dicarboxylic acids succinic acid was 
found the most abundant and pimelic acid the least abundant. Pinic acid 
dominated over the other BSOA tracers and phthalic acid over the aro
matic carboxylic acids. Correlations between compounds were mostly 
parallel between the PM10 and PM2.5 samples with few exceptions. First, 
malic acid in PM2.5 samples was correlated with the sum of monoterpene 
oxidation products, while in PM10 samples it was more related with 
succinic acid indicating different formation pathways. Second, azelaic 
acid was correlated with levoglucosan in PM2.5 samples but such cor
relation wasn’t observed in PM10 samples where it was stronger corre
lated with C8 and C10 diacids and unsaturated fatty acids. An interesting 
correlation of isoprene with the 2-methyltetrols of the next day was also 
observed, while the ratio of 2-methyltetrols to 2-methylglyceric acid 
showed a decreasing trend with the higher NOx levels. Phthalic acid 
appears to have different sources relative to its isomers as its association 
with low molecular weight dicarboxylic acids suggests secondary for
mation versus primary emissions. Molecular diagnostic ratios of car
boxylic acids show that aerosols in Agia Marina Xyliatou are mainly 
aged and affected from biogenic sources. Dust episodes seem to signif
icantly impact on PM10 particles and secondary formation may be 
enhanced during those days. The applied “SOA tracer method” shows 
biomass burning the highest contributor to OC in both PM10 
(5.8 � 4.8%) and PM2.5 (12.8 � 14.1%) samples. Pinene’s oxidation 
contribution to OC was at the same levels with isoprene’s in fine parti
cles (6.5 � 4.1% and 6.5 � 4.8%, respectively), whereas in PM10 fraction 
pinene’s oxidation was stronger contributor (3.2 � 2.1% over 
2.4 � 1.4%). Source apportionment via Principal Component Analysis 
enhanced the outcome that biomass burning and anthropogenic SOA are 
the major components in PM2.5 and PM10 samples respectively. 
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