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on OP in PM10, PM2.5, and PM1

• Drivers of OP in PM10 and PM1 in the
urban station and PM1 in the rural station

• Multisite multisize PMF identified 9 com-
mon sources.

• Main drivers in Barcelona were from An-
thropogenic sources.

• PM1 in Barcelona has different sources
driving OP compared to PM10 and PM2.5.
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Ambient particulatematter (PM) is a major contributor to air pollution, leading to adverse health effects on the human
population. It has been suggested that the oxidative potential (OP, as a tracer of oxidative stress) of PM is a possible
determinant of its health impact. In this study, samples of PM10, PM2.5, and PM1 were collected roughly every four
days from January 2018 until March 2019 at a Barcelona urban background site and Montseny rural background
site in northeastern Spain. We determined the chemical composition of samples, allowing us to perform source appor-
tionment using positive matrix factorization. The OP of PM was determined by measuring reactive oxygen species
using dithiothreitol and ascorbic acid assays. Finally, to link the sources with the measured OP, both a Pearson's cor-
relation and a multiple linear regression model were applied to the dataset. The results showed that in Barcelona, the
OP of PM10 was much higher than those of PM2.5 and PM1, whereas in Montseny results for all PM sizes were in the
same range, but significantly lower than in Barcelona. In Barcelona, several anthropogenic sources were the main
drivers of OP in PM10 (Combustion + Road Dust + Heavy Oil + OC-rich) and PM2.5 (Road Dust + Combustion).
In contrast, PM1 -associated OP was driven by Industry, with a much lower contribution to PM10 and PM2.5 mass.
Meanwhile, Montseny exhibited no clear drivers for OP evolution, likely explaining the lack of a significant difference
in OP between PM10, PM2.5, and PM1. Overall, this study indicates that size fractionmatters for OP, as a function of the
environment typology. In an urban context, OP is driven by the PM10 and PM1 size fractions, whereas only the PM1

fraction is involved in rural environments.
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1. Introduction

Ambient particulate matter (PM) is a major contributor to air pollution,
causing several detrimental effects on health, ecosystems, and climate (Apte
et al., 2015; Cohen et al., 2017; Jacob, 1999; Lelieveld et al., 2015, 2020).
PM has known negative effects on human health with both short- and
long-term outcomes, such as aggravation of cardiovascular and respiratory
symptoms, and development of cancer, among others (WHO, 2021a,
2016; W. Zhang et al., 2018b). The WHO has stated that air pollution is
now recognized as the single biggest environmental threat to human health,
even updating the air quality guideline levels of PM (WHO, 2021b).

In air quality science, PM is classified by its size, with the most common
distinctions being PM10 (aerodynamic diameter< 10 μm), PM2.5 (< 2.5 μm),
PM1 (< 1 μm), and PM0.1 (< 0.1 μm). The particle size of PM affects its
uptake route by the human body, as coarser particles (i.e., PM2.5–10) can
be filtered out before entering the body. In contrast, finer particles (PM2.5

or PM1) can more easily penetrate and enter the respiratory system, and
even affect the vascular and nervous systems, as in the case of PM0.1

(Nelin et al., 2012; WHO, 2006). Moreover, chemical composition also has
a significant influence on the toxicity of PM (Jia et al., 2017; Li et al.,
2019). PM consists of a multitude of primary and secondary components,
containing variable proportions of carbonaceous species, metals, and
salts, depending on the major emission sources (both anthropogenic and
natural) that drive the variability of PM levels at a given site (in 't Veld
et al., 2021; Jia et al., 2017; Pandolfi et al., 2014; Querol et al., 2004a,
2004b, 2006; H. Zhang et al., 2018a). Changes in chemical composition
can lead to a significant difference in the relative toxicity (normalized per
unit of concentration) of PM (Jia et al., 2017). Although no clear hierarchy
in toxicity of PM components has been currently demonstrated due to
the complex structure of PM and its interaction with co-pollutants
(WHO, 2013), studies have indicated that organic carbon (very often
associated with elemental carbon) and metals such as Fe, Cu, As, Cd,
Ni, and V appear to have a larger impact on the toxicity of PM than do
other PM components.

(Hime et al., 2018; Kelly and Fussell, 2012;WHO, 2013;W. Zhang et al.,
2018b). This can lead to a situation where PM concentrations may have
decreased, but the relative toxicity, and therefore hazardous effect, of PM
has increased (Hopke and Hidy, 2022). For instance, W. Zhang et al.
(2018b) demonstrated that even though cardiovascular hospital admissions
attributable to PM2.5 have been markedly reduced in parallel to ambient
PM2.5 abatements, the normalized excess risk rate for this health outcome
has increased by a factor of three for PM2.5 between the periods of
2005–2007 and 2014–2016. This was speculated to be the result of compo-
sitional changes.

To evaluate possible changes in the chemical composition of PM2.5 in
Barcelona, northeastern Spain (BCN), in 't Veld et al. (2021) performed a
PM2.5 timeseries study for the period 2009–2018, both for the BCN urban
background site and for a close regional background site (Montseny,
MSY, also in northeastern Spain). During this period, decreases in PM2.5

concentrations of 29 % and 26 % were reported for BCN and MSY, respec-
tively. At the same time, the relative contribution of organic aerosols (OA)
was observed to increase by 12% inBCN and 9% inMSY. This increasewas
mostly driven by secondary organic aerosols (SOA), the relative contribu-
tions of which increased by 7 % and 4 % in BCN and MSY, respectively,
in addition to a relative decrease in secondary inorganic aerosols (sulfate,
nitrate, and ammonium; −5 % in BCN and + 1 % in MSY). At the end of
the period of study, OA accounted for 40 % and 50 % of the annual mean
PM2.5 mass in BCN and MSY, respectively. These changes in chemical
composition may have potentially led to a change in toxicity patterns of
PM, as SOA is linked to hazardous effects on human health (Chowdhury
et al., 2019; Decesari et al., 2017; Delfino et al., 2010; Park et al., 2018;
W. Zhang et al., 2018b), and is known to be one of the main drivers of
the oxidative potential (OP) of PM (Daellenbach et al., 2020).

As previously mentioned, the toxic effects of PM are diverse due to the
many possible different chemical and physical characteristics of its compo-
nents, which increases the complexity of determining those hazardous
2

effects (Jacob, 1999; WHO, 2013, 2018, 2021a). It has been suggested
that measuring indicators of the oxidative stress of PM, such as OP, might
help to identify some of the many possible drivers of the associated health
effects (Daellenbach et al., 2020). Although this link remains subject to rel-
evant uncertainty (Bates et al., 2015; Daellenbach et al., 2020;Weichenthal
et al., 2016), it has been applied in a number of studies (e.g., Abbasi
et al., 2020; Borlaza et al., 2021a, 2021b; Calas et al., 2018, 2019; Cesari
et al., 2019; Charrier et al., 2015; Daellenbach et al., 2020; Gulliver et al.,
2018; Janssen et al., 2014; Li et al., 2019; Naraki et al., 2021; Trechera
et al., 2021; Wang et al., 2018; Weber et al., 2018, 2019).

The current paper presents results as a continuation of the previous
study by in 't Veld et al. (2021). Although In ‘t Veld et al. (2021) measured
an increase in OA, they were unable to determine if this led to a more toxic
PM composition. The main goal of this paper is therefore to determine the
OP of the PM, and to gain insights regarding which species and source con-
tributions are the main drivers of OP in the study area. To achieve this goal,
a chemical speciation of PM10, PM2,5, and PM1 was collected from January
2018 until March 2019 at the BCN (urban background) and MSY (regional
background) twin supersites. To obtain the source apportionment of all PM
sizes at both stations, a Positive Matrix Factorization model was used. The
OP of the PM was determined by measuring levels of reactive oxygen
species using dithiothreitol and ascorbic acid assays. These results will
offer insights into the toxicity of different PM sources in BCN and MSY.

2. Methodology

2.1. Site descriptions

Samples of PM10, PM2.5, and PM1 were collected from January 2018
until March 2019 at a set of twin stations in northeastern Spain, in the con-
urbation of Barcelona in conjunction with the regional background (Fig. 1).
A summary of the station is presented in Table S2. The urban background
air quality station is located in Barcelona, at IDAEA-CSIC (BCN; 41°23′
14.5″N 2°06′55.6″E; 68 m a.s.l.) and close to Diagonal Avenue (Fig. 1, in
black), which is one of the main traffic arteries of the city. Barcelona is lo-
cated between the Mediterranean Sea to the east and the Collserola Chain
of mountains to the west. With 1.7 million inhabitants (4.6 million in the
metropolitan area), it is the second largest city in Spain and, based on pop-
ulation estimate, the fifth most populous urban area in the European Union
(Demographia World Urban Areas, 2020). PM emissions from the city are
mostly due to dense road traffic, industries, natural gas, and power plants
used for energy production, the harbor, and the airport, making Barcelona
one of the most PM-polluted areas in the Western Mediterranean (Amato
et al., 2009a; Pandolfi et al., 2016; Querol et al., 2004a, 2004b, 2014).
The mountain rural background station is located in the Montseny natural
park (MSY; 41°46′45.63″N, 02°21′28.92″E; 720 m a.s.l.), which is in the
Western Mediterranean Basin. The station is located 50 km to the north-
northeast of Barcelona and 25 km from the Mediterranean coast. The
MSY station is located far enough away from specific anthropogenic
emission sources and has been shown to be representative of the regional
background (Cusack et al., 2012; in 't Veld et al., 2021; Pandolfi et al.,
2014, 2016; Pérez et al., 2008; Pey et al., 2009; Ripoll et al., 2015),
although it can be impacted by emissions from urban and industrial
areas under anticyclonic atmospheric conditions. The station is part of the
European Aerosols, Clouds, and Trace Gases Research InfraStructure
Network (ACTRIS) and the Global Atmosphere Watch (GAW).

2.2. PM sampling and chemical speciation

Roughly every four days between January 2018 until March 2019, 24 h
PM10, PM2.5, and PM1 filter samples were collected on the same day at each
station (95% of the samples were taken on the same day in BCN andMSY),
with 71 % of the days having all 3 PM samples taken in BCN, and 73 % in
MSY (any other daysmissed one or two sample sizes). This resulted in about
a 100 samples per PM size per station (BCN: PM10 94, PM2.5 102, PM1 93;
MSY: PM10 105, PM2.5 106, PM1 89).



Fig. 1. Location of the Barcelona urban (BCN) station (41°23′14.5″N 2°06′55.6″E, 68 m a.s.l.) and the Montseny rural (MSY) station (41°46′45.63″N, 02°21′28.92″E,
720 m a.s.l.), both located in northeastern Spain, in the Catalonia region. Images were obtained from Google Earth.
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The samples were collected using DH80 (DIGITEL, Switzerland/Austria)
and CAVA/MSb (MCV, Spain) high volume samplers (30m3h−1), equipped
with PM10, PM2.5, and PM1 inlets on 15-cm diameter ultrapure quartz mi-
crofiber filters (PALL). Every twelve filters samples of the same fitter box
had a blank, which underwent the same sample treatment and measure-
ments, and its values were subtracted from the corresponding samples.
The averages concentrations of the blank are reported in Table S3. The
PM mass on the filter were determined using the EN 12341 (PM10) and
EN 14907 (PM2.5) gravimetrical procedures. In short, gravimetric concen-
tration of PM was obtained by weighing the filter samples before and
after sampling, after 48 h stabilization at 20 °C and 50 % RH (Alastuey
et al., 2011). For PM1 a similar method was used to the above reference
method but with a 2 stages PM1 inlet. After gravimetric analysis, samples
were cut into quarters, with each undergoing a different treatment proce-
dure. From one quarter, an area of 1.5 cm2was punched tomeasure the con-
centrations of organic carbon (OC) and elemental carbon (EC) via thermal-
optical carbon analyzer (SUNSET), using the EUSAAR2 protocol (Cavalli
and Putaud, 2010). To ensure the quality of the OC/EC method, a sucrose
standard is used to see if the standard gives values are within an acceptable
range.

The second quarter underwent acid digestion pretreatment (HNO3:HF:
HClO4), and the resulting acidic solutions were subsequently analyzed
using Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-
AES, ICAP 6500 Radial View, Thermo Fisher Scientific, US) to determine
the concentration of major elements (Al, Ca, Cu, Fe, K, Mg, Mn, Na, P, and
S) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS, iCAP-RQ,
Thermo fisher Scientific, US) to measure the concentration of trace
elements (Li, Be, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr,
Y, Zr, Nb, Mo, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tv, Dy, Ho,
Er, Tm, Yb, Lu, Hf, Ta, W, TI, Pb, Bi, Th, and U; Querol et al., 2001). The
accuracy of the ICP-AES and ICP-MS analyseswas investigated by analyzing
3

3–10 mg of the National Institute for Standards and Technology-1633b (fly
ash) reference material loaded on a 150-mm blank filter (Amato et al.,
2009a; Escrig Vidal et al., 2009).

The third quarter was leached inMilliQ water to determine the concen-
trations of NO3

−, SO4
2−, and Cl− using ionic chromatography (IC, Dionex

Aquion, Thermo Fisher Scientific). The Cl− concentrations were previously
identified as unreliable andwere therefore removed from the source appor-
tionment (in 't Veld et al., 2021). The accuracy of the ICwas assured by per-
forming a quality control protocol each batch, with each batch containing a
months' worth of samples. This protocol consists out of three measure-
ments. First an instrumental blank, to indicate any possible contamination
of the equipment. Second, a standard of known concentration to observe if
the retention times are still correct, and the accuracy and correlation of the
calibration line. Andfinally, the injection of a quality control sample, which
is a standard of known concentration but different than previous one.

Finally, NH4
+ was determined using a specific electrode (ORION

9512HPBNWP ammonium selective electrode, Thermo Fisher Scientific)
and potentiometer (ORION 4Star potentiometer, Thermo Fisher Scientific).
The uncertainties and detection limits of the different species were
calculated as described by Amato et al. (2009a, 2009b) and Escrig Vidal
et al. (2009). In short, the detection limit was calculated according to the
following equation:

LoDj ¼ 3∗
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
a þ σ2

BLK

p
Vj

(1)

where the limit of detection of species j is calculated using the uncertainty
associated with the analytical procedure, σa, with the uncertainty of the
blank samples, σBLK, and the volume of air sampled, Vj. σa2 was calculated
to be 0.01 for the ICP-AES, IC, and the thermal-optical carbon analyzer.
For the ICP-MS this was set at 1.44e−5 for the relevant species.
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The remaining quarter (or half a quarter in some cases) was used to de-
termine the OP (see Section 2.3). This analysis was carried out at the
Université Grenoble Alpes (UGA). Lastly, to estimate the SOA concentra-
tions, the EC tracer method was applied, which has been used in previous
studies (Castro et al., 1999; Dinoi et al., 2017; Wu and Yu, 2016; Yu
et al., 2004). This method calculates the SOA according to the following
equation:

SOA ¼ OC ∗ nð Þ � OA
EC ∗ 1:1

� �
min

∗ EC ∗ 1:1ð Þ (2)

To convert OC and EC values to OA, the OC values must be multiplied
by n, a variable that depended on the location of the station. Values of 1.6
for BCN (Mohr et al., 2012) and 2.0 for MSY (Minguillón et al., 2011)
were experimentally determined, and were close to the reference values
of 1.7 for urban areas and 2.0 for rural areas (Turpin et al., 1997; Turpin
andHuntzicker, 1995; Turpin and Lim, 2001).Meanwhile, ECmust bemul-
tiplied by 1.1. The (OC/EC)min was determined by taking the second
percentile of OC/EC ratios at BCN and MSY, which corresponded to 1.16
for BCN and 2.92 for MSY. Finally, K could also be used as a biomass burn-
ing tracer (Kbb) and was calculated as the difference between measured K
and the sum of sea salt K (Kss) and K in the crustal layer (Kdust; (Pachon
et al., 2013; Reche et al., 2012; Yu et al., 2018). A detailed explanation of
the calculations of Kbb, Kdust, and Kss is given by in 't Veld et al. (2021),
but can be summarized by the following equation:

Kbb ¼ K total � Kss � Kdust (3)

2.3. OP measurements

To determine the connection between chemical speciation and oxida-
tive stress, an OP test was performed on each sample. The OP measures
the intrinsic capacity of PM to generate reactive oxygen species that can ox-
idize the lungs. This is a good indicator of the toxic potential of chemical
speciation, as various studies have linked respiratory diseases to reactive
oxygen species, making it possible to gain insight into how PM affects
human (Boukhenouna et al., 2018; Gangwar et al., 2020; Li et al., 2008;
Liu and Chen, 2017; Park et al., 2009; Rosanna and Salvatore, 2012). The
OP analysis was performed at IGE at UGA, following the procedure de-
scribed in detail by Calas et al. (2018) and Daellenbach et al. (2020). In
short, a combination of two assays was used: the ascorbic acid (AA) and
dithiothreitol (DTT) assays. The difference between these assays is that
each has a different sensitivity to different compounds. AA is the main an-
tioxidant of the lung and is believed to be more sensitive to specific transi-
tion metals, such as copper, through allowing the reduction of H2O2 in
OH⁎. In contrast, DTT is a thiol that functions as a surrogate of an antioxi-
dant, mimicking the production of superoxide anions, thereby providing a
balanced answer between transition metals and organic species (Calas
et al., 2018; Chalovich and Eisenberg, 2005; Janssen et al., 2014). For
both assays, the sample was extracted with a final concentration of 25 μg
ml−1. This was achieved by extracting the samples using a Gamble and
dipalmitoyl phosphatidylcholine solution, whichwas then vortexed atmax-
imum speed for 2 h at 37 °C.

The OPAA was determined by measuring AA depletion. This was
achieved with a plate-reader (TECAN spectrophotometer Infinite® M
1000 pro) at 265 nm using Greiner UV-Star® 96-well plates. A mixture of
120 μL Milli-Q water and 80 μL of PM suspension was created and then
spiked with 24 nmol of AA (100 μL of 0.24 mM AA solution in Milli-Q
water). After 2 min, the absorbance was measured every 4 min for a period
of 30min. A solution of 80 μL of 24.7 μM1,4 naphthoquinonewas used as a
positive control in duplicate. In this way, the rate loss of AA could be deter-
mined in nmol min−1.

The OPDTT was determined using a similar method on a TECAN M200
Pro. The same plate reader was used as in the AA assay at 412 nm, but
with 96-well CELLSTAR® multiwall plates from Greiner Bio-One®. In
4

triplicate, a mixture of 205 μL of phosphate buffer (pH = 7.4) and 40 μL
of PM suspension was made and then spiked with 12.5 nmol of DTT
(50 μL of 0.25 mM DTT solution in phosphate buffer). For the final step,
50 nmol 5,5′-dithiobis (2-nitrobenzoic acid) was added, initiating the deple-
tion reaction. The amount of DTT was quantified immediately and after 15
and 30 min of exposure. The same positive control was used as in the AA
assay, but only using 40 μL. Knowing the AA and DTT depletion rates and
the PM mass concentration in the wells, the normalization per cubic meter
could be calculated for each assay and will be denoted as OPvAA (nmolAA
min−1 m−3) and OPvDTT (nmolDTT min−1 m−3), respectively.

2.4. Source apportionment

The sources of the different PM sizes at both stations were obtained
using a Positive Matrix Factorization (PMF) model (Paatero and Tapper,
1994), which was applied using the EPA PMFv5.0 software (Norris et al.,
2014) developed by the U.S. Environmental Protection Agency (US-EPA).
PMF is a multivariate factor analysis tool that decomposes one matrix—in
this case, PM chemical compositions on different days—into two matrices:
factor contributions and factor profiles. It achieves this by solving main
chemical mass balance equations between measured species concentration
and the sum of source contributions for those species:

Xij ¼ ∑
p

k¼1
gik ∗ f kj þ eij (4)

Here, X is the data matrix with i number of samples and j number of
chemical species, p is the number of sources, f is the species profile of
each source with a mass contribution g, and eij is the residual for each sam-
ple. The uncertainties of the different species were calculated as described
by Amato et al. (2009a, 2009b) and Escrig Vidal et al. (2009), where the
uncertainties were calculated by the following equation:

σ2
ij ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
a þ σ2

BLK

V2
i

þ βxij
� �2s

(5)

where the uncertainty of species j on filter i, σij, is determined using the un-
certainty associated with the analytical procedure, σa, with the uncertainty
of the blank samples, σBLK, and the volume of air sampled, Vi. β is a coeffi-
cient which might account for any other additional sources of uncertainty,
estimated to be 0.15 and xij is the concentration of species j on sample i.

The analytical uncertainties and the standard deviations of the different
species in the blank filters were considered in the uncertainty calculations.
For select species to be included in themodel, a signal to noise (S/N) ratio>
1.5 was defined as a criterion indicating a “strong species”, whereas an S/N
ratio between 1.5 and 0.5 indicated a “weak species”. Weak species uncer-
tainties were increased by a factor of three. All species with a S/N < 0.5
were excluded from the model. The species included in each PMF are listed
in Table S4.

One of the major challenges faced was the limited sample size, as only
data from 15 months were used, resulting in approximately 100 samples
per PM size per station. This is considered enough to obtain the recom-
mended minimum of 100 samples needed for a PMF solution (Belis et al.,
2014; Chen et al., 2010; Reff et al., 2007; Scerri et al., 2019). Although
we obtained a good solution for the PM10 PMF model, however, we did
not obtain an adequate solution for PM2.5 and especially PM1, due to the
lower concentrations causing a very low S/N ratio for many chemical
species, a bad bootstrapping result, and high base model displacement
error resulting in a bad PM attribution of most sources.

To improve the robustness of our PMF model, a multisite solution was
used by aggregating the BCN and MSY data into a single dataset for each
PM size. Previous research has shown the feasibility of applying a multisite
PMF to PM10 and PM2.5 in the same study area (in 't Veld et al., 2021;
Pandolfi et al., 2020). Applying the multisite solution did not, however,
result in an adequate solution. While we were able to identify all sources
that had previously been identified in our study area, some factors showed



Table 1
Identified Positive Matrix Factorization (PMF) factors and species used to identify
sources of particulate matter.

Factor name Main tracers Remarks

OC-rich OC Some K, Cd, P present, seasonality
Secondary SO4

2− SO4
2−, NH4

+ Some OC, Strong seasonality
Secondary NO3

− NO3
−, NH4

+ Strong seasonality
Mineral Al, Ti, Ga, Rb, Sr, Li, La Seasonality in Montseny
Combustion EC Some OC, Traffic in BCN and mixed

combustion in MSY
Sea spray Na, Mg Some SO4

2−, NO3
−

Road dust Fe, Cr, Cu, Sn Non-exhaust vehicle emissions
Heavy oil V, Ni Some Co, originates from shipping
Industry Mn, Zn, Cd, Pb Some K, Ni
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null contribution to PM mass, and showed a bad bootstrapping and high
base error estimation. Thus, to improve the robustness of our PMF model
even further, a multisize solution was used by aggregating the results of
PM10, PM2.5, and PM1 from both stations into a single dataset, which im-
proved the PM source apportionment drastically. At the time of writing,
few studies have employed PMF solutions where multiple PM sizes were
combined, but successful source apportionments have been applied by
combining PM10 and PM2.5 datasets. Amato et al. (2009a, 2009b) previ-
ously successfully performed a multi particle size PMF at a single site in
BCN and Scerri et al. (2019) investigated the plausibility of a PMF source
apportionment in the south of Italy, showing the viability of a multisize
PMF model. Indeed, Scerri et al. (2019) concluded that the aggregated
dataset created a more stable solution and, with some constraints, resulted
in a good solution if similar sources affected both PM sizes.

A considerable amount of previous research has been performed in the
study area regarding sources of PM10, PM2.5, and PM1 (Amato et al., 2009b,
2016; Brines et al., 2019; in 't Veld et al., 2021; Minguillón et al., 2011;
Moreno et al., 2011; Pandolfi et al., 2016, 2020; Pérez et al., 2016;
Querol et al., 2007; Reche et al., 2012; Viana et al., 2013). This extensive
research, which has applied PMF for all PM sizes, has separately identified
the same sources for all PM sizes. To test the similarity between the chem-
ical profiles of the multisize–multisite solution and previous multisite solu-
tions (in 't Veld et al., 2021; Pandolfi et al., 2020), the Pearson Distance
(PD) and the Similarity Identity Distance (SID) were measured between
the source profiles, following Weber et al. (2019). The PD between the
contribution-to-species (in %) of chemical species in the same attributed
source was equal to 1 – r, where r is the Pearson coefficient. The SID was
calculated according to:

SID ¼
ffiffiffi
2

p

m
∑
m

j¼1

xj � yj
�� ��
xj þ yj

(6)

Here, x and y are the relative masses of the PM of the sources and m is
the number of common species between x and y. Pernigotti and Belis
(2018) considered PD < 0.4 and SID < 1 as acceptable criterion for profile
similarity. The found sources were compared to a 15-month-long (January
2017 –March 2018) PM10multisite solution and a 10-year-long PM2.5 solu-
tion (2009–2018; in 't Veld et al., 2021), with both comparisons meeting
Table 2
Concentrations and relative contributions of each source for each size of particulate ma

Factor Barcelona

PM10 (μgm−3) PM2.5 (μgm−3) PM1 (μgm−

OC-rich 3.24 (20 %) 1.98 (21 %) 1.44 (20 %
Sec. NO3

− 2.11 (13 %) 1.61 (17 %) 0.97 (14 %
Sec. SO4

2− 1.64 (10 %) 2.42 (25 %) 2.37 (33 %
Industry 0.06 (0 %) 0.06 (1 %) 0.06 (1 %)
Sea spray 2.67 (17 %) 0.63 (3 %) 0.25 (3 %)
Combustion 1.56 (10 %) 1.45 (15 %) 1.61 (23 %
Mineral 2.79 (18 %) 0.85 (9 %) 0.07 (1 %)
Heavy oil 0.39 (2 %) 0.32 (3 %) 0.33 (5 %)
Road dust 1.41 (9 %) 0.33 (3 %) 0.06 (1 %)
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the previously stated criteria (Table S5). It can therefore be considered
that the inorganic chemical profiles of the source contributions are similar
for PM10, PM2.5, and PM1. It is important to note that not all sources affect
all PM sizes equally, as is the case for the Mineral source, which mainly
affected PM10 and had a very small contribution to PM1.

The optimal number of sources was selected by inspecting Q values,
residuals, G space plots, and the physical meaning of the factors using
previous expertise on PMF results in BCN and MSY (Amato et al., 2009a,
2009b, 2016; Brines et al., 2019; in 't Veld et al., 2021; Minguillón et al.,
2011; Moreno et al., 2011; Pandolfi et al., 2016, 2020; Pérez et al., 2016;
Querol et al., 2007; Reche et al., 2012; Viana et al., 2013). To confirm the
optimal factor profiles of the PMF model, the data were also bootstrapped.
Each dataset was bootstrapped 100 times with a minimum correlation R-
value of 0.6. Finally, the model error was estimated using the base model
displacement method.

2.5. OP apportionment

To determine the intrinsic toxicity of each chemical species and source,
amultilinear regression (MLR)modelwas applied, with the results from the
two (AA and DTT) assays set as the dependent variables and the source con-
tributions from the PMF set as the explanatory variables. The computing
was conducted using the Python module statsmodels 0.13.1 (Seabold and
Perktold, 2010). The MLR model was as follows:

OPobs ¼ β0 þ Gi ∗ βið Þ þ ε (7)

where OPobs is a vector of size of the observed OP (either OPvAA or OPvDTT in
nmol min−1 m−3); G is the matrix of the mass contribution of the PM
sources in μg m−3; βi is the intrinsic OP of the source and β0 is the intercept
(also called the coefficients), both in nmolmin−1 μg−1; and ε is the residual
term that accounts for the misfit between the observations and the model.
Furthermore, to improve the modeling further, a weighted least-square
regression (WLS) was used to consider the uncertainties of the OPmeasure-
ments (Weber et al., 2021). The uncertainties of the β coefficients were
estimated by bootstrapping the solution 1000 times and randomly selecting
70 % of the samples for each coefficient to account for possible remaining
extreme events.

3. Results and discussion

3.1. PM10, PM2.5, and PM1 source apportionment

Aggregating the datasets of all 3 PM sizes (PM10, PM2.5, and PM1) for
both the BCN and MSY stations resulted in nine common sources being
identified, which were OC-rich, Secondary SO4

2−, Secondary NO3
−, Min-

eral, Combustion, Sea Spray, Road dust, Heavy Oil, Industry. Each source
was previously reported in the study area (Amato et al., 2009a; in 't Veld
et al., 2021; Pandolfi et al., 2011, 2020). A detailed description of each
source is described in the Supplementary, with a summary of the nine iden-
tified sources provided in Table 1. Table 2 presents the PM mass and the
relative contribution of each source to the PM mass, and the contribution
tter (PM) at each station.

Montseny

3) PM10 (μgm−3) PM2.5 (μgm−3) PM1 (μgm−3)

) 2.25 (30 %) 1.73 (30 %) 1.71 (37 %)
) 0.92 (12 %) 0.76 (13 %) 0.59 (13 %)
) 1.20 (16 %) 2.10 (37 %) 2.06 (45 %)

0.03 (0 %) 0.03 (0 %) 0.02 (0 %)
1.17 (15 %) 0.31 (5 %) −0.06 (−1 %)

) 0.19 (3 %) 0.22 (4 %) 0.21 (5 %)
1.74 (23 %) 0.45 (8 %) 0.02 (0 %)
0.06 (1 %) 0.07 (1 %) 0.06 (1 %)
0.07 (1 %) 0.02 (0 %) 0.01 (0 %)
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of each element to all nine sources is presented in Fig. 2, with detailed
source profiles presented in Fig. S1.

Overall, concentrations of the sources were higher in BCN, especially in
the case of anthropogenic sources, such as Combustion, Road Dust, Indus-
try, Heavy Oil, and Secondary NO3

−, due to the proximity to the sources
to the site. Some sources, such as OC-rich and Mineral, also showed higher
concentrations in BCN because the contributions were dominated by
anthropogenic sources. Sea Spray also showed an increase in BCN due to
its proximity to the sea. Finally, Secondary SO4

2− showed similar concentra-
tions in both stations due to its regional origin.

When comparing PM sizes, no significant differences were observed
among Combustion, HeavyOil, and Industry. All the other sources, including
OC-rich (only between PM10 and PM2.5+PM1,which had similar concentra-
tions), showed a decrease in concentrations and relative composition with
decreasing PM size. The only exception to this was Secondary SO4

2−, which
showed lower concentrations for PM10 than for PM2.5 and PM1 at both
stations, as a results of lower NH4

+ levels in PM10 compared to the other
size fractions. This underestimation is a known phenomenon in our study
area due to reactions between NH4NO3 and NaCl. NaCl originates mainly
from the sea in the PM10–2.5 size fraction and reacts with NH4NO3 to form
NH4Cl. As NH4Cl is semi-volatile, an underestimation of NH4 in PM10 occurs,
which resulted in the underestimation of the Secondary SO4

2− source for
PM10 in our study area (Amato et al., 2009a; Pandolfi et al., 2012; Querol
et al., 2001).

3.2. OP results and seasonality

3.2.1. Barcelona
The timeseries of OP per μg of PM (OPm) and OP per m3 of air (OPv) for

both assays (Fig. 3 (left)), shows that neither OPv timeseries showed a
Fig. 2.Chemical speciation and source contribution to total mass of particulatematter (PM
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seasonal pattern over the study period, regardless of the PM size. The lack
of a seasonal pattern agrees with studies at other urban coastal sites in the
Mediterranean area, such as for PM10 in Nice and Port de Bouc, France
(Calas et al., 2019), or for PM2.5 samples in Dunkerque, France (Moufarrej
et al., 2020). The OPmDTT timeseries did not show a seasonal pattern either,
which implies that the OP of the sources is stable throughout the year. In
contrast, the OPmAA timeseries showed a slight seasonal pattern, with higher
values in winter. The seasonal pattern for OPAA is due to the metal sensitive
nature of OPAA, which favors anthropogenic sources which in general, have
higher levels during the winter. Comparing the OPm and OPv levels among
the 3 PM sizes showed higher levels for PM10 in comparison to PM2.5

and PM1. This indicates that a main driver of OP in BCN is within the
10–2.5 μm size range. Furthermore, the OP of PM2.5 and PM1 were in the
same range. The lack of a difference means that another main driver of the
OP levels measured in PM1 must originate from the <1 μm size range,
while a driver within the 2.5–1 μm size range is absent.

Currently, there is no standardized OP test procedure, which can hinder
comparison with other studies due to the different methodologies used
(Calas et al., 2018, 2019; Yang et al., 2014). Thus, in this work, we only com-
pared our OP values with those of 18 stations (13 in France, five in
Switzerland) from two studies with OP measurements also performed at
the UGA to overcome differences due to methodological approaches
(Grange et al., 2022;Weber et al., 2021). Each station's annual averageOPVDTT

and OPVAA values for PM10 and PM2.5, when applicable, are summarized in
Table 3. The OPv levels in BCN are in the same range as most French stations
in the case of OPvDTT, and most French and Swiss stations in the case of OPvAA.
However, it must be noted that most French stations were sampled in
2013–2014 and that when comparing results obtained in Grenoble in 2013
with those obtained in 2017, a significant reduction was observed in OPVDTT,
from 2.7 to 1.7 nmol min−1 m−3 (Weber et al., 2021). This decrease was
), according to themultisitemultisize PositiveMatrix Factorization (PMF) solution.



Fig. 3. Top: Timeseries of the intrinsic oxidative potential (OP) in Barcelona (BCN, left) and Montseny (MSY, right), for the OPDTT and OPAA in particulate matter (PM) size
fractions PM10, PM2.5, and PM1. Bottom: Timeseries of the OPv in BCN (left) and MSY (right), for the OPDTT and OPAA in PM10, PM2.5, and PM1.
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primarily attributed to a decrease in PM10 in the study area (Borlaza et al.,
2021a). Comparing the results in BCN with those in Grenoble and at Vif
urban background sites (2017–2018), shows that the levels in BCN are
7

significantly higher compared to those in France and Switzerland. The levels
of OPvAA were much higher in BCN (1.9 nmol min−1 m−1 for PM10) than in
Nice or Marseille (1.0 and 0.5 nmol min−1 m−3, respectively), which are



Table 3
Top: Information regarding each measurement site, country of origin, station type, sample period, and study reference. (ES = Spain, FR = France, CH = Switzerland).
Bottom, Left: Sorted values of the OPVDTT for particulate matter (PM) fractions PM10 and PM2.5; Right: Sorted values of the OPVAA for PM10 and PM2.5. Stations from this study
are in Italics.

Site Country Type Year Reference

Barcelona ES Urban Background Jan 2018 – Mar 2019 This study
Montseny ES Rural Background Jan 2018 – Mar 2019 This study
Passy FR Urban Valley Nov 2013 – Oct 2014 (Weber et al., 2021)
Grenoble FR Urban Background Mar 2017 – Mar 2018 (Weber et al., 2021)
Nogent FR Urban Background Jan 2013 – May 2014 (Weber et al., 2021)
Roubaix FR Traffic Jan 2013 – May 2014 (Weber et al., 2021)
Marseille FR Urban Background Jan 2015 – Dec 2015 (Weber et al., 2021)
Strasbourg FR Traffic April 2013 – April 2014 (Weber et al., 2021)
Chamoix FR Urban valley Nov 2013 – Nov 2014 (Weber et al., 2021)
Nice FR Urban traffic Jul 2014 – May 2015 (Weber et al., 2021)
Aix-en-provence FR Urban background Aug 2013 – Jul 2014 (Weber et al., 2021)
Talence FR Urban background Mar 2012 – Mar 2013 (Weber et al., 2021)
Marnaz FR Urban valley Nov 2013 – Oct 2014 (Weber et al., 2021)
Port-de-bouc FR Industrial Jun 2014 – May 2015 (Weber et al., 2021)
Vif FR Urban background Mar 2017 – Mar 2018 (Weber et al., 2021)
Bern CH Urban-Traffic June 2018 – May 2019 (Grange et al., 2022)
Zürich CH Urban June 2018 – May 2019 (Grange et al., 2022)
Cadenazzo CH Rural June 2018 – May 2019 (Grange et al., 2022)
Payerne CH Rural June 2018 – May 2019 (Grange et al., 2022)
Basel CH Suburban June 2018 – May 2019 (Grange et al., 2022)

OPVDTT OPVAA

Site Country PM10 PM2.5 Site Country PM10 PM2.5

Passy FR 4.4 – Bern CH 4.1 1.6
Bern CH 2.9 1.1 Chamoix FR 2.6 –
Nogent FR 2.7 – Passy FR 2.2 –
Roubaix FR 2.6 – Nogent FR 2.2 –
Marseille FR 2.6 – Roubaix FR 2.1 –
Barcelona ES 2.5 1.2 Barcelona ES 1.9 1.0
Strasbourg FR 2.4 – Aix-en-provence FR 1.7 –
Chamoix FR 2.3 – Zürich CH 1.7 0.8
Nice FR 2.2 – Cadenazzo CH 1.7 1.2
Aix-en-provence FR 1.9 – Marnaz FR 1.6 –
Talence FR 1.8 – Grenoble FR 1.5 –
Marnaz FR 1.8 – Vif FR 1.5 –
Port-de-bouc FR 1.8 – Strasbourg FR 1.3 –
Grenoble FR 1.5 – Basel CH 1.2 0.7
Vif FR 1.3 – Nice FR 1.0 –
Zürich CH 1.3 0.8 Talence FR 1.0 –
Cadenazzo CH 1.0 0.7 Payerne FR 0.7 0.4
Payerne CH 0.8 0.6 Port-de-bouc FR 0.6 –
Basel CH 0.8 0.6 Marseille FR 0.5 –
Montseny ES 0.5 0.4 Montseny CH 0.4 0.3
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also Mediterranean coastal cities. This increase in Barcelona must therefore
come from additional anthropogenic sources around the city, most likely
from traffic, metal and cement industry, or shipping, as these are the major
sources of OPvAA (see Section 3.3.1).

3.2.2. Montseny
Very low OPv values were obtained for both assays with MSY sam-

ples (OPv
AA < 1 nmol min−1 m−3 and OPv

DTT < 1.5 nmol min−1 m−3)
regardless of PM size, which is a typical pattern for a rural site (Fig. 3,
right). Compared to stations in France and Switzerland, the OP values
were lowest both for OPv

DTT and for OPv
AA, and for PM10 and PM2.5,

due to the rural typology of MSY. The lower levels compared to the
other rural stations (Cadenazzo and Payerne, Switzerland) is likely
due to the fact that the Swiss stations were more affected by biomass
burning, with a known higher intrinsic OP compared to our OC-rich
source measured in MSY (Section 3.3.2.). Neither assay showed a clear
seasonal pattern, however, which was also observed for the OPm ob-
tained from both assays. In contrast to in BCN, the mean OPm and OPv
levels of OPAA and OPDTT were in the same range for all PM sizes in
MSY. The lack of a significant difference among the 3 PM sizes in MSY
indicates that the main OP drivers originate from PM1. At the time of
8

writing, we are not aware of any articles that have been published
regarding long-term OP measurements for PM1.

Comparing the two stations, it is evident that for a given PMmass con-
centration, OPv is higher in BCN than inMSY. This difference is the result of
the local anthropogenic activities in BCN and the large distance toMSY. For
all 3 PM sizes, BCN observations displayed a higher capacity to induce
oxidative stress than did those from MSY, with PM10 evidencing the most
pronounced difference.

3.3. Linking OP with PM source contributions

To determine the main driver(s) of OP for each PM size, twomethods
were applied to explain the relationship between OP and PMF sources or
chemical speciation. The first method was a Pearson correlation test be-
tween OPv and the sources and chemical speciation. Secondly, an MLR
analysis was applied to search for the major relationships between the
PMF sources (in μgm−3) and OPvAA and OPvDTT. Adding the MLR to the
Pearson correlation coefficient is useful because the correlation on its
own is limited for linking OP with sources and/or chemistry, as a good
correlation does not always imply causality (Weber et al., 2021). For
instance, as shown in Fig. 5, Secondary NO3

− and Secondary SO4
2−
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were significantly correlated with OPv, even though (NH4)2SO4 and
NH4NO3 have been shown to have a negligible OP (Daellenbach et al.,
2020; Grange et al., 2022; Weber et al., 2021), but the respective
sources may co-emit oxidizing components that were not measured in
this study.

3.3.1. Barcelona
In BCN, the PM apportionment model indicated that >45 % of the

PM10 (46 %), PM2.5 (67 %), and PM1 (80 %) mass load was attributed
to OC-rich, Secondary SO4

2−, and Combustion sources. It must be
noted that in BCN, the OC-rich source is a combination of SOA and
POA (see Supplementary Information). This was confirmed with by
showing a significant difference between the correlation coefficients
of OC and OPDTT (r = PM10: 0.70; PM2.5: 0.56; PM1: 0.49), and between
OPDTT and the estimated SOA (r = PM10: 0.49; PM2.5: 0.43; PM1: 0.40),
which were also observed between OPv

AA and OC (r = PM10: 0.74;
PM2.5: 0.57; PM1: 0.33), and between OPvAA and SOA (r = PM10: 0.45;
PM2.5: 0.41; PM1: unsignificant). The only other significant mass
contributors were the Mineral and Sea Spray sources in PM10, as they
have a major coarse size mode and, therefore, are two of the largest
mass-contributing sources to PM10.

3.3.1.1. PM10. Overall, the main OP drivers originated from anthropogenic
sources from the city. The intrinsic OP of PM10was dominated by the Heavy
Oil and Combustion sources, having a high intrinsic OP for the DTT assay,
with 0.437 ± 0.005 and 0.242 ± 0.002 nmol min−1 μg−1, respectively,
and the OPAA assay, with 0.485 ± 0.004 and 0.357 ± 0.001 nmol min−1

μg−1, respectively (Table 4A and B; Figs. S3 and S4). The metal-sensitive
AA assay indicated that Industry was the most dominant source, signifi-
cantly higher than the other sources, with 1.480 ± 0.047 nmol min−1

μg−1. The high intrinsic OP of combustion, road dust, and industry is
most likely driven by the chemicals that compose the sources (Fig. 4) but
might also be caused by the high content of Black Carbon (BC). Toxicolog-
ical evidence has shown that BC itself is poorly reactive alone but can func-
tion as a Trojan horse and carry metals, or quinones that substantially
contribute to OP (Chu et al., 2017; Li et al., 2013; Niranjan and Thakur,
2017). The daily averaged OP exposure showed the same sources as the
Table 4
(A) The intrinsic OPDTT of all sources for particulate matter (PM) fractions PM10, PM2.5, a
of all sources for particulate matter (PM) fractions PM10, PM2.5, and PM1 at both station

A

Barcelona

Factor PM10 PM2.5 PM1

OC-rich 0.169 ± 0.001 0.041 ± 0.001 0.044 ± 0.
Sec. NO3 −0.016 ± 0.001 0.015 ± 0.001 −0.043 ± 0.
Sec. SO4 0.120 ± 0.001 0.075 ± 0.001 0.036 ± 0.
Industry −0.153 ± 0.038 −0.066 ± 0.032 4.652 ± 0.
Sea Spray 0.076 ± 0.001 0.161 ± 0.004 −0.394 ± 0.
Combustion 0.242 ± 0.002 0.072 ± 0.002 0.046 ± 0.
Mineral 0.080 ± 0.001 0.000 ± 0.002 0.011 ± 0.
Heavy Oil 0.437 ± 0.005 0.158 ± 0.004 0.243 ± 0.
Road dust 0.188 ± 0.005 1.397 ± 0.020 0.487 ± 0.

B

Barcelona

Factor PM10 PM2.5 PM1

OC-rich 0.078 ± 0.001 0.011 ± 0.001 0.041 ± 0.0
Sec. NO3 0.022 ± 0.001 0.042 ± 0.000 −0.028 ± 0.0
Sec. SO4 0.019 ± 0.001 0.027 ± 0.001 0.004 ± 0.0
Industry 1.480 ± 0.047 1.760 ± 0.022 4.362 ± 0.0
Sea Spray 0.046 ± 0.002 −0.008 ± 0.002 0.199 ± 0.0
Combustion 0.357 ± 0.001 0.102 ± 0.001 0.029 ± 0.0
Mineral 0.056 ± 0.001 0.039 ± 0.001 −0.243 ± 0.0
Heavy Oil 0.485 ± 0.004 −0.111 ± 0.002 −0.071 ± 0.0
Road dust 0.020 ± 0.003 0.709 ± 0.009 0.342 ± 0.0

9

main drivers of the intrinsic OP. The OPvDTT and OPvAA were mostly driven
by the Heavy Oil and Combustion sources, with 0.200 and 0.363 nmol
min−1 m−3, respectively for the OPvDTT assay and 0.222 and 0.534 nmol
min−1 m−3 for the OPvAA assay. TheOC-rich source also showed a strong in-
fluence, being the primary driver in the OPvDTT assay, with 0.473 nmol
min−1 m−3, and ranked third in the OPvAA assay, with 0.220 nmol min−1

m−3. This shows that there is not a single source responsible for the high
OPv in BCN.

Comparing this observation with observation in France, similar drivers
of OP were found for PM10. (Weber et al., 2021) reported that road traffic
was the most prominent source driving OPvDTT, which was traced by
OC, EC, Cu, Fe, Sn, and Sb. In our study, these tracers were spread
among three different sources: OC-rich (OC), Combustion (EC), and Road
Dust (Cu, Fe, Sn, and Sb). (Grange et al., 2022) also reported that in
Switzerland, PM10 and PM2.5 OPvDTT were driven by two major anthropo-
genic sources, road traffic and wood combustion, which have similar
tracers to those previously discussed. Our observations are therefore in
line with what has been observed in France and Switzerland, with OC-
rich and Combustion sources driving the OPvDTT. More concretely, OC and
EC concentrations appear to be the leading factor controlling OPvDTT, due
to the higher daily averaged OP exposure and higher Pearson correlation
(OC: 0.70; EC: 0.68; Cu: 0,54; Fe: 0.63; Sb: 0.55; Sn: 0.55; Fig. 4). In both
France and Switzerland, the OPvAA was driven by road traffic and biomass
burning, which was traced by OC, EC, and K+. The same was observed in
our study, with Combustion and OC-rich being the first- and third-ranked
sources, respectively. In our study, however, the biomass burning source
could not be separately identified due to its expected very low contribution
to PM, making any direct comparison difficult. It is worth pointing out that
an important finding of this study, also evidenced in (Weber et al., 2021)
and (Grange et al., 2022), is the lack of a clear relationship between mass
contribution and intrinsic OP, which shows the importance of focusing
research on health-related properties rather than on the mass of each emis-
sion source.

One significant difference observed in our results when compared to
those obtained at monitoring stations in France and Switzerland was the in-
fluence of HeavyOil, whichwas not identified in France or Switzerland due
to the distance from shipping emissions for most sites under study. Perrone
nd PM1 at both stations. Units expressed in nmolmin−1 μg−1. (B) The intrinsic OPAA

s. Units expressed in nmol min−1 μg−1.

Montseny

PM10 PM2.5 PM1

001 0.026 ± 0.001 0.031 ± 0.001 0.042 ± 0.000
001 −0.033 ± 0.001 0.007 ± 0.001 −0.016 ± 0.001
001 0.049 ± 0.001 0.041 ± 0.001 0.015 ± 0.000
069 −0.075 ± 0.033 −1.565 ± 0.036 0.905 ± 0.022
014 0.031 ± 0.001 −0.146 ± 0.005 0.232 ± 0.006
001 −0.295 ± 0.004 0.216 ± 0.004 −0.073 ± 0.002
010 0.044 ± 0.000 0.017 ± 0.002 0.282 ± 0.002
003 −0.281 ± 0.009 0.223 ± 0.013 0.512 ± 0.006
026 2.585 ± 0.016 1.877 ± 0.030 2.864 ± 0.018

Montseny

PM10 PM2.5 PM1

01 0.084 ± 0.001 0.036 ± 0.000 0.002 ± 0.000
01 0.047 ± 0.001 −0.003 ± 0.001 −0.015 ± 0.001
01 −0.079 ± 0.001 −0.047 ± 0.001 −0.028 ± 0.000
34 2.836 ± 0.033 5.085 ± 0.028 3.982 ± 0.022
07 0.015 ± 0.001 −0.047 ± 0.003 0.231 ± 0.007
01 −0.361 ± 0.004 −0.248 ± 0.005 0.000 ± 0.003
05 −0.014 ± 0.000 0.062 ± 0.001 −0.095 ± 0.002
02 −0.100 ± 0.009 −0.023 ± 0.007 −0.060 ± 0.005
13 1.131 ± 0.016 0.791 ± 0.030 0.665 ± 0.018



Fig. 4. Pearson's correlation coefficients betweenOPvDTT and the chemical species for each size of particulatematter (PM) at each site, with statistical significance represented
by *** for p < 0.001, ** for p < 0.01, and * for p < 0.05.
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et al. (2019) reported that Heavy Oil was the main factor governing OPvAA

when studying OP in PM10 and PM2.5 samples collected in a coast city in
Italy, similar to what has previously been observed in BCN (Contini et al.,
2011; Moldanová et al., 2009; Perrone et al., 2019; Viana et al., 2014). In
our study, Heavy Oil had a significant contribution to OPvDTT, regardless
of the PM size fraction, and also OPvAA in PM10.

It is worth noting that the Pearson correlation analysis also showed
Combustion and Road Dust as important drivers of OPvDTT in PM10 but,
surprisingly, showed a very low correlation with the OC-rich source, even
though the correlation between OC and OPvDTT was high (Figs. 4 and 6).
This again highlights the fact that, although the Pearson correlation is a
good indicator of the importance of certain sources, it should preferably
be used in combination with a MLR model.

3.3.1.2. PM2.5. The intrinsic OPDTT assay in PM2.5 was dominated by Road
Dust, with 1.397± 0.020 nmol min−1 μg−1. This significant role in the in-
trinsic OP of PM2.5 is attributed to the fact that specific metals from vehicle
wear fall mostly in the PM2.5 fraction (Mohammed et al., 2017; Moreno
et al., 2006; Wang et al., 2006). Meanwhile, the intrinsic OPAA assay was
still dominated by Industry, with 1.760 ± 0.022 nmol min−1 μg−1,
followed by Road Dust, with 0.709 ± 0.009 nmol min−1 μg−1 (Table 5A;
Fig. S4). The contribution of Road Dust in BCN mostly comes from
non-exhaust traffic emissions (Amato et al., 2016). In BCN, Road Dust
10
showed a high correlation with OPDTT in PM10 (r = 0.65) and PM2.5

(r = 0.61), but a low one in PM1 (r = 0.24). The same pattern was
observed in the case of the OPAA assay (r = 0.75 in PM10, r = 0.65 in
PM2.5, and r = 0.32 in PM1). This resulted in Road Dust being the
main driver of the daily averaged OP exposure in OPvDTT, with
0.341 nmol min−1 m−3, and in OPvAA, with 0.173 nmol min−1 m−3. Com-
bustion was the second most important driver, with 0.141 nmol min−1

m−3, showing the impact of traffic on this PM size (Figs. 4, 5, S3, and S4;
Table 5A and B).

3.3.1.3. PM1. Finally, PM1 was dominated by Industry in both the intrin-
sic OPDTT, with 4.652 ± 0.069 nmol min−1 μg−1, and the intrinsic
OPAA, with 4.362 ± 0.034 nmol min−1 μg−1, far above any of the
other sources. The Industry source represents a mixture of common
tracers in BCN from industrial activities such as smelters and cement
kilns (Amato et al., 2009a; Cusack et al., 2012; in 't Veld et al., 2021;
Pandolfi et al., 2016; Pérez et al., 2016; Querol et al., 2007, 2014).
The size distribution of the industrial PM contribution fell mainly
in PM1, due to the high temperatures involved during industrial pro-
cesses, which would explain this high intrinsic OP. This also resulted
in Industry being the main driver of OPvDTT and OPvAA, with 0.228 and
0.214 nmol min−1 m−3, respectively, which are values much higher
than those obtained for PM10 and PM2.5 (Table 4A and 5A; Figs. S3



Table 5
(A) The daily median averaged human exposure to OPDTT from all sources of partic-
ulate matter (PM) fractions PM10, PM2.5, and PM1 at both stations. Units expressed in
nmol min−1 m−3. (B) The daily median averaged human exposure to OPAA from all
sources of particulate matter (PM) fractions PM10, PM2.5, and PM1 at both stations.
Units expressed in nmol min−1 m−3.

A

Barcelona Montseny

Factor PM10 PM2.5 PM1 PM10 PM2.5 PM1

OC-rich 0.473 0.066 0.063 0.049 0.044 0.065
Sec. NO3 −0.016 0.011 −0.021 −0.019 0.002 −0.005
Sec. SO4 0.106 0.132 0.067 0.043 0.059 0.023
Industry −0.007 −0.003 0.228 −0.002 −0.030 0.015
Sea Spray 0.104 0.053 −0.009 0.020 −0.019 −0.012
Combustion 0.363 0.100 0.057 −0.061 0.055 −0.016
Mineral 0.188 0.000 0.001 0.047 0.048 −0.008
Heavy Oil 0.200 0.060 0.103 −0.017 0.015 0.022
Road dust 0.172 0.341 0.016 0.121 0.032 0.031

B

Barcelona Montseny

Factor PM10 PM2.5 PM1 PM10 PM2.5 PM1

OC-rich 0.220 0.018 0.060 0.157 0.050 0.004
Sec. NO3 0.022 0.029 −0.013 0.0.028 −0.001 −0.005
Sec. SO4 0.017 0.047 0.008 −0.070 −0.069 −0.043
Industry 0.070 0.085 0.214 0.065 0.098 0.068
Sea Spray 0.062 −0.003 0.004 0.009 −0.006 −0.012
Combustion 0.534 0.141 0.036 −0.074 −0.055 0.000
Mineral 0.131 0.027 −0.024 −0.015 0.020 0.003
Heavy Oil 0.222 −0.042 −0.030 −0.006 −0.002 −0.003
Road dust 0.018 0.173 0.011 0.053 0.013 0.007
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and S4). This suggests the potential impact of Industry on health, which
was not observed for PM10 and PM2.5.

3.3.2. Montseny
As expected, PM source masses were significantly lower in MSY than in

BCN due to the distance of the site from most sources. Like BCN, the OC-
rich and Secondary SO4

2− sources accounted for >50 % of the PM mass in
PM10 (54 %), PM2.5 (76 %), and PM1 (87 %), with only Mineral and Sea
Spray also being significant contributors to PM10 (Table 2). The biggest dif-
ference from BCN was the low mass contribution of Combustion. The OC-
rich sourcemostly consisted of biogenic SOA inMSY, which was confirmed
by the chemical speciation showing a similar correlation between OPvDTT

and OC (r = PM10: 0.53; PM2.5: 0.41; PM1: 0.47) and estimated SOA
(r = PM10: 0.50; PM2.5: 0.39; PM1: 0.45), and between OPvAA and OC
(r = PM10: 0.34; PM2.5: 0.20) and estimated SOA (r = PM10: 0.29).

InMSY, the intrinsic OPDTTwas dominated by RoadDust for all PM sizes,
with values of 2.585 ± 0.016, 1.877 ± 0.030, and 2.864 ± 0.018 nmol
min−1 μg−1 for PM10, PM2.5, and PM1, respectively (Table 4B; Fig. S5).
Meanwhile, the intrinsic OPAA assay was dominated by Industry, with
2.836 ± 0.033, 5.085 ± 0.028, 3.982 ± 0.022 nmol min−1 μg−1 for
PM10, PM2.5, and PM1, respectively. All other sources were significantly
lower, although Road Dust also significantly contributed to the intrinsic
OPAA assay, with values of 1.131 ± 0.016, 0.791 ± 0.030, and 0.665 ±
0.018 nmol min−1 μg−1 for PM10, PM2.5, and PM1, respectively (Figs. 4B
and S6).

The significantly low mass contributions of Industry and Road Dust
resulted in different sources driving the daily averaged OP exposure. In
PM10, Road Dust was the main driver of OPvDTT, with 0.121 nmol min−1

m−3, which is much lower than the value associated with the main
governing source in BCN (OC-rich = 0.473 nmol min−1 m−3). Meanwhile,
the OC-rich source was the main driver of OPvAA, with 0.157 nmol min−1

m−3. PM2.5 had no clear main drivers at MSY, with a similar dependency
on multiple sources, such as Secondary SO4

2−, Combustion, OC-rich, and
Road Dust, all in the same range, between 0.032 and 0.059 nmol min−1
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m−3, which is over five times lower than levels in BCN. The OPvAA daily
averaged OP exposure was mostly driven by Industry, with 0.098 nmol
min−1 m−3. Finally, PM1 daily averaged OP exposure of OPvDTT was driven
by theOC-rich source (0.065 nmolmin−1m−3), whereas Industry drove the
OPvAA (0.068 nmol min−1 m−3). Values for both of these sources were three
times lower than the highest-ranked source in BCN (Table 5A and B; Figs. S5
and S6).

Borlaza et al. (2021a) measured the OP of samples collected at a rural
station for 3.5 years (2017–2020) in France and reported that mineral
dust and sulfate-rich sources drove OPvDTT, while biomass burning drove
OPvAA. These results are different than those obtained at MSY, likely due
to the different source attributions. For example, elements attributed to
themineral dust source in thework of Borlaza et al. (2021b)were separated
into Mineral and Road Dust in our study. Certain elements, however, like
Fe, were found to drive the OPvDTT in both studies. Another example is Zn,
which was attributed to the sulfate-rich source by (Borlaza et al., 2021b),
whereas in our solution it was identified as a main tracer of Industry. In
our study, the Pearson correlationwith Kbbwasmoderate (r=0.42), show-
ing that biomass burning can be an important driver of OPvAA at this station;
however, without a clear identification of a biomass burning source, the
actual impact of the source on human health could not be accurately
determined.

The extremely low OPv values observed at the MSY station for all PM
sizes, when compared to those obtained in BCN, emphasize that most of
the OPv in BCN comes from local sources, with regional sources playing a
minor role.

4. Conclusions

To our knowledge, this is the first study successfully comparing oxida-
tive potential (OP) levels and OP source apportionment of PM1, PM2.5,
and PM10 simultaneously over a year-long study period. One known flaw
of this study is that no ideal Positive Matrix Factorization solution was
found if the intention was to compare the OP of the same source profiles
for the urban (BCN) and regional (MSY) background sites. Additionally,
there was a PM attribution underestimation for the source contribution of
Secondary SO4

2− to PM10 at both stations due to the underestimation of
NH4

+ in PM10 caused by reactions between NH4NO3 and NaCl in the
PM10–2.5 size fraction.

In BCN, the OP levels per m3 (OPv) of the DTT assay and AA assay were
significantly higher for PM10 than for PM2.5 and PM1, which were both in
the same range. This means that the main driver of OP in BCN is in the
PM10 and PM1 size fractions. Furthermore, there was no clear seasonal pat-
tern of either OPv or OP levels per μg filter material (OPm), which agreed
with other Mediterranean coastal urban sites in France. The multilinear re-
gression model showed that higher OP levels for PM10 in BCN were driven
by anthropogenic sources, which were the OC-rich source, Combustion,
Heavy Oil, and Road Dust. In contrast, PM1 was driven by Industry (mostly
cement production and a large smelter), which was not a significant source
of PM10 and PM2.5. This shows a possible important health impact of Indus-
try that was not observed when studying PM10 and PM2.5. For all PM sizes,
the levels of OPm and OPv were significantly higher in BCN than in MSY,
which means that they are mediated by local urban emissions. This is also
the cause of the higher levels of OPv when compared to other stations in
France and Switzerland. While most sources were clearly identified, there
was no clear OC-rich source in BCN. For this reason, a follow-up study in
BCN would be recommended to find all sources of OC-rich PM, and there-
fore OC, especially in the PM10 fraction, as that size fraction had a much
higher OPv than those of PM2.5 and PM1.

In MSY, the levels of OPm and OPv were in the same range for PM10,
PM2.5, and PM1, meaning that the main source-mediated driver is in the
PM1 fraction, without clear differences in the drivers controlling results
for each PM size. Results in MSY were compared to the available results
from other stations in France and Switzerland, with MSY having the lowest
observed mean OPv values for PM10 and PM2.5 from both the DTT and AA
assays.



Fig. 5. Pearson's correlation coefficients between OPvAA and the chemical species for each size of particulate matter (PM) at each site, with statistical significance represented
by *** for p < 0.001, ** for p < 0.01, and * for p < 0.05.
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Overall, this study indicates that size fraction matters for OP as a func-
tion of the environment typology. In an urban context, as already observed
in many cities, OP of PM10 dominates OP levels, whereas they appear to be
governed by PM1 in rural environments.

Finally, the present study, in addition to previous studies in France
and Switzerland, has shown no relation between the PMmass contribution
and the OP contribution of each source. Thus, this work also shows the
need for epidemiological studies to include OP in their exposure metrics
in order to obtain a full picture of how PM affects human health and not
to overlook PM1.
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Fig. 6. Pearson's correlation coefficients between Top: OPvDTT and the sources for each size of particulate matter (PM) at each site, and Bottom: OPvAA and the sources for each
size of PM at each site. The statistical significance is represented by *** for p < 0.001, ** for p < 0.01, and * for p < 0.05.
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