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Abstract: Polycyclic aromatic compounds (PAHs) have been noted to generate a high risk for human
health. Their presence and concentration have not been equally distributed in the environment and
various anthropic activities favored the environmental presence of specific pollution components.
The economic sector of bakery, as well as intensive animal breeding, are well spread worldwide
and they represent a priority economic sector due to their direct link to the food industry. In this
study, particulate matter (PM) and PAH pollutant compounds were monitored and their presence
and concentration were correlated with specific anthropic activities such as bakery and animal
husbandry. For the first time, the data analysis established correlations between PM10 or PM2.5
sizes and concentrations with a specific anthropic activity (bakery vs. animal husbandry). PM10
seemed to be more present at sites of animal husbandry activities than bakery ones. The vast majority
of high PAH concentrations were detected in industrial sites such as bakeries. Spearman statistical
correlation tests of intensive breeding of animals and bakery fields showed a moderate correlation
between dimensional fractions of particulate matters, which indicated several emission sources, with
different characteristics.

Keywords: air pollution; emissions; particulate matter; polycyclic aromatic hydrocarbons; metals

1. Introduction

Air pollution, in the context of climate change, impacts human health and, therefore,
generates special attention among both scientific researchers and populations, respec-
tively [1]. The toxic compounds most frequently quantified in the monitoring studies
carried out worldwide have been gas-phase pollutants (e.g., ozone, nitrogen dioxide, sul-
fur dioxide, carbon monoxide, etc.), particulate matter (PM, especially particles less than
2.5 µm in diameter, PM2.5), volatile organic compounds (VOCs), dioxins, metals (ex. Cu,
Cr, Mn, Ni, Pb), and polycyclic aromatic compounds (PAHs) [1–5]. Epidemiologic stud-
ies indicated that exposure to polluted air increased the risk of developing respiratory
diseases [1] and circulatory and cardiovascular diseases [1–3]. In addition, air pollution
amplifies symptoms of mental disorders and, overall, it increases mortality risk [5]. The
most vulnerable groups to air pollution include the elderly, pregnant, persons with chronic
diseases, and children [1–5]. There are two types of air pollution sources, the first one
has been generated by industrial activities; road, naval, and air transport; construction
sites; forest wildfire; volcanic activity; various domestic stationary sources (heating, cook-
ing, personal care products, and cleaning products); and activities from the agricultural
sector [6]. Pollutants resulting from primary sources are carbon monoxide (CO), carbon
dioxide (CO2), methane (CH4), VOCs, ammonia (NH3), sulfur dioxide (SO2), nitric oxide
(NO), PM, and nitrogen dioxide (NO2). The second pollution source stems from chemical
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reactions, naturally carried out into the environment, generating ozone (O3), nitric acid
(HNO3), sulfate (SO4

2−), sulfuric acid (H2SO4), PM, and NO2 [6].
The increase in PM concentration has been a serious problem for the environment.

Large quantities of PM generate poor air quality with negative effects on visibility, climate
change, and radiative forces [6]. In addition, particulate matters alone or in combination
with other chemical compounds, depending on the anthropic activities carried out region-
ally, induce negative health effects. PM composition consists of mineral dust, organic
and inorganic salts, and black carbon, with different compositions depending on weather
conditions and provenience (urban or rural locations) [6]. PM2.5s are fine particles, with
aerodynamic diameters smaller or equal to 2.5 µm, while PM10s have aerodynamic diame-
ters smaller or equal to 10 µm. PM2.5s penetrate through the lung more effectively, due to
their small size compared to PM10, and for this reason, they pose a major threat to human
health [7].

The annual average concentration of PM2.5 in East Asia and Pacific regions was
43 µg/m3 and 67 µg/m3 in Sub-Saharan Africa. The study carried out by the National
Council on Climate and Air Quality of the Republic of Korea from 2021 [7] showed a
magnitude order of exposure reaching a level of 7, which was higher for the population
from Africa as compared to people from North America. Moreover, 95% of the world
population is currently exposed to PM2.5 concentrations higher than 15 µg/m3, the WHO-
recommended threshold. Under this threshold, the number of deaths linked to air pollution
decreased by 15% [6]. Another study based on the UK Biobank cohort, conducted in
2023, showed that PM2.5 and PM10 had a higher negative impact on elderly participants
(age ≥ 55) with asthma disorders compared to younger participants (age < 55) [8]. Some
studies indicated that long-term exposures to air pollution with PM2.5, PM10, and nitrogen
oxides (NO2 and NOx) have been a stress factor that increased cardiovascular diseases
(CVD), mental disorders incidents among patients with prediabetic and diabetic conditions,
risk of bipolar disorders incidents, and, finally, risks of death [8–11]. In China and other
major countries that produce coal, the raw material is stored on the ground outside, causing
pollution with PM due to wind erosion [12]. The PM’s negative effect on human health has
been potentiated by the presence of PAH-coated PMs. PAH compounds induce a great risk
to human health due to their carcinogenic, mutagenic, and teratogenic properties [13,14].

The physical–chemical properties of PAHs make them persistent and highly mo-
bile in the environment, allowing them a wide distribution across air, soil, and water
bodies [15–17]. In the atmosphere, low molecular weight PAHs (2- and 3-ring PAHs) are
mainly distributed in the gaseous phase, while heavier PAHs tend to be associated with
particulate matter [18]. PAH compounds are generated in the atmosphere as a result of
incomplete combustion of organic matter from different heat sources such as domestic
heating, traffic, forest wildfire, volcanic eruptions [15,19–21], and incineration during the
pyrolysis and incomplete combustion of fossil fuels and biomass [22]. Other PAH sources
come from iron and steel production, cement manufacturing, or coal production [23–25].
A study on maternal residences from New Mexico, USA, exposed to industrial emissions
(BTEX, PAHs, O3, chlorine, metals such as Cr, Hg, Mn, Ni, and Pb) associated the high
incidence of low-weight baby birth with 1,2,4-trimethylbenzene, benzene, chlorine, ethyl-
benzene, and styrene presence [26]. European Directive 2004/107/EC released by the
European Parliament and the Council of the European Union established that average con-
centrations for 1 year of measurement should not exceed 1 ng/m3 of benzo(a)pyrene
in PM10 particulate matter. The directive states that other important PAHs such as
benzo(a)anthracene, benzo(b)fluoranthene, and benzo(j)fluoranthene should also be mea-
sured in both PM10 and bulk deposition, but no additional threshold values were estab-
lished because benzo(a)pyrene was considered an indicator of the remaining PAHs [27].

Other categories of pollutants associated with PM are metals and metalloids. The
most important and toxic air pollutant is Pb, because of the industrial pollution and traffic
(vehicle with an engine based on Pb-fuel) [13]. In addition, other air pollutants can be
mentioned, such as Cu and Cd from industrial sources as well as Cr, Mn, Ni, V, Pb, Zn,
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and Ti from traffic sources. WHO Air quality guidelines imposed maximum limits for Pb
(0.5 µg/m3), Cd (0.005 µg/m3), Mn (0.15 µg/m3), Ni (0.02 µg/m3), and V (0.02 µg/m3) [28].
A multitude of worldwide studies on atmospheric and urban air indicated the presence
of metals and metalloids such as Cu, Ni, and Pb (Cairo, Egypt) [29]; As and Cr (Hanoi,
Vietnam) [30]; Al, Cd, Cu, Fe, Mn, Pb, and Zn (Kowloon Tong, Hong Kong) [31]; Al, As, Cr,
Cu, Fe, Ni, and Al (Iasi, Romania) [32].

In this study, we analyzed air pollution based on the size and concentration of particu-
late matters found in emissions, as well as on chemical compounds found in PM with a high
degree of risk to human health, like heavy metals and polycyclic aromatic hydrocarbons
PAH [33]. The measured concentrations of particulate matters (total PM, PM 10, PM 2.5,
PM 1.0) [34,35] from representative areas, chosen as a model, located in the vicinity of
two industrial platforms were compared to the PM limits imposed by Romanian Law
104/2011 for PM10, as well as by STAS 12574-87 for total particulate matters [36,37]. The
study took place in the industrial areas related to the cities of Timisoara and Bucharest,
covering two different economic fields: intensive animal breeding and the food industry
(bakery). The concentrations of particulate matters (total suspended particle, PM10, PM2.5)
were monitored together with the concentrations of heavy metals and PAHs present in
PM. The results showed direct correlations between PM size, the concentration of chemical
compounds present on the particulate matters, and a specific anthropic activity. The test
results were expressed in values of the Spearman correlation coefficient.

2. Materials and Methods
2.1. Sampling Campaigns Locations

Monitoring of emissions was carried out in a bakery industrial area in Bucharest
and in animal husbandry farms from Timisoara during the summer and autumn of 2022.
Sampling campaigns had similar moderate weather conditions with temperatures be-
tween 25 ÷ 33 ◦C and wind speeds between 0.5 ÷ 1.9 m/s. Sampling points were cho-
sen in order to assess only the contribution of industrial sources (a sampling point was
placed in the wind-dominant direction from the source) versus the natural pollution back-
ground (a sampling point was placed before the pollution source in the wind-dominant
direction) (Figure 1).
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Figure 1. Location of sampling points on Romania map and detailed maps according to google map: 
Timisoara (1), Bucharest (2); GPS location of monitoring points: Timisoara (45°41′53.41″N; 
21°12′30.33″E) and Bucharest (44°28′23.12″N; 26°0′43.05″E), Romania. 

2.2. Particulate Matters Sampling 
The samplings of particulate matters were collected by absorbing a measured volume 

of air onto filters with a predetermined flow rate using dedicated sampling systems, 
equipped with impactors and impactor inlets with scrubbers for the measurement of 
PAHs [38]. The impactors were used to separate the PM10 and PM2.5 fractions, and the 
particulate matters were sampled on Ø 47 mm Whatman quartz filters, using TCR Tecora 
and Sven Lech sampler’s equipment. Total suspended particles (TSP) were collected using 
the same equipment without impactors. The minimum sampling period was 24 h with a 
flow rate of 2.3 m3/h. 

The compounds of interest retained in the particulate matters were recovered from 
the filters and from the particulate matters using a sample preparation stage in order to 
quantify metallic elements and PAH compounds. The metals are measured by ICP-MS 
and PAHs are determined by HPLC, respectively. 

  

Figure 1. Location of sampling points on Romania map and detailed maps according to google
map: Timisoara (1), Bucharest (2); GPS location of monitoring points: Timisoara (45◦41′53.41′′ N;
21◦12′30.33′′ E) and Bucharest (44◦28′23.12′′ N; 26◦0′43.05′′ E), Romania.

2.2. Particulate Matters Sampling

The samplings of particulate matters were collected by absorbing a measured volume
of air onto filters with a predetermined flow rate using dedicated sampling systems,
equipped with impactors and impactor inlets with scrubbers for the measurement of
PAHs [38]. The impactors were used to separate the PM10 and PM2.5 fractions, and the
particulate matters were sampled on Ø 47 mm Whatman quartz filters, using TCR Tecora
and Sven Lech sampler’s equipment. Total suspended particles (TSP) were collected using
the same equipment without impactors. The minimum sampling period was 24 h with a
flow rate of 2.3 m3/h.

The compounds of interest retained in the particulate matters were recovered from
the filters and from the particulate matters using a sample preparation stage in order to
quantify metallic elements and PAH compounds. The metals are measured by ICP-MS and
PAHs are determined by HPLC, respectively.
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2.3. PAHs Detection

PAHs were extracted from the particulate matters deposited on the filters by liquid–
solid extraction with acetone and petroleum ether. The extract was concentrated and
interfering compounds were removed by purification with aluminum oxide. The purified
eluate was concentrated and taken up with acetonitrile. For the separation and quantifi-
cation of the analytes, the Ultimate 3000 UHPLC-FLD chromatograph (Thermo Electron,
Germering, Germany) and the Hypersyl Green PAH column (Thermo Electron, Germering,
Germany) (250 mm × 3 mm, 5 µm) were used. The mobile phase used was a gradient of
acetonitrile (A) and ultrapure water with a flow rate of 0.9 mL/min as follows: 0–3 min
isocratic elution 60% solvent A, 3–15 min gradient elution 60–100% A, 15–27 min isocratic
elution 100%. In 27 min, all the analytes of interest were separated. An injection volume of
10 µL was used and the temperature set in the column thermostat was 20 ◦C. The program
of the excitation and emission wavelengths at which the fluorescence detector signals were
recorded and the chromatograms of the environmental samples can be seen in Table 1.

Table 1. Fluorescence, excitation, and emission wavelengths for the detection of PAHs.

PAH Compound Time, Minute
Wavelengths, nm

Excitation Emission

Naphtalene 0 280 335
Phenanthrene 8.0 245 350
Anthracene 9.2 260 420
Fluoranthene 10.5 280 440
Pyrene 11.20 235 390
Chrysene
Benzo(a)anthracene 13.0 260 380

Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)pyrene

16.50 290 430

Benzo(g,h,i)perylene 20.8 290 410
Indeno(1,2,3-c,d)pyrene 23.50 300 505

The performance of the PAH measurement method was evaluated in terms of linear-
ity, method quantitation limit (MQL), extraction efficiency, and precision (repeatability
and reproducibility).

Linearity and precision were determined by analyzing a dilution series of standard
PAH mixtures in acetonitrile, ranging from 2 ng mL−1 to 120 ng mL−1 of individual PAHs
in five dilution steps. Blank and low spike samples were analyzed directly, and limits of
quantification were evaluated from the concentration of PAHs required to give at least
a signal-to-noise ratio of 10. A calibration curve was performed for every sequence of
analysis and the value of the determination coefficient (R2) was higher than 0.99. The
quantification limit assumed for all compounds was 0.1 µg/m3.

Quality assurance and quality controls (QA/QC) were conducted by performing
laboratory blanks, sample blanks, and recoveries of spiked samples which were analyzed
before spike and after spike. The laboratory blanks and sampling blanks were prepared
and analyzed in the same conditions as real samples. The relative standard deviation was
less than 15% for PAHs. A clean filter was exposed to the same sampling environment as
a field blank. The precision was expressed as residual standard deviation. Repeatability
(which was determined for the same sample in triplicate) was in the range of 4.36% and
7.51% while the reproducibility had values in the range of 7.21% and 14.36%, proving that
the method is accurate.

In addition, for QA/QC, a matrix-type Certified Reference Material (CRM) ERM-
CZ100 PAHs in fine dust (PM10-like) was used. The results (certified and obtained) are
presented in Table 2. The recovery rate was performed in triplicate and ranged between
75.97% and 94.15% for all analytes (Table 2).
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Table 2. Quality control of PAHs using an ERM-CZ100 PAHs in fine dust (PM10-like) CRM.

PAH Certified Value ±
Uncertainty *, mg/kg

Obtained Value ±
Uncertainty *, mg/kg Recovery, %

Benzo(a)anthracene 0.91 ± 0.07 0.82 ± 0.17 89.63
Benzo(a)pyrene 0.72 ± 0.05 0.58 ± 0.12 80.17
Benzo(b)fluoranthene 1.42 ± 0.14 1.26 ± 0.26 88.76
Benzo(k)fluoranthene 0.67 ± 0.06 0.59 ± 0.11 88.12
Indeno(1,2,3-c,d)pyrene 1.07 ± 0.10 0.83 ± 0.17 77.36
Anthracene ** 0.28 0.25 ± 0.05 88.96
Benzo(g,h,i)pyrene ** 1.76 1.39 ± 0.25 78.96
Chrysene ** 1.61 1.41 ± 0.28 87.63
Fluoranthene ** 4.57 4.26 ± 0.82 93.21
Phenanthene ** 2.23 1.69 ± 0.33 75.97
Pyrene ** 4.59 4.32 ± 0.94 94.15

* expanded uncertainty with a coverage factor k = 2 corresponding to a 95% level of confidence; ** informative
values according to additional material information from ERM-CZ100 certificate of analysis.

The Chromeleon 7.0 HPLC software graphically plotted the calibration curves by
representing on the ordinate the areas of the chromatographic peaks as a function of
concentration. The quantification of the analytes was carried out using the calibration
method with an external standard interpolating on the ordinate the values of the areas
obtained in the case of the analyzed samples (Figure 2b). The chromatograms corresponding
to a calibration standard of 40 µg/L and for a sample are presented in Figure 2.
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The total PAHs represent the sum of fluoranthene, benzo(b)fluoranthene, benzo(a)pyrene,
benzo(ghi)perylene, and indeno(1,2,3-cd)pyrene.

2.4. Metallic Elements Detection

In order to analyze the metals, a pretreatment step of the particulate matter (PM2.5,
PM10, TSP) was performed in HNO3 ultrapure quality for trace analysis solution (Merck
KGaA, Darmstadt, Germany) using an Ethos Up microwave digestion system (Milestone,
Sorisole, Italy). Metal analysis was carried out on an Inductively Coupled Plasma Mass
Spectrometer—ICP-MS Agilent 7900 (Agilent, Santa Clara, CA, USA) equipped with a
quadrupole mass analyzer (Agilent, Santa Clara, CA, USA) using as an ion source, plasma
generated at atmospheric pressure by means of a radio frequency field in a flow of argon.
Calibration curves in the range 2 µg/L to 10 µg/L for As, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb,
and Ti were plotted using certified reference material (CRM) ICP multi-element standard
solution XVI 100 mg/L (Merck KGaA, Darmstadt, Germany). For Sr and Zn, the same CRM
was used and the calibration curves were made from 10 µg/L to 100 µg/L. The quality
control of the results was carried out on a second CRM Solution made of 21 components,
100 mg/L each (As, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sr, Ti, Zn) provided by CPAChem
(Stara Zagora, Bulgaria).

In addition, two different matrix type CRMs were used: BCR-176R fly ash (As, Cd, Co,
Cr, Cu, Ni, Pb, Zn) and ERM-CZ120 fine dust, PM10-like (certified values for As, Cd, Pb, Ni;
informative values for Co, Cr, Cu, Zn, Mn, Mo, Ti). The recovery percentages were situated
in the range of 87.61% to 116.7% for fine dust and between 95.62% and 105.6% for fly
ash. The literature data indicated the accepted recovery range as follows: 80% to 110% for
1 ppm, 90% to 110% for 10 ppm, 90% to 107% for 100, and 95% to 105% for 0.1% ppm [39].
As is presented in Table 3, all the obtained results were situated in the recommended range.

Table 3. Obtained recovery percentage for analyzed metals in ERM-CZ120 and BCR-176R CRMs.

Element

ERM-CZ120 (Fine Dust, PM10-Like) BCR-176R (Fly Ash)

Certified Value
± Uncertainty

*, mg/kg

Obtained Value ±
Uncertainty *,

mg/kg
Recovery, %

Certified Value
± Uncertainty

*, mg/kg

Obtained Value ±
Uncertainty *,

mg/kg
Recovery, %

As 7.10 ± 0.70 6.87 ± 0.72 96.76 54 ± 5.0 52 ± 5.5 96.30
Cd 0.90 ± 0.22 0.99 ± 0.11 110.0 226 ± 19 221 ± 24 97.79
Co 14.3 ** 15.4 ± 1.5 107.7 26.7 ± 1.6 27.3 ± 2.7 102.2
Cr 201 ** 213 ± 28 106.0 810 ± 70 835 ± 111 103.1
Cu 462 ** 476 ± 56 103.0 1050 ± 70 1093 ± 128 104.1
Ni 58 ± 7.0 54 ± 6.3 93.10 117 ± 6 121 ± 14 103.4
Pb 113 ± 17 109 ± 10.6 96.46 5000 ± 500 5280 ± 512 105.6
Zn 1240 ** 1284 ± 74 103.5 16,800 ± 400 17,153 ± 995 102.1
Mn 611 ** 597 ± 53 97.71 730 ± 50 *** 698 ± 61 95.62
Mo 33.2 ** 35.1 ± 4.1 105.7 - - -
Ti 4372 ** 4181 ± 460 95.63 - - -

* expanded uncertainty with a coverage factor k = 2 corresponding to a 95% level of confidence; ** informative
values according to additional material information from ERM-CZ120 certificate of analysis; *** indicative value
according to CRM BCR-176R certificate of analysis.

2.5. Measurement Uncertainty of the Applied Methods

The expanded uncertainty values for the applied analytical methods are presented
in Table 4. These values were used only on the QA/QC control. The experimental data
presented in the results section represent the average values of twenty data sets, the interval
of values being set by the standard deviation of the results.
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Table 4. Expanded uncertainty of the applied methods for quantification of PM, PAHs, and metals.

PAH Expanded
Uncertainty *, % Elements Expanded

Uncertainty *, %

Benzo(a)anthracene 20.8 As 10.5
Benzo(a)pyrene 21.3 Cd 10.9
Benzo(b)fluoranthene 20.9 Co 9.70
Benzo(k)fluoranthene 19.3 Cr 13.3
Benzo(g,h,i)pyrene 18.0 Cu 11.7
Indeno(1,2,3-c,d)pyrene 20.1 Mn 11.6
Anthracene 19.4 Mo 11.6
Naphthalene 20.7 Ni 11.6
Chrysene 19.9 Pb 9.70
Fluoranthene 19.2 Sr 13.4
Phenanthene 19.2 Ti 11.0
Pyrene 21.8 Zn 5.80

PM

PM2.5, PM10 6.80 TSP 7.30
* expanded uncertainty with a coverage factor k = 2 corresponding to a 95% level of confidence.

2.6. Statistics

Statistics results were based on ANOVA and Spearman tests. Spearman statistical
correlation tests were applied to 20 sets of monitoring data for the dimensional fractions of
suspended particulate matter (PM2.5, PM10, TSP), the concentrations of toxic metals, and
PAH-type compounds in the particulate matter. The test results are expressed in values of
the Spearman correlation coefficient, q.

The SPSS 20.0 program (Statistical Package for the Social Sciences, version 20.0) was
used for the statistical interpretation of the obtained experimental data and the correlation
between particulate matters (PM2.5, PM10, TSP) and pollutants (metals, HAPs).

3. Results

The results were reported as a value difference between the pollution vs. background
sampling points.

3.1. PM Results

The particulate matters measurements from bakery (Bucharest, Romania) and hus-
bandry (Timisoara, Romania) showed a particular emissions pattern specific to the eco-
nomic activities carried out in these areas. Weather factors, especially the intensity of
the wind, are influencing the level of particulate matters concentrations based on their
sizes [6,7]. The weather conditions were similar in both locations and meteorological factors
(wind speed and direction) at the sampling emission sources were taken into account.

The particulate matters analyses showed an emission PM10/PM2.5 ratio of 1.6 from
husbandry, which was slightly higher than the 1.4 PM10/PM2.5 ratio from bakery. These
results showed, in both locations, a more significant emission of PM10 compared to PM2.5
emissions (Figure 3). The PM2.5 amounts seemed to be associated with industrial bakery
activities (51.56 ± 6.3 µg/m3 PM2.5) than with farm activities where PM2.5s were almost
half (37.7 ± 4.9 µg/m3 PM2.5) of the bakery concentration (Figure 3).

The overall TSP values were similar between animal husbandry and bakery, but
they were under the maximum threshold established by legislation (Table 2, [37]), below
150 µg/m3. On the other hand, PM2.5 and PM10 concentrations were both above their im-
posed maximum concentration limits, regardless of the sampling site (industrial—Bucharest
or animal husbandry—Timisoara) (Table 5).
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Figure 3. The amounts of PM2.5, PM10, and TSP particulate matters (n = 20, mean value ± SD,
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Table 5. PM2.5, PM10, and TSP concentration limits imposed by Romanian Legislation [36,37].

Pollutant Period of Time Measurement Units
Concentration Limits

Law 104/2011 [36] STAS 12574-87 Standard [37]

PM10 24 h µg/m3 50 N/A
PM2.5 24 h µg/m3 20 N/A

TSP 24 h µg/m3 N/A 150

N/A, not available.

The particulate matters have been also carriers for various pollutants such as metals
and PAHs.

3.2. Metals Results

Analyses of PM2.5 particulate matters’ metal content showed stronger contamination
with Cr, Cu, As, and Pb from bakery compared to husbandry (Figure 4). In particular,
the Cu amount from PM2.5 analyzed near bakery (2.28 ± 0.45 µg/m3) was 10-fold higher
than the Cu monitored near husbandry (0.27 ± 0.09 µg/m3). The Pb values were only
two folds higher in bakery compared to husbandry (Figure 4). Overall, the metal loads
found in PM2.5 emissions from husbandry were lower than those found on the bakery
site. There were some exceptions when the metal loads detected in PM2.5 near husbandry
were at least twice as high compared to bakery. For instance, Zn (21.25 ± 6.15 µg/m3)
was three-fold higher (Table 6) and Sr (11.78 ± 3.26 µg/m3) was 10-fold higher (Table 6)
compared to bakery.
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Table 6. The amounts of Zn and Sr (n = 20, mean value ± SD) found in PM2.5 from husbandry
(Timisoara) and bakery (Bucharest).

Metals from PM2.5 Timisoara Bucharest

Zn 21.25 ± 6.15 µg/m3 8.30 ± 2.32 µg/m3

Sr 11.78 ± 3.26 µg/m3 1.28 ± 0.40 µg/m3

Quantification of metal from PM10 particulate matters showed some changes com-
pared to their presence in PM2.5. Activities from husbandry seemed to generate the load of
PM10 with larger amounts of metals such as Ti (0.13 ± 0.03 µg/m3), Cr (0.59 ± 0.15 µg/m3),
Mn (4.56 ± 0.37 µg/m3), Pb (2.74 ± 0.54 µg/m3), Zn (31.34 ± 8.22 µg/m3), and Sr
(24.95 ± 5.21 µg/m3) (Figure 5, Table 7). It seems the high amount of Cu and As were
specific for bakery activities, regardless of their presence in PM2.5 or PM10.

Table 7. The amounts of Zn and Sr (n = 20, mean value ± SD) found in PM10 monitored from
husbandry (Timisoara) and bakery (Bucharest).

Metals from PM10 Timisoara Bucharest

Zn 31.34 ± 8.22 µg/m3 6.87 ± 1.77 µg/m3

Sr 24.95 ± 5.21 µg/m3 0.49 ± 0.13 µg/m3

In addition, Cr, Mn, and Pb loads from husbandry became more significant in PM10
compared to PM2.5. It became clear that husbandry activities generated PM10 particulate
matters with major loads of metals compared to PM10 emissions from industrial activities.
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husbandry (Timisoara) and bakery (Bucharest). *, p < 0.5.

Overall, Romania Law no. 104/2011 which transposes Directive 2008/50/EC identifies
only a few metals and metalloids such as Pb, As, Cd, and Ni as important indicators present
in PM10 particles (Table 8).

Table 8. Metal concentration limits in particulate matters, PM10.

Pollutant * Measurement Units
Concentration Limits

Law 104/2011 [36] STAS 12574-87 Standard [37]

Lead µg/m3 0.5 N/A
Arsenic ng/m3 6.0 N/A
Cadmium ng/m3 5.0 N/A
Nickel ng/m3 20 N/A

* metals in PM10, average during one year monitoring; N/A, not available.

All the metal indications, regardless of their locations, had an average concentration
below their imposed limits with the exception of Pb with 2–3 µg/m3 values for a limit of
0.5 µg/m3.

3.3. PAHs Results

The analyses of PAH loads on particulate matters PM2.5 and PM10 showed a major
presence near industrial activity sites such as bakery compared to sites with typical hus-
bandry activities (Figures 6 and 7). The amounts of PAHs from PM2.5 and PM10 had a very
similar scale value and pattern.
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The benzo(a)pyrene concentration limit imposed by Romanian Legislation [36] is up to
1 ng/m3, the value representing an annual average. Unfortunately, this limit was overtaken
by all PAH compounds in the bakery area (Bucharest), regardless of their presence in PM2.5
or PM10. In the Timisoara monitoring point, only two compounds (benzo(g,h,i)perylene,
indeno(1,2,3-c,d)pyrene) were related to PM2.5 particles.

4. Discussion

In the bakery, the main emission sources were the production lines linked to gas
combustion points, including ovens and the transport path of raw materials and finished
products. The same pattern of emission sources was observed for animal husbandry where
heating installations and transport paths of animals as well as for animal food transport
paths were the main sources of air pollution.

High PM2.5 concentrations were recorded in the area with bakery activities, especially
from flour processing areas. PM2.5 concentrations were two times higher (Timisoara)
and four times higher (Bucharest), respectively, than those reported for Iasi, Romania
(16.92 ± 9.07 µg/m3) [32].

The value of PAHs adsorbed on PM2.5 for Bucharest varied between 0 ng/m3 and
4 ng/m3, presenting a total PAHs of 6.5 ng/m3.

In the area of Timisoara, PAH compounds varied in the range of 12 ng/m3 to 43 ng/m3,
with a total value of 106.67 ng/m3. In this case, a higher level of PAH can be observed in the
Bucharest area, with a population of 2,000,000 inhabitants (the capital of Romania), where
there is a rich industrial site with a wide diversity of anthropic activities. The compositional
profile of PM2.5 from Timisoara and in Bucharest areas was similar and comprised various
chemical compounds such as fluoranthene, benzo(b)fluoranthene, benzo(g,h,i)perylene,
indeno(1,2,3-c,d)pyrene with the exception of the benzo(a)pyrene compound which was
detected only in the Bucharest area. The compound with a maximum concentration
detected was benzo(g,h,i)perylene (43 ng/m3), followed by fluoranthene (18.73 ng/m3).

The PAHs adsorbed in PM10 from the Timisoara area varied between 0.2 ng/m3 and
0.4 ng/m3, with a PAHs total of 1.3 ng/m3, while for Bucharest, the PAHs had values in the
range of 12.03 to 37.93 ng/m3 and the total PAHs was 113.5 ng/m3. As in the previous case,
the PAH values for the Bucharest area were higher than for Timisoara. The compositional
PAH profile of PM10 was similar to PM2.5, being represented by five PAH compounds
such as fluoranthene, benzo(b)fluoranthene, benzo(g,h,i)perylene, indeno(1,2,3-c,d)pyrene,
and benzo(a)pyrene. Benzo(g,h,i)perylene (37.93 ng/m3) and fluoranthene (30.13 ng/m3)
were the PAH compounds with the maximum concentrations in Bucharest.

The value of total PAHs adsorbed in PM10 (113.5 ng/m3) was higher than values
detected in Poland (9.07 ng/m3) and France (21.4 ng/m3) [40,41]. Instead, similar values
were obtained in other countries: China (143 ng/m3) and Taiwan (164.98 ng/m3) [42,43].

Zn concentrations found in PM2.5 (21.25 ± 6.15 µg/m3) from Timisoara were similar
to those from Iasi, Romania (25.39 ± 15.82 µg/m3) [32], but in Bucharest, the Zn content
was three times lower (8.30 ± 2.32 µg/m3). An opposite situation was reported in Bucharest
where Sr concentrations in PM2.5 were similar to those from Iasi (1.28 ± 0.40 µg/m3, re-
spectively 1.40 ± 1.55 µg/m3 [32]), whereas in Timisoara, ten times higher Sr concentrations
were reported (11.78 ± 3.26 µg/m3). Higher concentrations of Cr, Mn, Pb, Sr, and Zn in
PM10 from Timisoara compared with Bucharest could be a result of soil dust resuspension
and/or transport lines (tires, brake linings) [44]. Similar results were reported for an urban
site from Birmingham, Alabama [45]. Low concentrations of As, Cd, Co, Cr, Ni, and Mo in
PM2.5 were reported also in two cities in Vietnam (Ho Chi Minh and Hanoi) at the same
levels as Timisoara and Bucharest [30].

The Spearman linear correlation coefficient (q) has values between –1 and +1, where
positive values indicate a direct/positive correlation, but negative values show an in-
verse/negative correlation. The degree of association/correlation between the variables
was established according to the q value (Table 9), [46].
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Table 9. Range values for Spearman correlation.

q Range Correlation q Range Correlation q Range Correlation

±[0.0 ÷ 0.2] very weak ±[0.4 ÷ 0.6] moderate ±[0.8 ÷ 1.0] very good
±[0.2 ÷ 0.4] weak ±[0.6 ÷ 0.8] good ±1.0 strong

The sets of data obtained in the monitoring campaigns were subjected to the Spearman
correlation test applied to the dimensional fractions of particulate matters (total suspended
particles (TPS), PM2.5, PM10, metals, and PAHs. In the case of the animal husbandry
field, results showed a moderate correlation between the dimensional fractions of dust
(Table 10), which pin-pointed the existence in the area of several emission sources with
different characteristics.

In the case of the bakery sector, there was a moderate correlation between the di-
mensional fractions of particulate matter, which showed the existence of several emission
sources in the sampling area with different characteristics, with the monitoring result
characterizing the mixture of emissions from all sources. There was an inverse correlation
of metals and PAHs in PM with values of the correlation coefficient varying within wide
limits, respectively, very low in the case of PAHs and varying from low absolute values in
the case of PM2.5 particulate matter to values of 0.943 in the case of total particulate matter
(Table 11). Under these conditions, the existence of distinct sources of emission of dimen-
sional fractions of particulate matter with dimensions higher than 2.5 µm with a heavy
metal content that influences the values of the correlation coefficients could be assumed.

Table 10. Results of the Spearman correlation test applied to the dimensional fractions of PMs, metals,
and PAHs from particulate matters in the field of intensive animal breeding (Timisoara).

PM2.5 Metals-
PM2.5

PAH-
PM2.5 PM10 Metals-

PM10
PAH-
PM10 TSP Metals-

TSP PAH-TSP

PM2.5 1.000 −0.800 −0.400 0.400 −0.800 −0.400 0.740 0.250 −0.632
Metals PM2.5 −0.800 1.000 0.800 −0.200 0.400 0.200 −0.800 0.600 0.316
PAH-PM2.5 −0.400 0.800 1.000 0.400 −0.200 −0.400 −0.400 0.800 0.316
PM10 0.400 −0.200 0.400 1.000 −0.800 −1.000 ** 0.400 0.200 0.316
Metals-PM10 −0.800 0.400 −0.200 −0.800 1.000 0.800 −0.800 −0.400 0.316
PAH-PM10 −0.400 0.200 −0.400 −1.000 ** 0.800 1.000 −0.400 −0.200 −0.316
TSP 0.740 −0.800 −0.400 0.400 −0.800 −0.400 1.000 0.000 −0.632
Metals-TSP 0.250 0.600 0.800 0.200 −0.400 −0.200 0.000 1.000 −0.316
PAH-TSP −0.632 0.316 0.316 0.316 0.316 −0.316 −0.632 −0.316 1.000

** Correlation is significant at the 0.01 level (2-tailed).

Table 11. Results of the Spearman correlation test applied to the dimensional fractions of PMs, metals,
and PAHs from particulate maters for the bakery sector (Bucharest).

PM2.5 Metals-
PM2.5

PAH-
PM2.5 PM10 Metals-

PM10
PAH-
PM10 TSP Metals-

TSP PAH-TSP

PM2.5 1.000 −0.174 −0.029 0.683 * 0.600 0.029 0.486 −0.257 −0.657
Metals-
PM2.5 −0.174 1.000 0.203 −0.174 0.261 −0.377 −0.667 0.783 * 0.725

PAH-PM2.5 −0.029 0.203 1.000 −0.029 0.371 0.371 −0.086 0.143 −0.143
PM10 0.683 * −0.174 −0.029 1.000 0.600 0.029 0.486 −0.257 −0.657
Metals-PM10 0.600 0.261 0.371 0.600 1.000 −0.371 −0.257 0.371 −0.143
PAH-PM10 0.029 −0.377 0.371 0.029 −0.371 1.000 0.429 −0.314 −0.371
TSP 0.486 −0.667 −0.086 0.486 −0.257 0.429 1.000 −0.943 ** −0.886 **
Metals-
TSP −0.257 0.783 * 0.143 −0.257 0.371 −0.314 −0.943 ** 1.000 0.829 *

PAH-TSP −0.657 0.725 −0.143 −0.657 −0.143 −0.371 −0.886 ** 0.829 * 1.000

* Correlation is significant at the 0.05 level (2-tailed); ** Correlation is significant at the 0.01 level (2-tailed).
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A general pattern was not identified for the presence of heavy metals and PAHs in
particulate matters. The values of correlation coefficients covered a wide range of values
from low correlations, as was the case of the correlation between PM 2.5 concentration
and metals or PAHs concentrations, up to very good correlations, as in was the case of the
correlation between total dust concentration and metals or PAHs concentrations.

5. Conclusions

It could be said that particulate matter emissions were characterized by the presence
of a wide range of dimensional fractions and their dimensional ratio was directly linked
to the industrial anthropic activity type, such as the composition of raw materials used in
industrial processes, technological process aims, and design, as well as the domain of the
main industrial activity. The PM10s were produced more during anthropic activities linked
to animal farming compared to industrial bakery. An opposite scenario was observed
for PM2.5s, where their high concentrations were linked to industrial activities such as
industrial baking compared to animal farming. In general, metal pollutants such as Mn,
Cu, and Pb were more loaded in PM10 and associated with animal farming activities, but
the presence of PHAs was exclusively in PM2.5 and PM10 related to industrial activities.

A moderate correlation was found between PM sizes from the intensive breeding of
animals and the bakery field, which was explained by the existence in the surveyed area
of several emission sources with different characteristics, such as raw material transport
paths or mixing areas. In spite of sources located in the immediate vicinity of the surveyed
areas, the monitored results were linked only to interest sources due to the sampling point
strategy design before and after location based on wind direction.

Some indicators such as Pb or benzo(a)pyrene exceed the allowed limits (0.5 µg/m3

for Pb and 1 ng/m3 for benzo(a)pyrene) and those concentrations could be very harmful to
human health. Therefore, in order to reduce the adverse effects of particulate matter air
pollution in the tested locations, it is beneficial to extend the height of the emission chimneys
for better dispersion of pollutants. A more efficient air pollution management should be
linked to fuel consumption by reducing thermal losses and improving the efficiency of
combustion installations.

The overall results of this paper clearly characterized, for the first time, the air pollution
based on the industrial activity type, pinpointing which type of management actions should
be taken for an air pollution-free working place and environment. It could be recommended
to reduce the emission of pollutants by the bakery or animal husbandry by adding specific
PAH and metal retention screens, replacing vehicles that use fossil fuels with hybrid or
electric ones, or adding installation based on photovoltaic panels for the production of
electrical and thermal energy.
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