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Abstract

:

This study focused on quantifying the gas concentrations of ethylene, benzene, toluene, and ozone within an urban area in the southern region of Romania. The gas sampling campaign, conducted between March and August 2021, took place in three different locations from the point of view of the architectural structure, and the sampling height was 1.5 m. Sampling occurred on weekdays (Monday through Friday) during daylight hours, with subsequent concentration analysis employing descriptive statistics, diurnal cycles, and seasonal assessments. A highly sensitive and selective detector, employing laser photoacoustic spectroscopy, was utilized to monitor pollutants. The average concentrations (±Standard Deviation) were determined as follows: ethylene at 116.82 ± 82.37 parts per billion (ppb), benzene at 1.13 ± 0.32 ppb, toluene at 5.48 ± 3.27 ppb, and ozone at 154.75 ± 68.02 ppb, with peak levels observed during the summer months. Diurnal patterns were observable for ethylene, benzene, and toluene, exhibiting higher concentrations during the early hours of the day followed by a decrease towards the evening. In contrast, ozone concentrations peaked in the evening compared to the early part of the day. Thus, perceptible effects were demonstrated on gas concentrations as a result of the influence of meteorological variables. Moreover, the high toluene/benzene ratio indicated traffic and industrial emissions as primary sources of these pollutants. Of the four gases monitored, benzene and ozone exceeded regulatory limits, particularly during the summer season, highlighting concerns regarding air quality in the studied urban environment.
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1. Introduction


Due to urbanization, human health and ecosystems are threatened by air pollution [1]. Despite the measures imposed by the European Environment Agency (EEA), air quality remains an important problem, and the concentrations of air pollutants continue to be very high [1,2]. An essential group of pollutants that requires particular consideration consists of volatile organic compounds (VOCs), compounds that can be involved in the generation of secondary pollutants like ozone (O3) or secondary organic aerosol (SOA) [3,4]. VOCs encompass a diverse array of chemical substances [5,6], with specific emphasis placed on benzene, toluene, and ethylene. It is imperative to address this notable category of pollutants because of its contribution to the production of secondary pollutants like O3 [3,4]. VOCs include a wide variety of chemical substances [5,6]; among them, special attention has been paid to benzene, toluene, and ethylene. Benzene (C6H6) is a compound found in various fuels, showing very low solubility in water and high volatility. It is also ranked in group 1 of substances with carcinogenic effects for humans by the International Agency for Research on Cancer (IARC) [7]. Toluene (C7H8) is a VOC present in crude oil and petroleum. Additionally, it is released into the atmosphere through the combustion of biomass [8]. Once in the atmosphere, its presence, influenced by meteorological conditions, contributes to the formation of smog along with other pollutants [9]. Ethylene (C2H4) is an organic compound recognized as a greenhouse gas released from plastic [10]. Royer et al. highlight that the level of ethylene in the ambient air is a concern, especially given the predictions that plastic production will double in the next 20 years [11]; currently, total global plastic production is approximately 8300 × 106 Mt. [12,13]. Ethylene is considered a gas with a greenhouse effect, and in the atmosphere, under certain meteorological conditions, the ethylene molecule becomes a precursor of ozone in the troposphere [14,15,16].



In the atmosphere, pollutant gases can remain for long periods, and their elimination can be effected by their absorption by vegetation or as a result of chemical reactions with other gaseous compounds, reactions influenced by weather conditions [17]. These meteorological conditions favor the reaction between hydroxyl radicals, nitrogen oxides, and VOCs to form ozone [18]. Ground-level ozone is an aggressive pollutant both for ecosystems and for heating [19]. In the case of humans, once inhaled, it causes inflammation in the lungs and bronchi, and in those with cardiovascular and respiratory problems, a large amount of O3 in the air can lead to aggravation of the disease and even death [16]. Despite the toxicity of these gases in the atmosphere, these pollutants are poorly monitored in Romania [20,21]. The composition of the atmosphere comprises various gases at different concentrations, which are influenced both by their sources and by meteorological conditions. To distinguish the different gas species, a detector with high selectivity and sensitivity is required. Laser photoacoustic spectroscopy (LPAS) is emerging as a technology capable of providing these essential features [22,23,24]. LPAS offers high sensitivity and selectivity, allowing the measurement of multiple gases over a wide dynamic range. It operates in the 3 to 12 μm spectral region, with very high parts per billion (ppb) detection sensitivity and response times of less than 1 s [22,23,24,25,26,27]. With this technique, to achieve specificity, the target molecules must exhibit a distinctive molecular fingerprint within the emission spectral range of the laser source [24]. Ethylene, benzene, toluene, and ozone molecules demonstrate absorption within the wavelength range of the laser source.



In this study, we explored soil-level VOCs such as ethylene, benzene, toluene, and ozone. The concentrations of these gases were in the order of ppb and were analyzed using a detector based on LPAS. The monitoring campaign took place in one of Romania’s most polluted regions, covering three distinct locations with varying architectural and environmental characteristics—within the city, in a forest, and an industrial area. Measurements were taken at a height of 1.5 m above the ground during the period from March to August 2021, encompassing both spring and summer seasons. This study aimed to determine gas concentrations, analyze their spatial distribution, assess the impact of meteorological variables, and sources, and investigate seasonal and diurnal variations.




2. Materials and Methods


2.1. Sampling Site


The atmospheric pollutant monitoring campaign was conducted in Magurele city, Romania (44°20′58″ N, 26°01′47″ E, altitude: 93 m), in the period March to August 2021, encompassing both spring and summer seasons. Romania, located in southeastern Europe, features a transitional temperate-continental climate [28]. Air sampling was conducted at three distinct locations within the city, each with unique architectural characteristics: P1: situated within the city amidst residential buildings and near an elementary school and a kindergarten. P2: positioned within a forest predominantly composed of oak (Quercus robur) and black locust (Robinia pseudoacacia). This location is encircled by two heavily trafficked roads, including the capital city beltway. P3: situated in an industrial area characterized by a lack of greenery.



Ambient air samples were collected at a height of 1.5 m above the ground using specialized containers/bags (750 mL aluminum-coated bags from Quintron), capable of retaining samples for up to 6 h. Passive sampling involves the collection of gas or vapor pollutants from the atmosphere without the need for active air movement; instead, sampling relies on physical processes such as diffusion. Sampling was conducted exclusively on weekdays, Monday through Friday, between 8:30 a.m. and 8:30 p.m. Each location underwent the collection of a total of six samples: three during the morning period (8:30 to 11:30 a.m.) and an additional three during the evening period (5:30 to 8:30 p.m.). This sampling strategy was designed to provide a comprehensive understanding of environmental conditions at different times of the day, enabling a thorough analysis of variations in trace gases or other relevant parameters throughout the day. The two sampling timeframes were essential for capturing potential diurnal fluctuations, ensuring a robust understanding of the environmental characteristics at each specific location. The results presented in this study are part of the same monitoring campaign for other pollutants, as reported elsewhere [22,29].




2.2. Laser Photoacoustic Spectroscopy Method and Passive Air Sampling


Gaseous pollutant concentrations in the ambient air were determined using a multicomponent detector, with high sensitivity and selectivity, based on laser photoacoustic spectroscopy. The photoacoustic effect is realized when the target molecules have a high absorption capacity of the radiation emitted by the laser source. Therefore, the molecules absorb the energy from the laser radiation and subsequently release it as heat. This process leads to a rise in pressure within a confined space, resulting in the generation of acoustic waves that can be detected by sensitive microphones [30,31].



Using the LPAS detector, we can realize a quantitative determination of the pollutant’s gas concentration. The photoacoustic system used to determine the concentrations of ethylene, benzene, toluene, and ozone consists of a CO2 laser, a photoacoustic cell, a data acquisition system, and a gas handling system [30,31] (see Figure 1). The CO2 laser serves as a frequency-stabilized laser source emitting continuously in a range of 57 different lines spanning from 9.2 to 10.8 µm, divided into four branches: 9R, 9P, 10R, and 10P. The continuous-wave (cw), tunable CO2 laser beam undergoes chopping, is then focused by a ZnSe lens, and subsequently introduced into the photoacoustic (PA) cell. As the laser beam traverses the PA cell, its power is quantified using a laser radiometer, specifically the Rk-5700 model from Laser Probe Inc., featuring a measuring head designated as RkT-30. The digital output from this measurement is integrated into the data acquisition interface module alongside the output from the lock-in amplifier. All experimental data are subsequently processed and stored using a computer. To modulate the light beam, a high-quality mechanical chopper was employed, specifically the DigiRad C-980 or C-995 models with a 30-slot aperture. This chopper is characterized by low vibration noise and variable speed capabilities ranging from 4 to 4000 Hz, operating at the resonant frequency of the cell set at 564 Hz. The acoustic waves generated are captured by strategically positioned microphones in the cell wall. These microphone signals are then directed to a lock-in amplifier synchronized with the modulation frequency. Acting as a versatile signal recovery and analysis tool, the lock-in amplifier excels in accurately measuring a single-frequency signal even amidst noise sources thousands of times its magnitude. It effectively filters out random noise, transients, incoherent discrete frequency interference, and harmonics of the measurement frequency. We utilized a dual-phase, digital lock-in amplifier, specifically the Stanford Research Systems model SR 830, renowned for its impressive specifications: full-scale sensitivity ranging from 2 nV to 1 V; input noise at 6 nV (rms)/Hz at 1 kHz; dynamic reserve exceeding 100 dB; a broad frequency range spanning from 1 mHz to 102 kHz; and flexible time constants ranging from 10 μs to 30 s (for reference frequencies > 200 Hz) or extending up to 30,000 s (for reference frequencies < 200 Hz). In a photoacoustic system (LPAS), the formula for the measured trace gas concentration is expressed as follows: c = V/αPLCSM, where [31]:




	-

	
c [atm] represents the trace gas concentration;




	-

	
V [V] denotes the PA signal (peak-to-peak value);




	-

	
α [cm−1atm−1] is the gas absorption coefficient at a specified wavelength;




	-

	
PL [W] signifies the continuous-wave laser power (unchopped value; twice the measured average value);




	-

	
SM [V Pa] is the microphone responsivity.









In some cases, the PA cell responsivity R [VcmW−1] is used instead of the cell constant, defined as R = CSM (this is a calibration constant or the merit factor of the cell). When V = Vmin (at Signal-to-Noise Ratio, SNR = 1), the minimum detectable concentration (c = cmin) of the trace gas is obtained through the formula:


    c   m i n   =     V   m i n     α   P   L   R    











The primary limiting factors of the LPAS system are interference gases. Under normal atmospheric conditions, the cumulative nature of the photoacoustic signal presents challenges for detection in the low-concentration range (parts per billion, ppb), particularly in the presence of significant amounts of water vapor and carbon dioxide. To tackle this issue, we utilize a potassium hydroxide (KOH) based scrubber positioned between the sampling cell and the PA cell. This setup initiates a specific chemical reaction: KOH → K2CO3 and water. As a result, interference from water vapor and carbon dioxide is alleviated, allowing for an accurate measurement of gas concentrations without the influence of these interfering gases. Experimental findings suggest that approximately 120 cm3 of KOH pellets are needed in an enclosure for a 750 mL sampling bag to effectively remove CO2 and water vapor from ambient air samples. Before entering the PA cell, the gas sample passes through a chamber containing 120 cm3 of KOH pellets, reducing the concentration of interference gases. To ensure the highest precision in monitoring gaseous pollutants in ambient air, the PA cell is meticulously cleaned before each measurement using nitrogen 6.0 of 99.9999% purity. Additionally, to maintain a clean system without impurities, the background signal must be less than 20 µV/W. All cleaning and gas evacuation processes in the photoacoustic system are executed by the gas handling system. After cleaning the entire system, the target gas concentration is determined. The four gases in the ambient air show maximum absorption on different lines in the CO2 laser emission range and different absorption coefficients α (cm−1atm−1), as follows, ethylene on the 10P(14) laser line with α = 30.4 cm−1atm−1 [31], benzene on the 9P(30) [32] laser line with α = 2 cm−1atm−1 [33], toluene on the 9P(28) laser line with α = 0.67 cm−1atm−1 [34], and ozone on the 9P(14) laser line with α = 12.4 cm−1atm−1 [35]. The acoustic waves generated by the absorption of laser radiation by these gas molecules are captured using four microphones, each with a sensibility of 20 mV/Pa. These microphones are connected in series and positioned on the wall of the PA cell, specifically at the loop position of the first longitudinal mode where the maximum pressure amplitude occurs. To ensure accurate concentration values, the PA cell is calibrated. The calibration of the PA system is typically conducted using a reference gas. In our case, we calibrated the PA cell using the widely employed reference gas, ethylene (C2H4), for which absorption coefficients are precisely known at CO2-laser wavelengths. Ethylene proves to be highly suitable for calibration due to its weak interaction with common cell surface materials. It is chemically inert, shares the same molecular weight as nitrogen, and lacks a permanent dipole moment, resulting in negligible adsorption on the cell walls. Moreover, the spectrum of ethylene within the CO2-laser wavelength range is highly structured. Notably, it features a distinctive absorption peak at the 10P(14) laser transition located at 949.49 cm⁻¹, attributed to the proximity of the Q branch of the ν7 vibration of C2H4 centered at 948.7715 cm⁻¹. Throughout our investigations, we utilized a commercially prepared and certified mixture containing 0.96 ppm of C2H4 in pure nitrogen. For calibration purposes, we examined this reference mixture at a total pressure (p) of approximately 1013 mbar and a temperature (T) of around 23 °C, using the widely accepted value of the absorption coefficient of 30.4 cm⁻¹atm⁻¹ at the 10P(14) line of the CO2 laser. Under these conditions, the PA cell is characterized by a quality factor (Q) of 16.1, a cell constant (C) of 4375 Pa·cm/W, and a responsivity (R) of 350 cmV/W, indicating its sensitivity to pressure variations at a resonance frequency of 564 Hz.




2.3. Ambient Meteorological Variables


The impact of weather conditions on atmospheric gas concentrations was assessed by monitoring various weather parameters (ambient temperature, pressure, humidity, wind speed, and direction) using a Eurochron WS1080 wireless weather station. The station’s sensors measure these variables and send the data to a central unit, where it is recorded and stored by the base station on a computer.





3. Results


3.1. Atmospheric VOCs Measurements


The campaign to measure the four polluting gases in the atmosphere took place between March and August 2021 at three different points in a small town called Magurele, a town located in one of the most polluted areas in Romania [22,29]. The objective of this campaign was to use a detector based on LPAS to assess the concentration of certain gases in ambient air. Specifically, the focus was on three VOCs—ethylene, benzene, and toluene, as well as ozone. The primary aim was to identify potential patterns in concentration variations influenced by meteorological variables, including air temperature, wind speed, and direction. Additionally, the study objective was to analyze the impact of the architectural structure of the sampling sites and the sources of these pollutants. An additional objective was to investigate whether there exists a correlation between VOCs and ozone levels in the studied environment. To ascertain the concentrations of four gases—benzene, toluene, ethylene, and ozone—in the environment, gas samples were obtained from ambient air using a specialized aluminum bag on weekdays. These samples were subsequently analyzed in the laboratory employing the CO2LPAS detector. Passive vapor monitoring or badges that collect air are used to measure ppb or ppm (parts-per-million) concentration levels. During our measurements, the maximum concentrations for benzene and toluene were determined in P1 point with 1.573 ppb and 12.46 ppb, and the minimum concentrations values were in P2 with 0.186 ppb and 1.01 ppb. The ethylene minimum concentration determined by our system was 3.85 ppb in the P2 point, and the highest concentration value was 262 ppb in the P1 point. The mean values ± standard deviation (SD) for the three VOCs measured in the spring and summer seasons in the three locations using the LPAS system are presented in Table 1.



The temporal variation in ethylene, benzene, and toluene during the monitoring period with the mean concentration values is presented in Figure 2, and the seasonal behavior of the VOCs, the mean values of these gas concentrations during the monitoring months, March, April, and May in the spring season, and June, July, and August months for the summer are presented in Figure 3. In the presented figure, our focus was on examining the variance in pollutant concentrations in ambient air during the spring and summer seasons, as indicated by descriptive statistics. Notably, the concentrations of benzene, toluene, and ethylene consistently exhibit higher levels during the summer season across all three locations. Among these pollutants, benzene and toluene display their lowest concentrations at point P2, with the highest values recorded at point P1. Point P3 reveals higher concentrations for both benzene and toluene compared to those at P1, yet the overall average remains below that of P1. Ethylene exhibits a slightly distinct pattern in contrast to benzene and toluene, demonstrating elevated levels at point P2, surpassing even those at P3. However, the peak concentrations for ethylene are identified at point P1.



To conduct daily analyses and assess potential variations in concentrations during two distinct time intervals, air samples were collected and analyzed between 08:30 and 11:00 a.m. and 05:30 and 08:30 p.m. The diurnal patterns of benzene, toluene, and ethylene were examined using descriptive statistics, with the results presented in Figure 4. Elevated concentrations of ethylene, benzene, and toluene were observed in the morning, primarily attributed to human activities. In the evening, a temperature increase created favorable conditions for chemical reactions, subsequently leading to air layer dilution. This diurnal behavior of gaseous pollutants was further analyzed across both spring and summer seasons to determine if temperature does indeed influences gas concentration levels.



Furthermore, alongside the impact of temperature on ethylene, benzene, and toluene concentrations, we also tracked the influence of wind direction and speed. Figure 5 and Figure 6 illustrate the effects of wind speed and direction on monitoring gas concentrations.



An indicator for the source of atmospheric pollutants, such as traffic and/or industry is represented by the toluene/benzene (T/B) ratio [36], The values of the T/B ratio in the spring and summer seasons calculated in the monitoring sites P1, P2, and P3 are presented in Table 2.



The toluene/benzene (T/B) ratio is a commonly utilized indicator for distinguishing aromatic sources, widely recognized for its effectiveness in source identification. In regions significantly impacted by vehicle emissions, the T/B ratio typically ranges from 0.9 to 2.2 [37]. Instances of higher T/B ratios exceeding 8.8 are observed in solvent usage, while industrial processes often exhibit ratios ranging from 1.4 to 5.8 [38,39]. Studies focusing on emissions from combustion sources have reported T/B ratios below 0.6 in various combustion processes and raw materials [40]. Barletta et al. proposed that a T/B ratio higher than 5.0 is associated with industrial solvent usage, while a ratio of approximately 2.0 indicates traffic emissions [41]. According to the measurements presented in Table 2, our study reveals T/B ratios of approximately 3 and 4 in the spring and exceeding 5 in the summer. This suggests that the atmospheric presence of benzene and toluene in the measurement areas is attributed to both traffic and industrial emissions [42,43].




3.2. Atmospheric Ozone Measurements


Ozone gas is very harmful to humans and the environment, and the levels of this pollutant were determined using a PA detector. In this study, we ascertained the concentration of ozone in three distinct locations. Our analysis aimed to discern any seasonal variations attributed to temperature or ozone levels, explore the impact of wind on concentrations, and investigate whether these patterns align with those observed in the behavior of the three VOCs. Throughout the monitoring period, ozone concentrations were recorded at the following values across the three locations. At P1, ozone levels ranged from a minimum of 7.35 ppb to a maximum of 52.92 ppb. In P2, concentrations varied between 7 ppb (minimum) and 21.71 ppb (maximum). Meanwhile, at P3, the observed ozone levels ranged from a minimum of 25.55 ppb to a maximum of 185.50 ppb. The ozone means values ± SD measured by the photoacoustic system from March to August in the spring season are in P1, 35.43 ± 29.70 ppb, in P2, 16.24 ± 6.48 ppb, in P3, 124.01 ± 39.35 ppb, and, in the summer season, the measured values are in P1, 44.01 ± 26.89 ppb, in P2, 37.47 ± 27.02 ppb, and P3, 154.75 ± 68.02 ppb. Figure 7 displays the weekly mean O3 concentrations measured at locations P1, P2, and P3 from March to August 2021.



The mean monthly ozone concentrations with standard deviation (±SD) for three analyses across three locations during the measuring period from March to August 2021 are depicted in Figure 8. This figure illustrates that the highest ozone concentrations were recorded during July and August, with the peak occurring in July. This could be attributed to the elevated temperatures experienced during the summer of 2021 in Magurele, characterized by hot days with maximum temperatures ranging between 31 and 40 °C, tropical nights in July and August, and a notably low rainfall regime. It is evident from the figure that ambient temperature significantly influences ozone concentration levels, and the ozone concentration values exhibit a similar trend to those of the three identified VOCs. Elevated levels of ozone and VOCs can have adverse effects on air quality and human health. Ozone, in particular, can cause respiratory problems and other health issues [16]. Benzene is a known carcinogen, and exposure to high levels of toluene and ethylene can also have health implications. Ethylene, benzene, and toluene are VOCs emitted by various sources, including vehicle exhaust, industrial activities, and natural sources such as vegetation [8,9,11,13]. At the same time, as is known, ozone is not directly emitted, rather, it forms in the atmosphere through photochemical reactions involving precursor pollutants, primarily NOx and VOCs [18]. Ethylene, benzene, and toluene, classified as VOCs, contribute to ozone production through reactions in the presence of sunlight and nitrogen oxides [18].



In this context, the behavior of ozone was systematically examined by comparing average concentration values between 08:30 and 11:30 a.m. and 05:30 and 08:30 p.m. across the three locations during both spring and summer seasons. This comparative analysis is illustrated in Figure 9. The findings reveal that, notably in locations P1 and P3, average ozone concentrations in the afternoon surpass those recorded during the morning hours. Conversely, in location P2, situated within a forested area, diurnal variations appear less pronounced. The heightened afternoon ozone concentrations are attributed to photochemical reactions occurring in the ambient air, contributing to the emergence of this secondary pollutant. Analyzing the diurnal trends of the three VOCs, as illustrated in Figure 4, indicates that their average concentrations are higher in the morning than in the afternoon. This is in contrast to ozone, which shows higher concentration values in the afternoon compared to the evening. The morning dominance of VOCs can be attributed to their role in increasing atmospheric ozone concentrations through photochemical reactions influenced by solar radiation.





4. Discussion


To comprehend the dynamics of air pollutants and their origins, air samples were collected from three distinct environmental sites situated in one of Romania’s most pollution-prone areas, at the height of 1.5 m, as this height is known to be the human respirable level [44]. Utilizing a CO2LPAS detector, concentrations of ethylene, benzene, toluene, and ozone were measured. This study involved the analysis of gas level trends, meteorological variables, and the correlation between three VOCs and O3 in the ambient air.



Numerous investigations underscore the impact of various factors, including meteorological variables and geographical elements such as local traffic, fugitive dust, and refineries, on the composition of ambient air [45,46,47]. Figure 2 illustrates that the lowest concentrations of benzene and toluene were recorded at P2, a location surrounded by a forest. Several studies indicate that trees play an important role in enhancing urban air quality by capturing pollutant particles [48], gases, and aerosols [49,50]. Conversely, measurement point P2 exhibited the highest levels of ethylene, a gas known for its crucial role in plant physiology [51]. However, when comparing the results across the three locations throughout the monitoring period, ethylene concentrations demonstrated consistent values.



An examination of seasonal VOC patterns revealed heightened levels of ethylene, benzene, and toluene during the summer season, as depicted in Figure 3. In the summer season, higher VOC concentration values can be attributed to factors such as high temperatures, low humidity and intense solar radiation, favoring atmospheric oxidation reactions [52]. In Magurele, the spring temperature range spanned from 2 to 30 °C during the day and −5 to 14 °C at night. The summer of 2021 brought hot daytime temperatures between 21 and 38 °C, notably warm nights in July and August, and a light precipitation regime. Garg et al. also observed seasonal and diurnal variations in VOCs in urban areas, emphasizing the importance of understanding atmospheric changes due to pollutant transport in urban settings [53]. This comprehension is crucial for describing the influences of urbanization on regional atmospheric chemistry [54]. The seasonal variation in the three VOCs measured in the three locations can be observed in Figure 3. At point P2, the differences in morning and evening concentrations for benzene and toluene were relatively small. Benzene concentrations exhibited a decrease of 40–60% in the evening compared with the morning, with the most significant decrease recorded at point P3, situated in an open field within an industrial area. Conversely, toluene concentrations showed a decrease of 17–40% in the evening, with similar patterns observed between spring and summer. The ethylene concentration profile mirrored that of benzene and toluene, with lower levels in the afternoon. In spring, the decrease ranged between 18 and 36%, while in summer, it was more substantial, ranging between 38 and 42%. Ethylene concentrations at the forested P2 point showed a smaller decrease. The results suggest a strong seasonal dependence, with changes in pollutant concentrations during the day potentially attributed to photochemical reactions of VOCs, fluctuations in temperature and humidity, and pollutant emissions resulting from human activities [55]. F. Meneguzzo et al. conducted an investigation using a photoionization detector to analyze the concentrations of total VOCs in various environments in the Italian northern Apennines [56]. Their findings revealed a peak in VOC concentrations in the early morning and the lowest concentrations in the late afternoon on clear and calm days [55,56]. The study also demonstrated that ethylene, benzene, and toluene exhibited morning peaks (8:30–11:30 a.m.) with decreasing levels in the evening (5:30–8:30 p.m.), as depicted in Figure 4.



The decrease in the concentration of VOCs in the ambient air during the afternoon is attributed to the peak in solar radiation around noon, facilitating increased production of secondary pollutants [57,58]. This behavior of VOCs can be associated with the fact that it contributes to increasing the concentration of O3 in the ambient air following photochemical reactions in the atmosphere under the influence of solar radiation.



In our study, we investigated the influence of wind on the concentration of volatile organic compound (VOC) gaseous pollutants. Wind speed and direction were found to significantly impact three levels of VOCs, as illustrated in Figure 5 and Figure 6. Elevated concentrations of ethylene, benzene, and toluene were observed in association with southwest and northeast wind directions, particularly at wind speeds ranging between 2 and 4 m/s and 6 and 7 m/s. While previous research has extensively examined the impact of wind direction and speed on urban air quality and associated gaseous pollutants [44,59,60], our study adds to this body of knowledge by providing specific insights into the effects of wind on VOC concentrations in our study locations. Understanding the interplay between wind speed, wind direction, and pollutant dispersion is essential for effective urban planning and air quality management [59,61,62,63,64,65,66]. The geometry of urban canyons and building surfaces can impact pollutant dispersion, while the “urban heat island” effect and wind patterns within canyons also influence VOC distribution; additionally, the degradation of VOCs can lead to ozone formation, with temperature playing a pivotal role in ozone concentration, as demonstrated by spatial and temporal analyses across the three locations [67,68,69,70]. Additionally, our findings highlight the importance of considering local meteorological factors in assessing air pollution levels. These insights can inform targeted interventions to mitigate air pollution and improve public health in urban areas.



High ozone levels were recorded at the P1 monitoring point, this being situated in the city, surrounded by residential buildings. Based on research by Li K. et al., it was found that during episodes of high temperatures accompanied by low winds, stagnant air at ground level contributes to increased ozone concentrations [71]. Additionally, according to a study by Jia, Li et al., among the six atmospheric pollutants they measured (SO2, NO2, PM10, PM2.5, CO, and O3), sunshine duration had the most significant impact on ozone concentrations compared to the other five pollutants [72]. In this situation, ozone depends not only on the concentrations of the precursors but also on certain favorable weather conditions such as high temperature, low wind speed, and wind direction [73,74]. Ground-level ozone forms when sunlight allows and accelerates, especially without wind or rain to mix up the air, the reaction of two pollutants such as NOx and VOCs that come from industrial plants, electric utilities, vehicle exhaust, wildfire smoke, and oil and gas extraction. In cities, ozone formation and destruction are complex mechanisms and depend on solar radiation and pollutants emissions from traffic. According to other studies, the ozone concentrations at the ground level are strongly related to seasonal, episodic, and diurnal fluctuations [73,74,75,76,77,78,79,80]. In areas with high levels of vegetation and abundant sunlight, such as forests or densely vegetated regions, VOC emissions from plants can contribute to ozone formation. Therefore, in the local variation in ozone, it is important to mention the potential role of organic compounds released by vegetation such as ethylene in the contribution to the ozone level. These natural sources of VOCs can interact with anthropogenic pollutants and influence overall ozone concentrations in the atmosphere [11,12,18].



According to Directive 2008/50/EC on ambient air quality and cleaner air for Europe, the limit for ambient air benzene is 1.67 ppb annually, for toluene, the current occupational exposure limits are 40 ppm, and for ethylene exposure, limits TWA are 200 ppm 8 h. In the case of ozone, the standard is at a level of 51 ppb according to WHO and 61 ppb according to EEA [81]. Benzene and ozone are the polluting gases that exceeded the limit values imposed by the various organizations during this study. Benzene is a very toxic polluting gas; in the last decades, its elimination and other VOCs have become of major importance. The gas pollutant removal from ambient air to obtain clean air can be realized by urban forests, green roofs, or urban vegetation [82].




5. Conclusions


This study presents the first measurements of ethylene, benzene, toluene, and ozone concentrations in Magurele, Romania, spanning spring and summer 2021 at a height of 1.5 m above ground level. It aimed to understand pollutant dynamics and sources by sampling air from three sites in a heavily polluted region. Using a CO2LPAS detector, concentrations of these gases were measured, revealing seasonal variations influenced by meteorological conditions.



Wind speed and direction significantly affected gas concentrations, with industrial and traffic emissions contributing to higher levels. Benzene and toluene showed higher concentrations in urban and industrial areas compared with forested regions, while ethylene displayed consistently high values across all sites due to plant physiology. Traffic and industry were identified as major VOC sources based on T/B ratio analysis.



This study highlighted the contribution of VOCs to ozone formation at human respirable levels, influenced by meteorological conditions and local factors. Elevated ozone levels were linked to stagnant air conditions, emphasizing the importance of understanding pollutant interactions for effective air quality management and public health protection.



Thus, this study has provided valuable insights into the monitoring of VOCs and ozone concentrations using laser photoacoustic spectroscopy in Romania. However, it is important to acknowledge the limitations of our work. The dataset utilized in this study covers a limited timeframe from March through August 2021, thus not encompassing all seasons. We recognize the significance of extending our research to include additional months, particularly September and October, which are known to be relevant for ozone study due to their influence on temperature and sunshine duration. Future studies should aim to address these gaps to provide a more comprehensive understanding of pollutant dynamics throughout the year. Despite these limitations, our findings underscore the importance of comprehending the complex interactions between pollutants, meteorological conditions, and local factors. Moving forward, we advocate for continued research efforts that account for a broader range of seasonal variations to inform more effective air quality management strategies. By addressing these limitations and building upon our current findings, we can further advance our understanding of air pollution dynamics and contribute to the protection of public health and the environment.
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Figure 1. This diagram illustrates the laser photoacoustic setup used for trace gas measurements [31]. 
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Figure 2. (a) Mean weekly concentrations of benzene and toluene at monitoring points P1, P2, and P3 from March to August 2021; (b) Mean weekly concentration of ethylene at monitoring points P1, P2, and P3 from March to August 2021. 
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Figure 3. Boxplots of C6H6, C7H8, and C2H4 pollutants measured in Magurele, divided by spring and summer seasons at locations P1, P2, and P3. The lines in the boxplots represent the 5th, 25th, 75th, and 95th percentiles. The median line is denoted by (-), mean values are represented by (□), and outliers are marked with (◆). 
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Figure 4. Boxplots of benzene, toluene, and ethylene pollutants measured in Magurele split per spring and summer seasons in the locations P1, P2, and P3, and comparisons of the concentrations measured in the first part of the day (a.m.) to those obtained in the evening (p.m.). The boxplots lines represent the 5th, 25th, 75th, and 95th percentiles, the (-) denotes the median line, (□) denotes the mean values, and (◆) represents the outliners. 
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Figure 5. Relationship between ethylene, benzene, and toluene and wind direction: (a) Distribution of VOC concentrations at points P1, P2, and P3 relative to wind direction; (b) Wind rose chart for Magurele spanning March to August 2021, the colors in the wind rose correspond to specific degrees, as indicated in the accompanying legend. 
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Figure 6. Variation in VOC concentration at points P1, P2, and P3 relative to wind speed from March to August 2021. 
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Figure 7. The diurnal variation in average ozone concentrations at locations P1, P2, and P3 from March to August 2021. 
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Figure 8. The mean monthly concentrations with standard deviation (SD) for three analyses at the three ozone measurement locations from March to August 2021. 
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Figure 9. The diurnal pattern of mean ozone concentrations during two-time intervals, 08:30–11:30 a.m. and 05:30–08:30 p.m., observed across three distinct locations (P1, P2, and P3) during both spring and summer seasons. 
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Table 1. Mean ± SD concentrations of ethylene, benzene, and toluene at points P1, P2, and P3 during spring and summer seasons.






Table 1. Mean ± SD concentrations of ethylene, benzene, and toluene at points P1, P2, and P3 during spring and summer seasons.





	
VOCs

	
Spring Concentration ± SD ppb

	
Summer Concentration ± SD ppb




	
P1

	
P2

	
P3

	
P1

	
P2

	
P3






	
ethylene

	
56.14 ± 21.49

	
58.34 ± 25.06

	
55.76 ± 31.61

	
116.86 ± 82.37

	
104.28 ± 41.17

	
87.23 ± 46.43




	
benzene

	
0.62 ± 0.32

	
0.35± 0.17

	
0.57± 0.21

	
1.13 ± 0.32

	
0.624 ± 0.19

	
0.98 ± 0.26




	
toluene

	
1.99 ± 0.84

	
1.49 ± 0.73

	
1.80 ± 0.88

	
5.48 ± 3.27

	
4.32 ± 3.07

	
5.26 ± 3.11











 





Table 2. The T/B ratio in the three measurement points on spring and summer seasons.






Table 2. The T/B ratio in the three measurement points on spring and summer seasons.





	
Location

	
Spring

	
Summer




	
P1

	
P2

	
P3

	
P1

	
P2

	
P3






	
T/B ratio

	
3.21

	
4.26

	
3.16

	
4.85

	
6.92

	
5.37
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