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H I G H L I G H T S

• EFs of gaseous pollutants and PM10 for the open burning of pruning wastes were obtained.
• PM10 was dominated by organic carbon, 50% of which was found to be water soluble.
• All samples significantly reduced the viability of alveolar epithelial cells.
• PAHs and saccharides were significantly correlated with cell viability.
• WSOC and some PAHs correlated with OPDTT, while OPAA was linked to some trace metals.
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A B S T R A C T

Gaseous and PM10 samples were collected during the open burning of pruning residues (olive branches and 
garden waste) and characterised by distinct analytical techniques to obtain comprehensive chemical emission 
profiles. Oxidative potential (dithiothreoitol and ascorbic acid assays) and cell viability tests were also performed 
with the aim of evaluating aerosol toxicity. Emission factors (EFs) were as follows (g kg− 1 biofuel, dry basis): 
1537–1672 for CO2, 41.9–80 for CO, 2.74–6.6 for CH4, 0.89–3.51 for ethane, 0.79–1.78 for ethylene and 
0.56–3.47 for formaldehyde. Emissions of PM10, organic carbon (OC) and elemental carbon (EC) were in the 
ranges 8–41, 3–18, and 0.4–1.5 g kg− 1 biofuel, dry basis, respectively. OC accounted for 35–45% of the total 
PM10 mass, while EC contributed between around 3% and 5%. WSOC/OC ratios varied from 0.4 to 0.6, revealing 
that a substantial portion of the carbon emitted was hydrosoluble. Water soluble ions constituted around 8–21% 
of the PM10 mass, with potassium and chloride as the most abundant ions in all samples. Levoglucosan, widely 
used a reliable biomass burning tracer, was found in significant amounts in all samples (up to 1.2% of the PM10 
mass). Retene, generally pointed out as a biomass combustion biomarker, was the predominant PAH. WSOC and 
some PAHs showed significant positive correlations with the intrinsic OP measured with the DTT assay, while the 
OPAA was significantly correlated with some trace metals, such as Fe or Ni. All samples significantly reduced the 
viability of alveolar epithelial cells.

1. Introduction

The harmful impacts of particulate matter (PM) on human health, 
ecosystems, cultural heritage and climate are well known (Andreae, 
2019; Comite et al., 2021; Lelieveld et al., 2019; Ren-Jian et al., 2012; 
van der Werf et al., 2017). These effects depend on the physico-chemical 

properties of PM (mainly size and chemical composition), which in turn 
are a function of its sources and formation processes.

Biomass burning has attracted increasing attention in recent years as 
a source of PM due to the widespread use of wood for residential heating 
in many rural, suburban and urban areas worldwide (Chen et al., 2017; 
Vicente and Alves, 2018; Weber et al., 2019). Furthermore, unlike 
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emissions from many other sources of air pollution, biomass combustion 
emissions are increasing worldwide (Chen et al., 2017; Vicente and 
Alves, 2018). Exposure to biomass smoke has been linked with cardio
vascular and respiratory diseases (Karanasiou et al., 2021; Sigsgaard 
et al., 2015), as well as with increased mutagenic activity (Johnston 
et al., 2019; Van Den Heuvel et al., 2018), thus causing similar health 
outcomes to traffic PM. The adverse health effects associated with 
biomass burning emissions are due to hazardous substances such as 
polycyclic aromatic hydrocarbons (PAHs) and their derivatives, which 
are carcinogenic (Ravindra et al., 2008). The production of reactive 
oxidative species (ROS) caused by particulate matter from biomass 
combustion in the residential sector has been found to be greater than 
that from other typical sources, such as diesel vehicles and power plant 
units (Jin et al., 2016; Wu et al., 2022a). Smoke particles also affect the 
earth’s radiative balance and can have a significant impact on global 
climate change (Keywood et al., 2013; Reddington et al., 2019).

In conformity with the PKU-fuel dataset, 7900 Tg of biomass were 
consumed worldwide in 2019. Global primary emissions of PM2.5, black 
carbon and organic carbon from biofuel combustion were around 51, 4.6 
and 29 Tg, respectively, accounting for about 70%, 55% and 90% of the 
total emissions from all sources. The most contributing sectors were 
residential and agricultural waste burning (Jiang et al., 2024).

The combustion of wood and other biomass fuels, as well as crop 
residue burnings, also emit a variety of gaseous pollutants, including CO, 
CH4 and volatile organic compounds, which can react with OH radicals 
and form ozone and other photochemical oxidants, thus affecting the 
oxidation capacity of the troposphere (Koppmann et al., 2005; Yao et al., 
2023). Over the past few years, emission factors (EFs) for crop residue 
and domestic biomass burning have been documented (Akagi et al., 
2011; Chantara et al., 2019; Desservettaz et al., 2023). These EFs have 
been applied to develop emission inventories for this source (Alves et al., 
2019; Zhang et al., 2013).

PM and gaseous pollutant emissions from biomass burning are 
dependent on weather, type of biofuel, burning practices, etc. (Viana 
et al., 2016). Despite being banned in most regions of developed coun
tries, biomass burning is still a regular practise for land clearing in 
several regions. This fact highlights the need to know the specific 
emission factors and chemical profiles to improve the quality of both 
emission inventories and source assignment models.

Numerous studies have been performed to obtain EFs of multiple 
pollutants from agricultural residue burning (Deshpande et al., 2023; 
Gonçalves et al., 2011; Ravindra et al., 2019; Sahai et al., 2007; Tian 
et al., 2017). However, the chemical characterisation of emissions from 
the burning of green garden waste is less well documented, even though 
this action releases large amounts of many noxious components (Alves 
et al., 2019). Furthermore, in ambient air, it is very difficult to distin
guish between PM emissions from residential wood and green waste 
burning. Therefore, a better characterisation of the chemical composi
tion of PM from the burning of green wastes is important for source 
apportionment studies.

Taking the above into account, libraries collecting information on 
PM chemical source profiles are of great value to the scientific com
munity. The SPECIATE repository, provided by the US EPA since 1988, 
currently contains more than 3000 local source profiles. Short while ago, 
an analogous effort has been made in Europe, resulting in the SPE
CIEUROPE dataset portrayed by Pernigotti et al. (2016).

The aim of this study was to perform a complete chemical charac
terisation of PM emissions from the burning of green garden waste 
(pruning waste), as well as emission factors for PM and gaseous pol
lutants. In addition, toxicity tests of PM extracts were performed by 
acellular oxidative potential assays (ascorbic acid and dithiothreitol) 
and cellular cytotoxicity tests.

2. Methodology

2.1. Sample collection and PM10 measurements

The burned residues included olive (Olea europaea) branches from a 
local farmer and ornamental shrubs that are common in private and 
public gardens, as well as in commercial landscapes. The latter were 
supplied by the University of Aveiro gardening team, comprising willow 
(Salix atrocinerea), red firethorn, also known as scarlet firethorn (Pyr
acanta coccinea), wild privet (Ligustrum vulgare), and Chinese privet, a 
highly invasive East Asian species (Ligustrum lucidum). The experiment 
tried to replicate the usual procedures of land and garden owners who 
burn the waste in the backyard or in open fields with some grass.

A total of 6 particulate matter samples with aerodynamic diameter 
lower than 10 μm (PM10) were gotten (Table 1). In parallel, another 6 
samples of the gaseous phase were collected into Tedlar bags. The 
sampling time ranged between 8 and 20 min, depending on the smoke 
loads. A high-volume sampler (MCV, model CAV-A/mb, Spain) at a flow 
rate of 30 m3 h− 1 was employed to gather PM10 samples onto 150 mm 
diameter quartz fibre filters (Pallflex). This equipment was placed at 
3–4 m from the fire and 1.3 m from the ground to be able to sample at the 
centre of the smoke plume. Thus, these samples represent primary 
aerosols that have not undergone atmospheric post-processing. The 
sampling method of the present study has been used previously to 
characterise emissions from prescribed fires (Alves et al., 2010), wild
fires (e.g., Alves et al., 2011; Vicente et al., 2011, 2013) and open 
burning of tree pruning residues (Alves et al., 2019).

Gravimetric quantification of PM10 was performed using a micro
balance from Radwag (model MYA 5.4Y.F1, readability of 1 μg). Before 
weighing, each filter was kept for 72 h at constant temperature (20 ±
1 ◦C) and relative humidity (50 ± 5 %) conditions, both before and after 
sampling. Following the propagation method described by Lacey and 
Faulker (2015), the overall uncertainty associated with the measure
ment of PM10 was estimated to be 4.9%.

2.2. Emission factors and chemical speciation

Following the combustion experiments, a Fourier Transform Infrared 
analyser (FTIR Gasmet, CX4000, Finland) was used to determine the 
levels of gaseous pollutants from the Tedlar bags, as detailed in Alves 
et al. (2019). Calibrated gases in the FTIR include CO2, CO, N2O, NO, 
NH3, HCl, CH4, ethylene, ethane, hexane, formaldehyde, and total 
organic carbon (TOC), which were quantified in the samples, and also 
NO2, SO2 and propane, which were not detected. The relative total 
expanded uncertainty for each of the gaseous compounds is presented in 
the supplementary material (Table S1). Emission factors were calculated 
from the values obtained in the FTIR using a carbon material balance. 
The emission factor (EF) for a species X is the mass of X released per mass 
of burnt biofuel (g kg− 1 dry basis) and is calculated as follows: 

EF=
[X]

Δ[CO2] + Δ[CO] + Δ[HC] + Δ[PC]
× 50% (1) 

where [X] is the level (g m− 3) of species X, Δ[CO2], Δ[CO], Δ[HC] and Δ 
[PC] are concentrations in carbon equivalents (with background air 

Table 1 
Characteristics of the burned material and combustion stage for 
each sample.

Sample Characteristics

AL-1 Background air
AL-2 Olive tree pruning branches
AL-3 Olive tree pruning branches
AL-4 Hedge trimming waste mixture
AL-5 Hedge trimming waste mixture
AL-6 Hedge trimming waste mixture
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values subtracted), in g C m− 3, of carbon dioxide, carbon monoxide, 
hydrocarbons and particulate carbon (PC = OC+ EC), respectively. A 
percentage of 50% is used to account for the mass fraction of carbon (g 
kg− 1) in the biofuel. Although 50% is a universally accepted mean value 
for plant carbon content, small percentage differences can be observed 
between species and between distinct parts of a tree or shrub (e.g., 
branches versus leaves) (Ma et al., 2018; Thomas and Martin, 2012). 
These variations can slightly affect the estimated emission factors.

The modified combustion efficiency (MCE) is calculated to infer the 
proportion between the different stages of fire combustion, especially 
flaming versus smouldering: 

MCE=
Δ[CO2]

Δ[CO2] + Δ[CO]
(2) 

The concentrations of organic carbon (OC) and elemental carbon 
(EC) were quantified in a thermo-optical transmission (TOT) equipment 
using two 11 mm circles taken from the PM10 filters and following the 
EUSAAR-2 protocol (Pio et al., 2011).

The elemental composition of PM10 samples was determined on 47- 
mm diameter filter punches employing an energy dispersive X-ray 
fluorescence (ED-XRF) technique, which is described in detail in Chiari 
et al. (2018). It is a non-destructive technique, so the portion of filter 
used for this analysis was subsequently used for further determinations.

To determine the concentration of water-soluble organic carbon 
compounds (WSOC), a 4.3 cm2 circle of each filter was ultrasonically 
extracted with 15 ml of ultrapure water for 45 min. The extracts were 
filtered through 0.45 μm pore size syringe filters to eliminate fibres 
derived from the filters and other insoluble materials. An organic carbon 
analyser TOC-L CSH (Shimadzu) with a highly sensitive catalyst was 
used. The WSOC and TC (total soluble carbon) content was determined 
by the NPOC (non-purgeable organic carbon) method. This method uses 
1 M HCl (PanReac AppliChem) to acidify the sample and pure air (Air
Liquid) to remove dissolved inorganic carbon and volatile organic 
compounds. The standard used to determine the concentration of 
organic carbon was potassium hydrogen phthalate (PanReac Appli
Chem). Each sample was measured twice, and the mean of the resulting 
concentrations was calculated. An injection volume of 500 μl was used. 
The repeatability between samples was 97–99% and all samples showed 
concentrations above the minimum detection limit (MDL).

Two 19 mm diameter filter punches were extracted with 4 ml of 
Milli-Q ultrapure water by ultrasonication for 30 min. The extracts were 
subsequently filtered (0.2 μm pore size PVDF syringe filter, Whatman™) 
and analysed by ion chromatography. Of these extracts, two parts were 
used for the determination of water-soluble ions and a third part was 
devoted to the determination of the sugar content. Water-soluble ions 
were measured with a DIONEX ICS-5000+ ion chromatograph. A DIO
NEX Ionpac AS11-HC-4 μm (2 × 250 mm) analytical column and po
tassium hydroxide (30 mM) as eluent were used for the determination of 
anions. The analytical column used for cation analysis was a DIONEX 
Ionpac CS16 (3 × 250 mm). The eluent was 30 mM methanesulfonic 
acid. The calibration curves were obtained with 8 different concentra
tions for the various ions.

Carbohydrates were analysed by high-performance anion exchange 
chromatography with pulsed amperometric detection (HPAE-PAD) in an 
instrument from Thermo Fisher Scientific (Waltham, MA, USA), model 
DionexTM ICS-5000+, equipped with a Dionex ED50 detector, which 
integrates a disposable gold electrode and a reference pH electrode. Both 
system control and data processing were carried out through the Chro
meleon software. The chromatographic system was equipped with a 
Carbopac PA-1 analytical column to separate the various carbohydrates. 
Three eluents were employed for the mobile phase: eluent A-ultrapure 
water, eluent B-200 mM NaOH and eluent C-5 mM NaOH. Further de
tails on the analytical procedure are given in Gonçalves et al. (2021).

Two 47 mm diameter circles taken from each PM10 filter were 
solvent-extracted and separated into distinct organic families in a silica 
gel adsorbent flash chromatography column. The extraction, 

fractionation and analysis for the determination of particulate organic 
compounds was performed following the protocol reported by Alves 
et al. (2011). The fractionated extracts were analysed by gas chroma
tography–mass spectrometry (GC model 7890B, MS model 5977A, GC 
Sampler 80, Agilent Technology Inc.) with a TRB-5MS 60 m × 0.25 mm 
× 0.25 μm column.

2.3. Oxidative potential assays

An 8.7 cm2 punch of each PM10 sample was ultrasonically extracted 
for 45 min with 14 ml of ultrapure water. Extracts were filtered through 
a 0.45 μm pore size syringe filter and analysed using two acellular as
says: the dithiothreitol (DTT) and ascorbic acid (AA) methods. A 
detailed description of OP measurements using both methods is reported 
in Clemente et al. (2023). Samples and blank filters were analysed in 
duplicate. The differences between duplicates were always less than 
10%. Normalised OPAA and OPDTT values per cubic meter (nmol min− 1 

m− 3) were determined from the AA and DTT depletion rates, respec
tively. Mass-normalised OP activities (nmol min− 1 μg− 1) were also 
calculated.

2.4. Sample preparation for toxicological analysis

To determine cell viability of PM10 from the combustion of olive 
branches and hedge trimming waste mixtures, samples were extracted 
for 24 h with methylene chloride followed by two extractions with 
methanol for 10 min each in an ultrasonic bath. The total organic ex
tracts were then filtered and reduced to a volume lower than 1 ml in a 
Turbo Vap® II concentration station (Biotage). This volume was trans
ferred to a glass vial, dried with a stream of nitrogen and then suspended 
into dimethyl sulfoxide (DMSO).

2.5. Cell culture and cytotoxicity assays

For the cytotoxicity assay, the A549 cell line (human lung adeno
carcinoma epithelial cells) were cultured at 37 ◦C in a humidified at
mosphere with 5% CO2. Cells were maintained in Kaighn’s Modification 
of Ham’s F-12 Medium (F-12 K – PAN-Biotech GmbH, Germany) sup
plemented with 10% (v/v) fetal bovine serum (FBS), 1% of pen
icillin–streptomycin and 1% amphotericin-B (all from PAN-Biotech 
GmbH, Germany). Cell viability was assessed using the colorimetric 
MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro
mide) assay (Thermo Fisher Scientific). A549 cells were seeded in 96- 
well plates at a density of 4 × 104 cells ml− 1 (4 × 103 cells per well) 
and allowed to adhere for 24 h. The medium was then substituted by six 
concentrations of PM10 extract (6.25, 12.5, 25, 50, 100 and 200 μg ml− 1) 
in triplicate. In addition to the control group (cells and culture medium), 
a solvent control treated with the same percentage of DMSO at the 
maximum tested concentration was also included. Neither control group 
showed any effect on the reduction of viability. After the exposure 
period of 24 h, 50 μl of MTT (1.0 mg ml− 1 in phosphate-buffered saline) 
was added to each well and incubated at culture conditions for 4 h to 
allow the production of formazan crystals. Following this time, the MTT- 
containing medium was eliminated and 150 μl of DMSO was added. The 
samples were kept for 2 h at room temperature in the dark, shaking 
gently to facilitate the dissolution of the crystals. The absorbance at 570 
nm was then recorded in a microplate reader (Synergy HT® Multi-Mode; 
BioTek®, Winooski, VT, USA).

2.6. Statistical analysis

Statistical analysis of the data was carried out using the SPSS soft
ware (IBM SPSS statistics version 29). The Shapiro-Wilk normality test 
and the Levene’s test for homogeneity of variances were applied. Data 
from the MTT assay for particulate samples were compared with the 
corresponding controls using firstly the Kruskall-Wallis non-parametric 
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test and then the Dunn’s post hoc test and Bonferroni’s p-value adjust
ment. The concentrations that caused 50% (EC50) of cytotoxicity in 
A549 cells were obtained by fitting a triparametric sigmoidal logistic 
function to the dose-response curve. Spearman correlations with a sig
nificance level of 95% or 99% were also conducted with the SPSS soft
ware to evaluate the relationship between toxicological outcomes (EC50 
and OP) and PM10-bound constituents.

3. Results

3.1. Modified combustion efficiency and emission factors

MCE values ranged from 0.924 for olive branches to 0.962 for hedge 
trimming residues (Table 2). An MCE close to 1 suggests pure flaming, 
while values near 0.8 reflect intense smouldering conditions. A value 
near 0.9 indicates roughly equal proportions of biofuel consumption by 
flaming and smouldering (Akagi et al., 2011). Olive samples emitted a 
lower percentage of CO2 and a higher proportion of CO than those from 
the combustion of hedge trimming waste mixtures. In PM10 samples 
from the burning of olive branches, on average, 88% of the carbon 
emitted was in the form of CO2, while for hedge trimming samples the 
proportion ranged between 92 and 95%. The thinner branches of the 
bushes burn better. Thus, greater combustion efficiency leads to higher 
CO2 emissions. On the other hand, CO for the olive samples accounted 
for 6–7% of the carbon emitted, while lower values, between 3.7 and 
5.5%, were obtained for the combustion of hedge trimming waste 
mixtures. A higher CO EF and a lower MCE value for the second olive 
branch burning sample are indicative of increased contribution of 
smouldering emissions. The percentage of particulate carbon emitted 
was much higher for olive samples, approximately 4%, compared to that 
of the smoke from burning mixtures of various shrubs, for which PC 
represented between 0.6 and 2.3% of the total carbon emitted. These 
results suggest that the differences in emissions may be due to the 
different physicochemical properties of the fuels, such as size and spe
cifically moisture. Likewise, the EFs for PM, EC and OC (40, 1.4 and 18 g 
kg− 1, respectively) from the burning of olive branches obtained in this 
study are higher with respect to previous work developed in the same 
area of study (Alves et al., 2019; 17, 1.2 and 7.4 g kg− 1, respectively). 
Other factors contributing to differences in emissions may be oxygen 
supply, fuel arrangement (piled up or spread out), weather conditions, 
among others (Hayashi et al., 2014; Oanh et al., 2011).

CO2 EFs for olive samples were 1562 and 1537 g kg− 1, while samples 
that included wastes from hedge trimming resulted in higher values, 
from 1612 to 1672 g CO2 kg− 1, increasing as combustion developed. 
However, the highest EFs of CO (67 and 80 g CO kg− 1) were registered 
for the combustion of olive branches, whereas values for burning 

branches of various types of shrubs were almost 50% lower (62, 59 and 
42 g CO kg− 1). As expected, CO2 emissions increased linearly with 
combustion efficiency, so an excellent correlation between the MCE 
values and the EFs of this greenhouse gas was obtained (r = 0.97). The 
opposite was observed for CO, which was negatively correlated with 
MCE (r = − 1.0). Flaming combustion involves the fast reaction of O2 
with gaseous compounds emitted from the solid biofuel and is frequent 
in small-diameter dry aerial biomass or foliage. During flaming com
bustion, the carbon in the fuel is converted into highly oxidised gaseous 
species such as CO2, and most EC particles are generated. As combustion 
approaches completion, the smouldering phase becomes predominant. 
Slow combustion generates CO, CH4, non-methane hydrocarbons and 
primary organic aerosols (Akagi et al., 2011). The dependence on 
combustion efficiency is clearly demonstrated by the relationships be
tween MCE and EFs of PM10 (r = − 0.91), OC (r = − 0.87), TOC (r =
− 0.97) and ethane (r = − 0.96). PM10 EFs were positively correlated 
with those of the different forms of organic carbon in the gas (TOC) and 
particulate (OC) phases, with Pearson correlation coefficients of 0.89 
and 1.0, respectively, suggesting that these atmospheric constituents are 
co-emitted in identical proportions.

Methane EFs found in this study varied between 2.7 and 6.6 g kg− 1, 
with the highest value being recorded for the burning of olive branches. 
The values obtained by Alves et al. (2019), for the open burning of 
wastes from tree pruning, were within the same range (2.06–5.8 g CH4 
kg− 1). The highest values were also observed for olive tree samples. 
Ethane (C2H6) and formaldehyde (CHOH) EFs were higher for the 
combustion of olive residues than for the hedge trimming waste mix
tures. In the case of ethylene (C2H4) and hexane (C6H14), no clear 
distinction was observed between EFs for the various types of residues, 
although slightly higher values were observed for the PM10 sample with 
the lowest MCE value. Ammonia (NH3) was not detected in any of the 
samples.

The EFs of this work (Table 3) are within the ranges reported for 
forest fires or residual biomass burning with higher proportion of 
flaming conditions than smouldering. However, comparisons between 
studies should be made with some caution given the differences in 
experimental strategies, mainly open burn vs. combustion tests in lab
oratory chambers. Agaki et al. (2011) argued that “fresh” emissions 
sampled in the field can produce similar EFs for trace gases compared to 
lab experiments at the same MCE. Nevertheless, such controlled exper
iments do not usually reproduce realistic combustion conditions in the 
field. In general, in laboratory testing the biofuels are more aged and 
drier and therefore their moisture content is lower than that of biomass 
in the field. On the other hand, wind conditions in the field cannot be 
reproduced in the laboratory (Andreae, 2019).

3.2. Chemical composition of PM10

Concentrations of elements and major carbonaceous components in 
biomass burning samples are given in Table 4. The data shown in this 
table are expressed in mass fractions.

OC represented between 35 and 45%, while EC accounted for 3–5% 
of the total PM10 mass. The highest OC mass fractions were found in 
samples from olive burning, while those of EC occurred in the hedge 
trimming mixture samples. The OC/EC ratios obtained in the present 
work varied from 7.3 to 13.2, averaging 10.8. The highest ratios cor
responded to the burning of olive branches, while the lowest values were 
found for hedge trimming residues. These results are consistent with 
those from previous research showing that OC/EC ratios for vehicle 
emissions (from 0.02 to 2.36) are lower than those for coal and biomass 
combustion (between 1.1 and 60.5; Pio et al., 2011; Pani et al., 2019).

The WSOC/OC ratio can be employed to assess the origin of organic 
carbon (Boreddy et al., 2018; Kondo et al., 2007). Emissions from 
biomass burning are characterised by a high WSOC/OC ratio 
(Mayol-Bracero et al., 2002) since a substantial fraction of the OC 
emitted during biomass combustion is water-soluble (Graham et al., 

Table 2 
Emission factors for each sample (g kg− 1, dry basis).

AL-2 AL-3 AL-4 AL-5 AL-6

MCE 0.937 0.924 0.943 0.946 0.962
CO2 1562 1537 1612 1627 1672
CO 67.2 80 62.3 59.3 41.9
N2O ND 0.21 0.17 0.28 0.66
NOx as NO2 15 27.4 16.1 9.6 8.82
HCl 0.51 0.36 0.02 0.04 0.75
HF 0.02 ND 0.01 0.02 0.03
CH4 2.74 6.60 4.15 3.13 2.91
C2H6 2.93 3.51 1.84 0.89 ND
C2H4 1.07 1.78 0.79 1.01 1.19
C3H8 ND ND 0.01 0.05 0.06
C6H14 0.23 0.8 0.54 0.23 0.37
CHOH 3.47 2.24 0.97 1.21 0.56
TOC 7.72 11.2 6.5 4.84 3.41
OC 18.5 17.1 8.14 6.6 2.9
EC 1.45 1.3 0.91 0.53 0.4
PM10 40.9 40.1 21.6 19.1 8.33

SO2, NH3, C3H6, CH3OH: not detected.
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2022). When no emissions from biomass burning are recorded, a higher 
WSOC/OC ratio is indicative of organic aerosols transported over long 
distances. WSOC/OC ratios between 0.06 and 0.27 are typical of vehicle 
emissions (Cheung et al., 2009; Saarikoski et al., 2008), while higher 
values (>0.5) are associated with biomass burning aerosols (Rajput 
et al., 2013; Ramya et al., 2023). In the present study, the WSOC/OC 
ratio varied between 0.4 and 0.6.

Mass percentages for the analysed ions are shown in Table S2
included in the supplementary material. Water soluble ions represented 
about 8–21% of the total PM10 mass emitted during biomass burning. 
Potassium and chloride were the most abundant ions in all samples, 
accounting for 2.7–7.7% and 2.8–8.8%, respectively, of the total ion 
concentrations, followed by sulphate. It is well known that a large 
amount of the inorganic fraction of biomass burning emissions consist of 

soluble potassium salts, such as KCl or K2SO4 (Jing et al., 2017; Vasi
lakopoulou et al., 2023). Calcium and sodium, which are essential ele
ments in the structure of plants (Pinto et al., 2016), were also present in 
significant amounts in all samples. The most abundant heavy metals in 
biomass burning samples were Zn, Ni and Fe. Mn was also detected in 
significant amounts in three of the samples. Zn, which plays a key role in 
the enzyme structure of plants (Pinto et al., 2016), has been found to be 
abundant in PM samples from biomass burning in chamber experiments 
(Akbari et al., 2021; Wu et al., 2022b). Fe and Ni were also detected in 
high concentration in particles emitted during biomass combustion (Das 
et al., 2019; Wu et al., 2022b).

In this study, more than 120 organic compounds were quantified in 
the PM10 samples (Table 5). Sugars and polyols, followed by acids, 
represented the most abundant families.

Levoglucosan, followed by its stereoisomers mannosan and gal
actosan, represented the largest mass fraction of PM10 (Fig. 1). These 
compounds result from the thermal decomposition of cellulose (levo
glucosan) and hemicellulose (mannosan and galactosan) when com
bustion occurs at temperatures above 300 ◦C (Bhattarai et al., 2019; Li 
et al., 2021). Poor correlations between the three isomers indicate dif
ferences in biofuel polymeric compositions and combustion efficiencies 
for each sample (Zhu et al., 2015). Other sugars detected in all smoke 
samples were glucose, mannose and xylose. Unlike anhydrosugars, 
emissions of the sugar alcohol myo-inositol decreased in the smoul
dering phase. Although levoglucosan has been pointed out as a specific 
biomass burning tracer, it cannot be employed alone to discern the type 
of biofuel burned. Instead, the ratios between levoglucosan and its iso
mers can help differentiate biomass source categories (hardwoods, 
softwoods, crop residues, etc.) (Engling et al., 2009; Sang et al., 2013; 
Yan et al., 2015). Cellulose and hemicellulose are the two most copious 
biopolymers, accounting for 40–50% and 25–35% of the weight of dry 
wood, respectively (Chen, 2014). Therefore, combustion of softwoods 

Table 3 
Comparison of the emission factors (g kg− 1, dry basis) of the present study with those reported in bibliography for agricultural burning and forest fires.

MCE Measu- 
rements

CO2 CO CH4 PM OC EC Type of biomass burning Reference

0.94 ± 0.01 Field 1602 ±
53.5

62.1 ±
13.8

3.9 ± 1.6 26.0 ±
14.1a

10.6 ± 6.8 0.92 ± 0.46 Tree pruning and hedge 
trimming residues

This study

>0.95 Field 1564–1663 40.6–78.7 ​ 8.8–16.9a 2.7–7.4 0.32–1.18 Olive, willow, vine and 
acacia branches

Alves et al. (2019)

0.94 ± 0.02 Field 1660 ± 90 69 ± 20 2.7 ± 2.2 6.7 ± 3.3b 3.0 ± 1.5 0.53 ± 0.35 Savanna and grassland Andreae (2019)
0.92 ± 0.06 Field 1430 ± 230 76 ± 55 5.7 ± 6.0 8.2 ± 4.4b 4.9 ± 3.6 0.42 ± 0.28 Agricultural residues Andreae (2019)
0.91 ± 0.03 Field 1620 ± 70 104 ± 39 6.5 ± 1.6 8.3 ± 3.3b 4.4 ± 1.9 0.51 ± 0.34 Tropical forest Andreae (2019)
0.90 ± 0.05 Field 1570 ± 130 113 ± 50 5.2 ± 2.8 18.5 ±

14.4b
10.9 ± 7.2 0.55 ± 0.36 Temperate forest Andreae (2019)

0.89 ± 0.04 Field 1530 ± 140 121 ± 47 5.5 ± 2.5 18.7 ±
15.9b

5.9 ± 2.5 0.10 ± 0.09 Boreal forest Andreae (2019)

0.91 ± 0.03 Lab 1311 ± 181 47.9 ±
13.5

​ 11.4 ± 4.9b 5.1 ± 3.0 0.24 ± 0.12 Wheat straw Ni et al., 2017

0.93 ± 0.03 Lab 1393 ± 91 57.2 ±
26.0

​ 8.5 ± 6.7b 3.3 ± 2.8 0.21 ± 0.13 Rice straw Ni et al., 2017

0.93 ± 0.02 Lab 1363 ± 154 52.1 ±
17.7

​ 12.0 ± 5.4b 6.3 ± 3.6 0.28 ± 0.09 Corn stalk Ni et al., 2017

0.91 ± 0.03 Lab ​ ​ ​ 13.1b 5.6 1.38 Wheat straw Zhang et al. (2017)
0.93 ± 0.03 Lab ​ ​ ​ 6.2b 5.3 0.55 Rice straw Zhang et al. (2017)
0.93 ± 0.02 Lab ​ ​ ​ 10.5b 6.3 0.94 Corn straw Zhang et al. (2017)
0.930 ±

0.020
Aircraft 1403 ± 22 71 ± 13 3.17 ±

0.95
21.47 ±
6.95c

9.88 ±
3.35

0.120 ±
0.052

Crop residues Travis et al. (2023)

0.902 ±
0.032

Aircraft 1666 ± 44 113 ± 25 7.48 ±
2.03

20.97 ±
6.09c

10.14 ±
2.97

0.219 ±
0.132

Prescribed fires of slash 
and piles

Travis et al. (2023)

0.897 ±
0.012

Aircraft 1506 ± 23 113 ± 13 4.52 ±
0.74

29.19 ±
4.29c

14.22 ±
2.02

0.309 ±
0.154

Grassland Travis et al. (2023)

0.87–0.97 Lab 1052–1851 33.3–156 1.95–5.46 1.77–21.6a 0.54–11.1 0.19–0.47 Crop residues Santiago de la Rosa 
et al. (2018)

0.96 ± 0.01 Lab 1618 ± 108 25.7 ±
2.04

2.29 ±
0.13

1.81 ±
0.14a

0.67 ±
0.36

0.37 ± 0.10 Sugarcane Mugica-Álvarez et al. 
(2018)

a PM10.
b PM2.5.
c PM1 calculated by mass balance from chemical species measured by HR-ToF-AMS in an aircraft.

Table 4 
Elemental composition and main carbonaceous components in PM10 samples 
(wt.%) from the combustion of tree pruning and hedge trimming wastes. bdl: 
below detection limit.

AL-2 AL-3 AL-4 AL-5 AL-6

Ti 0.004 0.012 0.009 0.004 0.02
Cr bdl bdl bdl bdl bdl
Mn 0.03 0.11 0.11 bdl bdl
Fe 0.02 0.07 0.07 0.06 0.15
Ni 0.05 0.2 0.14 0.1 0.4
Cu bdl bdl bdl bdl 0.02
Zn 0.2 0.3 0.6 0.6 1.4
As bdl bdl bdl bdl bdl
Br 0.025 0.015 0.016 0.056 0.043
OC 45.33 42.61 37.61 34.62 34.8
EC 3.55 3.24 4.22 2.80 4.76
TC 48.88 45.85 41.82 37.42 39.56
WSOC 18.72 18.11 16.60 14.64 21.38
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Table 5 
Speciation of PM10-bound organic compounds (μg g− 1 PM10).

AL-2 AL-3 AL-4 AL-5 AL-6

SUGARS & POLYOLS ​ ​ ​ ​ ​
Myo-Inositol 720 280 540 470 bdl
Erythritol 600 bdl 330 160 120
Levoglucosan 3720 7000 8600 6600 11900
Mannosan 610 440 770 570 1020
Galactosan 770 1170 880 1000 1490
D-(+)-Glucose 140 40 600 50 60
D-(+)-Mannose + D-(+)-Xylose 20 29 16 43 3

PAHs & QUINONES
Naphthalene bdl 182 bdl bdl bdl
Acenaphthylene bdl bdl bdl bdl bdl
2,6-Di-tert-butyl-1,4- 

benzoquinone
49.2 337 2.09 2.97 1260

Acenaphthene – – – – –
Fluorene 0.854 14.4 – 12.3 61.5
9-Fluorenone 10.0 21.1 9.83 21.2 36.2
Phenanthrene 12.0 10.8 3.41 4.05 10.9
Anthracene 1.82 2.56 1.14 0.96 2.25
Carbazole 15.0 28.7 21.5 22.4 26.8
Xanthone – – – – –
Acenaphthenequinone – – – – –
2-Methylanthracene 49.6 3.29 1.50 1.48 2.55
9,10-Phenanthrenequinone – – – – –
Fluoranthene 49.0 54.1 48.6 36.4 52.4
Pyrene 43.7 39.3 31.1 22.8 37.4
Retene – 579 321 274 421
1-Methylpyrene 7.48 6.50 5.18 12.9 6.94
Benzo[a]anthracene 13.6 12.0 11.5 5.46 16.1
Chrysene 22.6 19.4 18.9 12.8 27.8
Benzo[a]anthracene-7,12-dione – – 3.19 – –
5,12-Naphthacenequinone – – – – –
Benzo[b]fluoranthene 21.3 13.8 19.3 6.92 19.4
Benzo[k]fluoranthene 0.226 8.85 2.29 1.14 4.97
7,12-Dimethylbenz[a]anthracene – – – – –
Benzo[a]pyrene 7.87 7.17 8.02 2.65 16.4
Perylene 3.51 – 0.928 3.48 –
Indeno[1,2,3-cd]pyrene 10.5 4.54 10.0 2.54 8.84
Dibenzo[a,h]anthracene 2.93 2.81 3.07 1.16 5.59
Benzo[g,h,i]perylene 6.65 4.24 6.73 2.72 6.94

PHENOLICS & OTHER HYDROXYL COMPOUNDS
Benzyl alcohol 281 45.6 1903 44.4 106
Benzoic acid 58.2 71.4 26.8 55.4 14.1
Catechol 1030 48.8 43.1 800 482
4-Hydroxybenzaldehyde 389 81.0 15.1 115 399
Resorcinol 194 99.6 87.7 115 215
2,4-Di-tert-butylphenol 577 25.0 – 12.2 –
4-Methyl catechol 199 2.13 2.01 78.8 75.0
4-Methylsyringol 45.3 – – 14.2 33.8
2,6-Dimethoxyphenol 240 0.836 4.25 113 118
Orcinol 84.0 36.0 26.8 41.0 68.5
Methylresorcinol 34.2 39.5 21.6 41.0 60.2
3-Hydroxybenzoic acid methyl 

ester
12.4 10.9 – 8.33 28.0

4-Hydroxybenzyl alcohol 29.5 24.6 17.3 27.8 38.7
Vanillin 55.6 64.0 32.2 104 260
Pyrogallol 14.6 – 5.65 26.8 21.2
4-Ethylsyringol 36.5 – – 11.4 –
3-Hydroxybenzoic acid 293 – 152 141 183
4-Hydroxyphenylethanol 602 235 142 194 1259
Isoeugenol – – – 1.01 2.52
2-Methoxy-4-propylphenol 23.4 – – 3.64 138
4-Propenylsyringol 231 – – – –
4-hydroxybenzoic acid 65.8 139 68.0 342 722
Syringaldehyde 19.2 – – 236 2249
Syringic acid 207 142 155 79.0 –
Vanillic acid 179 190 116 101 159
3,4-Dimethoxyphenethyl alcohol 948 – – – 267
Phenylbenzene – 51.5 – 26.6 –

ALIPHATIC ALCOHOLS
1-Pentadecanol 2.49 0.888 11.3 2.05 2.71

Table 5 (continued )

AL-2 AL-3 AL-4 AL-5 AL-6

Octadecan-1-ol (Stearyl alcohol) 258 – 6.61 96.0 –
Hexadecanol 22.9 21.9 24.0 12.3 10.1
1-Heptacosanol 8.51 4.04 – 18.7 19.0
1-Octacosanol 118 47.8 71.4 153 249
Eicosanol – – – 3.36 6.47
1-Docosanol (Behenyl alcohol) 8.92 9.26 9.96 12.9 41.1
1-Tricosanol 4.27 3.80 3.35 5.84 9.04
C24 alcohol 23.4 18.5 38.8 46.7 120
1-Pentacosanol 32.2 7.37 54.0 51.4 16.4
C26 alcohol 178 – 107 203 382
C29 alcohol 30.7 – 46.4 122 92.8
1-Tricontanol 33.9 27.9 274 606 508
C31 alcohol – – 29.7 63.4 83.6

STEROIDS
Cholesterol 3.41 11.0 4.05 4.58 11.1
Stigmasterol 41.0 135 14.2 70.0 136
b-Sitosterol 295 289 53.2 187 419
Stigmast-4-en-3-one 31.2 47.1 – 34.3 44.4
Stigmasta-3,5-diene 13.8 – 6.75 – –

CARBOXYLIC ACIDS
Octanoic (caprilic) acid 22.5 24.6 1.29 15.4 5.19
Nonanoic (pelargonic) acid 46.6 106 15.9 17.0 38.8
Decanoic (caproic) acid 17.1 24.0 8.36 19.7 3.46
Dodecanoic (lauric) acid 61.7 57.3 2.23 49.5 55.9
Tetradecanoic (myristic) acid 62.4 135 27.6 80.0 54.5
Pentadecanoic acid 1.39 58.6 24.5 45.2 42.6
Hexadecanoic (palmitic) acid 964 1705 781 856 876
Heptadecanoic acid 35.1 38.7 22.9 31.9 28.2
Octadecanoic (stearic) acid 297 184 160 241 114
C21 acid – – – – 60.5
Docosanoic (behenic) acid 89.8 24.8 97.8 97.1 157
C23 acid – – 22.9 – 49.7
C24 acid 62.8 – 114 113 158
C25 acid – – – – 55.5
Hexacosanoic acid 22.77 2.58 93.4 41.8 92.4
C28 acid – – 105 – 123
C31 acid – – 112 – 246

DICARBOXYLIC ACIDS
Butanedioic (succinic) acid 2543 5776 2008 11713 1098
1.5-Pentanedioic (glutaric) acid – 547 283 145 243
Butanedioic (L-(− )-malic) acid 165 382 273 92.3 248
Fumaric acid (2-Butenedioic acid) 526 786 559 121 –
Hexanedioic (adipic) acid 167 385 224 170 404
Octanedioic (suberic) acid 48.2 88.7 34.2 – –
Nonanedioic (azelaic) acid 147 288 133 53.2 85.4
Eicosanoic (arachidic) acid 42.2 32.3 47.3 38.3 52.3
Ethylmalonic acid 471 941 390 50.7 333
2-Hydroxyglutaric acid 238 324 175 97.5 170

OTHER ACIDS
Levulinic acid 88.5 361 98.5 113 84.1
2-Furoic acid 381 274 112 165 215
Hydracrylic acid 1700 226 93.9 50.2 –
3-hydroxybutanoic ((R)-3- 

hydroxybutyric) acid
26.2 513 272 272 306

Glyceric acid 175 254 136 56.0 21.9
3,4-Dihydroxybutanoic acid 453 613 304 37.5 –
Citric acid 263 658 396 153 1862
9-cis-Hexadecenoic (linoleic) acid – – 129 85.2 83.5
cis-9-Octadecenoic (oleic) acid 122 60.0 95.0 68.1 84.5
Hexanedioic acid, bis(2- 

ethylhexyl) ester
– 151 65.5 68.2 191

Dehydroabietic acid – – 1.68 – 2.18

ACIDS METHYL ESTERS
Tetradecanoic acid, 1-methylethyl 

ester (Myristic acid isopropyl 
ester)

– 37.8 21.9 25.6 53.8

Hexadecanoic acid, methyl ester 
(Palmitic acid methyl ester)

47.2 90.9 82.8 65.1 144

(continued on next page)
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typically generates higher mannosan and galactosan emissions than 
hardwoods because the ratio of hemicellulose to cellulose is higher in 
softwoods than in hardwoods (Fine et al., 2001). Engling et al. (2006)
reported values for the levoglucosan/mannosan ratio between 2.6 and 5 
for softwood smoke, while a range from 13.8 to 52.3 was described as 
characteristic for hardwood. In addition, Schmidl et al. (2011) docu
mented much lower ratios for softwood combustion (2.5–3.5) and 
higher ratios for hardwood combustion (14–17). A ratio of 26.6 was 
documented for the field burning of rice straw (Engling et al., 2009). In 
the present study, the levoglucosan/mannosan ratios ranged between 6 
and 16, partially overlapping with those of hardwood combustion. The 
relative abundance of levoglucosan, galactosan and mannosan in smoke 
also depends on combustion conditions (smouldering or flaming). 
Therefore, trying to differentiate the type of substrate based solely on 
the proportions between anhydrosugars remains challenging (Bhattarai 
et al., 2019; Zhu et al., 2015).

The levoglucosan/OC ratio has also been used to compare different 
types of biofuels. Alves et al. (2011) obtained a mean value of 13.4 mg 
levoglucosan g− 1 OC in samples from a wildfire in Portugal. The levo
glucosan/OC ratios for PM10 samples from open burning of vine (39 mg 
g− 1), olive (39 mg g− 1), acacia (57 mg g− 1) and willow (51 mg g− 1) 
branches obtained in a previous study (Alves et al., 2019) were higher 
than those calculated in this work (8.2–34.2 mg g− 1).

After sugars, acids constituted the second most abundant group 
among the organic compounds analysed. This group comprised n-alka
noic, n-alkanedioic, alkenoic and other types of acids. The homologous 
series of n-alkanoic acids, from C8 to C31, presented a clear dominance of 
even carbon numbers, of which palmitic acid clearly stood out. This acid 
was also the most abundant chromatographically resolved compound in 
particulate matter samples from the combustion of bamboo leaves and 
twigs, sugar cane bagasse and forest litter (Abas et al., 2004). Among 
acids, those with two carboxylic functional groups were prominent, both 
in the flaming and smouldering phases, regardless of the type of biofuels 

burned. As previously observed in the open burning of tree pruning 
wastes (Alves et al., 2019), succinic was the most abundant diacid. A 
significant enhancement in the concentrations of this and other diacids 
was documented for a biomass burning period in a rural site of Northeast 
China (Cao et al., 2017). Given their high solubility in water and other 
physicochemical characteristics, diacids participate in the activation of 
cloud condensation nuclei and influence the hygroscopic growth of 
particles. Thus, they represent a significant share of the global aerosol 
budget and are indirect (cloud-mediated) climate drivers (Yu, 2000).

3-Hydroxypropionic acid, also known as hydracrylic acid, was 
detected in PM10 from burning olive branches at mass fractions 20 times 
higher than those observed in smoke from hedge trimming waste, pre
senting substantially higher values in the flaming phase. In contrast, 2- 
hydroxypropane-1,2,3-tricarboxylic acid (citric acid) was twice as 
abundant in smoke from hedge branches, showing a significant increase 
in the smouldering phase. While oleic acid was present in similar 
amounts in samples from the burning of the various biofuels, linoleic 
acid was only detected in PM10 from hedgerow waste.

Several fatty acid methyl esters (FAME) were found in the samples. 
The overall amounts emitted were about 2 times higher for hedge 
trimming waste burning. Palmitic acid methyl ester represented, on 
average, 26% and 22% of the global emissions of this group of com
pounds in olive branch combustion and hedge waste samples, respec
tively. The presence of FAME had previously been observed in 
particulate matter from a forest fire (Alves et al., 2011), residential 
biomass combustion (Fine et al., 2004) and prescribed burnings on a 
shrubland (Alves et al., 2010). Glycerol and esters of glycerol and both 
palmitic and stearic acids (monopalmitin and monostearin) were also 
present in PM10. Animal fat mostly consists of triglycerides, which are 

Table 5 (continued )

AL-2 AL-3 AL-4 AL-5 AL-6

Isopropyl palmitate 3.38 – 5.59 1.33 –
9,12-Octadecadienoic acid methyl 

ester
49.5 44.7 54.8 31.3 118

9-Octadecenoic acid (Z)-, methyl 
ester (Oleic acid methyl ester)

87.5 107 112 66.2 204

Octadecanoic acid methyl ester 
(Stearic acid methyl ester)

22.9 19.0 25.7 20.8 29.1

Eicosanoic acid methyl ester 5.29 6.42 6.13 4.53 83.6
Docosanoic acid methyl ester 9.42 7.31 8.20 6.75 19.1
Tetracosanoic acid methyl ester – – 8.70 67.5 22.8
4-Hydroxybenzoic acid methyl 

ester
– – 18.9 18.9 –

GLYCERIDIC COMPOU0S
Glycerol 4.97 1166 587 546 98.2
1-Monopalmitin 109 – 131 – –
1-Monostearin 292 1034 3926 – 43.0
2-Monostearin – – 114 – –

OTHER COMPOU0S
Hydroquinone 1121 478 200 464 31.3
3-Hydroxyacetophenone 44.3 29.7 32.7 32.6 56.1
4-Hydroxyacetophenone 31.4 37.6 46.3 119 –
tris(2,4-di-tertbutylphenyl) 

phosphate
2815 1581 2007 18219 4074

7,9-di-tert-butyl-1-oxaspiro[4,5] 
deca-6,9-diene-2,8-dione

101 9.69 3.36 3.58 37.0

Irganox 1076 131 297 63.3 49.0 186
1,2-Diphenylethane 

(Dihydrostilbene)
– 125 – 70.6 –

Xylitol, Arabitol, Ribitol + Sorbitol, D-Mannitol, Arabinose, Galactose, Fructose 
and Sucrose: never detected. bdl – below detection limit. The dash means the 
compound was not detected.

Fig. 1. Organic compounds detected in PM10 samples (in μg g− 1) from the open 
burning of olive branches and hedge trimming wastes.
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esters derived from glycerol combined with three fatty acids. During the 
cooking process, triglycerides undergo hydrolysis or thermal oxidation, 
emitting free fatty acids and glycerol (Nolte et al., 1999). However, the 
detection of this type of compounds in biomass burning smoke indicate 
that they cannot be used as unique biomarkers of emissions from meat 
cooking and that other processes, not yet clarified, lead to their pro
duction during the combustion of woody and herbaceous material.

Several phenolic compounds, known to be copious in biomass 
burning emissions (Vicente and Alves, 2018), were observed in the 
samples, with pyrocatechol (1,2-dihydroxybenzene), tyrosol 
(4-hydroxyphenylethanol), homoveratryl alcohol (3,4-dimethox
yphenethyl alcohol), resorcinol (3-hydroxyphenol), syringol (2, 
6-dimethoxyphenol), syringaldehyde (4-hydroxy-3,5-dimethox
ybenzaldehyde), syringic acid (4-hydroxy-3,5-dimethoxybenzoic acid) 
and vanillic acid (4-hydroxy-3-methoxybenzoic acid) being noteworthy 
due to their abundances. As the burned species belong mainly to the 
angiosperm group, these phenolics result from the thermal degradation 
of syringyl and vanillyl lignols that are part of the lignin constitution of 
this type of plants.

An organophosphate ester, tris(2,4-di-tert-butylphenyl)phosphate 
(I168O), was observed in substantial amounts (on average, 2198 and 
8100 μg g− 1 PM10 for olive branches and hedge trimming wastes, 
respectively). Acute exposure to this compound has been shown to elicit 
cardiotoxicity in zebrafish (Zhang et al., 2024). It has been formerly 
detected in PM2.5 samples from 2 Chinese cities (Shi et al., 2020). The 
authors described it as an widespread component probably resulting 
from the photodegradation of the antioxidant Irgafos 168 [tris(2, 
4-di-tert-butylphenyl)phosphite] commonly added as ingredient in 
plastics or from the burning of plasticware, although an origin in pes
ticides and flame retardants was not ruled out.

Although they did not represent the most abundant group, polycyclic 
aromatic hydrocarbons (PAHs) are among the most important constit
uents from the point of view of health effects, given their mutagenic and 
carcinogenic potential (Kim et al., 2013). Benzo[a]pyrene (B[a]P) is 
often used as a surrogate marker to assess cancer risks from exposure to 
complex mixtures (WHO, 2021). In the present work, mass concentra
tions of B[a]P measured in smoke samples were between 2.7 and 16.4 
μg g− 1, very similar to those obtained by Sengupta et al. (2023) in lab
oratory tests with various types of biofuels (2–13 μg g− 1). Alves et al. 
(2019) reported PM10 mean mass fractions ranging from 6.51 μg g− 1 

(acacia) to 32.6 μg g− 1 (olive) for the combustion in the field of wastes 
from tree pruning. Retene, a substituted PAH mainly emitted from 
biomass combustion (Scaramboni et al., 2023), is not part of the list of 
16 priority PAHs, but has been employed as a biomarker of thermal 
degradation of abietic acid present in coniferous resin (Ramdahl, 1983). 
Recently, it has been shown that retene is involved in genotoxicity, 
oxidative stress, mutagenicity, and cell death (Oliveira Alves et al., 
2017; Scaramboni et al., 2023; Vicente et al., 2021). In this study, retene 
was the dominant PAH, averaging 290 and 339 μg g− 1 in PM10 from the 
combustion of olive branches and hedge pruning wastes, respectively. It 
was observed that its emissions were higher during the smouldering 
phase. 2,6-Di-tert-butyl-1,4-benzoquinone was co-emitted with PAHs. 
On average, this quinone accounted for 193 and 422 μg g− 1 of PM10 from 
the burning of olive branches and hedge trimming waste, reaching a 
peak of 1260 μg g− 1 during the smouldering phase of this last biofuel.

3.3. Oxidative potential (OP)

Mass-normalised OP values for both assays are shown in Table 6. The 
values of this study were higher than those found in ambient air in other 
areas of Europe, such as the rural site of Novaledo (Northern Italy), 
despite being heavily influenced by residential wood burning (DTT =
0.011 nmol min− 1 μg− 1 and AA = 0.009 nmol min− 1 μg− 1; Pietrogrande 
et al., 2021).

DTT activities were very similar to those reported by Fushimi et al. 
(2017) in an open burning experiment of crop residues in Japan 

(0.009–0.030 nmol min− 1 μg− 1) and by Verma et al. (2009) in forest fire 
smoke in California (0.023–0.13 nmol min− 1 μg− 1). In contrast, Jin et al. 
(2016) obtained higher values for wood and straw combustion in China 
(0.06 and 0.08 nmol min− 1 μg− 1, respectively), while lower DTT ac
tivities were obtained by Li et al. (2019) and Zhu et al. (2019) in com
bustion experiments using biomass (0.0014 nmol min− 1 μg− 1), coal 
(0.0021 nmol min− 1 μg− 1) and diesel (0.0023 nmol min− 1 μg− 1). To the 
best of our knowledge, no previous works on the oxidative potential on 
PM samples under the influence of biomass open burning have been 
performed.

3.4. Cytotoxicity and EC50

Organic extracts of PM10 samples collected from open burning of 
olive branches and hedge trimming residues showed an effect on the 
metabolic activity of A549 cells. The results of the lung cell culture 
cytotoxicity assays are shown in Fig. 2. In these tests, cell viability was 
measured at different doses of the aerosol collected for each sample. As 
can be seen, viability decreased as the exposure dose increased. Statis
tically significant differences between samples were observed for the 
highest doses (50, 100 and 200 μg ml− 1). A previous study on PM10 
emitted during crop residue burning in Portugal also showed dose- 
dependent cytotoxicity (Vicente et al., 2022).

The results from the MTT assays were used to create dose–response 
curves and to determine the EC50 for PM10 (concentration required to 
decrease cell viability by 50%). EC50 values of 167, 119, 103, 110 and 
94 μg ml− 1 were obtained for samples AL-2, AL-3, AL-4, AL-5 and AL-6, 
respectively. In a previous study carried out in the same region (Vicente 
et al., 2022), EC50 values from 9.6 to 13.3 μg ml− 1 were achieved for the 
different combustion stages of olive branches. The differences may be 
attributed to the use of different bioassays to evaluate cytotoxicity in the 
previous study (water-soluble tetrazolium, WST-8, and lactate dehy
drogenase, LDH). Although all these assays are colorimetric, they are 
based on distinct mechanisms: LDH evaluates cell membrane integrity, 
while WST-8 and MTT assess mitochondrial activity (Vicente et al., 
2024). Results have been reported to be strongly assay-dependent 
(Braun et al., 2018; Vicente et al., 2021), even between WST-8 and 
MTT (Braun et al., 2018). Additionally, several studies have indicated 
that the toxicity of particulate matter is influenced by its chemical 

Table 6 
OP values for the AA and DTT assays (in nmol min− 1 μg− 1).

OPAA OPDTT

AL-2 0.009 0.010
AL-3 0.032 0.020
AL-4 0.030 0.030
AL-5 0.019 0.016
AL-6 0.047 0.049

Fig. 2. Cell viability assessed with the MTT assay after 24 h exposure to 
increasing PM10 concentrations: control, 6.25, 12.5, 25, 50, 100 and 200 μg 
ml− 1. Bars represent mean ± SD. Asterisks indicate statistical significance 
compared to the respective control (n = 10, p < 0.05).
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composition (Chuang et al., 2019; Nemmar et al., 2013; Peixoto et al., 
2017; Schwarze et al., 2006; Wang et al., 2020). Concerning agricultural 
burning, this composition is determined by several factors, including the 
type of fuel used, the burning method (e.g., spread vs. pile residues), 
water content, combustion phase, and environmental conditions 
(Gonçalves et al., 2011; Hayashi et al., 2014; Kim Oanh et al., 2011; 
Zhang et al., 2013).

3.5. Relationships between biological responses and PM10 chemical 
constituents

The supplementary material includes the results of Spearman’s 
bivariate correlations between toxicity assays and PM10 chemical com
ponents (Tables S3 and S4). The intrinsic oxidative potential was 
correlated against the mass fraction of chemical components, while EC50 
values were correlated against concentrations per unit volume.

Positive correlations were found between EC50 and organic compo
nents (OC and WSOC), which is in agreement with previous works 
showing that carbonaceous compounds have adverse effects on human 
health (Molina et al., 2020). Other studies also concluded that WSOC 
significantly contributes to cytotoxicity (e.g., Ge et al., 2023; Wang 
et al., 2018). Significant positive correlations between EC50 and several 
PAHs, galactosan and phenolic compounds usually described as biomass 
burning markers (Vicente and Alves, 2018) were also found. Among 
these relationships, that of retene stands out (p-value<0.01). Tavangar 
et al. (2024) also reported significant correlations between cytotoxicity 
and some PAHs, including retene. Oliveira Alves et al. (2017) exposed 
human lung cells to PM10 from biomass burning in the Amazon region 
and concluded that retene induces DNA damage and cell death, mainly 
by necrosis. Since retene is not on the list of 16 priority PAHs of the 
United States Environmental Protection Agency, it is necessary to 
encourage further studies that prove its possible carcinogenicity for 
eventual inclusion in the future. Using airway epithelial cells, Van Den 
Heuvel et al. (2018) evaluated the toxicity of PM10 and its relationship 
with tracers of biomass burning. Reduced cell viability and induction of 
interleukin-8 (an indicator of inflammatory potency) were associated 
with all markers for this emission source. The researchers argued that 
biomass burning tracers, such as anhydrosugars, are not considered 
toxic as they are rapidly excreted unchanged in urine. Thus, toxic effects 
cannot be assigned to themselves, but rather to other co-emitted com
ponents. Although the cellular mechanisms of toxicity are not fully un
derstood, it is known that exposure to PM-bound constituents from 
biomass burning trigger an overproduction of reactive oxygen species 
(ROS) and reactive nitrogen species (RNS). These reactive species 
damage cellular physiological and biochemical processes by mecha
nisms that induce oxidative stress, release of inflammatory mediators 
such as tumor necrosis factors (TNF) and interleukins (IL), and geno
toxicity, followed by programmed cell death pathways (Vicente et al., 
2024).

In line with what was observed in other works (Besis et al., 2023; Yu 
et al., 2022), WSOC also showed a significant positive correlation with 
DTT. Good correlations were also found between OPDTT values and some 
PAHs, as reported by other authors (Pietrogrande et al., 2021). Although 
PAHs are not considered DTT active (Wong et al., 2019), their rela
tionship with the DTT assay may be explained by the fact that they are 
released into the atmosphere along with redox-active quinones by 
biomass combustion (van Drooge and Grimalt, 2015). Some organic 
compounds, such as quinones and PAHs, can generate superoxide rad
icals, which are precursors of Fenton reactions and generate more 
reactive radicals like OH• with a great impact on PM toxicity (Raparthi 
et al., 2023, and references therein). As observed in the MTT assay, some 
phenolic compounds showed positive and significant relationships with 
OPDTT. These include compounds from the methoxyphenol family, such 
as syringic acid and 2-methoxy-4-propylphenol, also known as 4-propyl
guaicol. A strong correlation between methoxyphenols and OPDTT was 
also reported for PM10 collected in Chamonix, a French city heavily 

impacted in winter by biomass burning (Calas et al., 2018).
The AA assay is usually sensitive to transition metals such as Cu and 

Fe (Bates et al., 2019). In this work, positive correlations with Ti, Mn, Fe 
and Ni were found. A relationship between OPAA and these metals was 
also reported in previous studies (Expósito et al., 2024; Kim et al., 2024; 
Pietrogrande et al., 2021). Some species were inversely correlated with 
OPAA, which may be due to their lower redox properties. Furthermore, 
these properties can be significantly altered because of both synergistic 
and antagonistic interactions between PM components (Gao et al., 
2020).

4. Conclusions

This study provided emission factors for gaseous pollutants (CO2, 
CO, N2O, NO2, HCl, HF, CH4, C2H6, C2H4, C3H8, C6H14, CHOH), chem
ical speciation of organic and inorganic components of PM10 (EC, OC, 
WSOC, metals, water soluble ions, and more than 120 other organic 
compounds), as well as an assessment of the oxidative potential and 
cellular cytotoxicity of the particulate material emitted during the 
backyard burning of olive tree pruning branches and hedge trimming 
waste mixtures. In general, the EFs of green waste combustion obtained 
in the present study agree well with the few data available in the liter
ature. In addition to conventional combustion gases (CO2 and CO), 
significant emissions of methane, formaldehyde and other gases were 
observed. PM10 was dominated by organic carbon, 50% of which was 
found to be water soluble. Soluble ions accounted for up to 21% of the 
PM10 mass. The most abundant ions were Cl− , K+ and SO4

2− , while most 
elements were detected at trace levels. The most abundant PAH found in 
the samples was retene. Levoglucosan, mannosan and galactosan were 
among the most abundant organic compounds.

The results indicated that the combustion phase and the type of 
biomass residue can have a significant effect on the toxicological prop
erties of the emitted PM10. All samples significantly reduced the viability 
of alveolar epithelial cells. Cell viability decreased with increasing doses 
of PM10. PM10 also caused an increase in OP (126–133 nmol min− 1 m− 3). 
WSOC, several PAH, some phenolic compounds and a few acids corre
lated with cell viability and OP.

The results suggest the need to draw the attention of the authorities 
to the possible impact of particulate matter on human health, stricter 
regulations and the search for environmentally safer alternatives. Given 
that open burning of pruning and garden waste emits a wide range of 
atmospheric pollutants, including short-lived climate forcers and toxic 
particulate matter constituents with deleterious health effects, through 
legal action, this type of burning must be restricted or outright banned. 
Composting, shredding and biochar production are a few effective sus
tainable techniques that can help to curtail the issue while also helping 
to retain nutrients and moisture in the soil. However, given the limited 
and sporadic production of residual biomass by farmers and gardeners, 
these solutions are only viable if they are made available by municipal 
services, as is already the case in some locations. Along with technical 
solutions, active stakeholder involvement, including education, aware
ness and empowerment of residual biomass producers, are also needed 
to change ways of thinking and acting.

This comprehensive study can also contribute to improving emission 
inventories and feeding the SPECIEUROPE database, thus helping in the 
application of source apportionment models. However, given that 
emissions and their chemical signatures depend on numerous factors, 
including the type of biofuels, and their elemental composition and ash 
content, it is desirable to promote new studies to complement the 
existing information.
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