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Abstract: Agricultural activities lead to the production of large quantities of pruning and residual
biomass, the correct disposal of which is a topic of great interest. Unfortunately, although it is an
environmentally unacceptable practice, disposal often takes place with uncontrolled combustion in
field (open burning). Disposal using biomass boilers produces energy from controlled combustion
and the use of abatement systems reduces emissions that are inevitably generated in the combustion
processes of solid fuel (CO, CO2, NOx, SOz, PM, etc.). Among the pollutants produced in combus-
tion processes, Persistent Organic Pollutants (POPs) are one of the most relevant groups of chemi-
cals that must be monitored for their effect on human health and the environment. This paper re-
ports the data obtained for the emissive characterization of POPs of three different wood biomass
prunings (Olive, Citrus and Grapevine) focusing on VOCs, PAHs, PCBs, PCDD/Fs. Emissions sam-
plings were performed at the stack during combustion in a 30 kW boiler equipped with a multicy-
clone filter bag for PM abatement in an isokinetic mode in accordance with the CEN and ISO stand-
ards methods. Through this work, a complete emission profile of VOCs, PAHs, PCBs, and PCDD/Fs
of three different biomass types is provided for the first time, showing that the use of biomass boil-
ers produces quantities of pollutants below the regulatory limits and still lower than those produced
by open burning phenomena. Citrus has shown, regarding the other two essences, elevated concen-
trations in terms of X PAH = 174.247 ng/m3, while Olive gave higher results in terms of PCBs and
PCDD/Fs (respectively, 39.769 and 3390.63 TEQ pg/Nm?). This is probably due to the high concen-
tration of iron in this biomass (711.44 mg/kg), which during combustion is a catalyst (together with
copper) of PCDD/Fs.

Keywords: emissions; emission factor; biomass burning; thermochemical conversion; open burn-
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1. Introduction

The growing global energy needs and the objective of reducing energy costs and en-
hancing waste by-products in a global circular economy view are some of the main rea-
sons why we should move away from fossil fuels and replace them with biofuels. Wood
biomass resources are emerging as a promising renewable and sustainable solution, and
the combustion of prunings represents an excellent technique of energy conversion of the
residual biomass. One of the main advantages is that biomass combustion is considered
carbon neutral because the CO: released during the combustion process is largely bal-
anced by that absorbed by growing plants [1,2]. Combustion of prunings in biomass boil-
ers is also an excellent method not only to obtain energy from waste products, but also to
avoid improper disposal such as open burning phenomena. In fact, open crop residue
burning is one of the major sources of air pollutants harmful to both the environment and
human health [3-6]. Boilers produce combustion that reduces the atmospheric impact
compared to open burning, thanks to abatement systems. In particular, biomass boilers
may be equipped with mechanical abatement systems (for example, cyclonic, multicy-
clone filters, bag filters, etc.) for the reduction of PM [7] and chemical-physical abatement
systems (for example adsorption systems, catalytic systems, etc.) for the reduction of or-
ganic pollutants [8]. Other combustion parameters such as fuel homogeneity, oxygen con-
tent control, etc., contribute to conduct combustion in an adequate condition that reduces
pollutant formation, although any combustion phenomenon of solid or liquid fuels inev-
itably leads to the formation of micro and macro pollutants [9]. Macropollutants are com-
pounds that are usually associated with combustion processes, and their presence and
concentration in the atmosphere is alarming beyond the reference thresholds for air qual-
ity [10]. Among these compounds are COz, CO, NOx, SOz, black carbon and PM, which
are directly hazardous to the environment and/or human health (primary pollutants) or
precursors of the formation of other atmospheric pollutants (secondary pollutants) [11-
13]. Differently from macropollutants, micropollutants are dangerous for humans and the
environment even at low concentrations, and their formation occurs following the rear-
rangement of molecules during phenomena of incomplete combustion of organic matri-
ces. The main organic micropollutants are called POPs (Persistent Organic Pollutants),
identified in the Stockholm Convention (2001) and characterized due to their persistence,
bioaccumulation, long-range transport and toxicity [12]. The main organic micropollu-
tants are VOCs (volatile organic compounds), PAHs (polycyclic aromatic hydrocarbons),
PCBs (polychlorinated biphenyls), PCDDs (polychlorinated dibenzo-p-dioxins) and
PCDFs (polychlorinated dibenzofurans). Their principal characteristics and effects are de-
scribed here:

- VOCsinclude a large amount of different organic compounds such as CFCs, alkanes,
alkenes, aldehydes, ketones, aromatic compounds, etc., and they can have different
effects on humans and the environment depending on their chemical characteristics.
According to Tsai [14], they can be precursors to the presence of nitrogen oxides
(NOx) of photochemical smog under sunlight radiation. Several VOCs can have a
high ozone depletion potential (such as CFCs and halons), can be considered green-
house gases (such as CFCs), or they can be directly dangerous to human health (such
as chlorinated compounds, benzene, etc.) [15];

- PAHs are produced during combustion of carbon materials at high temperatures
(300-1200 °C) [16] and are toxic compounds with chemical structures containing hy-
drogen and carbon with two or more fused aromatic rings. PAHs can be polar or non-
polar compounds. Polar PAHs are direct mutagens and carcinogens that induce oxi-
dative stresses and cause more serious health risks than non-polar PAHs [17,18].
Some parent PAHs are transformed into polar PAHs by reactions with atmospheric
oxidants [17] such as VOCs. About 65-90% of non-polar PAHs and polar PAHs in
the ambient air adsorbed atmospheric particulate matter (PM) [16], which acts as a
carrier for the transport of these pollutants in the breathing apparatus;
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- PCBs and PCDD/Fs are characterized by a semi-volatile behavior and high fat solu-
bility that leads them to bioaccumulation phenomena. The structure of these chemi-
cals is formed by two benzene rings modified with chlorine and connected directly
(PCBs) or with an etheric bond (PCDD/Fs), which makes them highly stable com-
pounds and which means that they can be transported in the atmosphere for long
distances from the production source [19]. PCBs and in particular dioxin-like PCBs
(dI-PCB) have toxicity similar to PCDD/Fs, although PCB levels are generally higher
by orders of magnitude in the environment than PCDD/Fs because of the high pro-
duction volume [20-22]. In 2011, Black et al. [23] highlighted that many studies re-
ported PCDD/F release from metropolitan waste incinerators, but there were few
studies published on emissions of PCDD/Fs from biomass combustion.

In recent years, the number of papers on POPs emitted from biomass has increased

(es. [24-26]), although there are no papers, to the knowledge of the authors, of a complete

characterization of the organic pollutants emitted (VOCs, PAHs, PCBs, PCDD/Fs). The

several papers in the literature related to biomass combustion are often focused only on

the evaluation of the individual classes of pollutants, such as the PCDD/PCDFs and dl-

PCBs [23], or only the VOCs [5], and very often on open burning phenomena (therefore

difficult to reproduce), while in the proposed work we evaluated all the main organic

pollutants of the same plant by comparing 3 different types of pruning. The purpose of
this paper is to compare the emissions produced by a biomass boiler fed with three differ-
ent types of residues (Citrus, Grapevine, Olive). In this paper, we show the results of or-
ganic micropollutants (VOCs, PAHs, PCBs, PCDD/Fs); emissions related to macropollu-
tants (CO, CO2, NOx, SOz) were published in a previous work [12].

2. Materials and Methods

Figure 1 show the 30 kW biomass boiler (CSA 30-100 GM, D’ Alessandro Termomec-
canica, Miglianico, CH, Italy) with a multicyclonic dust abatement system located at AR-
SAC (Regional Company for the Development of Calabrian Agriculture) situated
throughout the Calabrian territory (Southern Italy) has been used to burn fruit tree bio-
mass pruning (Citrus, Grapevine, Olive). Prunings were collected in November 2019 by
several experimental farms. Such biomass was not treated in order to understand the real
energy behavior of pruning. Biomass harvest techniques, the methods used for character-
ization, the other sampling techniques, and the characteristics of the boiler were described
in a previous work [10]. The analyses were carried out at the LASER-B of CREA-IT and at
CNR-IIA laboratories.
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Figure 1. Isokinetic sampling of organic pollutants at the stack.

Emission Sampling

Each biomass was burned on a different day to allow the boiler to cool and clean. For
each experiment, the fuel mass flow was calculated by dividing the amount of fuel burned
by the time of the combustion test. Sampling was carried out by means of a flange on the
exhaust chimney after the multicyclone filter that allowed the removal of the flying ash
with an abatement efficiency of more than 50% for 50 um diameter powders. Emission
sampling was carried out according to an internal method, which provides for the adap-
tation of technical standards UNI EN 1948-1:2006 (for dioxins and furans), UNI EN 1948-
4:2014 (for similar dioxin PCBs) and ISO 11338-1:2003 (for PAHSs) according to the fil-
ter/condenser method.

The instrument apparatus for sampling, outlined in Figure 2, consists of:

- aheated titanium probe;

- aheated filtration apparatus (thimble filled with quartz wool);

- awater condensation system;

- incondensable vapor collection system (XAD-2 resin).

Before starting the sampling phase, the fumes’ density was calculated and the flue
gas velocity profile was studied inside the duct, in order to evaluate the parameters re-
quired by the sampling system to obtain an isokinetic collection of the samples. Before
each sampling, each filter was spiked with reference labelled standard solutions for the
verification of sampling efficiency.



Atmosphere 2022, 13, 1665

5 of 13

Figure 2. Diagram of the emission sampling line. 1. Nozzle; 2. Thimble filter; 3. Heated probe; 4.
Glass connections; 5. Temperature control; 6. Condenser; 7. Condensate flask; 8. Diethylene glycol;
9. Solid adsorbent; 10. Drying tower; 11. Suction device; 12. Cooled water inlet; 13. Cooled water
outlet.

Table 1 shows the main parameters of stack fumes monitored and calculated during
sampling with the isokinetic probe.

Table 1. Sampling conditions at stack.

Olive Grapevine Citrus
Velocity (m/s) 497 +0.66 4.69 +3.45 4.38 +0.59
Stack temperature (°C) 167.35 +10.07  99.21 +6.48 177.84  £3.59
Stack Pressure (kPa) 100.44 £0.02  100.15  +0.02 10042 +0.02

Probe temperature (°C) 119.90 +45.75  116.30 +6.65 127.20 +20.01
Filter temperature (°C) 133.50 +17.18 12690 +21.99 133.00 +30.69
Ambient Pressure (kPa) 100.43 100.14 100.44

Moist Volume at stack con-

ditions (m?) 0.10 0.11 0.10

After each sampling test, the probe was washed with polar and non-polar solvents
(acetone and dichloromethane). After the leak test, the filter, XAD-2 and the probe wash-
ings were collected as “blank” and analyzed with the same procedure as for the analysis
of the samples. For each essence combustion, samples of varying duration according to
the conditions of the combustion process were taken in order to determine the organic
micropollutants. The sampled matrices (Filter, Condensate Water and Adsorbent Xad-2)
were extracted and concentrated for subsequent purification and determinations. Specifi-
cally, the solid matrices (Filters and Xad-2) were extracted in Soxhlet by toluene in the
presence of sodium sulphate, for a period of 36 h, while the condensates were extracted
with 1/10 by volume of the total volume of dichloromethane three times and the extract
was added to the washing solvents of the sampling train and then merged into the Soxhlet
for the extraction of solid matrices. At the end of this phase, the extract was increased to
a small volume (about 10 mL); the efficiency of the extraction, purification and enrichment
phases was assessed by the addition of PCDD/F and dI-PCB labelled standards. An ali-
quot (1/10) of the extract was used for the analysis of PAHs, the remaining portion for the
determination of PCDD/PCDFs and dI-PCBs. The aliquot for analysis of PAHs, after ad-
dition of internal standards labelled with deuterated compounds, was purified on silica
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and alumina packaged microcolumns. The alkane fraction was separated by hexane elu-
tion; the fraction containing the PAHs was then collected by elution with a mixture of
dichloromethane:hexane (1:1) and analyzed in gas chromatography coupled to mass spec-
trometry (GC/MS), in Single Ion Monitoring (SIM) mode. The aliquot for analysis of
PCDD/Fs and PCBs was transferred quantitatively to a multilayer chromatographic col-
umn containing anhydrous Na2SOy, silica, acidic silica and silica containing AgNOs; the
sample was eluted with hexane and subsequently concentrated. The eluate was then
transferred to a glass microcolumn containing alumina. The PCB-containing fraction was
collected by eluting with a mixture of 4% methylene chloride hexane; the fraction contain-
ing PCDDs and PCDFs was subsequently collected, eluting with a mixture of hexane:
methylene chloride (1:1). The solutions containing PCDDs and PCDFs were concentrated
and taken with mixtures of internal standards, useful for the calculation of the recovery;
they were then subjected to analysis by gas chromatography and high-resolution mass
spectrometry (GC/MS) in MS/MS mode. VOCs were sampled using the UNI CEN/TS
13649 method (2015). The samples were produced without the aid of a heated dilution
probe but using a cooled probe in which an adsorbent trap was placed downstream fol-
lowed in series by a backup trap. Not knowing the compounds’ concentrations, several
traps with variable flows and times were sampled. The traps used during sampling were
thermally desorbed by TD-100xr (Markes Int. Ltd, Bridgend, UK ) with a flow of 50
mL/min up to a temperature of 350 °C for 10 min in splitless mode. The focusing trap was
maintained at the temperature of 22 °C. The GC-MS analysis was performed in splitless
mode in GC/MS Agilent (GC 7890A and MS/MS 7000) according to the operative param-
eters in Table 2.

Table 2. Operative parameters optimized for VOC analysis.

Operative Parameters

Carrier Gas He
Column DB 502.2
Flow 1.2 mL/min
GC mode Constant Flow
Oven ramp 35 °C (5 min.) + 5 °C/min to 230 °C (5 min.)
Ion source EI
Inlet 200 °C
MS source 230 °C
MSD transfer line 240 °C
MS mode Full scan 35-450 m/z

3. Results and Discussions
3.1. Biomass Characterization

The characterization of biomass was carried out in a previous work [10] and is re-
ported in Table 3 for completeness.

Table 3. Biomass physical-chemical characterization [10].

Compound Olive Citrus Grapevine
C% * 49.58 +2.69 48.86 +4.42 50.34+0.73
H% * 5.00 £ 0.60 5.75 £ 0.62 6.36 + 0.52
N% * 0.21 +0.06 0.35+0.06 0.57 +0.12
Ash% 0.90 +0.03 1.80+0.18 2.71+0.14
Moisture% 12.15+0.07 12.31 £ 0.06 12.08 £ 0.15
Lower heating value (MJ/kg) 18.68 +0.03 17.95 £ 0.20 18.39 £ 0.37

* On dry basis.
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Analyses in ICP-MS were also carried out to determine the metal content in the three
different biomass. The results are shown in Table 4:

Table 4. Metals concentration in biomass.

mg/kg Olive Citrus Grapevine
Na 42.837 226.23 1628.62
Mg 153.86 1041.55 3585.66
Al 4.19 27.24 644.40
K 201.495 8833.32 55,568.74
Ca 80.833 997.33 6570.23
Cr 0.047 0.15 6.58
Mn 0.174 3.80 174.76
Fe 711.44 25.74 291
Co 3.12 6.62 0.42
Ni 6.86 1.61 22.58
Cu 26.87 21.36 14.162
Zn 0.258 5.97 331.55
Ga 0.035 9.12 139.48
As <LoQ 0.004 0.26
Sr 5.57 28.77 465.33
Ag 0.001 0.01 0.04
Cd 0.001 0.02 0.31
Ba 0.653 6.02 464.60
Tl 0.001 0.00 0.18
Pb 0.008 0.02 2.42
Bi 0.023 <LoQ 6.96

High concentrations of macro elements (Na, Ca, Mg, K) were observed, often with
concentrations that exceeded 1 g/kg, which is common to all biomass as they are the sub-
stances mainly present in soils and irrigation water. Concentrations of Fe varied widely
among the three different biomass (from 2.91 to 25.74 up to 711.44 mg/kg), and this is a
particularly important value as this metal, as well as the Cu, at combustion temperatures,
is a catalyst in the formation of PCBs and PCCD/Fs.

3.2.VOC

Results of the VOCs emitted are reported in Table 5, in which 31 different analytes
were identified. Emissive profiles show a wide variety of compounds, including several
classes of compounds (alkanes, alkenes, aromatic, halogenated, etc.). The only compounds
determined in the emissions in all three cases are the following: Propene, Benzene, Tolu-
ene and Xylenes. These VOCs are in fact the most commonly emitted by any combustion
process. Particularly high are the concentrations of VOC emitted by Grapevine with com-
pounds such as Trichloromethane, Bromochloromethane, Benzene and 1,2-dibromoeth-
ane that exceed 100 ug/Nm?. This is probably due to the fact that the use of Grapevine has
led to more alternating steps of combustion—smoking phase — than other biomass. Dif-
ferently from other organic micropollutants, which are generated principally in combus-
tion, VOCs are generated both in combustion and also in large part during the smoking
phase (when the combustion has stopped, but the residual heat generates emissive fumes
from the matrix). This alternation burning-smoking phase occurred because despite per-
forming the same process of chipping for all biomass to obtain uniform wood shavings,
the Grapevine had more irregular and filamentous particles, perhaps because of the wood
and bark nature. These characteristics have made it more difficult for the boiler to have
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constant combustion and may have affected the burning conditions and the data acquisi-

tion.

Table 5. VOC concentrations.

pg/Nm? Olive Citrus Grapevine
Propene 111.94 43.69 4.73
Methane, chloro- 52.56 <LoQ <LoQ
Acetone 26.65 <LoQ <LoQ
Acetonitrile 27.10 <LoQ <LoQ
Trichloromethane <LoQ <LoQ 135.40
Methane, bromochloro- <LoQ <LoQ 158.31
Ethane, 1,1,1-trichloro- <LoQ <LoQ 49.71
1-Propene, 1,1-dichloro- <LoQ <LoQ 20.30
Carbon Tetrachloride <LoQ <LoQ 63.87
Benzene 166.71 54.60 138.45
Toluene 44.28 12.04 57.70
1-Propene, 1,2-dichloro- <LoQ <LoQ 75.92
Ethane, 1,1,2-trichloro- <LoQ <LoQ 21.20
Propane, 1,3-dichloro- <LoQ <LoQ 46.02
Methane, dibromochloro- <LoQ 55.54 59.79
Ethane, 1,2-dibromo- <LoQ 181.66 134.02
Benzene, chloro- <LoQ 15.47 5.36
Ethylbenzene <LoQ 11.52 1.96
m,p-Xylene 2.55 6.93 2.40
o-Xylene 3.86 12.77 75.32
Benzene, 1-methyl-2-(1-methylethyl)- <LoQ 29.69 <LoQ
Limonene <LoQ 19.31 <LoQ
Benzene, tert-butyl- <LoQ <LoQ 10.97
Benzene, 1-ethyl-4-methyl- <LoQ <LoQ 11.09
Benzene, 1-methyl-4-propyl- <LoQ <LoQ 5.30
Nonanal 10.85 <LoQ <LoQ
Decanal 23.99 <LoQ <LoQ
Tetradecane 6.28 <LoQ <LoQ
Pentadecane 9.20 <LoQ <LoQ
Hexadecane 9.92 <LoQ <LoQ
Heptadecane 11.77 <LoQ <LoQ
3.3. PAHs

20 PAHs analytes were identified in gaseous emissions at the stack. As shown in the
following Table 6, concentrations vary greatly between different essences. In particular,
large concentrations are noted especially in the case of citrus.

Table 6. PAHs emission concentrations (ng/Nm?) of Olive, Citrus and Grapevine samples.

Ng/Nm? Olive Citrus Grapevine
naphthalene 18.653 29.657 13.488

2-methylnaphthalene 20.739 76
acenaphthylene 25.312 290
acenaphthene 1.679 11
fluorene 6.010 47
phenanthrene 8.802 18.077 301
anthracene 6.629 35
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fluoranthene 5.301 18.680 303
pyrene 6.946 29.949 448
benzo(a)anthracene 687 3.917 25
cyclopenta(cd)pyrene 172 1.165 26
chrysene 917 3.331 80
benzo(b)fluoranthene 1.828 1.182 154
benzo(k)fluoranthene 829 482 112
benzolpyrene 313 1.472 65
benzo(a)pyrene 56 2217 3
perylene 10 327 6
indeno(1,2,3-c,d)pyrene 4.493 724 295
dibenzo(a,h)anthracene 1.189 213 66
benzo(g,h,i)perylene 332 2.486 12
Y. PAHs 52.985 174.247 15.843

Italian Legislative Decree 183/2017, in accordance with EU Directive 2015/2193, es-
tablishes the emission limit at 0.1 mg/Nm? for the sum of the concentrations of the follow-
ing PAHs: Dibenzo(a.e)pyrene, Dibenzo(a,h)pyrene, Benzo(a)pyrene, Dibenzo(a,i)pyrene,
Dibenzo(a,l)pyrene, Dibenzo(a,h)anthracene, Benzo(a)anthracene, Benzo(b)fluoranthene,
Indeno (1,2,3-cd) pyrene (1), Benzo(j)fluoranthene, Benzo(k)fluoranthene, Dibenzo(a,h)ac-
ridine, and Dibenzo(a,j)acridine. Although acridines have not been calculated, concentra-
tions are below 2 orders of magnitude. Specifically, 0.008395 mg/Nm? for the Olive,
0.004818 for Citrus and 0.00063 for the Grapevine. The Grapevine PAHs data cannot be
considered analytically reliable and was therefore excluded from the following compari-
sons. The % R SS (percentage recovery of the sampling standard) was in fact lower than
30%, while the % R ES (percentage recovery of the Extraction standard) was between 60
and 83%. The % R ES validated the processing step in the laboratory while the % R SS
identified the problem in the sampling phase. The combustion parameters were, however,
within the norm (reported in the previous paper [12]), confirmed by VOC data compara-
ble to other essences value (see Table 5). If we consider the total PAHs, the Citrus type has
produced almost three times that of the Olive, but compared to the regulated and more
toxic compounds, the Olive sample had a greater impact in terms of emissions. This is
mainly due to the large concentrations of Indeno(1,2,3-c,d)pyrene and Dibenzo(a,h)an-
thracene produced. The major contribution of the samplings (Olive and Citrus) is given
by naphthalene, a compound which, however, has little impact given its low toxicity [27].

3.4. PCBs and PCDD/Fs

Tables 7 and 8 show the total concentration of both PCDD/Fs and PCBs, expressed as
Toxicity EQuivalent (TEQ pg/Nm?) to 2,3,7,8 Tetra Chloro-p-dibenzodioxin based on
WHO 2006 toxic equivalency factors (TEF). The Olive pruning is the one that produces
the greatest quantities of PCBs. It is thought that it could mainly be due to the catalytic
effect of the higher concentration of Cu and Fe in this biomass (Table 4). In fact, copper is
the main catalyst in the formation of organo-chlorine compounds during combustions,
according to the Deacon synthesis.

Table 7. PCB amounts in pg and concentrations in Toxicity Equivalent (TEQ ng/Nm?) of Olive, Cit-
rus and Grapevine samples.

Compounds

3,44’ 5-TetraCB

3,3",4,4"-TetraCB
2',3,4,4' 5-PentaCB

Olive Citrus Grapevine
WHO-TEF 2006  [pgl TEQ (pg/Nm® [pgl TEQ (pg/Nm®) [pgl TEQ (pg/Nm?
0.0003 32.95 0.025 64.94 0.026 0.41 0.000
0.0001 231.04 0.058 247.36 0.033 70.46 0.003
0.00003 248.99 0.019 133.99 0.005 204.67 0.003
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2,3',4,4',5-PentaCB 0.00003 2367.36 0.177 1078.47 0.043 2324.94 0.033
2,3,4,4’,5-PentaCB 0.00003 25.40 0.002 38.46 0.002 35.00 0.000
2,3,3',4,4'-PentaCB 0.00003 77591 0.058 416.71 0.017 806.03 0.011
3,3',4,4',5-PentaCB 0.10000 141.01 35.10 133.50 17.922 197.50 9.3088
2,3',4,4',5,5-HexaCB 0.00003 333.24 0.025 24.29 0.001 0.45 0.000
2,3,3',4,4',5-HexaCB 0.00003 692.18 0.052 115.89 0.005 152.58 0.002
2,3,3,4,4',5-HexaCB 0.00003 79.12 0.006 34.41 0.001 18.58 0.000
3,3',4,4,5,5-HexaCB 0.03000 56.78 4.241 18.14 0.731 6.28 0.089
2,3,3',4,4',5,5'-HeptaCB 0.00003 60.25 0.004 35.70 0.001 12.25 0.000
X~ dl PCBs 5044.2 39.769 2341.8 18.788 3829.1 9.451
Table 8. PCDD/F amounts in pg and concentrations in Toxicity Equivalent (TEQ ng/Nm?) of Olive,
Citrus and Grapevine samples.
Olive Citrus Grapevine
Compounds I-TEF [pgl TEQ (pg/Nm?3) [pg] TEQ (pg/Nm3) [pgl TEQ (pg/Nm?d)
2,3,7,8-TetraCDD 1.000 373.14 928.91 92.61 124.31 28.13 13.26
1,2,3,7,8-PentaCDD 0.500 474.7 590.86 489.0 328.18 59.7 14.07
1,2,3,4,7,8-EsaCDD 0.100 144.9 36.08 65.4 8.77 14.1 0.67
1,2,3,6,7,8-EsaCDD 0.100 298.4 74.29 230.3 30.91 23.4 1.10
1,2,3,7,8,9Esa-CDD 0.100 151.3 37.66 536.7 72.04 7.0 0.33
1,2,3,4,6,7,8-HeptaCDD 0.010 215.0 5.35 541.2 7.26 31.3 0.15
OctaCDD 0.001 160.3 0.40 438.8 0.59 22.3 0.01
2,3,7,8-Tetra CDF 0.100 1168.3 290.83 1344.4 180.46 139.4 6.57
1,2,3,7,8-PentaCDF 0.050 458.7 57.09 1873.5 125.74 429 1.01
2,3,4,7,8-Penta CDF 0.500 736.7 916.98 1652.6 1109.09 78.8 18.56
1,2,3,4,7,8-EsaCDF 0.100 550.5 137.04 96.8 12.99 38.6 1.82
1,2,3,6,7,8-EsaCDF 0.100 489.1 121.76 111.8 15.01 40.5 1.91
2,3,4,6,7,8-EsaCDF 0.100 576.8 143.59 82.0 11.01 34.8 1.64
1,2,3,7,8,9-EsaCDF 0.100 115.7 28.80 26.6 3.57 0.0 0.00
1,2,3,4,6,7,8-HeptaCDF 0.010 683.0 17.00 157.4 211 50.4 0.24
1,2,3,4,7,8,9-HeptaCDF 0.010 144.7 3.60 474.0 6.36 8.7 0.04
OctaCDF 0.001 144.6 0.36 619.2 0.83 24.2 0.01
X PCDD/PCDFs 6885.86 3390.63 8832.18 2039.24 644.19 61.39

Regarding PCBs and PCDD/Fs, as mentioned above in reference to Italian Legislative
Decree 183/2017 in accordance with EU Directive 2015/2193, the limit of the sum of the
concentrations of PCBs is 0.5 mg/Nm?, while for PCDD/Fs it is 0.01 mg/Nm?. These values
are widely respected in all cases. From Table 7, it emerges that for PCBs in all three es-
sences considered, the greatest contribution in TEQ is attributable to 3,3’,4,4’,5-PentaCB;
this is a consequence of the fact that the compound has higher TEF than the others.

As can be seen from the distribution trend normalized to 100% in pg (Table 7), the
emissions of PCBs follow a characteristic trend, with a prevalence of 3,3’,4,4’,5-PentaCB,
2,3’ ,4,4',5-PentaCB followed by 3,3",4,4’,5,5-HexaCB and 3,3’,4,4’-TetraCB.

A different argument must be made for PCDD/Fs where the distribution trend of the
emitted compounds is completely distinct between the essences (Table 8).

For both Olive and Citrus samples, some compounds prevailed in pg over the total,
finding a correspondence also on the scale in TEQ 2,3,4,7,8-Penta CDF, 2,3,7,8-Tetra CDF
and the 1,2,3,7,8-PentaCDF. According to the toxicity scale, these are also the ones that
make the greatest contribution to the total.
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4. Conclusions

The use of biomass pruning in energy conversion systems for combustion is a tech-
nique for the production of renewable energy and the disposal of agroforestry residues.
The comparison between 3 different types of biomass (Olive, Citrus, Grapevine) showed
that there are deep differences between one biomass and another in terms of emissions of
organic micropollutants. The work shows how important it is to know the chemical-phys-
ical characteristics of the incoming biomass, as the presence of metals catalyzing the for-
mation of organic pollutants, the presence of a high ash content, high humidity, etc., are
factors contributing to poor combustion conditions and therefore to an inevitable increase
in the formation of air pollutant compounds. We identified 31 VOCs in the 3 different
emissions with only Propene, Benzene, Toluene and Xylenes common to all biomass. The
Grapevine produced VOCs with higher concentrations compared to the other two bio-
mass.

As regards the analysis of PAH, the sample collected during the grapevine combus-
tion was discarded from the comments since I%R of the sampling standards invalidated
the quantitative analyses. For PAHs, it was observed that Citrus led to the production of
quantities of a higher order of magnitude than the other two species. Analysis of PAHs
indicated a high production of semi-volatile organic compounds for emissions from com-
bustion of Citrus residues, about three times as high as Olive residues. The major contri-
bution is attributable to naphthalene, which, however, on the toxicity scale does not have
a great impact and instead is attributable to Indeno(123-cd)pyrene. With regard to
PCDD/Fs, although greater total quantities (pg) in emissions from Olive wood were de-
tected compared to that of Citrus, the latter had a greater impact on the toxicity given by
the contribution of Hexa furans and dioxins.

The distribution of PCBs shows in all three essences that the greatest contribution in
TEQ is attributable to 3,3",4,4",5-PentaCB, with Olive that produces greater amounts. In
particular, with regard to PCB and PCDD/F, the concentrations (expressed as pg/Nm?)
have a trend that increases with the Fe concentration in biomass. In fact, Fe in Olive, Citrus
and Grapevine is respectively 711.44; 25.74 and 2.91 mg/kg, while PCBs + PCDD/F (in TEF
pg/Nm?) are 39.769 + 3390.63 for the Olive, 18.788 + 2039.24 for Citrus and 9.451 + 61.39 for
the Grapevine. In fact, Fe [28] is indicated as a catalyst in the formation of these com-
pounds during combustion, as well as Cu, whose concentration is very similar in all three
essences studied. It should be noted, however, that in all the tests carried out, the regula-
tory limits were never exceeded, which shows that the use of a homogenous fuel and the
use of biomass boilers equipped with appropriate abatement systems is an optimal solu-
tion for the disposal and production of renewable energy in harmony with the environ-
ment. Biomass, if not properly disposed of, often meets the practice of open burning or
combustion in the open field, or risks giving rise to fires. This practice is environmentally
damaging because it produces a greater number of pollutants than combustion in a boiler
[23] and also releases to the ground ash that is rich in terms of heavy metals and that can
contaminate the soil [29].
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Nomenclature

CEFC Chlorofluorocarbons

Cco Carbon Monoxide

CcO2 Carbon Dioxide

GC-MS Gas Chromatography —Mass Spectrometery
kWi Kilowatt-thermal.

GC/MS Gas Chromatography/Mass Spectrometry
NOx Nitorgen Monoxide and Nitrogen Dioxide
PAHs Polycyclic Aromatic Hydrocarbons

PCBs Polychlorinated Biphenyls

PCDD/Fs  Polychlorinated Dibenzo-p-Dioxins and Polychlorinated Dibenzofurans
PM Particular Matter

POPs Persistent Organic Pollutants

SIM Selected Ion Monitoring

S0O2 Sulphur Dioxide

TEF Toxic Equivalency Factors

TEQ Toxic Equivalence

VOCs Volatile Organic Compounds

XAD-2 Adsorbent Resin for Semivolatiles Sampling
Nm? Normal cubic meter
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