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Abstract

The use of the smoke released during the wood burning process to prepare food products is a centuries-long
tradition, practically all over the world. However, during the combustion process, a group of compounds called
polyaromatic hydrocarbons (PAHs) are formed in the flue gases, which are carcinogenic and condense during the
smoking process and diffuse into the smoked food product. Therefore, permissible PAH norms have been set for
food producers, which significantly complicate the use of wood. In the study, using a gas analyzer, we measured
the flue gases released during the burning of specially made, apple and gray alder wood pellets, with and without
enrichment of the supplied air with ozone. The use of 0zone does not ensure a higher burning temperature of pellets,
but it stabilizes it — temperature fluctuations are significantly wider using non-ozonated air (697 to 817 and 611 to
817 °C, respectively). The content of CO,, CO, as well as CH, and N,O increases significantly in apple wood flue
gases using ozonated air, while CH, increases and N,O decreases in gray alder smoke. Which generally indicates
specific reactions with ozone during combustion. Comparing the flue gases released during the burning of apple
and grey alder wood pellets, grey alder smoke contains significantly more N O and CO, than apple wood pellet flue
gases. On the other hand, using ozonated air in the combustion process increases N,O significantly in the flue gas of

apple tree pellets compared to white alder.
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Introduction

Apple and grey alder wood are used to produce
smoked foods using traditional technologies (Stumpe
& Viksna, 2009). However, during the smoking
process on the surface products condensate and
absorb polyaromatic hydrocarbons (PAHs) that are
present in smoke, followed by the diffusion of PAHs
within the product. PAH compounds are cancerogenic
and in order to protect consumers, norms have been
introduced that food manufacturers must fulfill. As a
result, technologies were introduced into production
that use different smoking liquids (liquid smoke) with
different tastes and smells, or use short, intense periods
of smoking. However, the problem is relevant both for
manufacturers who stick to traditional technologies
and for all home manufacturers. The PAH content
of smoked foods depends on the humidity, burning
temperature, oxygen concentration and air exchange
fan rate of wood used in the smoking (Hitzel et al.,
2013, Shkaljac et al., 2014).

Wood burning process is the oxidation of the
organic part of the solid — conversion to combustion
products of flue gas. The combustion theory states that
the final products for the total combustion of wood
are carbon dioxide (CO,), water vapor H,O, nitrous
monoxide (NO), nitrous oxide (NO,), which is also,
of course, ash and mixed minerals of different origin,
as well as metals: KCI, SO,, HCI, Cu, Pb, etc., while
wood is not completely burned in addition to Carbon
monoxide (CO), CxHy, tar, soot, H,,N,O, polyaromatic
hydrocarbons, etc. (Williams et al., 2012; Van Loo et

al., 2008; Obernberger et al., 2006; Nussbaumer et
al., 2003). This points to the importance of ensuring
the complete burning of wood for smoked products,
since the least of the compounds produced by PAHs
are released. Only nitrogen compounds formed by
the conversion of wood nitrogen to N, and nitrogen
oxides (NO, NO,) remain in practice (Williams et al.,
2012; Van Loo et al., 2008).

In order to ensure the complete burning of wood,
it is necessary to ensure burning temperature is above
850 °C and air supply (higher than the calculated
consumption factor) and good gas mixing (Van Loo
et al., 2008). The inflow of air into the combustion
chamber shall be provided artificially by means of
fans, providing continuous oxygen supply directly
in the combustion area. However, wood burning at a
high and uniform temperature is difficult to achieve,
due to the heterogeneous properties of wood (wood
density, moisture, etc.), which today is successfully
solved by wood pelletizing. Studies have found that
adding ozone is a promising method for improving
and controlling burning processes. In recent decades,
the impact of the addition of ozone on combustion
processes has been widely studied, ranging from
simple heating burners to internal combustion engines
(Wenting et al., 2019). Ozone has demonstrated
the ability to accelerate ignition and control the
timing of the ignition, to improve the spread and
stabilization of the flame, affecting emissions of flue
gases and reducing the formation of certain pollutants
(Docquier & Candel, 2002; Wenting et al., 2019). This
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improvement is closely linked to ozone chemistry,
particularly ozone decomposition, to obtain atomic
oxygen and rapid exothermic ozonizes reactions with
unsaturated hydrocarbons (Greene & Atkinson, 1992;
Atkinson & Carter, 1984). Ozone decomposition at
relatively low temperatures is responsible for most
improvements in combustion achieved through O,
Such reactions release reactive atom oxygen and
accelerate the chain’s branching process.

The aim of the study was to find out the
composition of the flue gases released during the
combustion process of grey alder and apple wood
pellets in the chamber of the smokehouse, enriching
the air supplied during the combustion process with
and without ozone.

Materials and Methods

The wood pellets are made of apple and grey
alder wood without bark, from each tree species of
6 £ 1 and 8 £ 1 mm in diameter, moisture content
respectively apple 6.5 + 0.3 and 6.9 £+ 0.2, grey alder
6.2 £ 0.4 and 7.0 = 0.2, length from 5 to 35 mm,
mechanical strength > 97.5%. The produced pellets
corresponded to the quality indicators of class EN2
(ENplus Handbook).

Each wood pellet type depending on trees species
and size were burned in an experimental furnace
(Figure 1) in three repetitions, total 12 experiments.
Each experiment started from ‘cold’ burning furnace.
Pellets from the tank (volume 3 liters) were transferred
to a combustion chamber with a thread-type rotating
shill of 40 mm diameter, a rotation rate of 6 rotations
per minute. The air supply in the combustion chamber
was constant — provided with a fan (airflow 10 m3 h').
In addition, the possibility of aerial enrichment with
ozone is provided. We used 6 high-voltage discharge
elements with a nominal capacity of 60 g h' to
generate ozone. The ozone generators were queued
in a stainless metal housing and paired. Respectively,
each pair of ozone generators, worked in 15 second
intervals to prevent them from overheating.

The flue gases released during the pellets
burning were passed through the flue-canal into the
experimental smoker. Flue gases have been measured
in a meat smoking chamber (Figure 1) by pumping a
flue gas through a special type of tube that is built into
a door and ensures the absorption of flue gases from
the middle of the chamber. Flue gas measurements
were started when the temperature of the chamber
reached a working temperature of ~ 90 £ 5 °C.

For the flue gas analysis, we used Gasmet
DX4040. The calibration is made before starting the
measurements and is valid for a maximum of 24 hours
or until a sudden change in the temperature of the
environment where gas analyzer is located. The gas
used to perform the calibration is nitrogen 5.0. The

analyzer is cleaned out of this gas until stable values
are achieved, which is close to zero to be obtained
for the gases to be analyzed. A measurement of the
ambient air is carried out first in order to identify the
starting level. For example, CO, should be around
400 ppm. If this is not the case, the smoking chamber
must be ventilated. Probe installation. The probe is
introduced into the chamber through the door close
to the center of the chamber. The pipe connecting the
probe to the analyzer passes through a cooling circuit
in order to force the condensation of water vapor
before entering the analyzer. The gas analyzer sample
cell is sensitive to water and could be damaged.

1 A A4

Figure 1. An experimental combustion chamber with
a smokehouse. (1 ozone generator; 2 air flow fan;
3 burning camera; 4 additional smoke generator; 5
smokehouse chamber).

The analyzer pump is started in a continuous
cycle to perform periodic measurements. The
measurements were done every 120 seconds at least
30 minutes. The spectrum is recorded and interpreted
in real time and checked in post processing.

Additional temperature measurements have
been performed in the combustion chamber using
temperature sensors of type ptl00 in the smoking
chamber. The estimated marginal means for the
levels of significant effects were compared using
the Tukey’s HSD multiple comparison test. The data
analysis was performed in R v. 4.1.2. (R Core Team,
2018).

Results and Discussion

The burning temperature of the apple and grey
alder wood pellets did not differ significantly if
in burning chamber supplies atmospheric air or
enriching it with ozone (Table 1). However, the range
of combustion temperature with O, enriched air is
significantly shorter (697 to 817 and 611 to 817 °C,
respectively) compared by using atmospheric air.
On the other hand, the flue gases analyzed differed
significantly. As a result of the introduction of
ozonated air, significantly less CO,, CH, and CO
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were detected in the combustion gases, while N,O
differ depends on the tree species used to make the
wood pellets (Table 1). Ozone reactions with fuel
release of atomic oxygen resulting in an increase
in chain reaction response rates at relatively low
temperatures (Wenting et al., 2019), resulting in a
rapid oxidation of released pyrolysis gases at higher
initial temperatures, and consequently in differences
in flue gas concentrations (Wenting et al., 2019).

As predicted, the different pellets diameter
of the tree species did not significantly affect the
composition of the smoke gases analyzed, so they were
analyzed together. However, we observed significant
differences in the composition of flue gases, depending
on the tree species wood used in the manufacture of
granules, which are directly related to differences
in the chemical composition of apple and grey alder
wood (Anderson et al., 2009; Cichy et al., 2018). A
different pyrolysis gas composition is released during
the combustion process for each tree species, which
also affects reactions with O, and further differences
in flue gas composition (Zandersons et al., 2009). By
burning apple wood pellets, it releases significantly
higher CO,, CO, CH,, N,O, as well as water vapors

are released by the use of ozonated air. On the other
hand, when burning grey alder wood pellets with
ozonated air, only CH, is released significantly more,
but N,O is reduced, while other gases did not differ
significantly (Table 1). Long-term storage of grey
alder wood is characterized by natural processes that
reduce the amount of organic acids, found in wood
during studies of pyrolysis processes (Zandersons et
al., 2009). During the production of pellets, the most
likely amount of organic acids in grey alder wood has
decreased, which also explains only the increase in
CH, in the flue gases.

On the other hand, when analyzing the differences
in the composition of the flue gases between tree
species, using shaded air during the combustion
process, apple wood granules emit more N,O and
H,O in the flue gases than grey alder pellets. Without
the use of ozonated air in the combustion process, the
opposite effect is that grey alder pellets emit more
N,O and CO, than apple-wood pellets. Which, in
general, refers to differences in the wood chemical
properties which have a significant impact on the
composition of flue gases.

Table

[u—

Mean values of the analysed flue gases when burning apple and grey alder wood pellets, with and
without enrichment of the air entering in the combustion chamber with ozone

Burning Water Carbon Carbon Nitrous Methane

Species | Air supply | temperature, | vapour | dioxide CO,, | monoxide | oxide N,O, CH. . ppm
°C H,0, ppm ppm CO, ppm ppm PP

Apple 0, 767+3.7 1.1440.02* | 119624525 | 1376+61* | 0.47+0.11* | 49.6+£3.2°

Grey alder 0, 768+2.8 1.09+0.04° | 1197413512 | 1396+256® | 0.13+0.05° | 43.6+3.2%

Apple Air 766+3.9 | 1.07£0.04% | 6895+1325 | 1069+121° | 0.18+0.02° | 38.6+1.7%

Grey alder Air 77144.1 0.95+0.09° | 9891+1580° | 11214£219% | 0.224+0.01° | 36.8+3.4¢

a,b — different letters in superscript represent significant differences (p<0.05) between light treatments for
a concrete morphological variable of a concrete clone according to Tukey’s HSD test results. Numbers after

plus-minus signs represent 95% confidence intervals.

Conclusions

1. Enrichment of the air supplied to the combustion
chamber with O, did not affect the average
burning temperature of apple and grey alder wood
pellets. However, the use of O, ensures a smoother
combustion process — smaller temperature
fluctuations in the combustion chamber.

2. Using ozone-enriched air when burning apple
wood pellets increases flue gases CO,, CO, CH,,

N,O, as well as water vapor than when burning
them without ozone supply. On the other hand,
when burning grey alder wood pellets with
ozonated air, only CH, is emitted significantly
more, while N,O decreases.

3. When comparing between tree species, burning
grey alder wood pellets released more CO, and
N,O in the flue gas than burning apple wood
pellets, while the use of ozonated air in the
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combustion process increased N O in the flue gas  Acknowledgements
burning apple wood pellets. The study is implemented within the scope
4. By introducing ozonated air into the combustion of the project European Regional Development
chamber, it is possible to influence the combustion = Fund Project: Development of a new food smoking
process, as a result of which the composition of technology to reduce concentrations of polycyclic
flue gases changes significantly, but further aromatic hydrocarbons (benzopyrene) in smoked
practical research must be carried out in order to  meat products — ‘Blue smoke’ No. 1.1.1.1/19/A/092.
start the practical use of ozone.
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