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Conclusions  Based on the results, it must be considered 
that presented disinfection process may be used for the 
hygienisation of raw materials for the production of alter-
native fuel in the future, given that the source of this fuel 
can be either a light fraction or a heavy fraction of mixed 
municipal solid waste.
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Introduction

Ozone is a well-known and highly effective disinfectant 
which destroys bacteria faster than chlorine [1–6]. External 
cell structures are destroyed as a result of the bacteria mak-
ing contact with ozone. It then reacts with unsaturated fatty 
acids contained in the lipids of the cell membrane, caus-
ing the oxidation and dissociation of these unsaturated fatty 
acids. As a result, an outflow of intracellular components 
to the outside environment and the lysis of microbial cells 
occur. Subsequently, the internal components of bacterial 
cells are destroyed. As a consequence of ozone diffusion into 
the interior of a bacterial cell, reactions with the components 
including purine and pyrimidine nucleotide building blocks 
take place. The amino acids which comprise the structural 
and enzymatic proteins are also affected [4, 5].

Ozone’s very strong oxidising capacity makes vulner-
able to it both gram-positive bacteria (e.g. Listeria monocy-
togenes, Staphylococcus aureus, Enterococcus faecalis) and 
Gram-negative bacteria (e.g. Yersinia enterocolitica, Pseu-
domonas aeruginosa, Salmonella typhimurium, Escherichia 
coli) vulnerable to it—also vulnerable are viruses, fungi and 
yeasts (e.g. Fusarium oxysporum, Candida parapsilosis, 
Candida tropicalis), as well as spores (e.g. Bacillus cereus) 
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[3, 4, 7]. According to Pascual et al. [8], the bacteria are 
more sensitive to ozone than yeast or fungi. Furthermore, 
Gram-positive bacteria are more sensitive to ozone than 
Gram-negative and spores are less sensitive than vegetative 
cells [8].

Ozone, because of its lethal effect, was not only found 
to be an antibacterial [1, 2] and antifungal [9] agent, it also 
facilitates the removal of pesticides and toxic chemicals 
[10] and eliminates cereal grain pests during storage [11]. 
Knowledge of ozone disinfection is quite common, but there 
are very few examples of its application in the elimination 
of microorganisms from raw materials used for the produc-
tion of refuse-derived fuel [RDF] [3–6]. Of these limited 
examples, one of the most notable is the solution presented 
by S.R.F. Energy (Rivoire S.P.A via Durini, 7, I-20 122, 
Italy). The use of ozone as a disinfectant proposed by the 
company is described in the patent application published on 
23.08.2007 [12]. The essence of this solution is to remove 
the need for increased temperature or disinfection in the 
liquid phase through use of a solution containing biocidal 
ingredients which can potentially contain chlorine-based 
compounds such as calcium hypochlorite, sodium hypochlo-
rite or chlorine dioxide [13–16].

The above-mentioned solution made it possible to avoid 
RDF moisture increase and higher chlorine content in the 
product of the disinfection process—this is particularly 
important in the context of avoiding dioxin emissions dur-
ing the incineration of RDF [17–21].

The most important components of the solution are 
the use of: (1) a disinfection chamber into which RDF is 
introduced; (2) an ozone generator. According to the cited 
solutions, placing ozone in contact with solids causes: a 
reduction of the bacterial content to below the level which 
is considered to be dangerous; the prevention of the rapid 
growth of microorganisms in the time between RDF produc-
tion and the disposal of refuse-derived fuel; the elimination 
of unpleasant odour.

In the illustrated example, O3 is generated with pure oxy-
gen in a corona discharge generator (Fig. 1). As described in 
the patent, the alternative fuel is in the form of flakes and is 
fed into the top of the vertical column. Contact with a gase-
ous medium flowing from below occurs in a countercurrent 
flow. As described herein, disinfection was not tested in a 
fluidised bed reactor.

The number of microorganisms was reduced during the 
application of both the oxygen and the O2/O3 mixture. In 

Fig. 1   Diagram of the process for the preparation of alternative fuel 
with disinfection using oxygen and ozone, based on Coggiola et  al. 
[12]. 1—loading hopper; 2—transporter of raw materials; 3—initial 
mill; 4—transporter; 5—the screen (separator); 6—transporter; 7—
transporter; 8—electromagnetic separator; 9—induction separator; 
10—aerobic bioreactor; 11—electromagnetic separator; 12—second-

ary mill; 13—separator inductor; 14—screen (separator) 15—con-
veyor; 16—mill; 17—disinfection chamber; 18—ozone generator; 
19—inlet gas; 19′—gas outlet; 20—tank of liquid oxygen; 21—line 
transfer; 22—the drying chamber; 23—magazine. HF heavy fraction; 
LF light fraction; RDF refuse-derived fuel
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the latter case, a decrease in the growth rate of microorgan-
isms also took place for up to 72 h after the operation. The 
amount of ozone per 1 kg of the material ranged from 0.1 
to 4.0 g. The contact time varied from 1 to 60 min. The 
disinfection reactor housed 1 tonne of RDF. At the end of 
the disinfection process, RDF humidity was 25–45%, and 
therefore, was directed to a drying chamber where it reached 
a final humidity of 15%.

A disadvantage of the presented solution is the use of pure 
oxygen and placing it in contact with combustible material; 
furthermore, the solution is limited only to the light frac-
tion—the heavy fraction cannot be used to produce RDF.

Municipal solid waste (MSW) is also stabilised and 
hygienised through biological drying—this is an auto-ther-
mal (self-heating) process utilising the heat released during 
organic decomposition. Waste heats itself due to the deg-
radation of organic matter involving microorganisms. Bio-
drying leads to the loss of moisture while preserving (or 
increasing) the caloric content. As a result, a stable, solid 
fuel is formed [22]. Another method used for the hygienisa-
tion of waste is stabilisation through the use of oxygen. This 
type of stabilisation consists of the delivery of oxygen to 
waste placed in special bioreactors or to waste formed into 
aerated prisms. The use of oxygen is an indispensable part 
of the process and is needed for the development of waste-
dwelling microorganisms. Increased microbial activity leads 
to an increase in heat generated as a result of the process-
ing of organic matter contained in the waste. An increase 
in temperature to above 60–65 °C, which lasts for several 
hours, contributes to the hygienisation of waste and contin-
ues to stabilise for several days [23]. Another method used in 
hygienisation is waste liming—this is achieved through the 
addition of CaO. This treatment aims to reduce the moisture 
content of the waste while increasing its temperature com-
bined with the change of pH to a very high level. The above 
action contributes to the elimination of pathogenic micro-
organisms and eggs of parasites [24–26]. At present, the 
use of plasma technology for waste disposal and waste gas 
disposal appears to be a hopeful option. Therefore, for sev-
eral years, attempts have been made to use high temperature 
plasma for the hygienisation of waste [27]. Plasma sterilisa-
tion properties are mainly due to the fact that reactive forms 
of oxygen and nitrogen (i.e. hydrogen peroxide and radicals 
OH, OH2, NO, O3) have a very strong anti-microbial effect. 
An additional factor that acts on microorganisms is the UV 
radiation produced during the generation of plasma—this 
also contributes to the inactivation of microbes [28].

It should be taken into account that before being used as a 
source of energy, RDF can be stored for a prolonged period 
of time and may also be subject to various operations, such 
as pelletisation or transportation—in such cases, there is a 
potential risk of microbial contamination which should be 
minimised.

Both light and heavy fractions of MSW, because of the 
considerable content of organic carbon, may not be stored 
but must be processed, which leads to organic carbon utili-
sation, which be achieved either by mechanical–biological 
treatment (MBT), by incineration [29, 30] or gasification 
[31, 32]. Prior to this disposal, these fractions may be sub-
ject to operations such as transportation, cutting, grinding, 
pelletisation, where their contact with the environment can 
present microbiological hazards. Therefore, hygiene of 
both fractions is an important consideration during these 
operations.

The aim of this paper is to discuss one method of mini-
mising the biological hazards in an optimised manner using 
fluidisation and ozone that is obtained without the need to 
use pure oxygen as a substrate for its production. An addi-
tional aim is to develop a method that could be applied to 
both light and heavy fractions of MSW. Therefore, the paper 
presents an examination of the process using an ozone gen-
erator fed with air instead of pure oxygen. The resulting 
ozone concentrations are lower than in the case of the appli-
cation of pure oxygen; however, the fire hazards and the 
technical complexity are reduced and the cost of the process 
is lowered.

Studies were designed to evaluate the suitability of the 
ozonation process as a technique for the hygienisation of 
waste, both with respect to the light fraction (LF) and the 
heavy fraction (HF), both originating from municipal waste, 
to increase the total production of RDF. For this purpose, 
two different methods of contacting the solid with a gas 
stream containing O3 were proposed. The effectiveness of 
the process with regard to the reduction or elimination of 
microorganisms colonising the raw materials used for the 
production of alternative fuel was determined.

Materials and Methods

Materials

The solid residues studied here come from MSW processing 
facility (Miki Recykling sp. z o.o., Cracow, Poland) where 
are they used to RDF production [33]. Both light fraction 
and heavy fraction were collected in January 2016.

Microbiological Media

In the analysis were used various media: agar MPA—Malt 
Peptone Agar (BTL, Poland) for general vegetative bacteria 
and spores; agar MEA—Malt Extract Agar (BTL, Poland) 
for mould fungi; Pochon agar (BTL, Poland) for actino-
mycetes; Chapman agar (BTL, Poland) for Staphylococ-
cus spp.; TBX agar—Tryptone Bile X—glucuronide agar 
(BTL, Poland) for E. coli; agar SS—Salmonella Shigella 
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agar (BTL, Poland) for Salmonella spp. and Shigella spp.; 
agar SB—Slanetz Bartley agar (BTL, Poland) for Enterococ-
cus faecalis; agar SC—Sulphate and Cycloserine agar (BTL, 
Poland) for Clostridium perfringens.

Ozonation Process

Prior to hygiene tests using ozone, a preliminary visual eval-
uation of the materials was conducted. The size of the sam-
ples subjected to the hygienisation operations was selected 
so that each sample contained a variety of materials in terms 
of morphology, particle size and type of material that was 
part of the fraction. Attempts were made to ensure that this 
diversity was preserved for all samples selected for testing. 
While maintaining the appropriate size and diversity of each 
sample, the impact of hygienisation process conditions was 
assessed and the observed trends were used to attempt to 
draw conclusions about the effects of these process condi-
tions with regard to inhibiting microbial life.

The tests were performed using samples of raw materials 
used for the production of alternative fuel. Light fractions 
(LF) and heavy fractions (HF) of waste (Figs. 2, 3) were 
analysed—there was a total of 23 samples.

A laboratory stand for disinfection was built using a 
tubular reactor with a length of 500 mm and a diameter of 
100 mm. The reactor was empty inside and had a mesh with 
apertures of approx. 2 mm which was supported on a grid at 
one end of the reactor. The reactor and the grid were made of 
polyvinyl chloride (PVC), the mesh was made of polyamide. 
The reactor was connected to the ozone generator by a flex-
ible hose. The flexible connection was intended to enable 
the operation of the reactor in both vertical and horizontal 
configurations.

A commercial device designed for disinfecting rooms, 
produced by Crown Laboratory R&D, Poland, was used as 

the ozone generator. This device generates air containing 
O3 at a flow rate of 220 m3/h, and ozone yield of ~ 1.0 g/h 
(ozone concentration measurements were taken at the out-
let of the apparatus by FTIR technique using the Gasmet 
DX4000 analyzer). According to the proposed industry solu-
tion presented above, it was found that 1 tonne of material 
required from 0.1 to 4.0 kg of O3 (the optimal being 2 kg). 
Using this optimum quantity of 2.0 kg of O3 as a guideline, 
it was calculated that 50 g of solid material (planned sample 
size) would require 100 mg of ozone—the device would gen-
erate this quantity within 6 min. Experiments were planned 
to last from 15 to 90 min, with sufficient excess time to take 
into account the partial decomposition of the ozone in the 
reactor. Configuration of the vertical reactor was designed 
to work with the light fraction (Fig. 4).

In this configuration, the grid was at the bottom of the 
reactor and it enabled the loading of a portion (50 g) of the 
material tested (light fraction, LF). In this case, the material 

Fig. 2   Light fraction (LF)

Fig. 3   Heavy fraction (HF)

Fig. 4   Fluidised bed of reactor for disinfection of the light fraction
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settled on the bottom of the reactor through which the gas 
was fed from the ozone generator. The diameter of the reac-
tor was chosen in such a way that most of the particles of 
the material inside the tube were in a constant state of move-
ment (in the state of fluidisation). This configuration pro-
hibited the blocking the bottom of the reactor by solids and 
the formation of dead zones in the reactor in which contact 
between the gas and the solid particles did not occur or was 
very difficult. No formation of channelling, the continuous 
and good mixing of solids with the gaseous medium, and 
equalisation of the temperature of the gas and solid material 
were other advantages.

The system described above was not adequate for the 
heavy fraction (HF) which was characterised by very wide 
variations in particle morphology. In this case, part of the 
material, i.e. the largest and heaviest components rapidly 
formed an immobile phase on the bottom of the reactor. This 
layer completely covered the gas distributor and blocked the 
gas flow or block distributor only partly, allowing the gas 
flow and creating a gas passage. In both situations, there 
was lack of good contact with most of the material and the 
ozone disinfection did not occur in a proper manner. This 
behaviour of the material was confirmed by the tests. For 
HF disinfection, an alternative solution with a horizontal 
configuration was developed (Fig. 5).

In the horizontal configuration, the granular material 
occupied a portion of the lateral surface of the reactor and 
carrier gas containing the ozone flowed over its surface. To 
intensify the contact of the reactants and thereby facilitate 
the performance of the reactor, it was vigorously stirred at 
5 min intervals so that the solid particles were changing 
positions during the process.

Test samples were prepared from raw and dried LF and 
HF. Drying of the samples was carried out at 55 °C for 48 h 
in a drying oven with forced internal air circulation. The 
variables included in the study were: the type of fraction; 
the time of contact with ozone; the humidity of the samples 
(Table 1). The first series of disinfection was carried out for 

LF using the non-dried material and for contact times with 
ozone of 15, 30 and 45 min, using the reactor’s vertical con-
figuration. The second series of disinfection was carried out 
for HF in the same manner as for the light fraction, except 
that the reactor was used in a horizontal configuration. The 
third series of disinfection was carried out for LF using the 
material dried for 48 h and for 90 min of contact time with 
ozone, using the vertical reactor configuration. The fourth 
series of disinfection was carried out for dried HF, wherein 
the contact time with ozone was extended to 120 min and 
using the horizontal reactor configuration. Each test was 
repeated (A and B designation in results section). After the 
process, the samples (also untreated reference samples) were 
transferred to sterile string bags and immediately transported 
to the microbiological laboratory in order to perform further 
analysis.

Microbiological Analysis

All samples which were subjected to the process of ozona-
tion were subjected to microbiological analysis as were the 
reference samples. From each sample, 10 g of test mate-
rial was weighed out in order to perform the isolation of 
microorganisms. Isolation was performed through a series 
of dilutions using the Koch method with different types of 
microbiological media. The following groups of microorgan-
isms were identified: general vegetative bacteria and spores 
(cultured at 37 °C for 24 h); mould fungi (cultured at 28 °C 
for 5 days); actinomycetes (cultured at 28 °C for 7 days). 
The number of vegetative bacteria and spores testifies to 
the abundance of nutrients which are readily available to the 
microorganisms in the raw materials. The variety of bacte-
ria, fungi and actinomycetes also indicates favourable condi-
tions (temperature, substrate pH, humidity) for the growth 
and development of microorganisms. The presence of the 
following potentially pathogenic bacteria were also inves-
tigated: Staphylococcus spp. (cultured at 37 °C for 24 h); 
E. coli (cultured at 44 °C for 24 h); Salmonella spp. and 

Fig. 5   Horizontal reactor for 
the disinfection of the heavy 
fraction
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Shigella spp. (cultured at 37 °C for 24 h); Enterococcus fae-
calis (cultured at 37 °C for 48 h); Clostridium perfringens 
(cultured at 37 °C for 24 h). The presence of pathogenic 
bacteria (Staphylococcus spp., E. coli, Salmonella spp., E. 
faecalis, C. perfringens) that may constitute a threat from 
an epidemiological point of view is an important indicator 
of microbiological contamination.

The analysis of serial dilutions was performed in tripli-
cate. The number of colony forming units (CFU) of microor-
ganisms was determined by plating dilutions and converting 
the result per gram of tested material. Preliminary identifica-
tion of microorganisms isolated from the samples was based 
on Gram-stained bacteriological preparations and supravital 
Lugol’s solution-stained preparations. Statistical analysis of 
the results was performed using Statistica v. 12.5 (StatSoft). 
The mean number of microorganisms in the test samples 
were calculated, an analysis of variance (ANOVA) was also 
performed to test the significance of the diversity of results 
for selected groups of microorganisms subjected to different 
variants of the ozonation process.

Results and Discussion

A large population of microorganisms, including pathogenic 
microorganisms (Staphylococcus spp., E. coli, Salmonella 
spp., E. faecalis, C. perfringens) was found in the analysed 
samples. The tested materials were characterised by high 
microbial biodiversity, including the presence of pathogenic 
organisms, which could constitute a threat from an epide-
miological point of view. The pH of the analysed samples 
varied between 7.3 and 8.13, it can therefore be considered 
that the pH of the raw materials for the production of alter-
native fuel did not affect the number of microorganisms 
(Table 1). Results for the Shigella spp. and actinomycetes 
are not presented because these microorganisms were not 
detected in any of the samples analysed.

For HF, more vegetative bacteria were observed than for 
LF. Drying clearly eliminated vegetative bacteria from the 
LF while in the case of the HF, changes were minor. Ozone 
treatment has a weak effect in the case of the HF—the great-
est effect is observed for the non-dried LF (Table 1).

In the case of spores, data is significantly different when 
comparing the results of series A and B. This means that the 
spores are very unevenly distributed in the tested material, 
making it very difficult to observe the impact of process 
conditions on the number of bacteria. It may be noted, how-
ever, that for dried material, ozonation reduces the bacteria 
content. For wet materials, this cannot be confirmed due 
to the scattering of results; however, this does not mean an 
absence of an ozone disinfection effect (when analysing the 
results of the non-dried HF, ozone disinfection can be seen). 

This means that the desired effect of ozone is observed with 
respect to both dry and wet materials (Table 1).

The light fraction contains much less mould fungi than 
the heavy fraction due to differences in morphology and 
differences in the types of raw material. Drying reduces the 
number of mould fungi by approx. 2–3 times—although 
this is not considered to be a large drop. Ozonation has 
little effect or no effect on the prevalence of mould fungi 
(Table 1).

In the case of the non-dried LF, the effect of ozone is 
ambiguous. In the case of non-dried HF, the number of 
microorganisms depends on the time of ozonation—the 
longer the better. With respect to the dried materials, results 
are clearly positive. Analysis of reference samples showed 
that the HF contains much more staphylococci than LF—this 
demonstrates the huge influence of morphology and type of 
raw material on the content and development of microorgan-
isms (Table 1).

For wet samples, ozonation has a positive effect—this 
was more difficult to determine in the LF but was clearly 
visible in the HF, particularly after 45 min. Drying has a 
very significant effect in this case (Table 1).

With respect to the Salmonella spp., large differences in 
the reference samples were observed, making it difficult to 
draw unequivocal conclusions. As for the non-dried materi-
als, only for the LF ‘A’ series was a decrease in the number 
of microorganisms observed, while for the ‘B’ series, an 
increase was noted. This is due to the statistical nature of 
the examined variables. Similarly, for the dry fraction, a 
clear conclusion cannot be drawn as to the action of ozone, 
although a clear positive effect of drying was observed 
(Table 1).

In the case of the wet LF, the effect of ozone is positive. 
In the case of the wet HF, an increase in the number of 
E. faecalis was noted. With respect to the dried materials, 
results are not clear (Table 1). The interpretation of changes 
in the number of E. faecalis is difficult because the results 
are not conclusive. Nevertheless, it must be kept in mind 
that waste is a very specific material from a microbiological 
point of view. Waste, due to its composition, structure and 
abundance of nutrients, is a very friendly environment for 
microorganisms. Many of the isolated microorganisms can 
survive unfavourable conditions in a dormant stage, or pro-
duce different types of spores and capsules that protect them 
from harmful effects of temperature or ozone. Finally, atten-
tion should be paid to the fact that the process of drying the 
samples was carried out at 55 °C for 48 h. The temperature 
applied is therefore not so high as to effectively contribute 
to the elimination of all microorganisms.

In the case of C. perfringens, it cannot be concluded that 
the ozonation helps to reduce the number of microorgan-
isms. For the light fraction drying effect is positive, but it 
does not occur in the case of the heavy fraction (Table 1).
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Based on the statistical analysis of the results, it was 
found that the differences in the number of microorganisms 
between the proposed variants of the ozonation process 
are statistically significant. The value of the F factor is as 
follows: 2139.13 for vegetative bacteria; 25.40 for spores, 
5631.26 for mould fungi; 1743.95 for Staphylococcus spp.; 
403.16 for E. coli; 2593.40 for Salmonella spp.; 629.02 for 
E. faecalis; 1097.50 for C. perfringens (p < 0.05).

The ozonation process is currently used as an alternative 
to the use of UV radiation or toxic chemicals to remove 
bacteria, fungi and their spores, viruses, and protozoa [1–6]. 
In addition, ozonation causes destruction of mycotoxins pro-
duced by mould fungi [6]. Ozone was found to be lethal at 
the cellular level—oxidization of the fatty acids in the cell 
membrane and degradation of the nucleic acids (DNA and 
RNA) were both noted [4]. Due to these properties, ozone 
can be successfully applied to water, air, and a variety of 
surfaces. The effectiveness of ozone is dependent upon many 
factors, i.e. its concentration, exposure time, pH, tempera-
ture and humidity [5].

Unfortunately, our research shows that in the case of 
municipal solid waste being the raw material for the pro-
duction of refuse-derived fuel, ozonation did not bring such 
spectacular results. It should be remembered that the raw 
material for the production of alternative fuel is a mixture 
of many types of waste, including organic waste (green, 
kitchen, paper and cardboard, etc.), which are the perfect 
breeding ground for microorganisms. Waste matter often 
has a high level of humidity, a neutral pH and is rich in 
many nutrients necessary for the growth and development 
of pathogenic microorganisms.

In addition to the abovementioned characteristics, an 
irregular structure, a heterogeneous morphology and a high 
degree of porosity are certainly factors which facilitate the 
existence microorganisms on the surface of waste. Moreover, 
waste is colonised by mixed populations of microorganisms 
which are characterised by high biodiversity—in practice, 
this means that it is very difficult to effectively deactivate 
them [23].

Conclusions

When comparing the microbiological parameters of 
ozonized and dried light and heavy fractions of mixed 
municipal solid waste, it was found that the interpreta-
tion was sometimes ambiguous. Nonetheless, based on 
the collected data, it can be concluded that changes in the 
number of microorganisms colonizing the tested materials 
are influenced by the structure of these materials, which 
in terms of their morphology, are very diverse. Materi-
als contained particles of varying size and porosity, they 
were able to absorb water and were variable with regard 

to their content of organic matter; therefore, they pro-
vided a source of nutrients for the microorganisms. The 
surface area of samples is also a determining factor in 
the effectiveness of ozone. It therefore seems reasonable 
to homogenise the particle size and thus the specific sur-
face area prior to ozonation—this is easier to obtain for 
LF than for HF. The presence of water in some parts of 
the raw material (especially porous components) makes it 
very difficult to achieve ozonation, which is reflected in 
the results. This is due to the fact that O3 diffusion in gas 
is much faster than in liquid. The liquid may also function 
as a solution of constituents which can act as an ozone 
decomposition catalyst, preventing O3 contact with the 
microorganisms; therefore, it is advisable to remove the 
moisture and minimise porous surfaces prior to disinfec-
tion. In addition, studies concluded that different fractions 
of the raw material require different configurations of the 
ozonation process—this creates a necessity to double the 
processing line. Processing of the light fraction would take 
place in a stationary vertical reactor (vertical agitation can 
be provided by fluidisation) and processing of the heavy 
fraction would benefit from use of a horizontal, rotatable 
reactor with internal mixing elements to ensure proper 
contact between the reactants.
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