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ABSTRACT

on the use of ozone, discussing its effects, together with particle size and total solid 
content of waste, on the anaerobic biodegradability of the organic fraction of mu-
nicipal solid waste (OFMWS). A Design of Experiment (DOE) strategy was used to 

showed that ozonation increased methane production, with the best results being 
obtained for samples characterized by the highest total solid content. The surplus 

pretreatment of OFMSW destined to anaerobic digestion and address the need for 

scale.

1. INTRODUCTION

Anaerobic digestion is a mature technology used wide-

ly in the treatment of organic residues. The range of sub-

strates includes high-strength wastewater, sewage sludge 

Li et al., 2019). The main aim is to generate energy from 

the biogas produced. Consequently, anaerobic digestion 

has gained a key role in contributing to the transition from 

a fossil fuel based economy to a bio-economy (De Vrieze 

-

lactic acid, polylactic acid (PLA), succinic acid, isobutene, 

acrylic acid, adipic acid, ethylene and polyethylene (Dahiya 

et al., 2018) and energy carriers, including methane.

still presents a number of challenges, related to the com-

plex route to hydrolysis of organic macro-molecules into 

soluble compounds for microbial attack. As a result, the 

study of pretreatments has attracted great attention and 

the use of physical, chemical as well as biological pro-

2014).

Among the chemical pretreatments options, ozonation 

scale application of this technology does not appear com-

at low ozone doses (Cesaro and Belgiorno, 2013). Success-

ful application has been demonstrated for the treatment of 

Ozone is a strong oxidant, which decomposes into 

radicals and reacts with organic substrates both directly 

(2013) highlighted that ozone doses as low as 0.16 g
O3

/

g
TS

doses did not lead to higher OFMSW solubilisation effects 

in terms of COD: the higher ozone doses resulted in a re-

duction in biogas compared to untreated samples (Cesaro 

and Belgiorno, 2013). Ariunbaatar et al. (2014b) showed 

that the optimal ozone dose to enhance methane genera-

lipids and proteins in the substrate. It was found that direct 

ozone oxidation can destroy the easily fermentable sugar, 

reaction of ozone can cause the degradation of complex 

organic compounds such as lipids and proteins, thus en-

hancing biomethane generation.

These studies highlight that ozonation can be attrac-

account not only the composition of waste, but also its 
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physical characteristics in terms of particle size and solids 
-

moting differential solubilization of OFMSW components.

up, since at an industrial scale organic waste is usually 
subjected to mechanical pretreatments, which focuses 

press-extrusion treatments that split the waste into liquid 
and solid fractions. The liquid fraction may account up 

Zanetti, 2012). Due to its high moisture content this can be 
-

tion, that still contains organic material, can be sent to ei-

its chemical-physical characteristics (Hjorth et al., 2011). 
Another fundamental aspect in determining biogas 

yields is the solid content in the anaerobic digester. Al-
though the production of methane is closely related to the 

digestion, the total solids (TS) also affect process yields. 

TS content on anaerobic digestion. They showed that the 
total methane production slightly decreased as TS concen-
trations increased from 10% to 25%, with further increase 

-
gested that a 30% TS content corresponded to a solids 

Similarly, An et al. (2017) found that the ultimate biogas 

increasing up to 10%. The outcomes of both studies high-
lighted the limited mass transfer occurring under high TS 
conditions. This means that a proper balance among an-

of the digestion process.
Aim of this study was to assess the effects of ozone 

dose, substrate particle size and total solid content on the 
anaerobic biodegradability of OFMWS samples. A Design 
of Experiment (DOE) strategy was adopted and the factors 

3 factorial design between 

studies.

2. MATERIALS AND METHODS

2.1 Preparation of organic waste samples

For experimental purposes, OFMSW samples were 
prepared in the laboratory, to ensure their reproducibility 
in the different test runs. The composition and the chemi-

The samples were then ground using a bench scale 

that the particle size ranged between 1 and 3 mm. Some 
samples were further processed to reduce the particle 

the consistency typical of the press-extruded wet fraction 

Zanetti, 2012). The TS content of each sample was adjust-
ed to either 10% or 15% by adding distilled water. These 

Belgiorno, 2013).

2.2 Ozone pretreatment

The ozonation of OFMSW samples was undertaken 
with a UV generator (model Ozone - Procom srl), using air 
supplied from a compressor. The ozone was introduced at 
the bottom of a glass reactor containing waste samples 
at a 0.16 g

O3
/g

TS
 ozone dose, selected on the basis of our 

Exhaust gas was extracted at the top of the reactor and 

solution, in order to neutralize residual ozone. The meth-
odology met with the Semi-Batch Standard Method 2350 
US-EPA to determine the ozone demand.

2.3 Analytical set up

The main chemical-physical characteristics of the 
OFMSW samples were determined. Soluble Chemical Oxy-

APHA-WEF, 1998). The Standard procedure to determine 
the soluble COD (sCOD) was applied on each sample after 

DOE strategy. To this end, ozone dose, waste particle size 
3 factorial design 

pretreatment combinations (Table 2).
The response of the pretreated OFMSW samples was 

assessed by batch tests, carried out under mesophilic 
-

ume. Digested sludge was used as inoculum and added to 
the substrate in a ratio of 0.5 g

VS
 substrate/g

VS 
inoculum. 

wastewater treatment plant in Salerno (Italy) and incu-
-

trinsic gas production. No trace nutrients were added, nor 
pH of each batch was adjusted. After feeding, headspac-

TABLE 1: Composition by weight and main chemical-physical 
characteristics of the OFMSW samples.

Composition by weight

Fraction [% w/w]

78.6

Pasta and rice 4.9

Bakery products 6.4

8.2

Dairy products 1.9

Chemical-physical characteristics

Parameter Value

TS [%] 23.52 ± 0.27

VS [%TS] 93.13 ± 0.12

sCOD [mg/L] 16250 ± 1573
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sealed with rubber septa. Daily methane production was 
determined by a water displacement method (Esposito et 

methane produced during the digestion period and calcu-
lated in the normal state (273 K and 1013 hPa), per mass of 
added substrate, expressed in terms of VS (i.e. L

CH4
/kg

VS
).

All the analytical determinations were performed in 
-

2.4 Evaluation of the net energy gain

anaerobic digestion should take into account the process 

latter was referred to the potential net energy gain (E
net

), 
which is the difference between the extra energy produced 
(E

produced
) and the energy demand (E

pretreatment
) for the pre-

treatment application (equation 1):

E
net

 = E
produced

 - E
pretreatment

 (1)

The extra energy produced from the anaerobic digestion 
of ozonated substrates was calculated using equation 2: 

E
produced 

= V
CH4

 * E
CH4

 (2)

where:
V

CH4
-

E
CH4

 is the methane energetic potential, assumed at 9.97 
kWh/m3

thermal energy).

The energy demand for ozone pretreatment is close-

3
, 

-

3
 was 

selected to calculate energy consumption.

3. RESULTS AND DISCUSSION

The preparation of the substrate for its use in anaerobic 
digestion is a fundamental step to optimize methane pro-
duction. The hydrolysis of complex macro-molecules into 

soluble compounds depends on the nature of the substrate 
(Srisowmeya et al., 2020) and it has been largely claimed 
as the process rate limiting step in the anaerobic digestion 

-
-

fore, any strategy able to optimize this step results in either 
enhanced methane production or the speed up of the an-

produced after 21 days during the anaerobic digestion of 
OFMSW samples pretreated under different conditions. 

Experimental results show that ozonation resulted in an 
increase in methane production ranging between 13 and 

-

-
etable peels, which are quite hard to degrade, due to their 
lignocellulosic components (Pagliaccia et al., 2019).The 
effects of ozone on this type of waste components was to 

production of methane after 21 days.
Among ozonated substrates, the best performance in 

terms of methane generation was found for the samples 
characterized by the lower TS content, despite the waste 
particle size.

studies on un-ozonated samples. The effect of total sol-
id content on the performance of anaerobic digestion has 

waste anaerobic digestion: they found a slight decrease in 
methane production for TS increase up to a substrate-de-

content needs to further account for microbial community 
change in the digester. Yi et al. (2014) compared the micro-
bial community structure of mesophilic anaerobic digest-
ers treating food waste with TS contents ranging from 5% 

-
-

into the precursors for methane generators was the result 
of the role that each microbial population played in either 
the hydrolytic step or the acidogenic one. The experimen-
tal outcomes reported here are in good agreement with 

-
strate, resulting in a higher ultimate methane production 
potential after 21 days. Depending on the operating condi-
tions in terms of ozone supply and particle size range, the 

was found to be in the range 10-40%.
-

der the same ozonation and TS conditions, samples with 

production. Izumi et al. (2010) had already pointed out that, 

TABLE 2: Combination plan for experimental tests.

Experimental 

run

Ozone dose  

[gO
3
/gTS]

Total solid  

[%]

Particle size 

[mm]

1 0.16 15 1 - 3

2 0.16 10 1 - 3

3 0.16 15

4 0.16 10

5 0 15 1 - 3

6 0 10 1 - 3

7 0 15

8 0 10
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0.888 to 0.715 mm, a 28% methane increase occurred. 

inhibition of the process that, in turn, can lead to lower 

-

tion can produce the formation of reaction intermediates 

-

ate inhibitory conditions for the methanogenic bacteria in 

the digester.

The results of the present study are consistent with 

-

-

samples with the higher TS content. The comparison of 

test run 1 (0.16 gO
3

run 3 (0.16 gO
3

methane generation from waste samples with the coars-

er particles was 12% higher than that from press-extruded 

samples. This is likely to be related to the combined effects 

of ozonation and press-extrusion on the more concentrat-

change in the substrate making it more suitable for micro-

bial degradation kinetics.

also performed on the anaerobic biodegradability trials. 

ozone dose and the total solid content. The combination of 

as well, as shown in Table 3. 

The particle size could not be considered a statistical-

experimental response associated to the corresponding 

It is worth pointing out that such an outcome could re-

assumption that smaller particle dimensions leads to an 

necessarily correct. Zhang and Banks (2013) studied the 

impact of different particle size distributions on anaerobic 

digestion of OFMSW and found that any increase of the 

-

-

time of the substrate within anaerobic reactors often ex-

ceeds 15 days.

-

consumption, its operation as OFMSW treatment prior to 

-

duced from the surplus biogas can either balance or ex-

FIGURE 1: 
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for all the operating conditions considered in this study and 

the results are summarized in Table 4.

If considering the potential net production of electric 

t
OFMSW

. This only occurred for the samples characterized by 

the coarser particles (1-3 mm) and the higher TS content 

(15%), as the application of ozone on this kind of substrate 

almost doubled the production of methane. For the thermal 

energy, the potential net gain was found to be in the range 

5 - 43 kWh/t
OFMSW

. In this case, the best performance was 

net electric energy gain. 

was based on experimental results obtained at lab scale as 

well as in batch conditions: these are likely to change when 

applying ozone pretreatment on larger scale, in a contin-

further aspects contributing to the production of methane 

from anaerobic digestion, related to the operating condi-

tions of the biological process itself, such as the organic 

loading rate and the hydraulic retention time.

not only depend on the energy balance, despite its key role. 

methane would also reduce the amount of digestate to be 

-

-

ity, with particular reference to the presence of persistent 

organic pollutants, like polycyclic aromatic hydrocarbons 

(PAHs), polychlorinated biphenyls (PCBs) and pesticides. 

These compounds may enter the anaerobic digester to-
gether with the OFMSW and concentrate in the digestate 
due to their poor biodegradability. The application of ozo-

-

of the integrated ozone/anaerobic digestion process on 
the biological stabilization extent of the digestate. 

properly promote its scale up.

4. CONCLUSIONS

-
treatment of the organic fraction of municipal solid waste 

size and total solid (TS) content.
Experimental results pointed out that an ozone dose of 

0.16 g
O3

/g
TS

-

10% TS content, the highest increase was obtained for the 
samples with 15% TS: in this case, the methane production 
was 95% higher than the one obtained for the untreated 
samples with the same characteristics in terms of TS con-
tent and particle size distribution. Such increase was also 

to either electrical or thermal energy. These outcomes 
-

treatment, suitable to pursue the increase in TS content in 
-

treatment prior to OFMSW anaerobic digestion should take 
into account the economic affordability of this technolo-
gy. Further tests at larger scale are thus necessary to opti-
mize the operating conditions of the integrated ozonation/
anaerobic digestion process for OFMSW treatment. These 

economic feasibility assessment for its reliable scale up.
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TABLE 3: -
ues.

Sum sq Mean sq F value Pr (>F)

A 62831.69 62831.69 52.10381 9.081 E-05

B 77834.03 77834.03 64.54465 4.236 E-05

C 6263.535 6263.535 5.1941 0.052148

A:B 274.1508 274.1508 0.227342 0.646254

B:C 389.9638 389.9638 0.323381 0.585188

A:C 2881.274 2881.274 2.389325 0.160750

A:B:C 22833.48 22833.48 18.93489 0.002441

where: A is the ozone dose; B is the TS content; C is the particle size

TABLE 4: 

Particle size (d) and TS content
d = 1-3 mm; 

TS = 15%

d = 1-3 mm; 

TS = 10%

d < 1 mm; 

TS = 15%

d < 1 mm; 

TS = 10%

Methane surplus from ozonation at 0.16 gO
3
/gTS [m3/tOFMSW] 23.0 8.1 4.9 10.1

Electric energy surplus [kWh/tOFMSW] 86 30 18 38

Thermal energy surplus [kWh/tOFMSW] 103 36 22 45

Energy consumption for ozonation [kWh/tOFMSW] 60 40 60 40

Potential electric energy gain [kWh/tOFMSW] 26 -10 -42 -2

Potential thermal energy gain [kWh/tOFMSW] 43 -4 -38 5
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