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Abstract
The present study investigated the effects of ozonation pre-treatment at low-ozone dosage (below 100 mgO3/gTS0) with respect
to previous studies, on the anaerobic digestion of waste-activated sludge alone and a mixture of activated sludge and primary
sludge. Methane production and volatile suspended solids reduction efficiency were determined for different specific ozone
dosages and compared with the values obtained in the absence of pre-treatment. Among the dosages tested in the study (from 4.8
to 73.2 mgO3/gTS0 for mixed sludge and from 3.5 to 53.6 mgO3/gTS0 for waste-activated sludge), the best results were obtained
at the lowest ones: 4.8 and 3.5 mgO3/gTS0 for mixed sludge and waste-activated sludge, respectively. Indeed, at this dosage, an
additional methane production of about 6% and 30% was achieved for mixed and waste-activated sludge, respectively; further-
more, the maximum CH4 production rate increased of about 21% and 33% for mixed and waste-activated sludge, respectively.
With respect to the Gompertz model, the modified logistic model provided the best agreement to the experimental data of the
specific methane yield production. The present study demonstrated the importance of investigating the application of low dosages
when ozonation is being evaluated as a pre-treatment to enhance anaerobic digestion performance.
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Introduction

Application of the biological processes in the wastewater
treatment plant (WWTP) generates excess sludge as a conse-
quence of the bacterial synthesis process. This sludge must be
removed from the plant and transferred to the sludge process-
ing line of the WWTP for a proper treatment before its final
disposal or reuse (Metcalf and Eddy 2003). If the primary
settlement tank is included in the layout of the WWTP, also
the primary sludge (PS) must be treated along with the waste-

activated sludge (WAS). In view of the treatment, it must be
taken into account that PS and WAS significantly differ as far
as the composition and also suitability to biodegradation are
concerned. Indeed, WAS is mainly composed of microbial
flocs, containing microorganisms, extracellular polymeric
substances (EPS), and inorganic matter, and is known to be
a substrate with relatively low biodegradability. Primary
sludge is composed of natural fibers, fats, and other solids
which are removed from the raw wastewater by settling, along
with soluble compounds; therefore, it is referred to be more
biodegradable as compared to WAS (Parkin and Owen 1986).

Legislation (such as EU Directive 99/31) regarding the
quality of the treated sludge (usually referred to as biosolids)
has recently becomemore stringent in terms of compliance for
final disposal or reuse. As a consequence, costs of sludge
processing are raised progressively and are expected to in-
crease further in the near future. Therefore, numerous re-
searches have been started to investigate different treatments
for improving biosolids quality as well as for reducing biolog-
ical sludge production (Metcalf and Eddy 2003).

Anaerobic digestion (AD) can be considered as an attrac-
tive option for this purpose, as it is able to produce a final
sludge which is biologically stable and of reduced volume;
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furthermore, the organic matter of the sludge is converted
through the process into a form of energy represented by bio-
gas which is mainly composed of methane. The anaerobic
digestion takes place through a series of consecutive steps,
the first of which is the hydrolysis of the bacterial cells into
a more biodegradable form. Usually, this step occurs at the
lowest rate as compared to the following stages; thus, the
biodegradation rate of the overall AD process and the conver-
sion of the organic matter into biogas depend upon the hydro-
lysis rate. Increases of the hydrolysis rate make the AD more
efficient in terms of biogas production yield and solid reduc-
tion efficiency and consequently more attractive as compared
to the other sludge treatment alternatives. In the last years,
several pre-treatment techniques have been proposed to en-
hance the AD performance; most of them have been only
tested at lab-scale, while only few experimentations have been
also applied at full scale. Advantage and feasibility of the pre-
treatment depend not only on the enhancement of the hydro-
lysis rate that can be achieved, and therefore of the biogas
production yield and solid reduction efficiency, but also on
the additional costs associated to the implementation and op-
eration of this technique (Chiavola et al. 2013).

Among the different pre-treatments proposed for AD, ther-
mal process, ultrasound oxidation, electro-oxidation, and
chemical oxidation have been demonstrated to be the most
promising (Bougrier et al. 2006; Carlsson et al. 2012; Feki
et al. 2015; Pérez-Elvira et al. 2009; Vlyssides and Karlis
2004). More recently combinations of different pre-
treatments have been also successfully applied, such as ultra-
sound with ozone oxidation, ultrasound oxidation with ther-
mal treatment, hydrogen peroxide oxidation with microwave,
and hydrogen peroxide oxidation with heat (Dhar et al. 2012;
Ӧzӧn and Erdinçler 2019; Xu et al. 2010; Tian et al. 2015;
Yang et al. 2012; Wenjing et al. 2019).

The action of ozone as a strong oxidant is well known and
widely applied for different purposes in the field of wastewa-
ter (such as for increasing biodegradability of organic matter)
and water treatment processes (like disinfection) (Gao et al.
2019). Application of ozone in different sections of the waste-
water treatment plants has proven to be also capable of signif-
icantly reducing biological sludge production (Fall et al. 2018;
Yasui and Shibata 1994; Yasui et al. 1996). When sludge is
subjected to ozonation, the bacterial cells undergo the lysis
process with the release of intracellular compounds into the
medium (Meng et al. 2015). Ozone can be dosed on a fraction
of the return sludge from the secondary settlement tank or
prior to the digestion tank. In the latter case, an enhancement
of the bacterial cells biodegradability is obtained, which in
turn determines an increase of the volatile solids reduction
efficiency (Chiavola et al. 2013; Pei et al. 2015).
Furthermore, in the case of anaerobic digestion, the higher
biodegradability allows an increase of the biogas production
rate (Chacana et al. 2017; Wenjing et al. 2019). Partial

ozonation of sewage sludge from a domestic wastewater treat-
ment plant could alter up to 67% of the organic matter: about
30% was solubilized, while about 40% was removed.
Anaerobic degradability tests indicated that the pre-treatment
step enhanced the subsequent anaerobic sludge digestion: at
an ozone dose of 0.1 gO3/gCOD, the methane production was
increased by a factor of 1.8, while the methane production rate
was 2.2 times higher as compared to the untreated sludge
(Weemaes et al. 2000). The ozone pre-treatment solubilized
around 37% of the solids at 0.05 gO3/gTS ozone dose and
resulted in improved solid reduction efficiencies (increase by
35–90%) depending on the applied ozone during the follow-
ing anaerobic digestion; higher methane recovery was also
obtained (Goel et al. 2003).

The past researches demonstrated that the effects of ozon-
ation are strictly dependent upon the applied ozone dosage:
increasing dosage usually provides higher benefits in terms of
solid reduction and methane production enhancement.
However, it is likely that energy consumption for ozone pro-
duction also increases consequently and therefore cost of the
pre-treatment. Particularly, previous reports suggested that the
ozone-activated sludge process would be economically viable
with doses between 25 and 45 mgO3/gCOD approximately
(Chu et al. 2009). However, in many studies, the O3 quantities
used were higher, ranging from 40 to 300 and in few cases up
to 1400 mgO3/g COD (Qiang et al. 2013). Ozone dose lower
than 11 mgO3/g mixed liquor suspended solids (MLSS) de-
termined very low bacteria destruction and cell solubilization;
in the range of 11–90 mgO3/gMLSS, ozone had significant
effect on cell permeabilization and disruption. Greater than 90
mgO3/gMLSS, the number of live cells and dead cells were
both stable, and the quantity of material in bulk liquid in-
creased slowly (Meng et al. 2015).

Although the advantages of the increased methane yield
and solids reduction have been proven by a number of re-
searches, nevertheless the relative applicability of the ozone
pre-treatment has not been fully assessed with respect to dif-
ferent types of sludge, either WAS or a mixture of WAS and
PS (Carlsson et al. 2012). It is expected that the effects on
WAS and on the mixture of PS and WAS can be different,
owing to the specific characteristics and properties. For
instance, since WAS is known to be less biodegradable,
ozonation might be effective in increasing degradability of
its bacterial cells. With respect to primary sludge, Carrère
et al. (2010) reported that ozonation was unable to produce
beneficial effects.

Due to the high energy consumption that may be associated
with ozone generation, there is a need for a better understanding
and for optimizing the performance of the ozonation process, with
respect to the sludge type and the applied doses (Fall et al. 2018).

The objective of the present experimental work was to
evaluate the effects on methane production and volatile solids
reduction of low-ozone oxidation as a pre-treatment to the
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anaerobic digestion process of only WAS and a mixture of
WAS and PS. The main novelty of the study is represented
by the application of ozone dosages below 100 mgO3/gTS0,
which are far below the values applied in most of the past
researches (Park et al. 2008; Qiang et al. 2013; Pei et al.
2015; Qiang et al. 2015; Yan et al. 2009). The hypothesis is
that, if low ozone dosages are still capable of improving AD
performance ofWAS or PS +WAS, then cost of ozonation can
be limited and energy and economic saving is achieved in the
WWTP. As a consequence, ozonation would result more com-
petitive with respect to other pre-treatments.

Material and methods

Activated sludge

Sludge samples were collected at two full-scale WWTPs
(WWTP1 and WWTP2) both treating domestic sewage and
having a capacity of 30,000 population equivalent (PE). The
layout of the treatment plants was the same except for the pres-
ence of the primary settler in WWTP1 only. The water process-
ing line in the plants consisted of the following main stages:
screening, degritting, denitrification-nitrification-carbon oxida-
tion, secondary settling, and disinfection. The waste-activated
sludge, and the primary sludge when present, was treated
through the following sequence of processes: thickening, bio-
logical digestion, and dewatering. Sludge characteristics before
application of the ozone pre-treatment are reported in Table 1
(specific ozone dosage SDO3 = 0 mgO3/gTS0).

Ozone treatment tests

Sludge was ozonated in a 5 L contact column (2000 mm
height). All the experiments were conducted at room temper-
ature, in a semi-batch mode by ozone bubbling into the sludge
sample. Particularly, ozone was supplied to the reactor by a
Modular 4hc (Wedeco ITT Industries), using a porous ceramic
diffuser placed on the bottom which released fine bubbles.

The residual dissolved O3 was found to be negligible, in accor-
dance with other authors, likely due to the low ozone dosages
applied in the experiments and the fast reactions with the or-
ganic matter present in excess (Fall et al. 2018). The ozone flow
rate, QO3, was fixed at 4 g/h. All the ozone treatment tests were
conducted in duplicate and the results obtained averaged. The
ozone dosage was varied by changing the contact time (CT)
between the gas stream and the sludge. The time needed to add
the exact amount of ozone was preliminary calculated for each
experiment based on the initial total solid (TS0) content of the
sludge. The SDO3 was obtained using the following equation:

SDO3 ¼
QO3

⋅CT
Vsludge⋅TS0

ð1Þ

where Vsludge represents the sludge volume subjected to
ozonation.

The effect of ozone on the TS and VS percentage reduction
(ΔTSch andΔVSch, respectively) was calculated according to
the following equations:

ΔTSch ¼ TS0−TSO3

TS0
⋅100 ð2Þ

ΔVSch ¼ VS0−VSO3

VS0
⋅100 ð3Þ

where VS0 and VS
O3 stand for the VS concentration before

and after the ozone treatment, respectively; similarly, TSO3

indicates the TS concentration in the ozonated sludge.
COD solubilization due to ozone is commonly represented

in terms of disintegration degree (DD). According to Zhang
et al. (2009), the DD values were calculated as the difference
between the soluble COD concentrations in the outlet
(sCODO3) and in the inlet (sCOD0) of the ozonation unit,
divided by the particulate COD concentration in the sludge
before the ozone treatment (pCOD0 = tCOD0–sCOD0). The
following equation was therefore applied:

Table 1 Sludge characteristics before and after ozonation

Type of sludge SDO3 CT pH TS VS tCOD sCOD DD ΔTSch ΔVSch
(mgO3/gTS0) (min) (g/L) (g/L) (g/L) (g/L) (%) (%) (%)

PS + WAS 0 − 6.2 26.66 23.18 33.199 2.066 − − −
4.8 7.7 6.7 26.30 22.84 31.393 2.153 0.28 1.36 1.47

9.5 15.2 6.9 26.04 22.19 29.761 2.883 2.63 2.34 4.31

73.2 117.1 7.1 25.25 20.98 26.174 4.060 6.40 5.31 9.52

WAS 0 − 6.7 11.47 10.29 12.089 0.868 − − −
3.5 2.4 6.9 11.14 9.94 10.708 0.894 0.24 2.90 3.42

7.7 5.3 7.0 11.02 9.76 9.390 0.984 1.03 3.94 5.15

53.6 36.9 7.1 10.04 8.73 7.082 1.161 2.61 12.50 15.21
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DD ¼ sCODO3−sCOD0

� �

tCOD0−sCOD0ð Þ ⋅100 ð4Þ

Anaerobic digestion tests

Anaerobic digestion tests were carried out to assess the bio-
degradability of the sludge before and after the ozone treat-
ment. Continuous stirred tank reactors (CSTRs) maintained at
the temperature T = 35 ± 2 °Cwere used as digesters. Two sets
of trials, each one including n. 8 tests, were performed: n. 2
tests were used as a control and therefore run without ozone
supply, while n. 6 tests were conducted with ozonated sludge.
Each digester was made using a 1 L borosilicate glass flask,
with an operating total volume Vt = 0.8 L composed as fol-
lows: Vs = 0.6 L of ozonated sludge and Vi = 0.2 L of sludge
without any pre-treatment used as inoculum. All the tests were
conducted in duplicate and the results obtained averaged.

Specific methane yields (SMY), expressed as (mLCH4/
gVS0), were calculated as the methane volume produced over
time with respect to the VS content initially present in the
sludge (named VS0) at the net of the methane produced by
the inoculum. At each sampling time, the calculation was
made according to the following equation:

SMY tð Þ ¼
VCH4 tð Þ− Vr

CH4
tð Þ⋅Vi

Vt

� �

Vs⋅VS0
ð5Þ

where VCH4(t) is the methane volume measured at time t of
the test and Vr

CH4(t) is the methane volume measured at the
same time in the anaerobic digestion test used as control
(therefore containing only raw sludge). The methane produc-
tion was adjusted to the volume at standard temperature and
pressure (273 K, 101.325 Pa).

The following equation was used to calculate the specific
VS reduction achieved through the combination of ozonation
and anaerobic digestion:

ΔVSsp ¼
Vs⋅VS0− Vt⋅VSO3

AD−V
i⋅VSAD

� �

Vs⋅VS0
⋅100 ð6Þ

where VSAD e VSAD
O3 stand for VS content after anaero-

bic digestion tests of raw (non-ozonated) and ozonated sludge,
respectively.

The specific VS reduction due only to anaerobic digestion
was estimated through the following equation:

ΔVSAD ¼ Vs⋅VSO3− Vt⋅VSO3
AD−V

i⋅VSAD
� �

Vs⋅VSO3
⋅100 ð7Þ

Analytical methods

Analyses of TS, VS, and COD were carried out according to
standard methods (APHA 2005). The soluble fraction of COD
was determined on sludge samples after filtration at 0.45 μm.
Biogas produced in the anaerobic digestion tests was moni-
tored daily using the volume displacement principle: eudiom-
eters, connected to each reactor, were filled with a NaCl satu-
rated solution, acidified with HCl to pH = 2 to prevent gas
dissolution. The biogas was periodically analyzed through a
gas chromatograph (Model 3600 CX, VARIAN) equipped
with a thermal conductivity detector and 2-m stainless steel
packed column (ShinCarbon ST) with an inner diameter of 1
mm. The operation temperatures of injector and detector were
100 and 130 °C, respectively, with helium as the carrier gas.
The oven temperature was initially set at 80 °C and subse-
quently increased to 100 °C at 2 °C/min.

Specific methane yield modeling

Two kinetic models were used to predict the specific methane
yield (SMY): a modified Gompertz equation (GM) (Equation
8) and a modified logistic function (LM) (Equation 9)
(Zwietering et al. 1990):

SMY ¼ Aexp −exp
μm⋅e
A

λ−tð Þ þ 1
h in o

ð8Þ

SMY ¼ A

1þ exp
4μm

A
λ−tð Þ þ 2

� �� 	 ð9Þ

In Equations (8) and (9), A is the maximum SMY, μm

indicates the maximumCH4 production rate, λ is the lag phase
duration, and t represents the cumulative time for biogas pro-
duction. Kinetic constants were determined using nonlinear
regression with the support of Table Curve 2D v. 5.01.

Results and discussion

Effect of ozone treatment on sludge solubilization

Table 1 shows average sludge characteristics before and after
ozonation at the different oxidant dosages. Particularly, the
table highlights the effects on sludge solubilization expressed
in terms of change in total and soluble COD (tCOD and
sCOD, respectively) and on VS and TS reduction (ΔTSch
and ΔVSch, respectively) for both mixed sludge (PS+WAS)
and WAS. Furthermore, contact time (CT) and pH values of
the different dosages are also listed in the table.
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The data show that ozone oxidation was capable of affect-
ing tCOD and sCOD, as well as VS and TS content, in both
mixed and WAS sludge. Particularly, rising ozone dosage
from the lower to the highest values determined an almost
linear decrease of total COD (straight line equation for mixed
sludge, y =−0.0677x + 31.085, R2 = 0.9392; straight line
equation for WAS, y =−0.0633x + 10.426, R2 = 0.9173) and
a linear increase of soluble COD (straight line equation for
mixed sludge, y = 0.0238x + 2.3365, R2 = 0.8965; straight
line equation for WAS, y = 0.0047x + 0.911, R2 = 0.9329).

However, tCOD decrease was more pronounced than
soluble COD rise: this indicates that ozone dosage was
high enough to determine release of internal carbon
compounds from the cells and then to partly mineralize
them into CO2 and H2O. Based on the slopes of the
fitting lines, it can be assessed that solubilization was
higher in the case of mixed sludge than for WAS,
whereas total COD reduction was very similar.

Looking at the effects on solids, a linear increase of both
ΔTSch and ΔVSch was observed at increasing ozone dosage.
Particularly, the straight line equations for mixed sludge were
y = 0.1023x + 2.1167 (R2 = 0.9162) forΔTSch and y = 0.053x
+ 1.4582 (R2 = 0.9683) for ΔVSch. In the case of WAS, the
straight line equations were y = 0.2287x + 2.9877 (R2 =
0.9963) for ΔTSch and y = 0.1895x + 2.3535 (R2 = 0.9995)
for ΔVSch. For both types of sludge, TS decrease was more
pronounced than that of VS: this confirms that ozonation
brought about also mineralization of some solids. From the
slope of the lines, it can be noted that solids reduction was
higher in the case of WAS than for mixed sludge.

The DD index well reflected these results, and a lin-
ear increase was observed as the ozone dosages in-
creased for both mixed sludge (straight line equation:
y = 0.0765x + 0.8728, R2 = 0.8957) and WAS (straight
line equation: y = 0.042x + 0.3865, R2 = 0.9350), with
higher values obtained in the former case.

The easier solubilization of mixed sludge was likely due to
the nature/composition of primary sludge. In the case of WAS
alone, being the soluble compounds very low or absent, the
ozone acted directly on the cells which were partly mineral-
ized as outlined above.

Looking more in details at the data, it is highlighted that the
effects of ozonation resulted to be more important when the
ozone supply was increased from the first to the second dos-
age than from the second to the third one (the highest). This
difference was observed in the trends of most of the investi-
gated parameters. It is noteworthy that the third dosage was
significantly higher than the lower ones (about 7 times) and
therefore its oxidant effect was stronger. In view of the follow-
ing anaerobic digestion phase, the lower dosages appear to be
preferable since capable of a higher sludge solubilization.

Table 1 also shows that there was a slight increase of pH at
increasing ozone dosage in both cases of mixed and WAS

sludge. As it is known, cell oxidation determines release of
ammonia into the medium, along with the other intracellular
compounds. This effect is favored as the oxidant supply is
increased, and this might explain the slight change in pH un-
der these conditions.

Effect of ozone treatment on sludge reduction
during anaerobic digestion

Table 2 shows characteristics of the raw sludge (SDO3 = 0
mgO3/gTS0) and of the sludge after the combined anaerobic
digestion and ozone treatment (sp index) for both (PS +WAS)
and WAS. The same table shows also the contribution due to
anaerobic digestion only in the combined process (AD index),
reduced by the contribution of the inoculum. Data reported in
the table are the average of two duplicates, as described in
Section 2.3.

It can be noted thatΔVSsp values were always higher than
ΔVSAD and the difference increased with the dosage.
Furthermore, this effect was always more evident in the
WAS treatment than in the mixed sludge: for instance, at the
highest dosage, the difference reached 7.9 and 2.9, respective-
ly. This is in agreement with the observations on solids report-
ed in Section 3.1. It is also worth noting that the presence of
pre-treatment was responsible of a higher value of ΔVSAD:
for example, in the case ofWAS, AVSAD = 34.1% and AVSAD
= 58.6% for SDO3 = 0 mgO3/gTS0 and SDO3 = 3.5 mgO3/
gTS0, respectively.

Therefore, ozonation pre-treatment contributed to improve
total VS reduction, particularly for WAS. However, compari-
son ofΔVSsp andΔVSAD highlights that anaerobic digestion
process remained the main responsible of total VS reduction
in the combined process.

Effect of ozone treatment on methane production

Figures 1 and 2 show the specific methane yield (SMY) of (PS
+ WAS) and WAS, respectively, measured over time during
the anaerobic digestion batch tests using either raw sludge
(without ozonation pre-treatment) or ozonated sludge. For
mixed sludge, the SMY time profiles show that at the lowest
dosage, which was 4.8 mgO3/gTSo, ozonation was capable of
increasing methane production with respect to the non-treated
sludge: particularly, at the end of the tests, production reached
190 NmLCH4/gVS0 versus 175 NmL CH4/gVS0 of the non-
ozonated sludge. However, at dosages of 9.5 and 73.2 mgO3/
gTSo, values of SMY decreased progressively and were al-
ways lower than those produced by the raw sludge. In agree-
ment, looking at the values of the model parameters listed in
Tables 3 and 4, it can be noted that for mixed sludge, the value
of A, which represents the maximum SMY, was higher only at
the lowest oxidant dosage. The higher solubilization enhanced
methane production in the anaerobic digestion.
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A similar same trend was also noted in the case of WAS:
the highest SMY increase at the end of the tests was observed
at the lowest dosage (3.5 mgO3/gTSo), 150 NmLCH4/gVS0 in

the ozonated sludge versus 112 NmLCH4/gVS0 in the non-
ozonated sludge. At dosages of 7.7 and 53.6 mgO3/gTSo,
methane production decreased progressively; however, in this

Table 2 Sludge characteristics due to the combined anaerobic digestion and ozone treatment (sp index) and due to anaerobic digestion only (AD index)
(sd = standard deviation)

Type of sludge SDO3 TS VS ΔVSsp ΔVSAD

(mgO3/gTS0
) (g/L) sd (g/L) sd (%) (%)

PS + WAS 0 11.700 0.699 7.021 0.408 69.7 69.7

4.8 12.154 0.459 6.872 0.240 70.6 70.1

9.5 10.495 1.379 6.517 0.531 72.6 71.4

73.2 9.202 0.167 6.587 0.182 72.2 69.3

WAS 0 8.716 1.007 6.786 0.733 34.1 34.1

3.5 6.082 0.271 4.783 0.151 60.0 58.6

7.7 6.110 1.318 4.829 0.371 59.4 57.2

53.6 6.640 1.333 5.089 0.609 56.1 48.2

Fig. 1 SYM for (PS + WAS) experimental (symbols) and modeled by Gompertz (red) and modified logistic function (green) (error bars indicate sd)
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case, values of SMY always remained above those measured
in the non-ozonated sludge. Data obtained by modeling and
shown in Tables 3 and 4 indicate values of A being always
higher in the presence of ozonation pre-treatment.

Methane production was always higher for mixed than
WAS sludge, due to the more abundant biodegradable and
soluble fractions

As highlighted by Figs. 1 and 2, both Gompertz and
modified logistic modeling provided a very good fitting of
the experimental data of specific methane yield produc-
tion; nonetheless, due to the R2 values, the logistic model
was assumed to better represent the results. By applying
this model, the ozone oxidation at the optimal dose (4.8
and 3.5 mgO3/gTS0, for mixed and WAS sludge,

Fig. 2 SYM for WAS experimental (symbols) and modeled by Gompertz (red) and modified logistic function (green) (error bars indicate sd)

Table 3 Results of Gompertz
modeling Type of sludge SDO3 A μm λ R2

(mgO3/gTS0) (NLCH4/kgVS0) (NLCH4/kgVS0•d) (d) (−)

PS + WAS 0 203.098 7.966 7.905 0.983

4.8 208.695 9.686 7.503 0.983

9.5 167.502 8.374 8.625 0.987

73.2 153.886 7.816 8.397 0.980

WAS 0 115.936 9.597 4.576 0.992

3.5 149.920 13.140 5.271 0.995

7.7 134.094 11.641 5.386 0.994

53.6 120.635 10.839 5.637 0.992
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respectively) resulted to give rise to an additional methane
production of about 6% and 30% for (PS + WAS) and
WAS, respectively, with respect to non-ozonated sludge.
Therefore, although the mixed sludge provided higher
methane production with respect to WAS, the increment
in comparison to the value obtained by the non-ozonated
sludge was lower.

Furthermore, at the optimal dosages, there was an incre-
ment of the maximum CH4 production rate (μm) of 21% and
33% for (PS + WAS) and WAS, respectively; for the mixed
sludge, it was also observed a decrease (of about 5%) of the
initial lag phase of methane production (λ).

Figure 3 compares SMY and ΔVSsp versus ozone dosage
for mixed and WAS sludge.

In the case of mixed sludge, the effect on specific
VS reduction became appreciable only at the higher
dosages (9.5 and 73.2 mgO3/gTSo); by contrast, a sig-
nificant increase of methane production was obtained
for the lowest ozone level (4.8 mgO3/gTSo) when the
soluble compounds were more abundant.

In the case of WAS, significant increases of both SMYand
VS reduction with respect to the non-ozonated sludge were
obtained at all the tested dosages; however, the higher en-
hancement was obtained at the lowest ozone supply.

Table 5 compares the results obtained in the present study
with data referred by other authors and achieved through an-
aerobic digestion batch tests conducted under similar condi-
tions (temperature, T; hydraulic retention time, HRT). The
listed ozone doses are referred as the most effective for the
applied operating conditions; in Table 5, ΔCH4 and ΔVS
represent the corresponding percentage increase of methane
production and VS reduction, respectively, achieved at these
dosages as compared to the values due to anaerobic digestion
without ozonation pre-treatment.

It can be noted that in the previous studies, the specific ozone
dosages were significantly higher and the increment percentages
of both methane production and VS reduction resulted to be
more relevant than in the present work. The paper by Weemaes
et al. (2000) reported that ozonatingmixed primary and activated
sludge required a significantly higher dosage to obtain apprecia-
ble results. Therefore, the low improvement observed in the pres-
ent study was likely due to the scarce oxidant dosage.

Cost analysis

A preliminary cost analysis was carried out to obtain a
draft evaluation of the potential cost saving achievable

Table 4 Results of logistic
modeling Type of sludge SDO3 A μm λ R2

(mgO3/gTSo) (NLCH4/kgVS0) (NLCH4/kgVS0•d) (d) (−)

PS + WAS 0 183.775 8.703 9.185 0.992

4.8 194.524 10.562 8.697 0.991

9.5 157.536 8.933 9.563 0.995

73.2 145.241 8.401 9.432 0.989

WAS 0 113.214 9.631 4.920 0.998

3.5 147.016 12.804 5.466 0.998

7.7 131.440 11.377 5.610 0.997

53.6 118.355 10.651 5.896 0.997

a b

Fig. 3 SMYand ΔVSsp versus ozone dosage for: a (PS + WAS) and b WAS (error bars indicate sd)
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using the ozone dosages which in the present study
resulted to be more convenient.

Assuming a specific cost of final disposal equal to 150
€/t, which falls in the common range of the costs afforded
in Italy, and a sludge production of 1500 t/y, in the ab-
sence of pre-treatment, the final cost of disposal would be
225,000 €/y. As observed in the present study, ozonation
pre-treatment improves the volatile solids reduction in the
anaerobic digestion process, ΔVSAD: this determines a
decrease in the total sludge production of the same per-
centage. In the present experimental work, at the optimal
dosage SDO3 = 3.5 mgO3/gTS0, the net increase of WAS
solid reduction accounted for 24.5% (=58.6−34.1).
Assuming these values, the total sludge production would
decrease from 1500 t/y to 1133 t/y, giving rise to a cost
saving for final disposal of 55125 €/y. The application of
ozone oxidation determines an additional operating cost
for oxidant production and application which can be as-
sumed equal to 4.5 €/kg (for generators up to 10 kg/h). At
the optimal dose, SDO3 = 3.5 mgO3/gTS0, the cost of
ozonation would be equal to 23625 €/y. Therefore, the
net cost saving in the presence of ozonation pre-
treatment would account for 31500 €/y.

In real cases, the cost analysis must be carried out based
upon the specific conditions and characteristics of the full-
scale WWTP and the type of sludge, either WAS or mixed.

The optimal ozone dosage to be applied will be selected
considering the cost of ozone production (depending on the
type of ozonator) and of sludge disposal in the specific case.
The cost analysis leads to find out the ozonation conditions
that enhance performance of the anaerobic digestion andmake
the pre-treatment to be really profitable. This analysis is site
specific. Economic and energy saving with respect to the
higher dosages come as a consequence.

Conclusions

Ozonation pre-treatment at dosages below 100 mgO3/
gTS0 was effective in enhancing volatile solids reduction
and methane production in the following anaerobic diges-
tion process of waste-activated sludge. Lower effects were
observed in the treatment of the mixed sludge. Indeed, at
the optimal dosage, methane production increased by 6%
and 30% for mixed and WAS, respectively, and the max-
imum CH4 production rate was enhanced by 21% and
33% for mixed and WAS, respectively. The optimal dos-
age for methane production was the lowest one among the
values tested; that was 4.8 and 3.5 mgO3/gTS0 for mixed
and WAS sludge, respectively. For VS reduction, the ef-
fects increased with the dosage.

It is noteworthy that the specific ozone dosages applied in
the present study were much lower than those usually referredTa
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by the literature, while the improvement obtained in the spe-
cific methane production in the case of WAS remained still
significant. Therefore, the present study demonstrated the im-
portance of investigating the application of ozone dosages
below 100 mgO3/gTS0, when ozonation is being evaluated
to enhance the anaerobic digestion performance in compari-
son to other pre-treatments. Taking into account that sludge
disposal costs in the WWTP are often above 100 €/ton TS and
are expected to increase further, it is highlighted that the po-
tential cost saving can be achieved by reducing final sludge
quantity and increasing methane production, even if by only
few percentage points.
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