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ABSTRACT

Olive mill wastewaters, due to a low biodegradability, acidic pH, high salinity, lack of nutri-
ents and elevated amounts of polyphenols, are hard to treat using conventional biological
processes. In recent years, several pre-treatments of these by-products have been developed
to increase their anaerobic biodegradability and to exploit them for biogas production.
However, these processes are often expensive and hard to carry out. This paper presents a
process, easy to manage, that involves the use of hydrogen peroxide under alkaline condi-
tions without the addition of catalysts. This process is able to efficiently increase the anaero-
bic biodegradability of olive mill wastewaters. In fact, with mild treatment conditions, it is
possible to obtain polyphenols abatements of 78%, increases of 48% in the volatile fatty
acids content and only a restricted reduction in the organic matter content. By conducting
many digestion tests, it was verified that this process permits high biogas production by
olive oil by-products. Indeed, with properly prepared samples, after a negligible acclimation

period, methane yields of approximately 0.37 LCH4/gCOD;emoved Were detected.
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1. Introduction

In the Mediterranean region, large amounts of
waste and wastewaters produced from olive milling
represent an important environmental issue. Because
of the high pollution load and seasonal production,
these residues are not treatable by means of conven-
tional processes [1-3]. The exploitation of olive oil
wastewaters for biogas production in anaerobic diges-
tion processes may be a suitable and profitable
approach. However, the acidic pH, high salinity, lack
of nutrients, low biodegradability and elevated poly-
phenols concentrations make it necessary to perform
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an adequate pre-treatment [1-4]. For the removal of
phyto-toxic and low-biodegradable compounds, many
advanced oxidation techniques have been proposed
[5-20]. Some of these, such as ultrasonic irradiation,
photo-catalysis and electrochemical processes are quite
profitable because there is no need for the addition of
chemical reagents. However, the solid contents typi-
cally found in olive oil wastewaters may partially
impede the applicability of these processes, requiring
more severe operating conditions and greater energy
consumption [20].

Among the different available techniques, catalytic
oxidation processes using hydrogen peroxide (Fenton
and Fenton-like processes) give good results for the
removal of various classes of organic pollutants and
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also in treating real concentrated wastewaters. The cat-
alysed hydrogen peroxide decomposition results in
the formation of highly reactive free radicals, particu-
larly hydroxyl radicals, which are capable of oxidizing
many organic pollutants to lower molecular weight
compounds and eventually to carbon dioxide and
water. Esplugas et al. [16] studied and compared the
effectiveness of different advanced oxidation processes
(ozone and its combination, photolysis and UV/H,0,,
Fenton and photocatalysis) for phenol degradation
and showed that the Fenton process has the fastest
degradation rate. Furthermore, several research stud-
ies have been carried out to investigate the use of dif-
ferent transition metals in homogeneous and
heterogeneous form in conjunction with hydrogen per-
oxide [21-29]. Many works demonstrated that the use
of Fenton's processes as a primary treatment of OMW
enhances the efficiency of anaerobic digestion because
the pre-treated effluent is more readily degradable
than the original untreated effluent. Furthermore,
because of the reduction in the polyphenol content,
the anaerobic processing of pre-treated OMW evolves
without inhibition and achieves high methane produc-
tions [30].

However, the applicability of the Fenton process
on field conditions is limited by the need to recover
the metallic catalyst after the treatment. This opera-
tion, generally carried out through the chemical pre-
cipitation of metallic ions, complicates the treatment
and produces a precipitate difficult to manage and
expensive to dispose. The precipitate, moreover, by
embedding an elevated amount of the colloidal and
particulate organic matters of the wastewater, reduces
the organic load available for the biogas production in
the next digestion process. Also heterogeneous cata-
lysts are difficult to recover because of the turbidity
and density of olive milling residues. Furthermore, in
a heterogeneous treatment, leaching of the metallic
ions from the solid carrier generally occurs, making
necessary further treatment for the removal of the cat-
alyst transferred into the solution.

The present paper reports the results of an experi-
mental investigation that defines a process able to
increase the anaerobic biodegradability of OMW
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without the addition of catalysts. This process, unlike
conventional catalytic treatments, involves the use of
hydrogen peroxide under an alkaline environment.
Optimizing the operating conditions, we have demon-
strated that this type of treatment, which, until now,
has only been applied for wastewater bleaching and
the delignification of woody residues [31,32], effi-
ciently removes the polyphenols and increases the
amount of volatile fatty acids of OMW. Several tests
were carried out to define more suitable pre-treatment
conditions to make OMW easily degradable in anaero-
bic processes. The effectiveness of the developed
method was verified by many digestion batch tests
carried out on both pre-treated and raw olive oil
wastewaters.

2. Description of the experiments
2.1. Materials and methods

The experiments were carried out on olive mill
wastewaters produced by a continuous three-phase
process; moreover, samples of cattle manure and cattle
manure digestate were used during the experiments.
The wastewaters were withdrawn from an olive mill
plant and a cattle farm located near Cosenza (southern
Italy) and stored in a laboratory in 25L containers at
4°C. The characteristics of the wastewaters are summa-
rized in Table 1. The first phase of research has been
focused on the development of the pre-treatment with
hydrogen peroxide (Fig. 1). After the optimal condi-
tions for the oxidation process were identified, both
the pre-treated and fresh OMW samples were sub-
jected to many digestion tests (Fig. 1). During the
experiments, caustic soda and hydrogen peroxide
(analytical grade) were used.

2.2. Oxidation tests

To identify the process conditions necessary to effi-
ciently reduce the amount of polyphenols and increase
the VFA content, several experiments were conducted
by concurrently changing the Rpyc value, pH and

Table 1
Characteristics of raw wastewaters used during experiments

Conductivity COD BODs TP VFA ALK TKN NHj-N PO?[—P TS VS
Sample pH mS/cm gOZ/L gOZ/L ggallic aCid/L Bacetic acid/L gcaCOS/L gN/L gN/L gP/L g/L g/L
OMW 46 15.82 1203  26.1 8.62 4.69 3.46 0.70  0.041 0.285 56.1 42.9
cM 74 12.86 51.8 28.3 0.57 3.17 8.41 1.69  0.60 0.291 60.9 44.5
CMD 83 19.01 32.5 7.8 0.74 0.67 14.63 213  1.99 0.337 40.7 273

Note: OMW: raw olive mill wastewater, CM: raw cattle manure, CMD: raw cattle manure digestate.
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Batch oxidation tests with H,O; in
alkaline environment

Operating conditions

Operating modalities

A total of 63 tests were conducted concurrently changing
Ryc, pH and Temperature

- Ryc (gH,0,/gCOD): 0.025, 0.05, 0.1, 0.25, 0.5, 0.75, 1
-Temperature (°C): 20, 40, 60 °C

-pH: 9, 10, 11

- Raw OMW feeding into 500 mL glass flask

- Temperature and pH setting

- H,0, (50% m/v) dosing to set Ryc ratio

- Mixing of 250 mL total volume sample for a reaction
time of 3 hours at 300 rpm (the pH was continuously
hold to the set value during oxidation)

- Chemical characterization of oxidized sample.

Batch digestion tests

Composition of samples subjected to digestion tests

Operating modalities

A total of 8 sample were prepared using raw and pre-treated
OMW

Samples prepared with raw OMW
-40% OMW + 30% CM + 30% CMD
-50% OMW +20% CM + 30% CMD
-60% OMW + 10% CM + 30% CMD
-70% OMW + 0% CM + 30% CMD

Samples prepared with OMW pre-treated using the optimal
operating conditions identified by the oxidation tests

-40% TOMW + 30% CM + 30% CMD

- 50% TOMW + 20% CM + 30% CMD

- 60% TOMW + 10% CM + 30% CMD

-70% TOMW + 0% CM + 30% CMD

Fig. 1. Experimental plan.

temperature (Fig. 1). The tests were carried out in
batch mode at atmospheric pressure in a three-neck
glass flask of 500 mL equipped with a mechanic stir-
rer. The reactor was thermostated by means of a
digester, and the volatilization of the organic com-
pounds was controlled by cooling the vapours with a
water-refrigerating coil. During each test, after heating
the sample and adjusting the pH with NaOH 10N, a
proper amount of 50% (w/w) hydrogen peroxide solu-
tion was added to set the Ryc ratio. The solution had
a total volume of 250 mL and was stirred at 300 rpm
for approximately 3 h to maintain the pH at the estab-
lished value. A multiparameter probe housed in a
glass tube was used to control the pH and tempera-
ture of the reaction mixture. The oxidized samples
were analysed to determine the pollutants removal.

2.3. Digestion tests

Digestion tests were carried out to evaluate the
methane productions detectable on fresh OMW and
on wastewater samples pre-treated with the optimal
conditions identified by means of oxidation tests.
Cattle manure, as co-substrate, and cattle manure

- 150 mL samples feeding into 500 mL glass dark bottles
- pH setting of samples prepared with raw OMW

- samples purging with N, for 3-4 min t to supply
anaerobic conditions

- bottles closing with hermetic tops connected to
volumetric gasometers

- placement of bottles and gasometers in a thermostatic
chamber at 35°C provided with magnetic stirrers

- Samples mixing for 90 days and daily measurement of
methane production

- Chemical characterization of digested samples

digestate, as inoculum, were used. Eight samples of
150 mL were prepared, four of which using raw OMW
and four with pre-treated OMW, according to the dis-
tribution reported in Fig. 1. The experiments scheme
was selected in order to evaluate the anaerobic treat-
ability of mixtures containing growing amounts of
fresh or pre-treated OMW up to completely avoid the
co-substrate addition. To verify the performances of
digestion process, avoiding the addition of external
compounds, the tests were carried out without setting
the operating parameters (COD/VS, COD:N:P and
alkalinity), thus no chemical nutrients or other chemi-
cals were provided. Only the pH of the samples pre-
pared with raw OMW was set to approximately 7.5
using NaOH (4 N) to prevent initial acidic conditions
able to inhibit the digestion process. The experiments
were carried out in batch mode in 0.5L dark glass
flasks normally used for BOD tests. The bottles were
equipped with hermetic closing tops connected to vol-
umetric plexiglass gasometers by PEAD tubes. Small
boxes filled with NaOH scales were placed along the
connection pipes in PEAD to achieve the absorption of
CO, and of other acid gases, so as to detect mainly
the methane production during the experiments. Each
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bottle was charged with the reaction mixture, purged
with N, for 3-4min to supply anaerobic conditions
and then closed and connected to gasometer. The sam-
ples were placed in a thermostatic chamber at 35°C
and continuously mixed for 90 d by magnetic stirrers.
The methane volume was daily estimated by measur-
ing the displacement of the liquid into the gasometers.
After three months, the digested samples were charac-
terized with respect to the main chemical parameters.

2.4. Analytical methods

The salinity and pH were measured by a multi-
parametric analyser; TS and VS by drying the sample
at 105 and 550°C, respectively; the COD and alkalinity
by the titrimetric methods; BODs was determined by
the manometric method with a respirometer (VELP
FOC 225E); TKN by the Kjeldhal procedure; ammo-
nium, nitrogen and phosphorus species by colorimet-
ric methods using an UV spectrophotometer; VFA by
the distillation method [33]; and polyphenols by the
Folin and Ciocalteu procedure [34]. On the oxidized
samples, the positive interference in COD measure-
ment derived from the presence of residual H,O, was
estimated according to the method developed by
Mantzavinos [22].

Each measurement was carried out three times,
and the mean value was considered. The results of the
efficiencies reported were representative of the actual
removal or production of the compounds. Thus, the
values were not affected by dilution because of reac-
tant additions in the various processes.

3. Results and discussion
3.1. Oxidation pre-treatment

The results of the tests showed that, for each con-
dition of pH and temperature, the removal of poly-
phenols increases with an asymptotic trend in
response to the addition of H,O, (Fig. 2). In particular,
the abatements were between 55 and 78% for a dosage
of only 0.1gH,O,/gCOD and then increased by
approximately 10-15% with an Ryc ratio of approxi-
mately 0.25 (Fig. 2). Over this dosage, only a moderate
growth of the efficiencies was observed (Fig. 2).

These results suggest that the use of high doses of
peroxide is useless because it destroys the radicals
produced during the treatment. Indeed, in an alkaline
environment, hydrogen peroxide decomposes accord-
ing to a series of reactions with the formation of OH
(Egs. (1-3)), which, however, can be consumed by an
excess of H,O, [3,7]. These considerations are in agree-
ment with the findings of Crittenden et al. [35], who
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Fig. 2. Polyphenols removal (Ryp) detected during oxida-
tion tests carried out changing the H,O, dose (Ryc) at dif-
ferent pH and temperature values.

observed an attenuation of the oxidation rate in
response to a high peroxide dosage in a H,O,/UV
system.

H,0, + OH™ — HO; + H,0 €Y
H,0, + HO; — OH + O, + H,0 @)
H,0, + OH — HO, + H,0 ®)

The effectiveness of treatment is favoured by the pH
and temperature increases, which probably enhance
the production of radicals and thus the oxidation of
the polyphenols. At room temperature, the pH increase
accentuated the yield growth in response to the Ry
value (Fig. 2). In particular, changing the pH from 9 to
11, the maximum efficiencies ranged between 70 and
85% (Fig. 2). The positive effect of the pH increase on
polyphenols removal was also found at a process tem-
perature of 40°C. With these conditions, the pH
increase is positive up to a value of 10, which ensures
a further increase of about 5-7% in the maximum effi-
ciency than the abatements reached at a pH of 9
(Fig. 2). Increasing the pH up to 11, a further lower
augmentation in the maximum yield, around 5%, was
observed. In comparison to those reached at room tem-
perature, the abatements obtained at 40°C were higher
by approximately 8-9% at a pH of 9 and 5-6% at a pH
of 10 and 11 (Fig. 2). After changing the pH at a tem-
perature of 60°C, only limited differences were
observed on the abatement curves, which had maxi-
mum values close to 90% (Fig. 2). The increase to 60°C
produced a significant growth, around 8-9%, only in
the experiments carried out at a pH of 9 (Fig. 2). Thus,
the influence of the temperature on the treatment per-
formance was significant at the lower pH.
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However, the high abatement between 70 and 90%,
reached with a relatively low Ryc ratio, confirmed the
effectiveness of the treatment in a basic environment. In
fact, EI-Gohary et al. observed abatements of phenolic
compounds of approximately 84% using an H,O,/COD
ratio equal to 1/1 in the conventional Fenton treatment
[30]. The results reported by Beltran-Heredia et al. [36]
showed that by treating OMW by Fenton’s
peroxidation, the total phenolics content decreases up
to 93% using a peroxide dosage corresponding to an
Ryc value of 0.28 gH,0,/gCOD. Bettazzi et al. [11]
observed maximum polyphenolic abatements of
approximately 60% with H,O, additions comparable to
those in the present work.

In addition to the efficient polyphenols abatement,
the proposed treatment led to a remarkable increase
in the volatile fatty acid content. Corresponding to the
polyphenols removal curves, the increasing VFA
trends were positively affected by the growth of the
pH and temperature and showed a rapid enhance-
ment in response to peroxide addition up to 0.1
gH,0,/gCOD, and a further moderate growth with an
Ryc value of 0.25, beyond which the influence of the
dosage was negligible (Fig. 3). Maximum increases of
VFA concentration of about 2.5g/L were detected
after the oxidation pre-treatment. This substantial pro-
duction of VFA suggests that part of the polyphenols
and other recalcitrant compounds were degraded into
various easily biodegradable intermediate organic
compounds without the complete mineralization
occurring during the oxidation process. This conver-
sion is an important result because of the high biode-
gradability of low-molecular-weight organic acids and
a further biological treatment of OMW is much easier.
In particular, the preliminary transformation of
recalcitrant and phytotoxic compounds into a rapidly

BH=0, 120'C
- pH=9, T=40°C
=@~ pH=9, T=60°C
/ == pH=10, T=20°C|
== pH=10, T=40"C}
=~ pH=10, T=60°C]|

Pyea (%)

25 pH=11, T=20°C|
pH=11, T=40°]
f 8- pri-t1, 760
15 )
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Fig. 3. VFA production (Pyga) detected during oxidation
tests carried out changing the H,O, dose (Ryc) at different
pH and temperature values.

1739

biodegradable substrate allows, during the anaerobic
treatments, to reduce the length of the hydrolysis and
acidification phase, enhancing consequently the meth-
ane production.

The fact that using H,O, in a basic environment
causes a partial conversion of recalcitrant organic mat-
ter into easily biodegradable compounds is confirmed
by the moderate reduction of the COD observed in all
conditions tested. Indeed, the maximum abatements
detected were between 28 and 37% (Fig. 4). These
yields are comparable with the results reported by
other authors that applied the Fenton process in the
treatment of OMW. In fact, Beltran-Heredia et al. [36]
and Bettazzi et al. [11] observed COD removals of
about 20-30%, while much higher abatements were
detected combining the Fenton treatment with a coag-
ulation step [4,30,37,38].

Anyhow, the moderate reductions of organic load
achievable using the proposed process is a positive
aspect because, if the wastewater is subsequently sub-
jected to the digestion process, it ensures the availabil-
ity of substrate for the biogas production.

The pre-treatment with H,O, causes also a reduc-
tion of solids content always lower than 25%, while an
effective ammonia removal around 13% was detected
during the experiments conducted at pH 10 and 11,
probably due to a moderate stripping process (Table 2).
After the treatment, an increase in salinity was
observed, mainly attributable to the additions of base
to set pH (Table 2).

Regarding the peroxide content on the oxidized
samples, residual concentrations between 21 and 33%
were observed using a Rpc ratio higher than 0.5,
while negligible amounts were detected with lower
dosages. The absence of residual peroxide using low
dosages makes the process particularly advantageous
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Fig. 4. COD removal (Rcop) detected during oxidation
tests carried out changing the H,O, dose (Ryc) at different
pH and temperature values.
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Characteristics of OMW pre-treated using the optimal operating conditions identified by batch oxidation tests

Conductivity COD BODs TP VFA ALK TKN NH;-N POif—P TS VS
Sample pH mS/Cm gOZ/L gOZ/L ggallic acid/L gacetic acid/L gcaCO3/L gN/L gN/L gP/L g/L g/L
TOMW 10.06 21.92 101.1  58.3 1.896 6.96 23.25 0.64 0.034 0.227  41.5 31.33

Note: Ryc=0.1 gH,0,/gCOD, T=40°C, pH =10.

because there is no need to take a specific step to
remove it after oxidation.

Based on the results of the experiments, because a
peroxide amount of 0.1 gH,O,/gCOD gives efficien-
cies slightly lower than the maximum values, this dos-
age at a temperature of 40°C and a pH of 10 has been
adopted for the treatment of the OMW to be subjected
to digestion tests (Table 2). This sample was also char-
acterized in terms of BODs amount, showing a sub-
stantial enhancement of biodegradable organic matter
up to 58.3 g/L (Table 2). Indeed, the BOD5/COD ratio
of raw OMW, after the pre-treatment, increased from
0.22 up to 0.58, confirming the remarkable biodegrad-
ability improvement of olive mill wastewaters.

3.2. Digestion batch tests

The main characteristics of mixtures subjected to
digestion tests are reported in Table 3. The polyphenols
concentrations overcome 3.8 g/L in the mixtures with
raw OMW, while resulted lower than 1.5g/L for the
samples prepared with the pre-treated OMW. In these
samples, the higher VFA amounts, favourable for
biogas production, are also balanced by adequate
alkalinity values due to the pH setting performed dur-
ing oxidation process. In particular, the VFA/ALK
ratios, lower than 0.25, are suitable for digestion process
as stated by Khanal [39]. Anyhow, also in samples with
raw OMW, after the pH adjustment to 7.5, the VFA/
ALK values were compatible for anaerobic process [39].
The COD/N ratios exceeded, in some cases, the values
considered necessary for anaerobic digestion [40—42],
but as already stated, no nutrient compound were fed
to the prepared samples. No reliable considerations can
be done about the F/M (COD/VS) ratio because the VS
amount of wastes used in this work is not a
representative of bacterial concentrations but instead
mainly of particulate organic matter.

The results of the experiments showed that there
was restricted biogas production for samples prepared
with raw OMW. In particular, the detected methane
was negligible on samples S; and S,, while a very low
volume of approximately 250 mL was observed on

samples S; and S, prepared with raw OMW percent-
ages of 70 and 60%, respectively (Fig. 5).

These limited yields confirm the high inhibition
power of raw olive mill wastewater. In fact, biogas
production completely stopped, although the OMW
was co-digested with significant amounts of cattle
manure and mixed with a proper amount of inocu-
lum. Thus, the experimental results proved that signif-
icant methane production is not achievable with an
amount of raw OMW higher than 40% of the total
sample volume. Indeed, also restricted COD removals
were detected after the overall digestion period
(Fig. 6). Consistent with these considerations, Ergiider
et al. [43] demonstrated that the anaerobic biodegrada-
tion of olive mill wastewaters was effective in treating
samples with COD concentrations of up to approxi-
mately 27-28 g/L. This value, assuming typical con-
centrations of olive mill wastewaters [44], can be
obtained if a feed percentage of OMW lower than
20-25% is adopted. In experiments carried out by
Hamdi [45], methane production was possible with
dilution of about 5-15% (V/V), corresponding to a
COD of treating samples only of 5-20 g/L.

Unlike the results obtained on raw olive mill
wastewater, the pre-treated sample showed remark-
able methane productions, always attaining total vol-
umes greater than 2L (Fig. 5). In particular, higher
productions of approximately 2.6 L were detected after
a period of approximately 2 months on a sample pre-
pared with 50% treated OMW and 30% cattle manure
(Fig. 5). The effectiveness of digestion was marked by
the high methane yield, resulting in approximately
0.37 LCH4/gCOD:;emoved (Table 4), just lower than the
theoretical value of 0.395LCH,/gCOD;emovea [43].
These yields are greater than those detected in other
studies. In fact, on OMW pre-treated by electro-Fenton
process, Khoufi et al. [14] detected, in anaerobic filters,
maximum yields of 0.32-0.34 LCH4/gCOD;emoved- In
our test the high efficiency was detected in spite of
the high initial concentrations of about 70 gCOD/L
that confirms the improvement of biodegradability of
OMW after the treatment with H,O, in alkaline condi-
tions. In fact, Sabbah et al. [46] did not observe any
transformation of organic matter in batch digestion
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tests conducted on high concentrated samples charac-
terized by COD higher than 50 gCOD/L. Moreover in
our experiments, with the aforementioned mixture, a
negligible acclimation period was observed. Indeed,
exponential methane production was obtained only a
few days after the start of the experiment (Fig. 5). This
confirms that the inhibiting power of OMW is signifi-
cantly reduced by means of the adopted pre-treat-
ment.

Similar behaviour was observed with mixture Sy,
composed of 40% TOMW and 30% cattle manure.
However, in this case, methane production reached a
cumulate volume of approximately 1.9L after 20d,
beyond which a further moderate increase up to 2.2L
was achieved (Fig. 5). This efficiency reduction, com-
pared to sample St;, is due to a lower initial COD,
which slightly limits the overall production. Neverthe-
less, a methane yield of 0.32 LCH4/gCOD;emoved Was
detected (Table 4).
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An increase up to 60% in the amount of treated
OMW reduced the production yield approximately to
0.30 LCH4/gCODyremovea (Table 4). The increase of
OMW percentage caused also a moderate extension of
the time needed for biomass acclimation. This period
was considerably longer for the sample with 70% trea-
ted olive mill wastewater. Methanization started only
after 20 d, beyond which, however, a rapid production
phase occurred to reach a significant overall volume
of 245L (Fig. 5). The lower efficiency detected on
samples with initial amount of OMW greater than
50% is a consequence of their worse initial properties
(Table 3). In fact, these samples were characterized by
conductivity over than 20mS/cm and a COD/N ratio
higher than that suggested for the anaerobic process
[40,41]. These values probably influenced the perfor-
mance of digestion more than the polyphenols amount
that was only slightly higher than that of samples with
50% TOMW (Table 3). Anyhow, the results of diges-
tion tests proved that the proposed pre-treatment with
H,0, in alkaline environment makes the next anaero-
bic process profitable. In fact, even though a high
acclimation time, the biogas production occurred also
in samples of pre-treated OMW without the addition
of cattle manure. The effectiveness of digestion pro-
cess was also confirmed by percentage values of COD
removed, of about 67% in every mixture tested
(Fig. 6). However, to maximize the methane yield and
to limit the acclimation period, it is preferable to sub-
ject to digest samples with an amount of pre-treated
OMW equal to half of the total volume.

Besides the high biogas production, by the diges-
tion of pre-treated OMW, it derives a waste compati-
ble for the utilization as fertilizer. In effect, the values
of main parameters detected on digestate (Table 4)
were in line with those of waste residue of digestion
of cattle slurry plus some agroindustrial residues
(maize-oat silage) [47]. Albuquerque et al. [47] demon-
strated that the agricultural use of this type of dige-
state can be efficiently accomplished if appropriate
application modes are considered in order to limit the
salinity value.

3.3. Analysis of the chemical costs

The proposed process with the identified
operating conditions makes it necessary to add
26 LH,O,/m’OMW and 28 LNaOH/m’OMW for the
treatment of the OMW used in this study. By analys-
ing the Italian Market (2012 market prices), the cost of
H,0, (50% w/v) and NaOH (40% w/v) is 330 and
220 €/m°, respectively [48]. Thus, the total outlay for
chemical consumption is 14.74€/m>OMW. This cost
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can be significantly reduced by using lime instead of
caustic soda to induce the basic conditions necessary
for oxidation. In fact, by preliminary experiments
we estimate a lime amount approximately of
14 kg/m’OMW to set the pH up to the optimal value
for the pre-treatment of OMW. Considering the price
about 85€/ton, the cost for lime results of about
1.2€/ m3OMW, thus, an overall outlay around to
9.77€/m’OMW is sufficient to carry out the pre-
treatment at the optimal operating conditions.

Regarding the energy necessary to carry out the
proposed oxidation process at 40°C, it could be
obtained from the combustion of biogas produced by
the digestion of pre-treated OMW.

A comparative analysis with other processes is
hard to carry out because the expense of treatment
depends on many factors such as the wastewater char-
acteristics, the removal yields of pollutants and the
operating conditions adopted.

Anyway, the proposed process has some positive
aspects if compared with Fenton process. In fact for
the conventional treatment, in addition to the peroxide
dosage, the cost of the catalyst must be considered.
Moreover, the catalyst’s recovery after oxidation causes
also the consumption of basic compounds to increase
the pH up to values suitable for the chemical precipita-
tion of metallic ions. In addition, the precipitate
produced is difficult to manage and costly to dispose.

Results of the developed pre-treatment becomes
even more attractive taking into account the economic
benefit that could be obtained from the cogeneration
of electric energy by means of the biogas produced
during the digestion of TOMW. In fact, on the basis of
the methane yield (0.37 m®CH,/ KgCODyemoved) and
the COD transformation (67%) detected during the
experiments, by the digestion of TOMW of this study,
a methane amount of about 25.04 m*CH,/m’*OMW is
achievable which corresponds, assuming an electric
rate of 3.52KWh/m’CH,, approximately to 88.14
KWh/m>OMW. This production determines a mean
profit because in many countries an economic incen-
tive is granted for the production of energy through
digestion of biomass wastes. For example, assuming
the benefit conceded by the Italian regulation
(0.236 €/KWh), a proceeds of about 20.6€/m’*OMW
could be obtained. Thus, taking into account the
expense for the OMW pre-treatment, a net profit,
between 5 and 10 €/m*OMW, is achievable.

4. Conclusions

The present paper defined a process with hydro-
gen peroxide in alkaline conditions that, without the
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addition of catalysts, is able to significantly improve
the anaerobic treatability of olive mill wastewaters.
The results of the experimental investigations demon-
strated that with moderate peroxide dosages, it is pos-
sible to obtain a polyphenols removal of
approximately 78%, a VFA increase of 48% and only a
limited reduction in the organic load. The process is
advantageous because the absence of external catalysts
simplifies the treatment, and taking a specific step to
remove them is unnecessary. In addition, the disposal
cost associated with the formation of a bulky precipi-
tate is prevented. Furthermore, with the operating
conditions identified, the residual peroxide is negligi-
ble. Thus, there is no need for further efforts for its
removal. Because of the method’s effects, pre-treated
OMW is particularly suitable for energetic utilization
in an anaerobic process. This is confirmed by the
results of the controls carried out on samples sub-
jected to batch digestion tests, which show remarkable
methane yields, up to 0.37 LCH4/gCOD:emoved, ON
pre-treated samples.
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Nomenclature

OMW — olive mill wastewater

TOMW — treated olive mill wastewater

CM — cattle manure

CMD  — cattle manure digestate

COD  — chemical oxygen demand (gO,/L)
BODs — biochemical oxygen demand (gO,/L)
ALK  — alkalinity (gCaCO;/L)

TP — total polyphenols (gganic acia/L)

VFA — volatile fatty acids (gacetic acia/L)
TKN  — total Kjeldahl nitrogen (gN/L)

TS — total solids (g/L)

VS — volatile solids (g/L)

Ruc — hydrogen peroxide/COD ratio (gH,O,/gCOD)
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