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The co-digestion of agri-food by-products and livestock manure is a feasible alternative

for waste management and the recovery of biogas provides an option to generate

renewable energy. A series of batch experiments were carried out in order to investigate

the mesophilic anaerobic co-digestion of two-phase olive-mill waste (2POMW) and

cattle manure (CM) in different mixtures (2POMW:CM = 50:50; 60:40; 75:25; 85:15).

In addition, the biodegradability of the co-substrates was studied in order to analyze the

performance of the co-digestion process. The results obtained in this study indicate that

2POMWhas a low biodegradability since a high soluble organic matter concentration and

a low accumulated methane production were obtained at the end of the corresponding

biodegradability test. However, CM is more easily biodegradable in mesophilic anaerobic

conditions. The co-digestion of both wastes produced an enhancement of the

hydrolytic-acidogenic phase, increasing the organic matter potentially bioavailable as

volatile fatty acids (VFAs) and the biogas productivity, as a consequence of the

subsequent degradation of VFAs by methanogens. However, an accumulation of VFA,

principally propionic acid, was observed in the reactors with higher proportions of

2POMW. The volatile solids (VS) removal increased with the 2POMW percentage of the

mixture up to 75% fresh weight. The increase of 2POMW above 75% led to a decrease

in total VS removal. Moreover, a decrease in methane production was observed for the

85:15 mixture, as a consequence of the high concentration of propionic acid, which is a

known inhibitor of methanogenesis. The maximum cumulative methane production and

methane yield were achieved in the 75:25 mixture with values of 18.70 L and 112.40

LCH4/kgVSadded, respectively. Compared with 2POMW, the co-digestion produced

an increase of 264–319% in the volume of accumulated methane (L), 293–351%

in the methane yield (LCH4/kgVSadded) and 312–342% based on the VS consumed

(LCH4/kgVSremoved). These results suggest that the mixture of these agro-industrial

by-products could be effective to enhance biogas production and organic matter removal

from 2POMW.

Keywords: anaerobic co-digestion, mixture ratio, biodegradability, methane production, 2POMW, dairy cattle
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INTRODUCTION

Organic wastes from the food industries are a growing problem
due to the environmental risks that they can generate. Cattle
manure (CM) is a potential source of infectious agents that

can cause disease in humans, groundwater contamination

problems and atmospheric pollution by methane emissions

due to discharges at surface (Cole et al., 1999; Spencer
and Guan, 2004). Similarly, the environmental problems
of two-phase olive-mill waste (2POMW) are related to
its high organic load and the pollution effects on soil
and water.

Typically, CM includes excreted material from the animal
(feces and urine) and used bedding, as well as waste feed, water
and soil. A high percentage of the volatile solids in dairy manure
is composed of cellulose, hemicellulose and lignin (Wilkie et al.,

2004). The quantity of manure produced depends on several
factors including animal age, diet and animal productivity,
as well as other factors (Wilkie et al., 2004). The bovine
population reached around 6.7 million livestock units in Spain
in 2018; this implies a CM production of about 73.3 million
tons (MAPA, 2019).

Two-phase olive-mill waste (2POMW) is a complex semi-
solid residue from a continuous two-phase centrifugation
system, in which a horizontal centrifuge is used for separating
the oil fraction and the remaining components (Mateo and
Maicas, 2015). This semi-solid effluent has water content
about 65%, a slightly acidic pH and a very high organic
matter content, mainly composed of lignin, hemicellulose
and cellulose. It also has a considerable proportion of
fats, proteins, water-soluble carbohydrates and a small
but active fraction of hydrosoluble phenolic compounds
(Alburquerque et al., 2004).

According to the International Olive Council (IOC, 2018), 3.3
million tons of olive oil are produced annually worldwide, 65.8%
of which are produced in Europe, with Spain (37.9%), Italy (13%)
and Greece (10.6%) being the largest olive oil producers. Other
olive oil producers are Africa (14.5%), Asia (8.7%) and America
(1.9%) (FAO, 2018). The production of olive oil in 2017/18 in
Spain using the two-phase centrifugation systemwas estimated at
1.25 million tons (IOC, 2018). Approximately 800 kg of 2POMW
per ton of processed olives are generated by using the two-
phase system (Alburquerque et al., 2004). This implies that the
2017/18 production of 2POMW in Spain was approximately five
million tons.

Treatment systems for livestock manure have evolved beyond
traditional collection, storage and land application. Manure
treatment technologies are grouped into two major categories:
physicochemical and biological treatment. Physicochemical
treatments include thermal conversion, solid-liquid separation
and filtration, advanced alkaline treatment, and aeration and
mixing. The main biological approaches to the treatment
of livestock manure include composting, vermicomposting,
anaerobic digestion and constructed wetlands (Wilkie, 2005b;
Millner, 2009). Similarly, the olive oil industry wastes, such
as 2POMW, are managed through physicochemical and
biological treatments. The physicochemical treatment systems

include drying and second extraction of oil, combustion
and gasification, and direct soil application. The biological
treatments that can be applied to 2POMW are anaerobic
digestion and composting (Roig et al., 2006; Morillo et al., 2009;
Christoforou and Fokaides, 2016).

Anaerobic digestion is a biological process in which complex
communities of micro-organisms transform organic matter
into a mixture of carbon dioxide and methane (Wilkie, 2008).
Anaerobic digestion of wastes from food industries is an
attractive method for solid waste treatment, because the process
enables an excellent waste stabilization and energy recovery
without any pretreatment of the residue. The advantages of this
type of treatment are low nutrients requirements, low sludge
production, waste stabilization and biogas (methane) production.
For these reasons, anaerobic digestion is widely used for the
treatment of wastes and effluents from food industries. However,
this treatment has not been widely applied to 2POMWdue to the
toxic effect of polyphenolic compounds, tannin and recalcitrant
polymers. Moreover, another problem with high organic matter
load wastes, such as 2POMW, is digester acidification by organic
overloading, since volatile fatty acids, even at low concentrations,
cause inhibition of the methanogenic microorganisms
(Jiang et al., 2018).

Co-digestion of 2POMW with other wastes could be applied
to reduce the problems related to the accumulation of inhibitory
compounds. Thus, considering that CM has a low carbon to
nitrogen ratio (C/N) whereas 2POMW has a high proportion
of carbon in its composition, the mixing of both residues
could provide a better balance of nutrients for the anaerobic
microorganisms. Other advantages of co-digestion are that
it solves the problem of the accumulation of toxic and
inhibitory compounds, provides synergetic phenomena between
the microorganisms and increases the methane yield (Wilkie,
2008). Many studies have demonstrated that the co-digestion
of food industry wastes and CM can be a successful process
(Cavinato et al., 2010; Fang et al., 2011; Zarkadas and Pilidis,
2011; Zhai et al., 2015). However, there are few studies of co-
digestion with olive oil production waste and CM. In a study
with three-phase olive-mill waste (3POMW) mixed with CM
and cattle slurry, Carlini et al. (2015) found that the optimal
mixture was 4.65% of CM, 72.10% of cattle slurry and 23.25% of
3POMWwith a total solid content of 14% in amesophilic regime.
Goberna et al. (2010) compared the anaerobic co-digestion of a
1:3 ratio of 2POMW:CM inmesophilic and thermophilic regimes
in pilot continuous reactors, with a hydraulic retention time
(HRT) of 21.4 d and an organic loading rate (OLR) of 5.5
gCOD/L/d, for only 30 d. The authors made the comparison
only in terms of temperature regime with a particular HRT
and OLR. The selection of the best mixture ratio for the
process within the optimal C/N for anaerobic digestion was
not evaluated.

Therefore, the importance and novelty of the present
study is that the main objective was to analyze the
influence of the mixing ratio of 2POMW and CM in
the co-digestion process. For this evaluation, the organic
matter removal and methane yield were used as measures of
process efficiency.
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TABLE 1 | Characteristics of the wastes used (2POMW and CM) and the

inoculum.

Parameter Units 2POMW CM Inoculum

pHa – 5.41 (±0.04) 7.84 (±0.02) 8.07 (±0.02)

EC µS/cm 1549.67 (±10.21) 1100.67 (±19.40) –

Moisture % 70.13 (±1.12) 83.97 (±0.17) 94.79 (±0.05)

Total

solids

(TS)

g/kg 298.65 (±11.21) 160.29 (±1.72) 52.14 (±0.48)

Volatile

solids

(VS)

g/kgb 267.70 (±10.24) 132.14 (±1.69) 33.39 (±0.38)

sCOD g O2/kg
b 98.63 (±0.01) 43.14 (±0.41) 10.13 (±0.15)

DOC g C/L 40.37 (±0.05) 14.63 (±0.09) 3.95 (±0.11)

TVFA mgHAc/L 1248.92 (±2.05) 1893.18 (±1.32) 133.22 (±1.15)

Total

phenols

(g/L) 1.62 (±0.005) – –

Organic

matter

% 90.31 (±0.20) 82.44 (±0.17) 64.05 (±0.14)

C % 52.38 47.81 37.15

N % 1.27 2.88 4.65

C/N – 41.23 16.61 7.99

Total

Alkalinity

gCaCO3/L 4.05 (±0.27) 21.90 (±0.04) –

Total N.

Kjeldahl

g/kgb 3.79 (±0.10) 4.62 (±0.00) 2.42 (±0.51)

Ammonia gNH3-N/kg
b 0.12 (±0.004) 1.38 (±0.02) –

aWater extract 1:10; bExpressed in fresh weight.

Each value represents the mean of 3 replicates (± standard deviation).

EC, Electric conductivity; sCOD, Soluble chemical oxygen demand; DOC, Dissolved

organic carbon; TVFA, Total Volatile Fatty Acids.

MATERIALS AND METHODS

Characteristics of Substrates and
Inoculum
Fresh 2POMW was collected from an olive oil mill located
in Olvera (Cádiz, Spain) and CM was obtained from a semi-
intensive livestock farm of dairy cattle in El Puerto de SantaMaria
(Cádiz, Spain). In addition to animal feces, the collected manure
also contained residues of straw used as bedding material and
traces of soil. Both substrates, after the sampling procedure, were
homogenized at the laboratory and stored at −4◦C to preserve
their original characteristics.

The reactors were inoculated with mesophilic anaerobic
effluent from a laboratory digester adapted to co-digestion of
both wastes. The inoculation reactor was operated with a HRT of
40 days and OLR of 1.92 gVS/LR/d. The daily biogas production
was 0.45 L/LR/d with a methane content of 85%. The VS removal
was 49.13%. Table 1 shows the composition and characteristics
of the 2POMW, CM and inoculum. The parameters were
determined in triplicate analysis.

Batch Digesters
The experiments were carried out in a series of 3 L stainless steel
digesters (2 liters of active volume). A schematic representation

FIGURE 1 | Schematic diagram of the laboratory-scale anaerobic digestion

system. (1) Reactor, (2) heating jacket, (3) motor agitation, (4) sampling port, (5)

biogas port, (6) temperature probe, and (7) Tedlar® bag.

is shown in Figure 1. Each reactor was hermetically sealed to
maintain anaerobic conditions during the digestion process and
its content was continuously mixed by a mechanical stirrer (20
r.p.m). A heater jacket and a temperature probe were used to
maintain mesophilic temperature (35 ± 1◦C). The digesters had
two ports that were used for sampling and biogas output. The
biogas produced during the fermentation was collected in a 5 L
Tedlar R© bag.

Experimental Procedure
In order to evaluate the effect produced by the co-digestion
process of the by-products, two assays were conducted: a
biodegradability test of both co-substrates and a study of the
effect of mixing ratio between 2POMW and CM. A control
reactor (RCI) containing only anaerobic inoculum (400ml) was
used to analyze the activity of anaerobic microorganisms and to
determine the potential methane production of the inoculum.
The experiment was carried out at mesophilic temperature (35
± 1◦C) and the pH was maintained about 8.0 by using a solution
of Na2CO3 (2.8M).
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TABLE 2 | Compositions of co-digestion (C50:50, C60:40, C75:25, and C85:15)

and biodegradability (R2POMW, RCM and RCI) reactors.

Reactor 2POMW % CM% Total

phenols*

(g/L)

VSinitial(g/kg) Initial

C:N

ratio

RCI – – – 33.4 (±0.4) 8.0

R2POMW 100 0 0.43 (±0.015) 89.6 (±0.0) 32.9

RCM 0 100 – 75.0 (±1.5) 14.2

C50:50 50 50 0.22 (±0.001) 80.7 (±2.8) 23.6

C60:40 60 40 0.25 (±0.001) 82.9 (±1.3) 25.7

C75:25 75 25 0.29 (±0.001) 83.2 (±6.1) 27.9

C85:15 85 15 0.32 (±0.001) 85.0 (±4.7) 29.6

The mixtures are based on fresh weight.
*Phenolic compounds content in the mixture. The contribution of manure is considered

minor.

Each value represents the mean of 3 replicates (± standard deviation)

Biodegradability Tests
In order to evaluate the anaerobic biodegradability of 2POMW
and CM, batch experiments were carried out in two digesters,
R2POMW and RCM. The main initial characteristics are shown
in Table 2. The R2POMW and RCM were filled with 2POMW
and CM, respectively, up to 80% of effective volume (1,600mL)
and were completed with 400mL of the inoculum described
previously. The total solids concentration of the assays was
adjusted to about 10% of TS with distilled water. The reactors
were flushed with nitrogen gas to obtain anaerobic conditions
before the start of the experiment.

During the anaerobic digestion period (about 40 days), biogas
production and composition were analyzed daily. Samples of
about 40mL were taken from the reactors three times a week.

Co-digestion Tests
As the main objective of this work was to study the performance
of mesophilic (35◦C) co-digestion of 2POMW and CM, four
mixtures of the co-substrates were analyzed. The ratios of wastes
were selected on the basis of the optimal C/N ratio for the
development of anaerobic processes (C/N 20-30) (Yadvika et al.,
2004; Flotats and Sarquella, 2008). The mixtures were prepared
by increasing the proportion of 2POMW from 50% to 85% fresh
weight. Four reactors were used in this study and the main
features of the mixtures are shown in Table 2. The reactors were
named using the proportions of both wastes (2POMW:CM) as
C50:50, C60:40, C75:25, and C85:15 and the C/N ratios were
in the required range: 23.6, 25.7, 27.9, and 29.6, respectively.
The total solids concentration of the mixtures was adjusted to
about 10% of TS with distilled water and the reactors were
filled with the co-substrates mixture up to 80% of effective
volume (1,600mL) and completed with 400mL of mesophilic
inoculum. The reactors were flushed with N2 at the start of
the experiment.

Biogas production and composition were determined
every day and the sampling procedure was similar to the
biodegradability test previously described. Analytical monitoring
was carried out for 39 days. The experiment was terminated

when the methane production was less than 1% (with respect to
previous data) for three consecutive days.

Analytical Methods
The following parameters were measured in triplicate for the
waste characterization and monitoring of the batch assays:
total solids (TS), total volatile solids (VS), organic matter
(OM), soluble chemical oxygen demand (sCOD), alkalinity, total
Kjeldahl nitrogen (TKN), ammonia (NH3-N), pH, dissolved
organic carbon (DOC) and volatile fatty acids (VFA). All
parameters were determined following Standard Methods
(APHA, 2012).

The pH, TS, VS, OM, TKN were determined directly from the
samples. The rest of the parameters were measured over samples
previously lixiviated (10 g of sample in 100mL of distilled water
for 30min). Subsequently, the samples were filtered through a
0.7µmglass-fiber filter for the determination of sCOD andDOC.

The DOC was determined by combustion/non-dispersive
infrared gas analysis method (total organic carbon analyzer
Shimadzu TOC-5000). For the VFA analysis, a Shimadzu
GC-2010 gas chromatograph equipped with a flame ionization
detector, a capillary column filled with Nukol (polyethylene
glycol modified by nitroterephthalic acid) and a Shimadzu AOC-
20i autoinjector was used. The temperature of the injection port
and detector was 200 and 250◦C, respectively. Hydrogen was
the carrier gas with a flow rate of 42.1 mL/min. In addition,
synthetic air and hydrogen for the GC flame ionization were
used at 400 and 40 mL/min flow rate, respectively. The makeup
gas used was nitrogen (30 mL/min). The samples of leaching
were filtered through a 0.22µm Teflon filter and prepared by
acidifying with a 1:2 (v/v) solution of phosphoric acid and spiked
phenol as internal standard. Total acidity (TVFA) was calculated
by the addition of individual VFA levels, taking into account the
molecular weights of the different VFAs in order to express this
parameter as acetic acid concentration.

The biogas composition (hydrogen, methane and carbon
dioxide) was determined by gas chromatography (Shimadzu GC-
14 B) with a stainless-steel column packed with Carbosive SII
and a thermal conductivity detector (TCD). The injected sample
volume was 1mL and the operational conditions were as follows:
7min. at 55◦C; ramped at 27◦C per min. until 150◦C; detector
temperature: 255◦C; injector temperature: 100◦C. The carrier
was helium and the flow rate used was 30 mL/min. The volume
of biogas produced in the reactor was directly measured using a
high-precision gas meter (RITTER Drum-type Gas Meters, 0.1
mbar). Gas volumes were expressed at standard temperature and
pressure (STP).

For measuring total phenols, the samples were centrifuged,
filtered and analyzed by liquid chromatography using 0.2mM
syringic acid as internal standard, per the methodology described
by Medina et al. (2011).

RESULTS AND DISCUSSION

The monitoring of organic matter evolution in an anaerobic
process can be performed by using several parameters, some of
which are discussed below.
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FIGURE 2 | Organic matter removal, expressed as percentage of total volatile

solids (VSr), in the co-substrates and mixtures.

The biomethanization process involves the conversion of
organic matter in the waste to obtain mainly methane and
carbon dioxide as final products (Wilkie, 2008). However,
initially, in the acidogenic phase, the organic compounds must
be transformed into soluble compounds (acetate, propionate,
butyrate, hydrogen and carbon dioxide) susceptible to be
metabolized by acetogenic and methanogenic microorganisms
(Boone et al., 1993; Graunke and Wilkie, 2014). The next step
in the anaerobic process is the transformation of VFAs into
acetic acid in the acetogenic phase. Finally, these compounds
are subsequently transformed into methane by acetoclastic and
hydrogenotrophic methanogenesis (Wilkie, 2005a).

Total Volatile Solids Removal
The total volatile solids (VS) represent the organic fraction
(biodegradable and non-biodegradable), in both particulate and
dissolved form, susceptible to being metabolized during the
anaerobic digestion process.

The degradation of organic matter expressed as total VS
removal (VSr) is shown in Figure 2. As can be seen, the co-
digestion of both residues (C75:25) permitted an increase in total
VS removal around 18% and 23%, with respect to 2POMW and
CM respectively.

In general, the percentage of VS removal increased
with a greater proportion of 2POMW in the mixture
(C50:50<C60:40<C75:25). However, a decrease in performance
occurred in the C85:15 reactor with respect to the previous
mixture. This result is similar to the results obtained by Zhang
et al. (2008) in the co-digestion of biosolids and the organic
fraction of municipal solid waste by enriching the mixture with
the substrate with higher organic load (OFMSW). This decrease
in performance for the mixture with the highest content of
2POWM (C85:15) can be related to the potential inhibition
of the anaerobic process by phenolic compounds present in
2POMW. Borja et al. (1997) observed a direct relationship
between the concentrations of the main phenolic compounds
in olive-mill wastewater (substrate coming from the same
raw material as the 2POMW) with inhibition of acetoclastic
methanogenesis. Those authors found a partial inhibition on

methane production with levels of caffeic acid > 300 mg/L or of
p-coumaric acid > 100 mg/L. In this study, for the C85:15 assay,
the level of total polyphenols was over 300 mg/L (Table 2).

In order to evaluate the degradation potential of each
substrate, the coefficient of degradation, Kb, proposed by Haug
(1993) for the biodegradability of substrates in a biological
aerobic process (composting) has been used. The calculation
of this parameter and its comparison with aerobic biological
processes may be appropriate because this parameter (organic
matter measured as volatile solids) could be useful to evaluate the
performance of both processes (aerobic or anaerobic).

This parameter was defined by means of the initial (OMi)
and final (OMf ) organic matter concentrations, measured as VS,
according to the equation:

Kb =

[(

OMi − OMf

)

100
]

[

OMi

(

100− OMf

)]

According to the results obtained, the coefficient of degradation
of CM (Kb = 0.62) was higher than for the 2POMW (Kb =

0.54). These results indicate a greater biodegradability of CM
under the experimental conditions tested. However, Cegarra
et al. (2006) obtained a degradation coefficient (Kb) of 0.70
for a mature compost of 2POMW. Compared with the results
obtained in this study, it appears that the 2POMW was not
completely biodegraded in the test time due to the presence
of slowly degradable compounds, as observed in the evolution
of the batch assay. The lignocellulosic fraction of 2POMW
restricts the rate of degradation of this by-product during
composting (Alburquerque et al., 2004; Serramiá et al., 2010)
and it also impacts the anaerobic process. As well, the presence
of different mesophilic fungi and actinobacteria populations
during the maturation phase of the composting process
allows the partial metabolization of the lignocellulosic fraction
(Lopez-Gonzalez et al., 2013).

A high concentration of this fraction implies that the limiting
step of anaerobic digestion is the hydrolytic phase (Frigon and
Guiot, 2010). Brown et al. (2012) observed that the methane
production was inversely related to the lignin content for the
anaerobic digestion of lignocellulosic biomass. In the present
study, the CM likely contains a high proportion of these
compounds due to the characteristics of the waste used, including
bedding straw and soil, which is typical of CM (Wilkie et al.,
2004; Wilkie, 2008). Decreasing the proportion of manure in the
mixtures led to higher removal efficiencies of VS (Figure 2). The
combination of both wastes in the different mixtures produced
an increase in biodegradability (Kb) which was increased with
the proportion of 2POMW. The Kb values for C50:50, C60:40,
and C75:25 were 0.71, 0.72, and 0.81, respectively. However,
for the C85:15 mixture, the coefficient decreased (Kb = 0.76),
showing a similar evolution to that previously commented on
for VS removal.

Soluble Organic Matter Evolution
The soluble organic matter, determined as sCOD or DOC,
is generated in the hydrolysis and fermentation of particulate
organic matter during the hydrolytic-acidogenic phase of
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anaerobic digestion (Graunke and Wilkie, 2014). Most of the
components of this soluble organic matter can be found as
volatile fatty acids in the medium.

Evolutions of sCOD
Figure 3 shows the evolution of sCOD for the co-substrates and
mixtures expressed as gO2/kg of wet weight. The different phases
of the anaerobic digestion process can be distinguished in the
figure, mainly in the co-digestion assays.

The hydrolytic-acidogenic phase took place on days 12 and
5–6 for 2POMW and CM, respectively. During this period, the
solubilization of organic matter occurred, reaching a greater
maximum concentration for 2POMW (30.87 gO2/kg) than
for CM (19.48 gO2/kg). After this period, the sCOD level
in 2POMW decreased and remained constant around 22.43
gO2/kg, with a sCOD decrease of 26.5%. This evolution indicates
a balance between the organic matter solubilization and its
biodegradation into biogas. For the CM test, the sCOD removal
occurred progressively throughout the test period with a final
concentration of 5.97 gO2/kg, which implies a removal efficiency
about 69%.

These residual concentrations correspond to hardly
biodegradable compounds in the test conditions. This implies
the presence in the 2POMW of a significant fraction of slowly
hydrolysable compounds with an inhibitor character, which
limits the anaerobic digestion of this residue.

The maximum sCOD concentration (sCODmax) reached in
the mixtures provides information about soluble organic matter
potentially bioavailable to the microorganisms. As can be seen
in Table 3, the sCODmax increased linearly as the 2POMW ratio
increased (R2 = 0.97). This implies that the hydrolytic phase was
not affected by the increase of organicmatter present in 2POMW.

On day 12 of the assay, the methanogenic phase started with
a sharp decrease of soluble organic matter concentration in all
mixtures, as a result of VFA consumption by methanogenic
microorganisms. From day 20 on, stabilization in sCOD levels
occurred until the end of the test. The average basal levels
of sCOD for C50:50, C60:40, C75:25, and C85:15 were 13.04
(±0.54), 14.39 (±0.67), 16.22 (±0.50), and 18.75 (±0.14)
gO2/kg, respectively. These basal levels were calculated as the
average of sCOD data from days 33 to 42 in each co-digestion
assay. The basal sCOD concentrations increased linearly with
the proportion of 2POMW in the initial mixture (R2 =

0.97). This means that as the percentage of 2POMW in the
mixture increased, soluble organic matter removal performance
decreased due to the increase of poorly biodegradable soluble
compounds remaining in the reactor during the test period.

To evaluate the possible composition of the slowly
biodegradable soluble organic fraction in the mixtures, the
fraction of sCOD corresponding to VFAs at the end of test
(sCOD as TVFAfinal) was calculated (Table 3). Eastman and
Ferguson (1981) suggested the use of COD equivalents for each
different acid in order to express their total concentration as
COD. Comparing this parameter with sCOD, the fraction of
soluble compounds corresponding to VFA and the fraction
of other soluble organic compounds remaining in the reactor
can be determined (see Table 3, sCOD–TVFAfinal as value and

percentage of the sCODfinal). The percentage of soluble organic
material corresponding to VFA increased linearly with the
increasing proportion of 2POMW in the mixture. Similary,
sCOD non-acids levels, the difference between sCODfinal and
sCOD as TVFAfinal, also increased. This demonstrates the
presence in the 2POMW of poorly biodegradable soluble
organic compounds such as polyphenols, hemicellulose or lignin
(Arvanitoyannis and Kassaveti, 2008).

Evolution of Volatile Fatty Acids
The evolutions of total acidity (TVFA) (expressed as acetic acid)
and the main individual VFAs (acetic, propionic and butyric
acids) in the biomethanization tests for both co-substrates and
the different mixtures are presented in Figure 4.

At the beginning of the tests, TVFA for R2POMW and RCM were
1.57 and 1.79 gHAc/L, respectively (Figure 4A). However, for
R2POMW, the VFAs increased sharply (to 10.77 gHAc/L) during
the first 16 days. In this period, the acidogenic and acetogenic
phases were predominant. In turn, for RCM, maximum VFA
concentration of 2.27 gHAc/L was reached after the first 5 days.

After this initial period, the acetoclastic methanogenic phase
occurred and degradation of the accumulated VFAs began in
both reactors (R2POMW and RCM), with a net increase in biogas
production (Figure 5). In day 15 of the test, RCM reached its
basal level of total acidity (0.04 gHAc/L). In contrast, the VFA
degradation continued in R2POMW, reaching a final value of 3.31
gHAc/L at 33 days of operation.

The maximum concentrations of acetic acid (HAc), propionic
acid (HPr) and butyric acid (HBu) reached in R2POMW were
7.56 (day 16), 1.81 (day 30), and 0.80 (day 7) g/L, respectively
(Figure 4A). During the methanogenic phase, HAc and HBu
were consumed in the first place, but HPr remained constant
throughout the test at a concentration around 1.66 (±0.13)
g/L. The accumulation of propionic acid may be due to the
metabolism of the phenolic compounds present in the 2POMW.
Pullammanappallil et al. (2001) observed that the increase of
propionic acid in the reactor could be related to the metabolism
of phenol compounds. Young and Rivera (1985) suggested
a mechanism for phenol degradation to VFA, with a final
transformation into propionic acid. Additionally, the propionic
acid metabolism is very unfavorable thermodynamically (1G◦

= +76.1 kJ) (Van Lier et al., 1993), and its accumulation or
an unbalanced degradation could be related to methanogenic
microorganism inhibition (Hill et al., 1987; Wang et al., 2009).

In RCM, all the VFAs produced in the acidogenic phase
were quickly transformed into biogas (Figure 5), resulting
in a final acidity level that was practically negligible,
around 27.12 mgHAc/L.

With respect to the co-digestion tests, the hydrolytic
and acidogenic phases took place in the first 5–7 days. A
significant increase was observed in the TVFA concentration,
directly related to the proportion of 2POMW in the mixture.
Maximum total acidity for the co-digestion reactors ranged
from 12.44 to 14.82 gHAc/L (Table 3). The comparison of the
maximum concentrations of TVFA in the different reactors
indicates that the majority of the total acidity contribution
came from 2POMW. Furthermore, this increase in total
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FIGURE 3 | sCOD evolution for 2POMW, CM and co-digestion mixtures in batch experiments.

TABLE 3 | Performance data and maximum/final soluble organic matter (as sCODs, TVFA, and VFA composition) for 2POMW, CM and co-digestion mixtures.

Parameter Units R2POMW RCM C50:50 C60:40 C75:25 C85:15

sCODmax gO2/kg ww 30.87 19.48 27.01 28.43 29.35 30.92

sCODfinal gO2/kg ww 22.96 5.97 13.07 13.94 15.59 18.62

sCOD–TVFAfinal gO2/kg ww (%) 3.93 (17.12) 0.03 (0.48) 0.07 (0.54) 0.53 (3.51) 1.51 (9.66) 3.02 (16.20)

sCOD removal efficiency % 25.63 69.37 51.60 47.13 46.88 39.78

TVFAmax gHAc/L 10.77 2.27 12.44 12.83 13.96 14.82

TVFAfinal gHAc/L 3.35 0.03 0.10 0.68 1.42 2.62

TVFA removal efficiency % 68.91 98.25 99.23 96.17 90.99 82.92

HAcfinal mg/L 875.12 27.12 61.12 402.82 163.60 402.82

HPrfinal mg/L 1504.25 – 9.08 17.73 971.73 1511.08

HBufinal mg/L 86.89 – 11.91 – – –

sCOD, Soluble chemical oxygen demand (maximum (max) and final); TVFA, Total Volatile Fatty Acids (maximum (max) and final); HAcfinal HPrfinal HBufinal , Final concentration of acetic,

propionic and butyric acids.

acidity in the mixtures compared to R2POMW is indicative
that the mixture of substrates enhanced the acidogenesis in
these reactors.

The evolution of TVFA was similar in all the mixtures. As
shown in Figure 4B, removal of the VFA, mainly acetic acid,
occurred between days 10 and 24, coinciding with the maximum
methane production for all mixtures. The acid removal was
very high for all the reactors, between 82 and 99%, with a
final basal concentration of TVFA between 0.1 and 2.6 g/L,
with a direct relationship to the initial content of 2POMW in
the mixture. These concentrations of non-degraded TVFA were
mainly composed of propionic acid in the assays with highest
proportion of 2POMW. The data of TVFAfinal are linearly related
to the proportion of 2POMW in the mixture (R2 = 0.96). In the
same way, the concentration of propionic acid at the end of the

test period follows a linear trend with the percentage of 2POMW
in the mixture (R2 = 0.93).

In Figure 4B, a similar trend of VFA concentration was
observed for all the mixtures tested. In general, a stage
(acidogenesis) with a significant increase in VFAs was observed
initially and, later, a second stage (methanogenesis) occurred in
which VFAs were degraded and transformed into biogas. Certain
acids, such as propionic, were accumulated in the reactors
with a higher proportion of 2POMW. This fact produced an
inhibitory effect on the methanogenic populations. Nevertheless,
the increase of the total acidity detected in the reactors during
the acidogenic phase corresponds mainly to an increase in the
concentration of acetic acid. Butyric acid levels were similar in
the four mixtures, reaching maximum concentrations of 1.17
g/L at 10 days of operation. The maximum propionic acid
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FIGURE 4 | Total VFA and individual VFA evolution (acetic, propionic and butyric acid) for co-substrates (A) and mixtures of co-digestion (B).

FIGURE 5 | Cumulative methane production for 2POMW, CM and co-digestion mixtures in batch experiments.

concentrations were between 1.09 and 1.25 g/L for reactors
C50:50, C60:40, and C75:25, and 1.67 g/L for reactor C85:15.

As previously mentioned, the increase of propionic acid in
the first days may be related to the metabolic biodegradation of

polyphenols (Pullammanappallil et al., 2001). Butyric acid was
the first of the acids removed (between 18 and 20 days) in all the
reactors. The concentration of acetic acid began to decrease at day
10–11 in the four reactors, coinciding with the start of methane
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production (Figure 5). Thus, in the C50:50 reactor it can be
considered that anaerobic degradation was completed, since the
final total acidity was practically negligible (0.10 g/L expressed
as acetic acid). However, for the rest of the co-digestion reactors
(C60:40; C75:25, and C85:15) the methane production was
interrupted at around day 33, probably due to an inhibitory effect
on methanogenic microorganisms. In fact, the HPr/HAc ratio
reached values above 2 for these reactors, which are higher than
those proposed by Hill et al. (1987) who established a maximum
HPr/HAc ratio of 1.4 before methanogenesis inhibition occurs.

Wilkie et al. (1986) showed that addition of micronutrients
stimulated propionate conversion to methane. Micronutrient
deficiencies, therefore, could also be responsible for the
propionate accumulation found in this study.

Methane Production
Figure 5 shows the cumulative production of methane as a
function of digestion time for the substrates and mixtures
studied. The evolution of methane production in the C50:50
assay is not included because of problems observed with the
register of biogas volume due to a leak in the reactor. Methane
production in R2POMW starts on day 16. This lag phase was also
observed by Ergüder et al. (2000) in the anaerobic treatment
of olive-mill wastes and could be related to the presence of
some toxic compounds, including phenolics, in these wastes.
Moreover, the concentration of propionic acid reached a level
of 1,660 mg/L in this reactor. This concentration is much
higher than 900 mg/L, which has been described by Wang
et al. (2009) as inhibitory for the growth of methanogenic
microorganisms. Also, as can be seen in Table 4, the total
methane production in this test (4.46 L) is clearly lower than
those obtained for the different mixtures, despite having a higher
concentration of potentially biodegradable organic matter. The
low rate of anaerobic digestion of 2POMW may be due to a
low nitrogen content and, therefore, a high C/N ratio (32.9),
resulting in a nutritional imbalance that affects the metabolism
of the populations involved (Flotats and Sarquella, 2008). The
unbalanced propionic production with a final HPr/HAc ratio
of 1.72, higher than the methanogenic inhibition level of 1.4
proposed by Hill et al. (1987), also contributed to the low
methane production. Additionally, the final HPr concentration
(1504.25 mg/L) remained higher than the inhibitory level for the
growth of methanogenic microorganisms (Wang et al., 2009).
Other olive mill wastes, like 3POMW, show a low methane
production. Carlini et al. (2015) obtained a methane productivity
between 0.0010–0.0023 LCH4/gVSadded for direct digestion and
0.10 LCH4/gVSadded for co-digestion of 3POMW with cattle
manure and slurries. These values are smaller than those obtained
for 2POMW and the 75% proportion of this by-product in
co-digestion with CM in this study.

In RCM, however, no inhibition of methane production was
observed. Thus, biogas was generated from the start of the test
and production ceased at day 42 when a very low concentration of
VFA (27.12 mg/L as acetic acid) was detected in the reactor. The
methane yield was 71.68 LCH4/kgVSadded. This value is within
the range observed by other authors, with maximum values of
184–260 LCH4/kgVS (Nasir et al., 2012) and minimum values of

55–69 LCH4/kgVS (Zhang et al., 2013). This wide range of values
evidences the different potential of anaerobic digestion of CM
depending on the typology of the substrate. Differences in animal
feed and operating conditions of the farms, among other factors,
can explain this fact (Møller et al., 2004).

The methane yields obtained have a relationship with the
concentration of VFA registered for the different assays and
indicate that VFAs are the most important methane precursors.
There was an increase of methane yield between C60:40 and
C75:25 of 14.7% due to the higher concentration of organic
matter coming from 2POMW. However, for the C85:15 mixture,
a decrease in the methane yield of 5.2% was observed, due to both
inhibition of methanogenesis by an increased HPr/HAc ratio and
the higher concentration of poorly biodegradable compounds.

Specific methane yield, expressed as LCH4/kgVSremoved,
decreased as the proportion of 2POMW in the mixture
increased, with a linear relation between both parameters. This
behavior is consistent with the aforementioned problems of
inhibition and likewise with the presence of a high fraction of
soluble recalcitrant compounds, such as lignocellulosic material,
associated with a higher proportion of 2POWM in the mixture.

In Figure 5, a lag phase of 14 days was observed in mixtures
with a higher content of 2POMW (C75:25 and C85:15), whereas
in the mixture with a lower proportion of 2POMW (C60:40)
the lag phase for methane production was slightly lower, around
10 days. Methane production increased exponentially after this
acclimation phase of methanogenic microbiota and finished
around 33 days from the start-up, for all mixtures studied. The
start of methane production corresponds to the metabolizing of
acetic acid, as described above.

The average composition of biogas in RCM was 65:35
(CH4:CO2) which is within the typical range for this type
of waste, as reported by Kirch et al. (2005). Moreover, for
R2POMW, an average biogas composition of 79:21 (CH4:CO2)
was obtained. Tekin and Coşkun Dalgiç (2000) have obtained
similar results for anaerobic digestion of olive pomace (similar
to 2POMW), with 80% methane in the biogas. For the
different mixtures tested, C50:50, C60:40, C75:25, and C85:15,
the average methane content ranged from 77 to 85%. Carlini
et al. (2015) obtained a lower methane percentage (64%) in
their co-digestion assays using 3POMW with CM and slurries.
Therefore, the mixture of wastes produced an enrichment
of methane in the biogas generated with respect to the
CM alone and remained broadly unchanged with respect
to 2POMW, since the pH, which determines the solubility
of CO2 in the medium, was similar in all the reactors
containing 2POMW.

CONCLUSIONS

The present study demonstrates the feasibility of co-digestion of
2POMW and CM in a mesophilic temperature regime.

Methane production and methane yields for the different
mixtures were higher compared to both individual co-substrates.
All the mixtures tested improved the total methane production,
with an increase of 264–319% with respect to 2POMW. Likewise,
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TABLE 4 | Methane production, methane yield and specific methane yield of the 2POMW, CM and different co-digestion mixtures.

Units R2POMW RCM C60:40 C75:25 C85:15

Total methane production Liters 4.46 (±0.02) 10.40 (±0.05) 16.24 (±0.08) 18.70 (±0.09) 18.12 (±0.08)

Methane yield LCH4/kgVSadded 24.91 (±0.12) 71.68 (±0.36) 97.97 (±0.49) 112.40 (±0.56) 106.51 (±0.53)

Specific methane yield LCH4/kgVSremoved 44.91 (±0.22) 184.00 (±0.92) 198.64 (±0.99) 190.53 (±0.95) 185.04 (±0.93)

Each value of volatile solids (VS) represents the mean of 3 replicates, for the volumetric determination of biogas the accuracy of the precision gas-meter (0.5%) was considered for the

calculation of final standard deviation (±).

the methane yield was also improved in co-digestion tests,
with an increase of 293–351% LCH4/kgVSadded and 312–342%
LCH4/kgVSremoved.

The increased proportion of 2POMW in the mixtures led
to an increase in the organic matter concentration available for
anaerobic microorganisms but also led to problems with HPr
accumulation and its inhibition of methanogenesis. There was a
linear relationship between HPr concentration and the 2POMW
initial content in the mixture.

Based on the results obtained in the analysis of the co-
digestion process of 2POMW and CM, it is evident that the
mixing ratio of both wastes is a very important variable. To
prevent problems of process inhibition, the 2POMW:CM ratios
of 60:40 or 75:25 are recommended.
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