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Abstract: Olive cake, the solid byproduct of three-phase centrifugation olive oil production, has a
high organic and polyphenol content, rendering it an environmental threat when landfilled as well as
limiting its animal feed potential. This residue can be a good candidate for biomethane production
due to its rich polysaccharide content (pectin, hemicellulose, and cellulose). Two strategies were
compared to maximize biomethane production: destoning (i.e., removal of the seed fragments via
mechanical means) and enzymatic pretreatment of the pulp. After 30 days of batch anaerobic diges-
tion at 35 ◦C, both enzymatically pretreated and destoned olive cakes produced similar amounts of
methane (~295 mL CH4/g volatile solids (VS)), 42% more than the control. A comparison of olive
cake’s biomethane yields with a broad range of agricultural residues in the literature demonstrated
its suitability for biomethane production. Additionally, the digestate recovered from the anaerobic
digestion of olive cake had high Kjeldahl nitrogen contents (3.6%, db) and low polyphenol concen-
trations (0.02 mg gallic acid equivalent (GAE)/g), qualifying it as an ingredient for soil amendment.
This study demonstrated olive cake can be diverted from landfills for second-generation biofuel
production, and that the resulting digestate may have value for soil amendment.

Keywords: enzymatic pretreatment; anaerobic digestion; olive cake; biomethane; digestate; olive oil

1. Introduction

In the past 60 years, global olive oil production has tripled, reaching 3,010,000 metric
tons in the 2020/2021 season [1]. This growing consumer interest can be attributed to the
population’s awareness of the possible health benefits of olive oil consumption including,
but not limited to, the improvement of cardiometabolic markers and decreased instances
of cardiovascular disease [2]. However, this steady increase in demand and production
heralds major environmental challenges. While many large olive oil producers utilize the
more environmentally friendly two-phase centrifugation systems, the older three-phase
systems are widely used owing to the prohibitive cost of upgrading [3]. Under a three-
phase centrifugation system, every ton of raw olives (including leaves which are removed
in the process) produces approximately 170 kg of olive oil, leaving 480 kg of olive cake
(solid waste consisting of pulp and stone from the olive fruit) and 290 kg of olive mill
wastewater (liquid waste rich in residual oil and polyphenols) to be disposed of [4].

The disposal of the solid waste that results from three-phase centrifugation, olive
cake, can be challenging. The olive cake has little value as an animal feed due to its
high polyphenol content and the presence of highly lignified olive stones. Olive cake is
also challenging to use as a sole composting source due to its phytotoxicity and phenolic
content, which considerably impedes its degradation [5]. Its disposal in landfills not only
contributes to GHG emissions but can also be costly for olive oil processors due to hauling
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and tipping fees. Thus, it is common in Mediterranean countries to combust the solid waste
for heat and energy. High in calorific power (400 kcal/kg) [6], dried olive cake produces a
gas rich in carbon and carbon monoxide when burned to recover energy, contributing to
greenhouse gas (GHG) emissions [7].

The quest for sustainable energy remains unsolved and one of the most challenging
issues of the 21st century. Production of biogas through anaerobic digestion is one potential
path that is being investigated. Anaerobic digestion is a millennia-old biofuel produc-
tion method that uses a mixture of microorganisms in four sequential steps (hydrolysis,
acidogenic fermentation, acetogenesis, and methanogenesis) to treat and convert organic
substrates into biogas. The produced biogas primarily consists of carbon dioxide and
biomethane [8]. Biomethane can then be upgraded to renewable natural gas or be burned
for heat and electricity, offsetting energy costs and producing carbon credits (tradable
permits that allow a certain amount of carbon emissions). Anaerobic digestion is capable of
offsetting 28% of the GHG emissions from olive oil production compared to combusting
olive cake for energy to aid in the solvent extraction of olive pomace oil, a common activity
in the Mediterranean olive oil industry, which only offsets 17% [9]. Furthermore, the stabi-
lized digestate produced from the anaerobic digestion of various byproducts including,
but not limited to municipal waste, agricultural residues, and manures, is a liquid effluent
rich in nitrogen and fiber that has applications in agriculture as fertilizer [10].

Anaerobic digestion of both first- and second-generation biomasses has been previ-
ously investigated. Agricultural residues and food wastes, such as olive cake, belong to the
second generation. Generally, second-generation biomasses have high concentrations of
lignin in the form of lignocellulose. Lignocellulose content is inversely proportional to a
substrate’s methane potential [11]. One advantage olive cake has over traditional second-
generation biofuel feedstocks such as corn stover is the fruit’s phytotomy. A drupe, olive
fruit is characterized by a thin epicarp, a fleshy mesocarp that holds the oil, and a highly
lignified endocarp (stone) that contains the seed [12]. Thus, the indigestible lignin in olives
is concentrated in the endocarp, which can be physically removed. Conversely, corn stover
often requires chemical pretreatment to solubilize the lignin. In addition, enzymes have
been reported to be a powerful tool to solubilize hemicellulose and cellulose into simpler,
fermentable carbohydrates [13]. Based on olive cake’s rich composition of polysaccharides,
such as arabinans, cellulose, and hemicellulose, olive cake from a three-phase olive mill is a
suitable candidate for enzymatic pretreatment to supplement anaerobic digestion.

As the presence of stones has no effect on the olive oil quality and aids oil extraction
during crushing, stones are removed from the cake after oil extraction, if at all. They can
be used for energy recovery, carbon sequestration, and as an additive for cement lime
mortar or heavy metal sorption [14–16]. The last three options represent a more sustainable
alternative for their use. The separation of the stones is conducted by gravitational methods,
using cyclones that separate the lighter pulp from the heavier stone fragments [17]. Large
and costly, cyclones represent an additional financial investment that can be a pitfall for
small olive producers.

The objectives of this study were two-fold. The first was to perform a biomethane
potential (BMP) assay, a batch test used to evaluate the biogas volume and composition
generated from the anaerobic digestion of olive cake to yield a specific methane yield (SMY)
of the agricultural residue. Biomethane potential assays allow for comparisons to be made
between the SMY of various feedstocks. The value of batch tests may seem confirmatory at
first as olive mill wastes have already made great strides as a potential biofuel feedstock
with many studies focusing on co-digestion with traditional feedstocks [18,19] and other
studies already moving towards continuous systems [3]. Such experiments utilize parame-
ters that are not standardized and are difficult to replicate laboratory to laboratory, leaving
possible comparisons of biomethane yields between olive cake and other agricultural
residues with much to be desired. Batch digestions are not yet completely precluded from a
lack of standardization and reproducibility [20], but the amount of control one has over the
experiment makes the BMP assay the best option in evaluating a feedstock’s biomethane
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potential. The second objective was to investigate whether the mechanical removal of the
stones and an enzymatic pretreatment would increase the biomethane potential of olive
cake. It was hypothesized that a higher SMY would be obtained by (1) the mechanical
removal of the stone fragments, which would decrease the lignin content and increase the
relative volume of pulp loaded into the digestion vessel compared to olive cake that still
contained stones; and (2) enzymatic hydrolysis of the pulp with a carbohydrase cocktail to
convert polysaccharides into fermentable sugars.

First, the destoning efficiency (the mass percentage of stones separated from the olive
cake) of a centrifuge was compared to the one of a horizontal screw press (HSP) equipped
with a mesh screen to determine which destoning method would be utilized for the
anaerobic digestion experiments. The SMY of four types of olive cake were assayed: olive
cake diluted with tap water (DOC) representing the control, an enzymatically pretreated
diluted olive cake (EDOC), a destoned diluted olive cake (DDOC), and diluted olive cake
that was destoned and then enzymatically pretreated (DEDOC). Co-digestion with other
residues was not considered as the objective of this study was to determine the biomethane
potential of olive cake from three-phase systems, so it could be compared with literature
values of agricultural residues, in particular, olive pomace from a two-phase centrifuge. To
our knowledge, this is the first BMP assay of enzymatically pretreated olive solid waste
originating from a three-phase centrifuge.

2. Materials and Methods
2.1. Substrate and Inoculum

The olive cake was obtained from a processing plant located in Santa Margarita (CA,
USA), which utilized a three-phase centrifuge and came from Arbosana olives. The cake
was stored in the dark at −20 ◦C until further processed. The inoculum used for anaerobic
digestion was digested wastewater sludge (35 ◦C, 60-day hydraulic residence time) from a
municipal wastewater treatment facility (San Luis Obispo Water Resource Recovery Facility
(SLO WRRF), CA, USA). The inoculum was stored in an incubator at 35 ◦C until used.

2.2. Experimental Design
2.2.1. Enzymatic Pretreatments

The olive cake (pH 4.3) was first diluted with 56 ◦C tap water at a 2:3 w/w, tap wa-
ter/olive cake (as is) ratio. The enzymatic pretreatment involved a cocktail of four enzymes
for a total of 1.6% w/w (db, each): 0.4% w/w cellulase (powder; activity 100,000 CU/g;
optimum pH 4–6.5, temperature 30–70 ◦C), 0.4% w/w hemicellulase (powder; activity
400,000 HCU/g; optimum pH 2–8, temperature 25–90 ◦C), 0.4% w/w xylanase (powder;
activity 100,000 XU/g; optimum pH 3.5–6.5, temperature 40–65 ◦C), and 0.4% w/w pecti-
nase (powder; activity 8000 ENDO-PG/g; optimum pH 2–4, temperature 30–60 ◦C), from
BIO-CAT (Troy, VA, USA). Enzymatic activities were provided by the manufacturer along
with assay protocols: locust bean gum assay for hemicellulase activity, viscosimetric de-
termination of carboxymethyl cellulose for cellulase activity, a turbidometric assay for
xylanase activity following the protocol established in Bailey and Poutanen (1989) [21], and
an endo-polygalacturonase assay for pectinase activity.

After enzyme addition, diluted samples (2.5 kg) were shaken in a MaxQ 5000 Floor-
Model Shaker (Thermo Fisher Scientific, Waltham, MA, USA) for 24 h at 56 ◦C and 150 rpm.
After shaking, enzymatically pretreated cakes (EDOC) were stored in the dark at −20 ◦C or
immediately destoned.

2.2.2. Destoning by Horizontal Screw Press (HSP) and Centrifugation

To determine the destoning (seed and pit removal) method for subsequent experiments,
diluted, enzymatically pretreated olive cakes (EDOC) were centrifuged or submitted to
mechanical stone removal via a HSP equipped with a mesh screen.

For the preparation of the centrifuged samples, 950 ± 25 mL of EDOC was centrifuged
in a 1 L bottle (JLA—9.1, Beckman Coulter, Brea, CA, USA) at 100, 200, or 3000× g for 5 min.
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The supernatant, which was poured off, was called destoned and enzymatically pretreated
diluted olive cake by centrifugation (DEDOC-C).

Mechanical stone removal consisted of immediately processing EDOC through a HSP
(Leeson Model C145T17FB60D) equipped with a 0.71 mm mesh screen and running at
500 rpm. The liquid stream was collected and run through the HSP two more times. The
resulting slurry was called destoned, enzymatically pretreated diluted olive cake by HSP
(DEDOC-H). The stream that contained the stones was collected and stored away.

Total solids (TS) of the pretreated olive cakes were determined using standard tech-
niques [22]. Determination of the percentage of stones removed was calculated by decanting
a 200 g (as is) aliquot of DEDOC-C100, DEDOC-C200, DEDOC-C3000, DEDOC-H, or EDOC
(the control). Stones were collected from the bottom of the container and dried for 72 h at
100 ◦C. For the comparison of centrifugation and HSP, the percentage of stones removed
was calculated as:

Mean stones removed (w%) = 100− x o f mass o f stones in DEDOC–Cs or DEDOC–H
x o f mass o f stones in EDOC

(1)

2.3. Anaerobic Digestion
2.3.1. Mechanical and Enzymatic Pretreatment of Olive Cake

Figure 1 summarizes the pretreatment process for the olive cakes that underwent
anaerobic digestion. The method described in 2.2.1 was used to produce the EDOC and
the HSP was used to obtain the DEDOC. Control (DOC) and destoned olive cakes (DDOC)
were similarly prepared but without the addition of the enzyme cocktail. For the DDOC,
after the shaking process, the olive cakes were immediately submitted to mechanical stone
removal by HSP according to the method laid out in Section 2.2.2. All the pretreated olive
cakes were stored in the dark at −20 ◦C and thawed overnight at 4 ◦C before use. The
abbreviations used and a summary of the pretreatment applied to the olive cakes for the
anaerobic digestion experiment can be found in Table 1.

Table 1. Abbreviation guide for the pretreated olive cakes.

Abbreviation The Sequence of Pretreatments Performed

Destoning by horizontal screw press or centrifugation experiment

EDOC Tap water dilution, carbohydrase cocktail enzyme addition

DEDOC-H Tap water dilution, carbohydrase cocktail enzyme addition, stone fragment removal by horizontal
screw press

DEDOC-C100 Tap water dilution, carbohydrase cocktail enzyme addition, stone fragment removal by
centrifugation at 100× g

DEDOC-C200 Tap water dilution, carbohydrase cocktail enzyme addition, stone fragment removal by
centrifugation at 200× g

DEDOC-C3000 Tap water dilution, carbohydrase cocktail enzyme addition, stone fragment removal by
centrifugation at 3000× g

DDOC T1 Tap water dilution, soak at 56 ◦C for 1 h, stone fragment removal by horizontal screw press
DDOC T24 Tap water dilution, soak at 56 ◦C for 24 h, stone fragment removal by horizontal screw press

Anaerobic digestion experiment

DOC Tap water dilution
DDOC Tap water dilution, stone fragment removal by horizontal screw press
EDOC Tap water dilution, carbohydrase cocktail enzyme addition

DEDOC Tap water dilution, carbohydrase cocktail enzyme, stone fragment removal by horizontal screw press
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Figure 1. Experimental flow chart. * Diluted olive cake (DOC, control) and destoned diluted olive
cake (DDOC) were obtained without enzymatic addition. Bold and dashed lines indicate feed and
intermediate products; italics indicates end products.

2.3.2. Olive Cake Characterization

Total solids (TS) and volatile solids (VS) of the pretreated olive cakes (DOC, DDOC,
EDOC, DEDOC) and inoculum were determined using standard techniques [22]. The pH
was measured with an EW-59500-81 pH electrode (Oakton, IL, USA). The method described
in Section 2.2.2 was followed to determine the mass percentage of stones removed. In this
case, the control was the diluted olive cake (DOC). The effect of extended hydration on the
mass percentage of stones removed was also studied. Before destoning by HSP, the DOC
was either left in the shaker for either 1 h (DDOC T1) or 24 h (DDOC T24).

The olive cakes were freeze-dried in an HR7000-M freeze dryer (Harvest Right, North
Salt Lake, UT, USA). Kjeldahl nitrogen was measured with a Kjeltec 8200 (FOSS, Eden
Prairie, MN, USA). Lipid content was determined with a Soxtec 2043 (FOSS, Eden Prairie,
MN, USA). Cellulose, hemicellulose, and lignin were determined using the Van Soest
method with lignin expressed as acid detergent lignin (ADL) [23]. The reducing sugar
content of the supernatant was measured after centrifugation at 8000 rpm for 30 min at
room temperature with the dinitrosalicylic acid (DNS) method. Glucose was used to obtain
a standard curve ranging from 0.8–4.0 mg/mL.

Phenolic compounds were extracted from the olive cakes using an 80% w/v methanol
solution. The extract was then defatted with hexane before analysis. Total phenol content
of the defatted extract was determined with the Folin-Ciocalteu method and expressed as
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mg gallic acid equivalent (GAE)/g of extract, as described by Obied et al. (2007) [24]. A
standard curve was produced using gallic acid (0.0–5.0 mg/mL).

2.3.3. Biochemical Methane Potential Substrate and Inoculum Loadings

Biochemical methane potential (BMP) assays followed the procedures established by
Angelidaki et al. (2009) [25]. Assays were conducted in 165 mL serum bottle digesters,
which were filled to a working volume of 100 mL. Triplicate control blanks containing
only the inoculum accounted for residual methane production due to the inoculum’s
biodegradation. The glucose control determined the upper limit for methane yield. The
substrate VS loading for the glucose control and all olive cakes was 7.5 g VS/L, which
corresponded to a substrate: inoculum (S:I) ratio of 0.5 by VS. No nutrients or buffers were
added and digesters were flushed with N2 gas for a minute before being sealed with butyl
septa. The digesters were incubated at 37 ± 2 ◦C and manually shaken for one minute
every day for 30 days. Digesters were prepared in sets of three.

2.3.4. Biogas Analysis

The biogas yield for each digester was volumetrically measured with a liquid dis-
placement method using a graduated cylinder (mL biogas/day). The headspace gas was
collected and analyzed with a gas chromatograph (SRI 8610, Torrance, CA, USA) equipped
with a thermal conductivity detector (TCD) and a 1.8 m concentric packed column with a
3.18 mm inner column, filled with a proprietary porous polymer mixture and a 6.35 mm
diameter molecular sieve outer column (Alltech CTR1, Deerfield, IL, USA). Argon was
used as a carrier gas at a flow rate of 16 mL/min. The operating temperature was 55 ◦C,
and 1 mL of the sample was injected in duplicate [22]. The percentage of CH4, CO2, N2,
and O2 in the biogas was determined by comparison to standard gases of known purity.

2.3.5. Carbohydrate Profile of Olive Cake and Digestate

Characterization and quantification of the carbohydrate monomers were performed
before digestion and on days 0, 15, and 30 with HPLC. To allow for this, one serum bottle in
each set of triplicates was taken apart at the mid-point, i.e., after 15 days. The Prominence
ultra-fast liquid chromatograph (UFLC) was equipped with an Aminex HPX-87H column
(Bio-Rad, Hercules, CA, USA) and the detector used was an Agilent 1200 series refractive
index (RI) detector (Santa Clara, CA, USA).

The mobile phase was 0.005 M sulfuric acid running at an isocratic flow rate of
0.6 mL/min. Glucose, xylose, galactose, and arabinose at concentrations of 0.125, 0.25,
0.5, and 1 mg/mL were used as standards. Galactose and xylose had the same retention
time [19]. Supernatants were collected from the pretreated olive cakes and were diluted at
a 1:9 vol/vol supernatant: nanopure water ratio (Thermo Fischer Scientific, Waltham, MA,
USA). Supernatants collected after the olive cake had been combined with the inoculum on
days 0, 15, and 30 were not diluted. All the samples were filtered through a 1 mL syringe
with a 25 mm, 0.45 µm polyvinylidene fluoride membrane (Thermo Fischer Scientific,
Waltham, MA, USA) before 10 µL was injected into the UFLC in duplicate. Peaks were
integrated with the LabSolutions Analysis Data System (Shimadzu, Kyoto, Japan).

2.3.6. Digestate Analysis

At the end of the 30-day digestion, the pH and alkalinity of the digestates for all the
olive cakes were measured [22]. The digestate of the destoned olive cake (DDOC) and
enzymatically pretreated olive cake (EDOC) were dried in a convection oven at 50 ± 5 ◦C
for 72 h. Kjeldahl nitrogen, lipid content, sequential fiber, and total phenolic determinations
were performed as described in Section 2.3.2. The gross heat of combustion was measured
using a Parr 1241 Oxygen Bomb Calorimeter and 1180 Oxygen Combustion Bomb (Moline,
IL, USA) following methods N◦203M [26].
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2.4. Calculations

The Buswell formula (Equations (1) and (2)) was used to calculate the theoretical
methane yield (TMY, mL CH4/g VS) for the glucose control with N, a, and b equal to 6, 12,
and 6, respectively [27]:

CnHaOb + (n − a/4 − b/2) H2O→ (n/2 − a/8 + b/4) CO2 + (n/2 + a/8 − b/4) CH4 (2)

TMY = (22.4 × 1000 × (n/2 + a/8 − b/4))/(12n + a +16b) (3)

Using Equation (2), the TMY of glucose is 373.5 mL CH4/g VS at standard temperature
and pressure.

The specific methane yield (mL CH4/g VS), the normalized amount of methane
produced by the substrate, was calculated by subtracting the methane yield of the inoculum
blank (mL CH4 inoculum) from the methane yield of each substrate (mL CH4 substrate).
The resulting value was divided by the mass of the substrate VS added to the digester
(Equation (4)).

SMY = (mL CH4 substrate −mL CH4 inoculum)/(g VS substrate added) (4)

2.5. Statistical Analysis

Proximate analysis of the olive cakes and the comparison between stone removal by
HSP and centrifuge were performed in triplicate. All the other experiments were run in at
least duplicate. Average values were reported. JMP software (Cary, NC, USA) was used
for the analysis of variance (ANOVA) and to perform Tukey’s honest significant different
(HSD) test with a critical significance level of 0.05.

3. Results and Discussion
3.1. Stone Removal, and Total Solid Distribution with Horizontal Screw Press (HSP) or
Centrifugation

The comparison of destoning by an HSP equipped with a mesh screen versus a
centrifuge was performed on the enzymatically pretreated diluted olive cake (EDOC). The
purpose of mechanical pretreatment was to remove as many of the stone fragments as
possible while retaining the maximum amount of the digestible solids in the liquid fraction
for subsequent anaerobic digestion.

Both HSP and centrifuge, regardless of centrifugal speed, removed over 95% of the
stones (Figure 2). A lower stone removal percentage of 84% was reported after steam
treatment for 135 s at 234 ◦C or 193 ◦C [28]. In addition to removing a lower percentage of
stones from the olive cake, HSP and centrifugation have the advantage of requiring less
thermal energy than steam explosion.

While the HSP and centrifuge removed similar amounts of olive stones, the TS, i.e.,
dry matter remaining after stone removal, significantly differed between the two destoning
methods. Less than a quarter (21%) of TS was recovered in the supernatant for DEDOC-
C3000 (Figure 2). This result is in agreement with 18% TS recovered when two-phase
olive mill waste (2POMW) was pretreated at 170 ◦C for 60 min and then centrifuged at
4700× g [29]. When the olive cakes were centrifuged, pulp partitioned with the stones,
becoming part of the pellet. This is reflected in the lower %TS in the supernatant (Figure 2).
It is important to note that although such a centrifugal speed is easily achievable with
laboratory centrifuges, it is higher than most centrifuges used in the olive oil industry. At a
centrifugal speed of 200× g, the destoned supernatant contained 27% of the TS (Figure 2).
Lowering the speed to 100× g significantly increased the TS in the destoned supernatant
to 43%. The use of a HSP for destoning olive cake resulted in the greatest retention of TS
(66%) in the destoned fraction. Therefore, all subsequent destoning was conducted with
the use of the HSP.
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by centrifugation at 100× g (DEDOC-C100); destoned enzymatically pretreated diluted olive cake
by centrifugation at 200× g (DEDOC-C200); destoned enzymatically pretreated diluted olive cake
by centrifugation at 3000× g (DEDOC-C3000). Different letters within a group indicate significant
differences. Capital letters = Stones removed; lower case letters = Total solids in liquid fraction.

3.2. Olive Cake Destoning Efficiency of a Horizontal Screw Press (HSP) Compared to Enzymatic
Pretreatment

After comparing mechanical stone fragment removal methods, olive cakes were
diluted (DOC), diluted and destoned with the HSP (DDOC), diluted and enzymatically
treated (EDOC), diluted, enzymatically treated, and then destoned with the HSP (DEDOC)
in preparation for the batch anaerobic digestion.

Figure 3 describes the mass percentage of stones removed and %TS recovered in the
liquid fraction of the pretreated olive cakes. When the HSP was used to destone olive cake
(DDOC), 94% of stones were removed when compared to the stone content of the control
(DOC). Interestingly, even though the enzymatically pretreated olive cake (EDOC) was not
submitted to the destoning process, the stone content was 31% lower than the control (DOC).
This observed mass reduction was attributed to the removal of hemicellulose and cellulose
from the stones due to enzymatic hydrolysis. The TS content of the DOC (19.2%) and
EDOC (20.1%) not being significantly different (p > 0.05) reinforces the previous hypothesis.
Total solids are defined as the sum of the dissolved, suspended, and settleable solids, i.e.,
the material minus the water. As enzymes catalyze reactions and do not remove material
from the system, the TS between DOC and EDOC should not be significantly different. As
mentioned above this was shown to be the case.

Extended hydration at an elevated temperature (56 ◦C) was expected to cause the
insoluble fiber to swell and loosen from the stone fragments (Figure 3). Unexpectedly,
soaking the olive cake (DOC) at 56 ◦C for an additional 23 h before destoning had no
significant effect on the TS or % mass stones removed. Although a slightly puzzling result,
achieving optimal destoning after 1 h of hydration at 56 ◦C in a shaker saves olive mills
interested in destoning technology a large amount of time and energy that would go
towards an extended soak.
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Figure 3. Percentage of stones removed with a horizontal screw press on the diluted olive cake and
enzymatically pretreated diluted olive cake. N/A = not applicable. Control for stones removed
(%) was DOC. Diluted olive cake (DOC, control); destoned diluted olive cake soaked for 1 h and
24 h (DDOC T1 and DDOC T24, respectively); enzymatically pretreated diluted olive cake (EDOC);
destoned and enzymatically pretreated diluted olive cake (DEDOC). Different letters within a group
indicate significant differences. Capital letters = Stones removed; lower case letters = Total solids in
liquid fraction.

3.3. Impact of Pretreatment on Olive Cake Characteristics

Table 2 summarizes the physical and chemical properties of the olive cakes used as a
substrate for anaerobic digestion.

Table 2. Characteristics of various olive cakes and inoculum.

Characteristics Inoculum DOC 1 DDOC 2 EDOC 3 DEDOC 4

Total Solids (g/kg) 26.1 ± 0.1 a 192.0 ± 6.7 c 80.0 ± 2.4 b 201.0 ± 27.5 c 87.0 ± 4.0 b

Kjeldahl Nitrogen (%TS) N.D. 0.8 ± 0.1 a 1.4 ± 0.1 b 0.9 ± 0.2 a 1.6 ± 0.1 b

Crude Fat (%TS) N.D. 8.3 ± 0.3 a 13.9 ± 0.5 c 10.6 ± 1.0 b 10.4 ± 0.8 b

Volatile Solids (%TS) 62.4 ± 0.0 a 97.0 ± 0.3 c 92.0 ± 0.3 b 97.0 ± 0.4 c 92.0 ± 0.4 b

Ash (%TS) 37.6 ± 0.2 c 3.0 ± 0.4 a 8.2 ± 0.3 b 3.2 ± 0.5 a 7.8 ± 0.4 b

pH 07.9 ± 0.0 b 4.3 ± 0.2 a 4.3 ± 0.1 a 4.2 ± 0.2 a 4.1 ± 0.1 a

Hemicellulose (%TS) N.D. 22.9 ± 3.7 b 16.3 ± 1.1 a 22.0 ± 3.3 b 15.1 ± 2.0 a

Cellulose (%TS) N.D. 15.0 ± 3.5 b 12.0 ± 0.4 ab 14.5 ± 2.5 b 10.0 ± 1.5 a

Lignin (%TS) N.D. 29.0 ± 2.9 b 12.1 ± 1.0 a 24.4 ± 5.2 b 14.0 ± 1.6 a

Total Phenolics
(mg GAE/mL) N.D. 0.7 ± 0.1 a 0.8 ± 0.2 a 1.0 ± 0.1 a 0.9 ± 0.2 a

Reducing Sugar (mg/mL) N.D. 10.0 ± 2.0 a 11.8 ± 3.8 a 027.9 ± 3.9 b 27.3 ± 1.3 b

Different letters for each characteristic indicate a significant difference. 1. Diluted olive cake, control; 2. Destoned
diluted olive cake; 3. Enzymatically pretreated diluted olive cake; 4. Destoned and enzymatically pretreated
diluted olive cake; TS = Total solids (dry matter); N.D. = not determined.

Olive cake from three-phase systems is known to have a low protein content (3.3–9.6%,
db) [30,31]. The solid waste obtained from the Arbosana olives processed with a three-
phase centrifuge belongs in this range (4.6% (db)). The removal of stones concentrated
the pulp, increasing the amount of protein to 8.9%, which confirmed results reported in
previous studies when commercially destoned cake was compared to crude ones [30,32].

Residual oil content in olive cakes is dependent on the efficiency of olive oil extraction.
Olive mill waste lipid content can be as low as 7.3% (db) or as high as 22.1% (db) [30,33].
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In our study, the diluted olive cake (DOC) contained 8.3% lipid (db). Both destoning and
enzymatic pretreatment increased lipid content.

The reducing sugar content was increased by a factor of almost three after enzymatic
pretreatment, increasing the amount of digestible substrate immediately available for
conversion to methane (DOC, 10.0 mg/mL vs. EDOC, 27.9 mg/mL). Carbohydrates were
not lost in the destoning process as the amount of reducing sugar in the destoned olive
cakes (DDOC, DEDOC) did not significantly decrease after destoning (Table 2).

Total phenol concentrations (0.7–1.0 mg GAE/g) of all four olive cakes was well
below the demonstrated inhibitory level of 1.7 mg GAE/g total phenol concentration for
methanogenic microorganisms [34].

Acid detergent lignin in olive cake ranges from 12–30% (db) depending on the variety
of the olives [30,31]. As expected, after destoning by HSP, lignin content decreased more
than 50% (DOC, 29.0% vs. DDOC, 12.1%). This result demonstrated that the HSP was
more efficient at destoning than densimetry methods. For comparison, densimetry has
been shown to reduce the lignin content in olive cake by 25% [5]. A large reduction in
lignin after destoning can be explained by the phytotomy of olives. Classical lignocellulosic
biomasses such as corn stover have cellulose in a crystalline form that is cross-linked with
hemicellulose and lignin polymers. Lignin acts as a cement, restricting enzyme access
to the cellulose. Such a decrease in the enzymatic accessibility of polysaccharides is less
of a hindrance in olive cake from three-phase systems as a large portion of the lignin is
localized in the kernel and stone [13], while the flesh is composed of a cellulose matrix. In
short, destoning reduced the mass percentage of lignin-dense stones, resulting in a lower
percentage of TS. In return, there is a higher volume of nutrient-rich pulp per gram (db) of
olive cake.

3.4. Methane Yields

Biochemical methane potential (BMP) assays are a standard, batch protocol used to
estimate the volume and quality of methane generated from the anaerobic digestion of
agricultural residues, including olive cake [35].

The addition of the inoculum to the enzymatically pretreated olive cakes (EDOC,
DEDOC) resulted in pH > 7 in the serum bottle digesters. The near-neutral pH was due to
the low S:I volume ratio (1:9 v/v) to achieve the S:I VS ratio of 0.5. This pH was outside
of the pH optimal range of all enzymes used, except the hemicellulose; so, some residual
enzyme activity was expected. Enzymes were not inactivated before anaerobic digestion in
hopes residual enzymatic activity would promote greater biogas production.

The SMY of the glucose control on Day 30 displayed 92% of the theoretical methane
yield (TMY) of glucose (373.5 mL CH4/g VS). Microcrystalline cellulose is often used as
a positive control for BMP assays involving lignocellulosic agricultural byproducts [36];
however, enzymatic pretreatment with cellulase is expected to degrade the cellulose in the
olive cake into quantities of readily digestible glucose [13]. Thus, a glucose control was
chosen over cellulose as a positive control to serve as a ceiling to compare the SMY’s of the
pretreated olive cakes.

For all the olive cakes, the kinetics of biomethane production were similar; the anaero-
bic digestion started with a short lag phase, followed by a steady production of methane,
before plateauing on Day 23 (<5% total methane production between day 23 and day 30)
(Figure 4). As expected, the control (DOC) displayed the lowest SMY value (209.5 mL
CH4/g VS). The enzymatically pretreated olive cake (EDOC, 298.1 mL CH4/g VS) and the
destoned olive cake (DDOC, 293.1 mL CH4/g VS) produced the highest amount of methane,
42% higher than that of the control (DOC) and just 14% lower than the glucose control.
There was no statistical difference between the two samples, suggesting that destoning was
as effective as the enzymatic pretreatment in increasing SMY.
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Figure 4. Effect of enzyme and destoning on specific methane yield (SMY). DDOC and EDOC
are not statistically different on day 30. A plateau started on Day 23 (<5% increase for 7 days).
Glucose, dash; diluted olive cake (DOC, control), open square; destoned diluted olive cake (DDOC),
closed diamond; enzymatically pretreated diluted olive cake (EDOC), open circle; destoned and
enzymatically pretreated diluted olive cake (DEDOC), closed triangle.

The higher methane yield for the destoned, diluted olive cake (DDOC) was due to
the increased amount of digestible substrate loaded into the digester (which replaced
the stones to keep the VS loading constant), whereas the higher yield after enzymatic
pretreatment can be explained by the increased amount of fermentable sugars available
(Table 2). When destoning and enzymatic pretreatments were combined, i.e., the DEDOC
samples, 252.3 mL CH4/g VS was obtained. This value represented a SMY that was
20% higher than the control, but lower than the one obtained with olive cake that was
submitted to either a destoning (DDOC) or enzymatic pretreatment (EDOC). Interestingly,
the methane production of the DEDOC followed that of the EDOC from Day 5 to 14,
suggesting the inhibition occurred after the readily available monosaccharides had been
completely digested.

One possible hypothesis for the lower SMY of destoned and enzymatically pretreated
olive cake (DEDOC) compared to the olive cakes that underwent a single pretreatment
(DDOC and EDOC) is the profile of polyphenols within the digester. Oleuropein is the main
polyphenol in olive and is known to have antimicrobial properties. Hydroxytyrosol, one of
oleuropein’s degradation products, has a higher antimicrobial activity [37]. Polyphenols
form complexes with polysaccharides in olives, which can be degraded during enzymatic
treatment involving carbohydrases [38]. The enzymatic hydrolysis of carbohydrates com-
plexed with polyphenols can release the polyphenols into the matrix where they can be
further degraded. Our biomethane potential results (Figure 4) suggest that a combination
of destoning and enzymatic pretreatment led to conditions promoting the formation of a
higher antimicrobial activity in the sample, which had a detrimental impact on methane
production. Due to the closed nature of a batch system, it was not possible to follow
phenolic profile and content throughout the digestion process.

Acidification of the anaerobic fermentation medium over time is often a factor in
impeding optimal biomethane production. To evaluate the stability of the anaerobic
digestion process, endpoint (Day 30) pH, and alkalinity were measured (Figure 5). With
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the applied S:I ratio of 0.5, the pH value of all digesters was within the recommended
bounds for methanogenic activity (pH 6.8–7.8) [29]. Alkalinity ranging from 8800 to 9333
mg CaCO3/L was measured in all the digesters, indicating an excess of buffering capacity
was present. With a high alkalinity and a pH within the recommended limits of anaerobic
digestion, there was no evidence of inhibition due to acidification.
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Figure 5. Anaerobic digester conditions at the end of the biochemical methane potential (BMP)
assay; different lower-case letters represent significant statistical differences in alkalinity. Different
uppercase letters represent significant differences in pH. Diluted olive cake (DOC); destoned diluted
olive cake (DDOC); enzymatically pretreated diluted olive cake (EDOC); destoned and enzymatically
pretreated olive cake (DEDOC).

Comparisons to the SMY of other BMP assays are difficult to make when the S:I ratio
between experiments varies. For instance, at an S:I ratio of 2 by VS, olive pomace (in
this case the solid waste produced after solvent extraction of olives that had already been
cold-pressed) digested for 14 days yielded 21 mL CH4/g VS [39]. Their low SMY using
a high S:I ratio can be explained by the build-up of toxic metabolites due to the presence
of excess substrate inhibiting the induction of microbial enzymes, leading to the build-up
of toxic metabolites. Furthermore, residues from pomace oil production have low-lipid
contents. Solid olive mill wastes have a considerable amount of residual lipids, which
contributes to their suitability as a candidate for anaerobic digestion.

Table 3 compares the limited number of BMP assays in the literature performed
in mesophilic conditions with an S:I ratio of 0.5. The TMY for carbohydrates, proteins,
and lipids were also included. Without any pretreatment, olive cake from a three-phase
system was found to be a reasonable candidate for anaerobic digestion, producing similar
amounts of methane to 2POMW (213.1 mL CH4/g VS) and cotton gin waste (235.7 mL
CH4/g VS). Substrates with traditionally high amounts of lignocellulosic material are
generally inefficient at producing methane (e.g., pine, 59 mL CH4/g VS). After enzymatic
pretreatment or destoning, the olive cake displayed similar yields to nitrogen-rich substrates
such as chicken manure (295 mL CH4/g VS) and higher yields than that of corn stover
(241 mL CH4/g VS).
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Table 3. Specific methane yields for different substrates.

Substrate Specific Methane Yield References
(mL CH4/g VS)

DOC 1 209.5 ± 7.5 N/A
EDOC 2 298.1 ± 23.7 N/A
Carbohydrate (Theoretical) 350 [8]
Proteins (Leucine, Theoretical) 570 [8]
Fats (Lauric Acid, Theoretical) 950 [8]
Bamboo 16 [40]
Pine 59 [40]
Sorghum 260–380 [40]
Cellulose 370 [40]
Food Waste 540 [40]
2POMW 3 213.1 [41]
Cotton Gin Waste 235.7 [41]
Juice Waste 446.0 [41]
Winery Waste 446.2 [41]
Corn Stover 241 [42]
Vinegar Residue 253 [42]
Rice Straw 281 [42]
Chicken Manure 295 [42]

1. Diluted olive cake, control; 2. Enzymatically pretreated diluted olive cake; 3. Two-phase olive mill waste.

Co-digestion is often presented as a powerful tool to improve methane yield through
selecting substrates that have complementary properties. For olive mill wastes that orig-
inate from a three-phase centrifuge, it is possible to co-digest the wastewater with the
solid olive mill waste (olive cake). When conducted at an S:I ratio of 8.7 by VS for 60 days,
1.8 mL CH4/g VS was reported [43]. This SMY is ~100 times lower than what was obtained
with the control diluted olive cake (DOC) in this study (145 mL CH4/g VS, S:I ratio 0.5).
After diluting the OMWW and olive cake blend with tap water, and adding buffering
agents, an SMY of 193.4 mL CH4/g VS was reported demonstrating the suitability of the
pairing. Although the SMY of three-phase olive cake co-digested with OMWW is lower
than the SMY of the diluted olive cake alone, co-digestion simultaneously converts olive
cake and OMWW, which is another environmentally detrimental byproduct of olive oil
production. One future consideration could be extracting the polyphenols from OMWW
and then co-digesting the resulting liquor with enzymatically pretreated olive cakes. One
severe limitation to this approach is the high organic load (and therefore VS) of olive mill
waste products such as olive cake and OMWW. As seen in this study, to achieve a S:I (VS)
of 0.5, which is quite regular to BMP studies, a low S:I volume ratio was required, which is
undesirable from a waste management standpoint. The higher the S:I ratio, the more of the
byproduct that can be used for anaerobic digestion.

3.5. Carbohydrate Content and Profile

Table 4 describes the carbohydrate profile of the olive cake pre-digestion, after the
inoculum was added (Day 0), during the midpoint of digestion (Day 15), and at the
end (Day 30). The control, diluted olive cake (DOC) had a similar amount of glucose
and xylose/galactose (each ~5.3 mg/mL). After enzymatic pretreatment, concentrations
of glucose in the EDOC (9.9 mg/mL) and the destoned enzymatically pretreated olive
cake (DEDOC, 10.4 mg/mL) significantly increased, while the xylose/galactose content
remained the same.
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Table 4. Carbohydrate profile of digestate at Day 0, 15, and 30; and olive cake supernatant.

Substrate Glucose Xylose/Galactose Arabinose Total
(mg/mL) (mg/mL) (mg/mL) (mg/mL)

DOC 1 Pre-digestion 5.34 ± 1.50 c 5.38 ± 1.49 c n.d. 10.72 ± 3.00 c

Day 0 0.18 ± 0.08 a 0.17 ± 0.08 a n.d. 00.35 ± 0.16 a

Day 15 n.d. n.d. n.d. n.d.
Day 30 n.d. n.d. n.d. n.d.

DDOC 2 Pre-digestion 6.80 ± 2.48 cd 6.49 ± 2.33 c n.d. 13.29 ± 4.80 c

Day 0 0.44 ± 0.14 ab 0.68 ± 0.19 b n.d. 01.12 ± 0.33 b

Day 15 n.d. n.d. n.d. n.d.
Day 30 n.d. n.d. n.d. n.d.

EDOC 3 Pre-digestion 9.88 ± 0.48 d 6.61 ± 1.90 c 2.45 ± 0.21 b 18.94 ± 2.35 c

Day 0 0.61 ± 0.15 b 0.44 ± 0.10 ab 0.18 ± 0.04 a 01.23 ± 0.29 b

Day 15 n.d. n.d. n.d. n.d.
Day 30 n.d. n.d. n.d. n.d.

DEDOC 4 Pre-digestion 10.35 ± 0.44 d 6.23 ± 0.52 c 2.53 ± 0.16 b 19.11 ± 0.95 c

Day 0 0.63 ± 0.02 b 0.47 ± 0.00 ab 0.13 ± 0.02 a 1.23 ± 0.01 b

Day 15 n.d. n.d. n.d. n.d.
Day 30 n.d. n.d. n.d. n.d.

Different letters within a group of compounds indicate significant differences 1. Digestate of diluted olive cake,
control 2. Digestate of destoned diluted olive cake 3. Digestate of enzymatically pretreated diluted olive cake 4.
Digestate of destoned and enzymatically pretreated diluted olive cake.

Glucuronoxylans, which can be degraded into xylose, are commonly found in the
lignified fraction of the olive pulp or the stones [44,45]. Due to the crystalline structure of
the lignin, our results suggested that the xylanase was unable to convert those xylans into
xylose under the conditions used in the experiment. The results of this study suggested
that at the present conditions, the presence of xylanase does not seem to contribute to xylan
degradation. Arabinose was not detected in the DOC and DDOC; however, 2.5 mg/mL
was found in both EDOC and DEDOC, demonstrating hemicellulase and pectinase activity.

After the inoculum was added to the olive cakes in preparation for anaerobic digestion
(Day 0), an expected decrease in total sugar content was observed due to the dilution. After
15 days of digestion, no monosaccharides were detected, which confirmed the consumption
of glucose. The hydrolysis rate of cellulose is lower than the rate of fermentation of its
monomeric product, meaning that the accumulation of glucose was non-existent. Our
results were comparable to the ones observed at the end of a 22-day digestion period of
a 2POMW. In that study, the total carbohydrate remaining in the digestate supernatant
was found to be negligible (0.025–0.050 mg/mL) [29]. Other substrates converted during
digestion were lipids and proteins which produce more methane per g of VS [8].

3.6. Valorization Potential of the Olive Cake Digestate

Because of their high caloric value, illustrated by a gross heat of combustion up to
21 kJ/g TS [31], untreated solid olive mill wastes are currently used for energy recov-
ery. The digestates recovered after anaerobic digestion of the olive cake which produced
the highest amounts of methane, the destoned diluted olive cake (DDOC), and the en-
zymatically pretreated olive cake (EDOC), were further analyzed to determine potential
applications (Table 5). The olive cake digestates displayed gross heat of combustion values
of 3.3–3.5 kJ/g TS, which were significantly lower than untreated olive cakes, limiting their
value for energy recovery. These lower values were expected as the samples were diluted
with wastewater sludge and were digested.
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Table 5. Characteristics of digestate after 30 days of anaerobic digestion.

Characteristics Inoculum DDOC 1 EDOC 2

Total Solids (g/kg) 21.35 ± 0.03 a 26.55 ± 0.05 b 29.40 ± 0.45 b

Kjeldahl Nitrogen (%TS) 3.99 ± 0.05 a 3.69 ± 0.07 b 3.66 ± 0.01 b

Crude Fat (%TS) 3.18 ± 0.19 a 3.16 ± 0.31 a 3.18 ± 0.33 a

Volatile Solids (%TS) 59.08 ± 0.62 a 66.94 ± 0.43 ab 73.74 ± 7.78 b

Ash (%TS) 40.92 ± 0.62 b 33.05 ± 0.43 ab 26.25 ± 7.78 a

pH 8.59 ± 0.02 c 7.52 ± 0.02 a 7.73 ± 0.03 b

Hemicellulose (%TS) 15.59 ± 1.19 a 16.68 ± 1.20 b 17.32 ± 1.55 b

Cellulose (%TS) 2.02 ± 0.79 a 4.64 ± 0.95 b 4.62 ± 0.51 b

Lignin 3 (%TS) 10.32 ± 0.38 a 11.68 ± 0.71 b 11.86 ± 0.61 b

Total Phenolics
0.017 ± 0.001 a 0.026 ± 0.001 a 0.019 ± 0.003 a

(mg GAE/g) 4

Gross Heat of Combustion
3.11 ± 0.04 a 3.31 ± 0.17 a 3.65 ± 0.43 a

(kJ/g TS)

Different letters for each characteristic indicate a significant difference 1. Destoned diluted olive cake 2. Enzymati-
cally pretreated diluted olive cake 3. Acid detergent lignin 4. mg GAE/g = mg gallic acid equivalent/g of extract;
TS = total solids (dry matter).

Protein content is another important characteristic for determining the potential use
of agricultural by-products. Both the destoned and enzymatically pretreated olive cake
digestates (DDOC and EDOC) had a Kjeldahl nitrogen content of 3.6% TS (Table 5), which
was higher than the undigested olive cake (1.4% TS) (Table 2) and slightly lower than the one
reported for cow manure’s digestate (4.3% TS) [10]. The high Kjeldahl nitrogen content in
the digested olive cakes could qualify them as good substrates for soil amendment. Indeed,
nitrogen is the main limiting factor for plant growth, and using olive cake digestate as a
soil amendment would lower the use of artificial fertilizers commonly produced with fossil
fuels. Furthermore, olive cake digestate could be an attractive fertilizer for organic farmers
when digested, as long as neither human nor animal wastes are incorporated. Another
advantage of using olive cake digestate as a soil amendment instead of directly applying
olive cake is the negligible phenolic load (~0.020 mg GAE/g), which is not expected to
have a phytotoxic effect.

Another important parameter in determining potential applications for digestate is
fiber content. Van Soest sequential fiber analysis showed about 17% hemicellulose and 12%
lignin remained in both DDOC and EDOC digestates. High-fiber dairy digestates have
been sold as a peat substitute for potting mixes [46].

4. Conclusions

Olive cake, solid olive mill waste originating from a three-phase centrifuge, is a suit-
able candidate for anaerobic digestion. Batch BMP assays indicated the two pretreatments
applied, destoning by HSP and the hydrolysis of polysaccharides by a fiber-degrading en-
zymatic treatment, improved the SMY. The destoned (DDOC) and enzymatically pretreated
(EDOC) olive cakes produced 24 and 17% more methane than corn stover and vinegar
residue, respectively, under similar conditions. These results provide evidence that olive
cake can be diverted from landfills and converted into second-generation biofuels with the
resulting digestate having value as a soil amendment due to its high nitrogen content and
low polyphenol concentration.

Energy production in the form of biomethane is only one aspect of the olive mill
waste biorefinery. The biorefinery concept has been gaining traction as an approach that
integrates waste management and valorization [47,48]. If the polyphenols can be extracted,
the wastewater from the three-phase centrifugation system can be used to substitute
tap water for olive cake dilution. We are currently exploring this approach and how
the removal of the polyphenols impacts the production of biomethane from the olive
pomace. Furthermore, the ability to easily separate the digestible pulp from the olive
stones with a mechanical screen engenders various avenues of research centering on the
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physical properties of olive stones. For example, the potential of the olive stone for biochar
production is currently being evaluated, and a techno-economic and life-cycle analysis will
determine the feasibility of implementing a biorefinery concept to olive pomace.
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