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ABSTRACT

The aim of this study was to investigate the effect of a soft-hydrothermal pre-treatment (SHP) on olive
mill solid waste (OMSW) and its subsequent anaerobic digestion (AD). OMSW was pre-treated in an
autoclave at temperatures of 121 °C and 133 °C and excess pressures of 1.1 and 2.1 bars, respectively at
heating times of 15, 20 and 30 minutes. The digestibility of pre-treated and untreated OMSW was
determined in terms of methane potential through using biochemical methane potentials tests (BMP). An
important  solubilisation of high valuable compounds such us hydroxytyrosol, and 3,4-
dihydroxyphenylglycol was observed after pre-treatments. SHP showed a significant reduction on fiber
length and width (p < 0.05). A higher polysaccharides solubilisation was observed in treatment at 121 °C
comparing with that observed at 133 °C. SHP carried out at 121 °C, 1.1 bar (30 min) (pre-treatment Al),
allowed obtaining the highest methane yield (380 £ 5 mL CH,/g VS), which was 12.3% higher than that
obtained for untreated OMSW. Pearson correlation (PEC) and Principal Component Analysis (PCA) were
carried out. PEC showed a positive correlation with phenol vanillic acid and PCA grouped pre-treatment
Al with polysaccharides solubilization. The influence of the SHP conditions on the AD of OMSW was
assessed through the monitoring of process performance and calculation of kinetic parameters by using

the Transference Function model.

Keywords: Autoclaving; Soluble chemical oxygen demand; Polysaccharides; Phenol inhibition; Kinetic

study.



1. INTRODUCTION
98% of the olive cultivation areas are located in Mediterranean zones which produce 97% of the olive oil
in the world. In the 2016-2017 season, the worldwide olive oil production was 2,586,500 tons, 44% of

this production came from Spain [1,2].

The two-phase olive mill solid waste (OMSW) is a thick sludge that is a mixture of stone and pulp of the
olive fruit, as well as olive mill wastewater. The OMSW is mainly composed of water (60-70%), lignin
(13-15%), cellulose and hemicellulose (18-20%), olive oil retained in the pulp (2.5-3%) and mineral
solids (2.5%), which result in an elevated polluting load with a chemical oxygen demand (COD) in the
range of 300-350 g O,/kg [3].

The anaerobic digestion (AD) of lignocellulosic wastes has been proven to be a more convenient and
feasible option compared to other treatments such as physical, physicochemical or biological aerobic
treatments due to: a) a high degree of purification can be achieved with high-organic-load feeds; b) low
nutrient requirements; ¢) small quantities of excess sludge are produced; d) a combustible biogas enables
the process to generate energy [4]. Additionally, AD consumes less energy than other thermochemical
recovery methods such as pyrolysis. Also, for wet waste (as in the case of OMSW) it does not require a
drying phase. The AD process occurs in a sequence of four biological steps, c.a. hydrolysis, acidogenesis,
acetogenesis and methanogenesis. In case of complex substrates, the hydrolysis is the rate-limiting step,
where hydrolytical bacteria release extracellular enzymes which break down organic particulate matter
and allow it to solubilize [5].

Thus, AD has been proposed for the treatment of OMSW and the results show, at mesophilic temperature,
a COD removal efficiency in the range of 96.8% - 82.9% [6]. AD is difficult to apply for lignocellulosic
residues such as OMSW, the presence of lignin greatly limits hydrolytic step of AD, as well as the
crystallinity of cellulose, which limits the surface availability by reducing the biodegradability [7]. To
overcome these restrictions and improve its biodigestibility, a pretreatment it is generally required to
break the complex lignocellulosic structure. Various pretreatment methods previously assayed for OMSW
were Fenton [7], ultrasonic and thermal [8-9].

Pretreatment is the most effective way to reduce the recalcitrant compounds, and is essential for
commercial scale biomethane production. Thermal, thermo-chemical and enzymatic pre-treatments, two-

stage AD, composting, ensiling and mechanical treatments have been studied in order to enhance the



methane production of lignocellulosic biomass by reducing the hydrolytic step [10-11]. Other alternative
method for conventional heating could be Microwave pretreatment which induces an enhancement of the
kinetic constant value of the subsequent AD process because the lignocellulosic biomass is affected and
the enzymes access easier to their targets [12]. Ultrasonic physical method was used recently by
Pansripong et al. [13] as an AD pretreatment, and concluded that ultrasonic provided a higher methane
yield compared to the untreated one [13]. Carrere et al. [10] concluded that the best treatment for
lignocellulosic biomass first requires delignification, followed by hemicellulose and cellulose alkali or
biological hydrolysis, although there is no mention of hydrothermal pre-treatments.

The typical hydrothermal treatments by Liquid Hot Water (LHW) are carried out at relatively high
temperature (160-240 °C) and pressure (1-3.5 MPa), during a few minutes to several hours and diluted in
water [14]. This pre-treatment enhanced the dissociation of water molecules which act as an acidic
catalyst. LHW eliminates problems of corrosion, compared to chemical treatments, and reduces
operational costs, compared to enzymatic treatments [15-16]. LHW pre-treatment (at 160 °C, 20 min,
under variable pressure) enhanced the methane production yield by 76% when using sugar beet pulp as
substrate [16]. Dos Santos Rocha et al. [17] showed that LHW (195 °C/15 min) pre-treatment of
sugarcane straw reached 85% and 21% of hemicellulose and cellulose removal, respectively. Abu Tayeh
et al. [18] showed that LHW pre-treatment combined with C1-C2 organic acids improved enzymatic
saccharification of OMSW at mild temperatures and pressure (120, 140 and 170 °C; 10-13 atm). Jia et al.
[19] showed that short-term hydrothermal pre-treatment (STH) (50%dilution in water and treatment at 90
°C, 30 min) of food waste before two-stage AD enhances the production of biogas when comparing with
the process without pre-treatment or with one-stage AD. In this case, the maximum biogas production rate
(Rmax) reached was improved by 59% in the hydrolytic step and by 5% in the methanogenic step.

Another type of hydrothermal pre-treatment is autoclaving. This method consists of high pressure
sterilization of waste by steam, which cooks the waste and destroys most of the bacteria in it.
Temperature and time usually range between 120 °C and 160 °C within 1h [20]. Most of the published
results show an increase in methane production at temperatures around 160 °C and excess pressures of 5-6
bars [21, 22]. Bougrier et al. [23] reported that the use of higher temperatures (> 180 °C) decreased the
biodegradability of the wastes. Then, the lower initial biodegradability, the higher the impact of thermal

treatment by the presence of non-biodegradable compounds into the soluble phase. As a special case, the



soft-hydrothermal pre-treatment (SHP) in this study consisted of the autoclaving of OMSW at low
temperatures (120 °C — 130 °C) and pressures (1-2 bar).

The most significant drawback of high temperature pre-treatments is the high energy requirement that
reduces the overall profitability of the process due to the pretreatment high cost [24]. Also, high-
temperature thermal pre-treatments have others disadvantage like releasing soluble-sugar-derived by-
products such as furfural, 5-hydroxymethyl furfural (5-HMF), or lignin-derived by-products such as
vanillin, syringaldehyde and other phenolic compounds [25]. Their concentrations and nature depend
mainly on the biomass origin, but also on the kind of pre-treatment, contact time, pH, pressure,
temperature, concentration and solid loading [26]. These compounds have shown an inhibitory effect in
several processes [27]. Monlau et al. [28] reviewed the literature data on the impact of pre-treatment by-
products on AD processes when using mixed cultures as inoculum and concluded that no minimal
inhibitory concentration of each by-product has been successfully found nor the synergistic effect
between different by-products.

Soft-thermal pre-treatments (SHP) and their effect on subsequent AD processes have been less studied
and few research works dealing to this subject were reported in the literature [24,29]. Even more limited
are the studies dealing to the influence of soft hydrothermal pretreatments on the chemical characteristics
of lignocellulosic biomass [29]. Therefore, the aim of the present study was to assess the effect of a SHP
on the chemical composition of OMSW using temperatures of 121 °C and 133 °C and pressures of 1.1 and
2.1 bar, respectively, at heating times of 30, 20 and 15 min for each treatment. Soluble COD (sCOD),
phenol composition, sugar and fiber length were determined after pre-treatment. The digestibility of pre-
treated OMSW compared to untreated OMSW was determined in terms of methane potential through
biochemical methane potential (BMP) tests. Kinetic modelling of the BMP assays was also performed.
The principal component analysis (PCA) and Pearson correlation (PEC) were applied in order to

comprehend how affected the different SHPs to methane production.

2. MATERIALS AND METHODS

2.1. OMSW

The two-phase OMSW was collected from the Experimental Olive Oil Mill Factory (Instituto de la Grasa

(CSIC), Seville,Spain). In order to remove olive stone pieces, the OMSW was sifted through a 2 mm



mesh. The main characteristics of the OMSW used in the experiment were: pH: 4.8 + 0.2, total solids
(TS): 258.4 £ 0.9 g/kg, volatile solids (VS): 225.7 + 0.3 g/kg, total chemical oxygen demand (tCOD): 324
+ 13 g O,/kg, soluble chemical oxygen demand (sCOD): 3109 + 33 mg O./kg, moisture content: 74.2 +

0.2 %.

2.2. SHP

Six different SHPs were carried out on OMSW in an autoclave (Raypa series AH-RFG). The pre-
treatment A was carried out at 121 °C and pressure of 1.1 bar for 30, 20 and 15 min (Al, A2 and A3,
respectively). The pre-treatment B was performed at 133 °C and 2.1 bar for 30, 20 and 15 min (B1, B2
and B3, respectively). These temperatures were chosen based on previous results on thermal pre-
treatments of other lignocellulosic biomasses [20, 21]. These results have shown that the main factors
influencing the autoclaving pre-treatment are temperature, pressure and time. In this sense, these studies
revealed the effectiveness of this pre-treatment in BMP assays of lignocellulosic biomass when it is
pretreated for 15-30 minutes at 2 bars and 134 °C [20]. 500 g of OMSW were introduced into a 1L
autoclavable bottle for each pre-treatment and then autoclaved under the different selected conditions.

The samples were stored at 4 °C (less than 24 h until use).

2.3. Analytical methods and equipment

The pre-treatments were carried out in an automatic autoclave Raypa with counter pressure (series AH-
RFG).

The untreated and pre-treated OMSWs as well as the anaerobic digestates after the AD were analyzed. All
substrates were characterized by the measurement of total COD (tCOD) [30]. Volatile solids (VS) were
determined according to the standard methods 2540E [31]. Total alkalinity was analyzed by pH titration
(pH-meter model Crison 2.0 Basic) [31]. Fiber viscosity was determined according to Norm UNE-EN-
1SO 5351:2004 [32]. Total oil content was determined by the Soxhtlet extraction method using hexane as
solvent [33]. The oil fraction was analyzed by high pressure size exclusion chromatography to determine
the content of triglycerides, diglycerides and fatty acids according to the IUPAC Standard Method 2.508
[34].

Soluble parameters were determined after sample centrifugation (7500 rpm, 8 min) and two filtrations

(filter paper and glass fiber filter). SCOD was determined by a closed digestion and the standard method



5220D [31]. Soluble total phenolic content was determined by the Folin-Ciocalteu method [35], while
carbon and nitrogen were determined through an Elemental Analyzer LECO CHNS-932 (LECO
Corporation, St. Joseph, MI, EEUU). In order to obtain a distribution of the untreated and pre-treated
OMSW fiber lengths and diameters, the matrix was dissolved using a Soxhlet apparatus and decalin as
solvent. Untreated and pre-treated OMSW were as previously filtered using a cellulose filter and set into
the Soxhelt equipment (48 h). The obtained fibers were rinsed with acetone and distilled water, the fibers
were dried in an oven at 105 °C (24 h).

The length and diameter distributions of the fiber were characterized using a morphological fiber analyser

(Techpap SAS, France).

2.4. Analysis of individual compounds

Individual phenols and acetic acid were quantified using a Hewlett-Packard 1100 liquid chromatography
system using a diode array detector with Rheodyne injection valves (loop of 20 mL) and quantification
wavelengths of 254, 280 and 340 nm. A C18 column (250 mm x 4.6 mm internal, diameter 5 mm) was
used. Milli Q water acidified (0.01 % trichloroacetic acid and acetonitrile) was used as mobile phase. The
gradient applied was 95% at the beginning, 75% in 30 min, 50% in 45 min, 0% in 47 min, 75% in 95 min
and 95% in 52 min, being the total run time of 55 min.

The soluble polysaccharide composition was determined by acid hydrolysis with 2 N trifluoroacetic acid
(121 °C, 1 h) [36], derivatization to alditol acetates and quantification by gas chromatography. The
soluble monosaccharide composition was quantified by gas chromatography [37].

A HP 6890 Plus+ gas chromatograph (Hewlett-Packard, Palo Alto, CA) fitted with a 30 m x 250 pm x
0.20 mm capillary column (SP-2330, Supelco, Bellefonte, PA) was used. The carrier gas was helium
(constant flow of 2.2 mL/min and 21.5 psi). Injection was performed in splitless mode. The oven
temperature was held at 50 °C for 2 min after injection, then programmed to 180 °C at 35 °C/min, held at
180 °C for 5 min, and then immediately increased to 220 °C at 5 °C/min, and held at 220 °C for 22 min.
Total run was 40.7 min. The injector temperature was 250 °C, flame ionization detector (FID), 300 °C.
Neutral sugars, L-rhamnose, D-fucose, L-arabinose, D-xylose, D-mannose (Man), D-galactose and D-

glucose were identified. myo-Inositol was used as internal standard.



The total carbohydrates were estimated by the anthrone assay [38]. The absorbance values of the
standards and samples were measured at 630 nm in a microplate reader (MPM 600; Bio-Rad

Laboratories, Inc., Hercules, CA).

2.5. Inoculum for AD
The anaerobic sludge used as inoculum in the reactors was collected from an industrial up-flow anaerobic
sludge blanket reactor which treats brewery wastewater in Seville (Spain). The main characteristics of the

inoculum used were: pH: 6.77; TS: 28.7 + 2.7 g/kg; VS: 22.8 + 2.3 g/kg.

2.6. BMP tests

The BMP tests were carried out in a thermostatic bath at mesophilic temperature (35+2 °C). Each reactor
had an effective volume of 250 mL and was continuously stirred with magnetic bars (450 rpm). The
inoculum/substrate ratio was 2 (on a VS basis). For each reactor containing 210 mL of inoculum, the
amount of substrate needed to give the required inoculum to substrate ratio was added together with trace
element solution [3]. Two reactors with the inoculum and trace element solution (without substrate
addition) were used as controls.

The reactors were sealed and the headspace of each flask was flushed with nitrogen at the beginning of
the assay. The produced biogas was passed through a 3N NaOH solution to capture CO,; the remaining
gas was assumed to be methane. Thus, methane production was determined by liquid displacement. All
the methane volumes and yields included in the present work were expressed at standard temperature and
pressure (STP) conditions (0 °C, 1 atm).

Seven different substrates (untreated and pre-treated OMSW at different conditions: Al, A2, A3, B1, B2
and B3) were digested in order to show the effect of pre-treatment on the AD. The AD experiments were
run in batch mode for a period c.a. of 30 days until the accumulated gas production remained unchanged,
i.e. on the last day production was lower than 2% of the accumulated methane produced. Each experiment

was carried out in triplicate.

2.7. Kinetic study
The Transference Function (TF) model was applied to fit the experimental data of methane production

during BMP tests (eq. 1) [39-41]:



B =Bmax*(1—exp [—w ) 1)

Bmax

Where B (mL CH4/g VS,qqeq) iS the cumulative specific methane production, B, (ML CH4/g VSaqgeq) 1S
the ultimate methane production, R is the maximum methane production rate (ML CH4/g VS,ggeq-d), t
(d) is the digestion time and vy (d) is the lag time.

Error (%), Regression coefficient (R), determination coefficient (R?) and standard error of estimate (Ges)
were calculated to evaluate the goodness-of-fit and the accuracy of the results. Error was defined as the
percentage difference between the experimental and the predicted or theoretical methane yield coefficient.
The kinetic parameters for each experiment and mathematical adjustment were determined numerically

from the experimental data obtained by non-linear regression using the software Sigma-Plot (version 11).

2.8. Statistical significance tests

For this study the Analysis of variance (ANOVA) test was used in order to determine whether the
different pre-treatments showed any significant variation in any of the determined parameters. A
significance level (p) of 0.05 was used. PEC coefficient was computed to measure the linear association
between methane and the analyzed variables. PCA was applied to the whole set of standardized variables,
including methane, in order to explain the correlation structure and clarify the effect of each SHP on
methane production. The PCA technique has been chosen for its reduced dimensionality ability,
increasing its interpretability and therefore minimizing information loss [42]. The statistical analysis was

performed with the statistical programming language R [43].
3. RESULTS AND DISCUSSION

3.1. Effects of the different pre-treatments on chemical oxygen demand

Figure 1 shows the total and sCOD of the substrate after each pre-treatment. No (p > 0.05) differences
were found in tCOD between treated substrates and untreated OMSW. The untreated OMSW had a tCOD
of 324 + 13 g O,/kg and there were slight differences after each treatment, ranging from 323 + 9 g O,/kg
to 344 + 9 g O,/kg. However, taking the SCOD into consideration, it can be stated that SHP at 121 °C and
133 °C had a positive effect on organic soluble material release as (p < 0.05) differences were found.
According to these results, experiment A3 showed the lowest release of organic matter (SCOD: 167.7

1.1 g O,/L), which was 28% higher than that observed in the untreated OMSW, experiments Al, A2,



presented a similar sCOD with no significant differences (p > 0.05) (168.9 £ 1.1 and 169.0 + 2.1 g O./L,
respectively), which were 29% higher than that observed in the untreated OMSW. Similarly, Senol et al.
[44] determined an increase in organic matter solubilisation after corn silage thermal pretreatment at
120°C during 10, 20 and 30 minutes. The solubilisation was of 15, 21 and 43 %, respectively.

sCOD in B2 pre-treatment was 192.6 £ 2.4 g O,/L and 193.2 + 1.5 g O,/L for B3 pre-treatment, which is
slightly higher than that was observed in experiment A3 and were 47% higher than that observed in the
untreated OMSW. However, experiment B1, the more extreme pre-treatment, showed a significant
increase in sCOD (p < 0.05) (208.3 £ 2.6 g O,/L), which was 59% higher than that observed in the
untreated OMSW (131.1 + 3.3 g O,/L). Thermal pretreatment of OMSW at 120 and 180 °C without
pressure during 180 min [3] resulted in lower percentages of COD solubilisation (42%) than that obtained
during B pretreatments (59% for B1 and 47% for B2 and B3, respectively).

These results are consistent with TOC, TC results (data not shown) and previous studies in which pre-

treatments help to break the lignocellulosic fibers and, therefore, to solubilize organic matter [45].

3.2. Effects of the different pre-treatments on lipids

The experimental results showed that pre-treatments had no effect on lipids. The total lipid concentration
for untreated OMSW was 13%, and similar results with no differences (p > 0.05) appeared in every
substrate after pre-treatment (Table 1). The lipid fraction content of diglycerides, triglycerides and free
fatty acids were also constant in all cases, since the hydrolysis of olive oil occurs at temperatures higher

than 180 °C and atmospheric pressure [46].

3.3. Effect of the different pre-treatments on fiber and soluble sugars

OMSW is a lignocellulosic substrate mainly composed of three types of polymers: cellulose,
hemicellulose and lignin. When the OMSW was subjected to different pre-treatments, these fibers were
affected by being shortened approximately by half, both in length and width, which favoured the AD due
to the fact that fibers were converted to microfibers that had a greater accessibility to bacteria than in the
OMSW without pre-treatment. No pre-treatment showed significant differences (p > 0.05) between fiber
length or diameter, but there were (p < 0.05) differences between the untreated OMSW and the different
pre-treatments. It could also be observed that these treatments increased the ratio of macrofibrils, which

would indicate a greater surface fibrillation (Table 2).
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A certain degree of polymerization was observed, which increased with pre-treatment temperature and
time exposure (Table 2). Sannigrahi et al. [47] found similar results when observing that biomass from
monomeric sugar could further react and form pseudo-lignin. This result was found after an acid
treatment. Several authors stated that in the hydrothermal pre-treatment (temperature and pressure) the
moisture content of the biomass acts as an acid catalyst [15]. At high temperatures, the H" and OH~
present in biomass water content facilitate acid- or base- catalyzed reactions, which promotes the further
degradation of some organic compounds [48].

The shortened fibers of the OMSW during pre-treatment did not release more monosaccharides into the
soluble phase of OMSW (Table 3).

The soluble monosaccharide study (Table 3) revealed that there were no significant differences (p > 0.05)
between treated and untreated OMSW for fucose, arabinose, xylose and galactose as can be seen in Table
3. The non-release of monosaccharides could be explained by the polymerization of released sugars
which could bond with other sugars or phenols [47]. However, in the B1 experiment, manose and glucose
were found to be present at 5.8% and 16.9% higher, respectively than in the other treated or untreated
OMSW. In view of these results two factors must be considered regarding released sugars: on the one
hand, a higher temperature and time must release more soluble sugars; while at the same time
polymerization must increase with a raise in temperature and time. In this study only the manose and
glucose from experiment B1 (higher temperature and time) showed a net increase compared to the
untreated OMSW.

Nevertheless, polysaccharides (Figure 2) showed an increase after pre-treatment (p < 0.05), with Al
(lower temperature and higher time) and B2 (higher temperature and intermediate time) showing the
highest contents. Polysaccharides, which contain mannose, were only solubilized during the Al pre-
treatment, although the instability of mannose in an analysis method could be the reason for this absence
[36]. Galactose and fucose polysaccharides were solubilized in each treatment, with Al being the
treatment that more polysaccharides with galactose and fucose solubilized. The B2 treatment showed a
similar solubilization of fucose polysaccharides.

Slight solubilization of rhamnose polysaccharides were shown after every treatment. Arabinose and
xylose polysaccharides were solubilized in every case, but the maximum solubilization of this
polysaccharide was found during the pre-treatments Al and B2 (Figure 2). Glucose polysaccharide was

solubilized in all pre-treatments except in B1.

11



The presence of polysaccharides from non-glucose-monomers suggested that the fibers that were
primarily affected by pre-treatments were hemicelluloses and pectin [49]. Several studies showed that the
critical temperature for hemicellulose degradation is within a range of 150-300 °C [50] , for lignin it is
150-700 °C [50] and that cellulose decomposed in a range of 300-400 °C [50]. The results from this study
suggest that SHP could degrade fiber, except cellulose, at lower temperatures due to the use of pressure.
However, these temperatures and pressures were not drastic enough to generate lignocellulosic-derivate

by-products such as furans [51].

3.4. Effect of the different pre-treatments on soluble phenols (SP)

The concentration of the main phenols in the untreated olive mill solid waste and in the pre-treated
OMSW after six different pre-treatments is illustrated in Table 4. In all cases pre-treatment an increase in
phenol concentration in the soluble phase was observed compared to the untreated OMSW. Therefore,
SHPs can be considered as efficient extraction procedures of phenols with high antioxidant capacity.
While the untreated OMSW had a total concentration of 7.91 + 0.04 g/L, the Al pre-treatment solubilized
up to 22.9% more. The same trend was observed when comparing the temperatures of the pre-treatments.
In addition, it was determined that the higher the exposure time, the higher the phenol solubilization. The
maximum phenols solubilization seems to be attained at 30 minutes and at a temperature of 121 °C (Al
pre-treatment). At 133 °C there was a decrease in total phenol contents (9.0 £ 0.2, 8.7 £ 0.2 and 8.5+ 0.3
g/L for B1, B2 and B3, respectively).

Abdessalem et al. [52] reported that the percentage of phenols in dates decreased with severity of
treatment because the pre-treatment solubilized a greater portion of the cell wall material, mainly
hemicelluloses that can be linked with simple phenols. The conditions used by Abdessalem et al. [52]
were either 140 or 160 °C for 30 min and at a maximum pressure of 9 kg/cm? Temperature rather than
exposure time seemed more important for phenol solubilization. It is worth mentioning that all the pre-
treatments had a significant effect on total phenol release but in this work, there were no significant
differences among the three pre-treatments (p > 0.05). On the other hand, in the B pre-treatments there
were significant differences between the time exposure of 15 minutes (8.56 + 0.08 g/L) and the other pre-
treatment durations (8.90 £ 0.25 g/L) (p<0.05).

The composition of individual phenols in the soluble phase of OMSW was similar to the composition

previously reported by Rubio-Senent et al. [53]. Table 4 illustrates the main phenols present in the
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soluble phase of the OMSW were 3,4-dihydroxyphenylglycol (DHPG), hydroxytyrosol (HT), tyrosol (T),
hydroxytytosol-glucoside (Glu-HT), vanillin (V) and vanillic acid (Va).

The initial content of DHPG in the OMSW was 22.9 £ 0.3 mg/L. At 121 °C the content of this phenol in
the soluble phase increased, reaching values of 405.4 + 0.4, 371.0 + 0.2, 363.9 £ 0.3 mg/L for pre-
treatments Al, A2 and A3, respectively. At this temperature, the solubilization of this phenol increased
with the pre-treatment duration. An increase in the pre-treatment temperature led to lower DHPG
solubilization, probably as a result of phenol degradation [54] or the absorption of simple phenols to a
polymeric phenolic fraction which was enhanced by the severity of the thermal pre-treatment [55].
Therefore, the DHPG varied from 346.9 £ 0.2 mg/L for pre-treatments B1, to 348.0 £ 0.5 and 348.9 + 0.6
mg/L for B2 and B3, respectively. Temperature, pressure and time affected DHPG solubilization. The
statistical analysis revealed that DHPG contents in the soluble phase were significantly different for each
case (p < 0.05). At 121 °C (A experiment) this phenol content increased with time, while at 133 °C the
phenol content decreased slightly with time.

Temperature and pressure had a great effect on Glu-HT solubilization. The content of this phenol in the
soluble phase of OMSW was 126.9 + 0.2 mg/L. During the pre-treatment at 121 °C (1.1 bar) the
concentration of Glu-HT reached 295.9 + 0.2 mg/L after 30 minutes, 275.1 + 0.4 mg/L after 20 minutes
and 250.9 = 0.4 mg/L after 15 minutes. A more severe pre-treatment (133 °C, 2.1 bar) solubilized 267.5 +
0.5 mg/L after 30 minutes, 289.9 + 0.2 mg/L after 20 minutes and 300.1 £ 0.1 mg/L after 15 minutes.
Like DHPG, the Glu-HT concentration in the soluble phase increased with time at 121 °C; while it
decreased at 131 °C, similar results were obtained by Abdessalem et al. [52].

In the case of HT, the lowest value in the soluble phase was obtained for the untreated OMSW (40.6 £+ 0.0
mg/L), while the highest value was observed for B3 pre-treatment (658.9 + 0.8 mg/L). However, when
the time of exposure increased the concentration of HT in the soluble phase decreased drastically up to
522.2 £+ 0.5 mg/L after 30 minutes. When the samples were subjected to 121 °C the maximum
solubilization of this phenol was produced after 20 minutes (588.9 + 0.5 mg/L); while after 30 minutes it
was 582.3 = 0.6 mg/L, and the minimum solubilization was produced after 15 minutes (409.3 + 0.7
mg/L).

Table 4 shows the release of T after each pre-treatment. The initial concentration of T in the soluble phase

of the OMSW was 142.2 + 0.3 mg/L. T looked like a more thermostable phenol and had its maximum
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concentration at 133 °C after 20 minutes, reaching up to 214.5 £ 0.2 mg/L. At 121 °C the maximum
solubilization was achieved after 30 minutes although the concentration was lower than at 133 °C.

The initial concentration of Va in the soluble phase of the untreated OMSW was 9.3 £ 0.2 mg/L. At 133
°C the concentration decreased to 7.3 = 0.1 mg/L and 8.3 £ 0.1 mg/L after 30 (B1) and 20 (B2) minutes,
respectively; while after 15 minutes (B3) the concentration was higher (14.2 £ 0.1 mg/L). Nevertheless, at
121 °C the Va concentration increased regardless of the time, reaching its maximum concentration after
20 minutes of pre-treatment exposure (32.6 £ 0.1 mg/L). These results suggest that at 121 °C the
solubility of Va was faster and greater than its degradation; while at 133 °C after 20 minutes, the
degradation of Va occurred faster than its solubilization.

Although the concentration of V increased with both pre-treatments, during A pre-treatment the
concentration of this phenol was higher when the time of exposure increased. The most severe pre-
treatment steadily increased the concentration of V in the soluble phase but when the time of exposure
was 30 minutes, the concentration of this phenol decreased in the soluble phase.

Pourier et al. [56] studied the phenolic compounds effect on AD and on the microbiota. They concluded
that when phenolic compounds were at concentrations less than 0.50 g/L, optimized AD performance was
preserved regardless initial phenol concentration and AD microbiota composition remained unchanged
[56].

By comparing the data on individual phenol content (Table 4) with the experimented methane production
values (Figure 3) threshold concentrations of T and HT could be established after which the AD process
may be inhibited. Although there are other inhibitors that can affect AD, specifically, HT and T
concentrations equal to or lower than 582 mg/L and 198 mg/L cannot be considered as inhibitors of the
AD process because these concentrations did not significantly affect methane production. These
concentrations of HT and T were reached in Al pretreatment, which was the pretreatment with the
highest methane yield, reaching 383 = 2 mL CH4/g VS,ygeq, -

The most remarkable data was that there was no presence of degradation products such as
hydroxymethylfurfural or furfural, which are among the main inhibitors for AD [25], although furfural

could have been lost because of its volatility [57].

3.5. Effect of SHP on AD rate and methane yield
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Figure 3 shows the methane production of different pre-treated OMSWs and untreated OMSW over a
period of 30 days. The methane yield obtained during AD of 100% OMSW was 341 + 22 mL CH,/g VS
added. This value of methane yield obtained for the BMP test of OMSW was in accordance with previous
studies [3, 41, 58]. After 30 days of experiment, the maximum methane yield obtained was 383 + 2 mL
CH4/g VS,yeeq for Al pre-treatment. The A2 pre-treatment obtained 352 + 8 mL CH4/g VSggeqs and
finally, A3 produced 315 + 10 mL CH,/g VS, 4q. By contrast, B pre-treatments reached values of 308 +
39, 290 £ 16 and 274 + 6 mL CH,/g VS.4eq for B1, B2 and B3, respectively. Therefore, only the pre-
treatments Al and A2 exhibited higher methane yields compared to the AD of untreated OMSW. Thus,
the experimental methane yield improvement was 12.3% and 3.2% for A1 and A2, respectively.

Many authors have pointed out a high increase in methane yield as one of the benefits of the pre-
treatments, but sometimes the solubilization of organic matter is not so good for the ultimate methane
yield. Hydrothermal pretreatments can also cause the formation of undesirable compounds, leading to a
reduced biomethane production [59, 60]. For instance, in this study the pre-treatment which solubilized
more organic matter was B1 (133 °C, 2.1 bar, 30 min), but it showed a methane yield which was lower
than that obtained for untreated biomass. By contrast, Al, which only increased the organic matter
solubilization by 10%, showed a markedly higher methane yield compared to the untreated substrate
probably due to that A1 was the pretreatment that solubilized more polysaccharides.

On the other hand, B pre-treatment modified the kinetics of OMSW degradation, but finally, the methane
yield was 15% less than that obtained from the untreated OMSW [49].

Exposure to high temperature and high pressure during hydrothermal pre-treatment could therefore
account for a significantly lower polysaccharide and phenol solubilization due to the fact that both are
degraded in other molecules, although furfural o 5-HMF was not found in this case. By comparing the
data on individual phenol content (Table 4) with the experimented methane production values (Figure 3)
threshold concentrations of T and HT could be established after which the AD process may be inhibited.
Specifically, HT and T concentrations (in the BMP bottles) equal to or lower than 582 mg/L and 198
mg/L cannot be considered as inhibitors of the AD process because these concentrations did not
significantly affect methane production. Lower and higher HT and T values were obtained for A2, A3 and
B pretreatments, respectively. Methane yield values of A2, A3 and B pretreatments were lower than
those obtained after Al pretreatment AD. Al was the pretreatment with the highest methane yield,

reaching 383 + 2 mL CH4/g VS,q4es- These threshold concentrations of T and HT are in accordance with
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Pourier et al., [56]. They studied the phenolic compounds effect on AD and on the microbiota concluding
that when phenolic compounds were at concentrations less than 0.50 g/L, optimized AD performance was
preserved regardless initial phenol concentration and AD microbiota composition remained unchanged
[56].

The most remarkable data was that there was no presence of degradation products such as
hydroxymethylfurfural or furfural, which are among the main inhibitors for AD [28], although furfural

could have been lost because of its volatility [57].

3.6. PEC and PCA analysis

In order to link up the effect of pre-treatment and the methane production, a PEC was carried out. A
positive correlation was observed between methane and the Va (r = 0.343) and a negative correlation with
sCOD (r = -0.519) and with the T (r = -0.340). The other phenols (HT, Glu-HT, V and DHPG), soluble
polysaccharides and the fiber size did not demonstrate a high correlation with methane production.

PCA analysis of the biochemical composition of the substrates after SHPs shows that nearly 95% of
variability could be explained by the first three principal components (Figure 4). The first principal
component (PC1) expressed 66.81% of the overall variance. The second (PC2) and the third (PC3)
principal component expressed 14.64 and 12.83%, respectively. All parameters (phenols, polysaccharides
and sCOD) except methane were positioned close to PC1. Instead, they were opposed to fiber length and
diameter. PC2 were close to the Va. The correlated polysaccharides (arabinose, xylose, galactose and
glucose) and fiber length and diameter were also clustered in the direction of PC2 but with negative
coordinates. PC3 was positive connected with sCOD and negative with Va, glucose and methane (Figure
4).

Al and A2 samples that reached the highest methane yield (380 + 5 and 350 + 6 ml CH4/ g VSaged,
respectively) were gathered together and can be explained by the polysaccharides of content in glucose,
arabinose, xylose, galactose and the Va. B pre-treatments, the lowest methane yield, were linked with

sCOD and the T.

3.7. Effect of SHP on process kinetics
Table 5 shows the main performance and kinetic parameters obtained from the application of the TF

model to the experimental data of methane production-time corresponding to the different BMPs or tests
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carried out. As can be seen, the high R and R? values as well as the low values of errors and standard
errors of estimates (ces) indicated that the experimental data correctly fit the proposed model.

As can be seen in Table 5, for the thermal pre-treatment carried out at 1.1 bar pressure and 121 °C
temperature (experimental serie A), the theoretical ultimate methane yield increased from 306 + 3 mL
CH4/g VSaged (A3) to 380 £ 5 mL CH4/g VSaieea (Al) When the exposure time during pre-treatment
augmented from 15 to 30 minutes. This represents a 24.2% increase when the operation time increased
between the above-mentioned values. This increase was statistically significant with a probability level of
95%. In the same way, for the experiments performed at 2.1 bar pressure and 133 °C (experimental serie
B), the predicted ultimate methane yield also increased significantly from 270 + 4 mL CH./g VSauged (B3)
to 296 £ 3 mL CH4/g VS,ueeq (B1) when the operation time during pre-treatment increased from 15 to 30
minutes. Therefore, an increase of only 9.6% was appreciated in this case. Moreover, in the experimental
series B, all predicted methane yield values were lower than the ultimate methane yields obtained during
the experimental series A and also lower than that obtained for untreated OMSW. The same trend was
observed with the experimental values for methane yield.

Among the different experimental conditions tested, only the experiment Al gave either the predicted and
experimental ultimate methane yields higher than that obtained for untreated OMSW. Therefore, the
operational conditions for pre-treatment Al allowed for obtaining a substrate with an anaerobic
biodegradability higher than that obtained from the untreated OMSW. This resulted in an increase of
6.1% in the methane yield of the pre-treated OMSW at the above conditions (Al) compared to untreated
OMSW. This fact can be attributed to the significantly higher polysaccharides and phenols solubilisation
present in the OMSW pre-treated at these conditions (Al) compared to untreated OMSW. The
polysaccharide and phenol solubilisation values observed after Al pre-treatment did not inhibit the
anaerobic digestion process. Momayez et al. [61] described an enhancement of up to 26% in methane
production in the AD from thermally pre-treated rice straw (190 °C, 30 minutes).

Potent AD inhibitors can be formed after thermally pre-treated lignocellulosic biomass [62-63].
Sometimes the solubilization of organic matter through thermal pre-treatment is not so good for the
ultimate methane yield [59-60]. In fact, the methane yields obtained in the BMP tests of untreated and
autoclaved food waste were 0.501 and 0.445 m* CH,/kg VS, respectively, which were probably due to the
formation of refractory compounds such as melanoidins, that can affect biodegradability and,

consequently, methane production [64].
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The calculated lag times («) were found to be zero in all cases, because the easy and most available
biodegradable components of all substrates were quickly consumed in all the AD processes studied [40].

The Rpa Values presented a somewhat different trend to that observed for By in the different
experiments carried out. The highest Ry, value was found for the experiment A3 with 102 £ 5 mL CH,/g
VS-d. This value was 45.7% higher compared to that obtained for untreated OMSW (70 = 5 mL CH,/g
VS-d). It has been recently reported that the performance of thermal pre-treatment is influenced by both
temperature and exposure time [65] and the optimal temperature depends on the substrate characteristics.
On the contrary, the slowest biomethanization process took place for the B3 conditions. This decrease in
Rmax for the pre-treatment carried out at higher temperature and pressure conditions is a good indication
that compounds in this pre-treated fraction might have a lower initial availability for its AD [63]. In
addition, a higher temperature in the pre-treatment could derive in the degradation of some complex
phenolic compounds to undesirable compounds such as low-molecular weight phenolic compounds,

which have been considered as inhibitory for AD processes at certain concentrations [62-63].

4. CONCLUSIONS

The SHP Al (121 °C, 1.1 bar for 30 minutes of exposure time) increased the methane yield of the pre-
treated OMSW by 12.3% compared to the value obtained for untreated OMSW. However, the Al pre-
treatment did not generate the maximum solubilization of the waste, which was achieved in the B3 pre-
treatment (133 °C, 2.1 bar for 15 minutes). The SHPs helped to break the OMSW fiber in half both in
length and in diameter, helping to solubilize sugars in the form of polysaccharides. The pre-treatments
also helped to solubilize phenolic compounds achieving high concentrations of valuable compounds such
as HT, 658.9 + 0.8 mg/L, and DHPG, 405.4 + 0.4 mg/L, moreover, some of them being beneficial for the
AD process at the concentration ranges tested (7.3 mg/L for vanillic acid). However, it was found that T
concentrations higher than 198 mg/L were inhibitory for the AD process, bringing about a decrease in
methane production. The Transference Function (TF) model was demonstrated to be a proper tool for
evaluating the performance and kinetic parameters of the AD of thermally-pre-treated OMSW. The Al
thermal pre-treatment conditions allowed for increasing the predicted methane yield by 6.1% compared to
untreated OMSW. The highest value for maximum methane production rate, Ry., Was obtained at the

above-mentioned conditions but at 15 min of exposure time (A3).
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Fig. 1 Total chemical Oxygen Demand (tCOD) and Soluble Chemical Oxygen Demand (sCOD) values for
untreated olive mill solid waste (OMSW) and pre-treated OMSW after six different pre-treatments: Al, A2, A3,
B1, B2 and B3. Pre-treatment A was carried out at 121 °C and pressure of 1.1 bar for 30, 20 and 15 min (A1, A2
and A3, respectively), pre-treatment B was performed at 133 °C and 2.1 bar for 30, 20 and 15 min (B1, B2 and

B3, respectively). Each experiment was carried out in triplicate.
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Fig. 2 Variation in polysaccharides concentrations for untreated olive mill solid waste (OMSW) (time = 0) and
pre-treated OMSW after six different pre-treatments: Al, A2, A3, B1, B2 and B3. Pre-treatment A (A) was
carried out at 121 °C and pressure of 1.1 bar for 30, 20 and 15 min (Al, A2 and A3, respectively), pre-treatment

B (X) was performed at 133 °C and 2.1 bar for 30, 20 and 15 min (B1, B2 and B3, respectively)
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Fig. 3 Cumulative methane yield obtained from untreated olive mill solid waste (OMSW) and pre-treated
OMSW after six different pre-treatments: pre-treatment A (Figure (a)) was carried out at 121 °C and pressure of
1.1 bar for 30, 20 and 15 min (A1, A2 and A3, respectively), pre-treatment B (Figure (b)) was performed at 133
°C and 2.1 bar for 30, 20 and 15 min (B1, B2 and B3, respectively). Each experiment was carried out in

triplicate.
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Fig. 4 Principal component analysis of the biochemical composition of the untreated olive mill solid
waste (OMSW) and pre-treated OMSW after six different pre-treatments: pre-treatment A was carried out
at 121 °C and pressure of 1.1 bar for 30, 20 and 15 min (A1, A2 and A3, respectively), pre-treatment B
was performed at 133 °C and 2.1 bar for 30, 20 and 15 min (B1, B2 and B3, respectively). PC1, PC2 and

PC3: principal component 1, 2 and 3, respectively
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Table 1. Total lipids, triglycerides, diglycerides and free fatty acid contents of untreated olive mill solid waste
(OMSW) and pre-treated OMSW after six different pre-treatments: Al, A2, A3, B1, B2 and B3. Pre-treatment A
121 °C and 1.1 bar for 30, 20 and 15 min (A1, A2 and A3, respectively) and pre-treatment B was performed

at133°C and 2.1 bar for 30, 20 and 15 min (B1, B2 and B3, respectively).

Substrate Triglycerides (%)  Diglycerides (%) Free fatty acids (%)  Total lipids (%)

OMSW 79.5 3.0 17.5 13.2+0.4
Al 79.9 3.1 17.0 12.7+0.2
A2 78.5 2.7 18.8 13.2+04
A3 79.0 2.9 18.0 122+11
B1 79.2 3.0 18.5 12.6+0.5
B2 79.0 3.2 17.7 124+12
B3 79.9 2.9 18.0 13.2+0.1
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Table 2. Fiber analysis for untreated olive mill solid waste (OMSW) and pre-treated OMSW after six different
pre-treatments: Al, A2, A3, B1, B2 and B3. Pre-treatment A was carried out at 121 °C and pressure of 1.1 bar
for 30, 20 and 15 min (A1, A2 and A3, respectively), pre-treatment B was performed at 133 °C and 2.1 bar for

30, 20 and 15 min (B1, B2 and B3, respectively).

Substrates Length (mm) Diameter (um) Ratio (%) Fine Elements (%) Viscosity (cc/g)
OMSW 0.325 £ 0.016 495+7.4 3.583+0.490 99.5+0.2 44 +2
Al 0.135 £ 0.004 231+11 3.467 £0.432 83.2+8.7 35+3
A2 0.139 £ 0.009 226+0.1 3.760 £ 0.594 72.1+£8.0 34+2
A3 0.144 £ 0.011 232107 4.185 + 0.656 63.1+10.7 35+3
B1 0.139 + 0.005 243+15 4.338 + 1.150 88.0+5.2 33+2
B2 0.143 + 0.002 23.3+1.2 3.929+0.214 81.3+5.9 305
B3 0.136 + 0.002 241+1.3 3.946 + 0.462 85.4+6.7 4+1
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Table 3. Concentration of monosacharides (ug/ml) in the soluble phase of untreated olive mill solid waste

(OMSW) and in the pre-treated OMSW after six different pre-treatments: Al, A2, A3, B1, B2 and B3. Pre-

treatment A was carried out at 121 °C and pressure of 1.1 bar for 30, 20 and 15 min (Al, A2 and A3,

respectively), pre-treatment B was performed at 133 °C and 2.1 bar for 30, 20 and 15 min (B1, B2 and B3,

respectively).

Substrate Rhamnose Fucose Arabinose Xylose Manose Glucose Galactose
OMSW 76.3x4.7 3.8+0.1 295.4+8.8 155.5+1.6 5304+93  15777+78 287.1+9.3
Al 81.5+9.0 0.2+0.1 291.6+10.3 132.4+7.6 5377+430 16303+189 240.5+5.2
A2 80.0+6.8 0.5+0.7 289.9+3.0 152.5+7.7 5468+24  16186+222 283.6+13
A3 72.4+0.7 0.9+1.2 278.3+13.4 129.7+1.9 5275+173 16368+116 257.5+22
Bl 115+1.0 2.9+0.6 316.3+4.5 142.4+16.5 5924+74 16967+150 27177
B2 91.0+16.1 2.1+0.3 300.8+16.3 154.6+12.2 5706+273  16448+701 286.7+18
B3 89.9+124 1.3+1.9 318.6+24.4 155.3+13.5 5723+353  16861+620 286.4+19
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Table 4. Concentration of the main phenols (mg/L) in the untreated olive mill solid waste (OMSW) and in the
pre-treated OMSW after six different pre-treatments: Al, A2, A3, B1, B2 and B3. Pre-treatment A was carried
out at 121 °C and pressure of 1.1 bar for 30, 20 and 15 min (A1, A2 and A3, respectively), pre-treatment B was
performed at 133 °C and 2.1 bar for 30, 20 and 15 min (B1, B2 and B3, respectively). DHPG: 3,4-
dihydroxyphenylglycol, HT: hydroxytyrosol, T: tyrosol, Glu-HT: hydroxytytosol-glucoside, V: vanillin and Va:

vanillic acid.

Substrate DHPG Glu-HT HT T Vv Va

OMSW 229+03 126.9+0.2 40.6 £0.0 142.2+0.3 122.7+0.2 9.35%+0.0

Al 405.4+0.4 295.9+0.2 582.3+0.6 198.2+0.2 296.1+03 179%0.0
A2 371.3+0.2 275.1+04 588.9+0.5 182.2+0.3 288.7+£0.1 326%0.1
A3 363.9+0.3 2509+ 04 409.3+0.7 153.2+0.1 231.3+06 28.2%+0.0
Bl 346.9+0.2 267.7+0.5 522.2+05 208.8+0.1 210.0+0.2 73%0.1
B2 348.0+£ 0.5 289.9+0.2 587.2+0.4 2145+0.2 259.6+0.1 83%0.0
B3 348.9+0.6 300.1+0.1 658.9+0.8 2114+0.1 2442+03 142%0.1
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Table 5. Kinetic parameters obtained from the Transference Function model applied to the different
Biochemical Methane Potential (BMP) assays. Where Bys: the ultimate methane production, Ry the
maximum methane production rate y: the lag time, R: regression coefficient, R% determination coefficient
and ogg: Standard error of estimate. OMSW: untreated olive mill solid waste, A1, A2 and A3: pre-treated
OMSW under conditions A1, A2 and A3 (121 °C and 1.1 bar for 30, 20 and 15 min, respectively) and B1,
B2 and B3: pre-treated OMSW under conditions B1, B2 and B3 (133 °C and 2.1 bar for 30, 20 and 15

min, respectively).

Substrate Brnax Error (%) Rinax »(d) R R’ Cest™
(mL CH4/g mLCH,/(g
VS) VS-d)

OMSW 3587 5.0 705 0 0.969 0.941 25.6
Al 3805 0.8 69+3 0 0.986 0.973 18.0
A2 3506 0.6 73+£5 0 0.979 0.956 20.9
A3 306+3 2.9 102 £5 0 0989 0.979 12.0
Bl 296 +£3 3.8 84 +4 0 0.988 0.977 12,5
B2 2833 2.4 73+£3 0 0.991 0.983 10.6
B3 2704 14 584 0 0.983  0.967 15.0
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