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ABSTRACT

The Opuntia ficus-indica (OFI) is an emerging biomass that has the potential to be used as substrate in
anaerobic digestion. The goal of this work was to investigate the effect of three pretreatment techniques
(thermal, alkaline, acidic) on the chemical composition and the methane yield of OFI biomass. A
composite experimental design with 3 factors and 2 to 3 levels was implemented and regression
modelling was employed using a total of 10 biochemical methane potential (BMP) tests. The measured
methane vyields ranged from 289 to 604 NmL/gVSadeed, according to the results, only the acidic
pretreatment (HCI) was found to significantly increase methane generation. However, the experimental
values being quite high with regards to the theoretical methane yield of the substrate, this effect still needs
to be confirmed via further research. The alkaline pretreatment (NaOH) did not noticeably affect methane
yields (an average reduction of 8% was recorded), despite the fact that it did significantly reduce the
lignin content. Thermal pretreatment had no effect on the methane yields or the chemical composition.
Scanning electron microscopy images revealed changes in the chemical structure after the addition of
NaOH and HCI. Modelling of the cumulated methane production by the Gompertz modified equation was
successful and aided in understanding kinetic advantages linked to some of the pretreatments. For
example, the alkaline treatment (at the 20% dosage) at room temperature resulted to a pmax (Mmaximum
specific methane production rate [NmLCH./(gV Sadded-d)]) equal to 36.3 against 18.6 for the control.
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pretreatment.



Introduction

The large-scale feedstock cultivation for biofuel production has changed dramatically agricultural land
use, decreased food availability and boosted food price dynamics, especially in developing countries
(Ruane et al., 2010; Valentine et al., 2012). Due to these negative impacts, production is shifting to
second generation biofuels and research for new feedstocks is intense. The choice of the most adapt
substrate has to be performed analysing several issues, such as availability of agro-industrial residues,
adaptation of second-generation energy crops to local soil and climate, transportation costs and
environmental impacts (Ruane et al., 2010; Chandra et al., 2012; Moraes et al., 2014; Pierie et al., 2015).
The organic substrate tested in this paper is a cactus named Opuntia ficus-indica L. (Mill.), commonly
known as “prickly pear”. Opuntia ficus-indica (OFI) has a crassulacean acid metabolism (CAM) system,
that allows to adapt in areas with very limited rainfall (Consoli et al., 2013). The plant’s native area is
Mexico (Cushman et al. 2015), but it is also completely adapted to the Mediterranean area and to
semiarid zones of North and South America, Africa and Australia. In some areas it is cultivated to obtain
edible fruit, or to be used as a vegetable, cattle fodder and forage production (Garcia de Cortazar and
Nobel, 1992). The cladodes (the plant’s green branches) of OFI are a potential excellent source of
lignocellulosic biomass with a yield of 10 to 50 Mg dry mass/(year-ha) (Garcia de Cortazar and Nobel,
1992; Consoli et al., 2013; Gabriel et al., 2014; Liguori et al., 2014). Higher values (Liguori et al., 2014)
of biomass production refer to high density plantings (24 plants/m?), while lower values are set for
orchards optimised for fruit production (0.24 plants/m?).

The average chemical composition of OFI biomass is shown in Table 1. According to the table, the
material can be classified as a lignocellulosic feedstock.

Lately, there is an increasing interest on the use of the OFI biomass as a substrate for anaerobic digestion
and bioethanol production (Obach and Lemus, 2006; Haladova et al., 2011; Jigar et al., 2011; Ortiz-
Laurel et al. 2014; Ramos-Suarez et al. 2014; Yang et al. 2015; de Souza Filho et al. 2016; Santos et al.,
2016). The main sources of such biomass are due to the pruning of prickly pear orchards. For optimal

fruit production, the “scozzolatura” (a Sicilian term without an equivalent in English), is normally



performed in June and consists in the removal of the first flush of cladodes and flowers to promote a
return bloom and a retarded and improved fruit production (Barbera et al., 1991; Liguori and Inglese,
2015). According to Rodiguez-Felix and Cantwell (1988), the crude fiber and protein content of young
cladodes decrease with growth. This fact must be taken into account when optimizing the management of

a plantation of OFI to be used as substrate for anaerobic digestion.

Table 1. Average chemical composition of OFI

Constituent 0/100g
(dry weight basis)

Moisture (wet basis) 88 — 95
Carbohydrates (total polysaccharides) 64-71
Ash 17-24
Lignin 8-16

Cellulose 7-22
Hemicellulose 9-19
Protein 4-10
Lipid 1-4

Adapted from Gabriel and Victor, 2014; do N. Santos et al., 2016; Yang et al.,
2015; Malainine et al., 2015.

As already mentioned, OFI (prickly pear) is native of Mexico but it is present in other areas of the World;
in some of them (e.g. in Southern Italy) its presence is part of the natural landscape and ecosystem while
in others (e.g. U.S., Australia, South Africa) it is considered a weed and active measures for its control are
taken (Austalian Invasive Cacti Network, 2017; Brutsch and Zimmermann, 1993; United States
Department of Agriculture, 2014).

Obach and Lemus (Obach and Lemus, 2006) have evaluated, during an experiment in a semi-continuous
1 m® mesophilic digester, the biogas potential of OFI with a reported methane yield equal to around 500
NmLCH./gVS. Ortiz-Laurel et al. (2014) reported a production of 244 NmLCH4/gVS while Ramos-
Suarez et al. (2014), using a similar species (Opuntia maxima), measured a production of 142
NmLCH./gVS during a batch experiment, the low production was attibuted to a possible destabilization
of the process due to the high amount of soluble carbohydrates available. The same authors carried out
also a semi-continuous experiment, where the same feedstock was used in codigestion with 25%
microalgae (Scenedesmus sp., whose biomethane potential measured during a batch experiment was 140
NmLCH./gVS) reporting a much higher production equal to 308 NmLCH./gVS. The high difference was
attibuted to a synergistic effect between the two substrates. Table 2 summarizes the main findings from

recent anaerobic experiments performed with OFI without any pretreatment.



Table 2. Experimental data and operating parameters from recent anaerobic digestion experiments on OFI without any pretreatment

Reference Ortiz-Laurel etal., Obach and Lemus, Ramos-Suérez et al., Ramos-Suérez et al., Santos et al., 2016

2014 2006 2014 2014

Substrate OFI OFI Opuntia maxima Opuntia maxima OFI
(75%)+Scenedesmus sp.
(25%)

Operating mode N.A. Semi-continuous Batch Semi-continuous Semi-continuous
Methane yeld [NmML/gV Sadded] 203.6 501 142.4 308 517
Temperature of the experiment [°C] N.A. Mesophilic 37 37 -
Digester volume [m®] N.A. 1 0.001 0.003 N.A.
Duration of experiment [days] N.A. 83 40 15 (hydraulic retention N.A.

Notes

VSinocutum / V Ssubstrate = 2.0,
C/N=51, yield from
Scenedesmus sp = 140.3

NmL/gVS

time)
Organic loading rate = 5.33

gVs/(L-d)

OFI: Opuntia ficus indica (prickly pear biomass); N.A: Not available



To allow the conversion of lignocellulosic substrates to the highest possible degree through biological
processes, it is necessary to increase the accessibility of cellulose by bacteria by “breaking the lignin seal”
(Antonopoulou et al., 2015). To make cellulose more accessible to biodegradation, several pretreatment
techniques have been used (Taherzadeh and Karimi, 2008; Kumar et al., 2009). In addition to the above, a
pretreatment method can enhance hydrolysis, but it should also avoid the degradation of carbohydrates or
of other readily biodegradable compounds, avoid the formation of byproducts that are inhibitory to
subsequent processes (e.g. hydrolysis) and guarantee technical feasibility and economical sustainability
(Taherzadeh and Karimi, 2008).

Acid pretreatment with sulphuric or hydrochloric acids, for example, allows the transformation of
hemicellulose and can increase the accessibility of cellulose for the subsequent enzymatic hydrolysis
(Mosier et al., 2005; Kumar et al., 2009). Drawbacks of acid pretreatment are typically the degradation of
hemicellulosic sugars and the formation of undesired compounds such as furfurals (Taherzadeh and
Karimi, 2008). Alkaline pretreatment (with NaOH, KOH, lime, ammonia or urea) has been implemented
on several organic substrates and often provides good results with regard to neutralization of pH,
alteration of the lignin structure, solubilisation of hemicellulose and the increase of the accessibility of
cellulose (Galbe and Zacchi, 2007; Kumar et al., 2009; Sambusiti et al., 2013a; Sambusiti et al., 2013b;
Montgomery and Bochmann, 2014).

Thermal pretreatment can be used alone or in combination with chemical ones to reach similar objectives
(Mosier et al., 2005; Kumar et al., 2009; Antonopoulou et al., 2015).

The objective of this paper is the evaluation of the effect of the thermal, alkaline and acidic pretreatments
on the composition and on the biochemical methane potential (BMP) of the OFI cladodes (herein referred
to as OFI). The pretreatment procedure has been kept as simple as possible to simulate the actual process
that can be applied in a full-scale facility.

Even though OFI has been extensively studied for agronomic purposes (e.g. fruit and forage production),
scientific literature is very scarce on issues related to its exploitation as an anaerobic digestion feedstock
(Obach and Lemus, 2006; Haladova et al., 2011; Jigar et al., 2011; Ortiz-Laurel et al., 2014; Ramos-
Suérez et al., 2014; Santos et al. 2016). In addition, a detailed characterization of the OFI biomass is
completely lacking from the literature.

The novelty of this work lies on the following:



= the methane potential of OFI after various pretreatment techniques is evaluated for the first time;

= a thorough characterization of the OFI biomass into its lignocellulosic and elemental content is
presented,;

= g statistical approach, based on best reduced regression modelling, is presented to accurately evaluate
the effects of the pretreatments techniques on both the chemical composition and the methane
potential of the OFI biomass. We believe that the statistical modelling aspect in our work is a novelty

and strengthens the discussion of our experimental findings.

Materials and methods

Sampling and basic characterisation

A total amount of 5 kg of OFI cladodes (approximately one year old) was collected from two different
randomly selected spontaneous trees, growing near the campus of Universita Mediterranea di Reggio
Calabria on non—irrigated and non—cultivated land. To ensure the homogeneity of the feedstock for
characterisation and experiments, the cladodes were immediately manually chopped (average volume 2
cm®) with a knife, milled using a commercial blender at maximum power (Silvercrest Blender, 550 W)
and then placed in closed containers at 4 °C until further use. Due to the high-water content, cladodes
were easily converted to a slightly dense fluid.

Total solids (TS), volatile solids (VS) and pH were measured according to conventional standard methods
(Eaton and Franson, 2005) in duplicates.

Elemental (ultimate) analysis (C, H, N, S) of all substrates (raw and after pretreatment) was performed
with an elemental analyzer (Thermo-Electron, USA, model: EA-1110, CHNS-O) (Komilis et al. 2012).
One to two milligrams of the dried and pulverized samples was placed in tin capsules. The samples were
combusted in a column that contained electrolytic copper and copper oxide catalysts placed in an oven
kept at 1000°C. The combustion resulted in the generation of CO2, N2, H,O and SO, that were measured
via gas chromatography and a thermal conductivity detector (TCD) to respectively quantify solid C, N, H
and S. Helium flow was maintained at 100 ml/min and oxygen injection lasted 60 s. The chromatographic
column was a 2 m Teflon PQSW packed column. The GC oven temperature was kept steadily at 60°C.
Oxygen (O) was calculated indirectly as the difference of the sum of C, H, N and S from the organic

matter (volatile solids) content. Using the results of the elemental composition, an empirical formula was



developed for all substrates.

Sugars and lignin contents were measured in triplicates according to (Pettersen et al., 1984) and (Sluiter et
al., 2012) with modifications presented in (Komilis and Ham, 2000). In brief: approximately 150 mL of
hot water (at 55 to 60°C) passed through 1 g (per triplicate) of dried and ground material. The amount
removed was labeled as hot water-soluble sugars (HWSS) and was determined with weight difference (in
g DM). Then, a second extraction was performed on the same material with a mixture of toluene:ethanol
(2:1) to remove fats/waxes/lipids. That group of compounds was also quantified via dry mass difference.
From the remaining amount, 0.3 mg were removed (per replicate) and were acid digested with 72%
sulfuric acid. After digestion, 63 mL of water were added and the solution was autoclaved for 1 hour at
122°C and 1.5 bar. Then, the material was filtered through a glass filter (0.45 pum). The solid residue
captured on filter was dried and lignin was quantified via the loss on ignition at 550°C (Pettersen et al.,
1984; Komilis and Ham, 2000). In the resulting filtrate, solid powdered CaCO3 was gradually added to
achieve a final pH close to 6. Then, the filtrate was centrifuged at 3500 rpm for 10 min to separate the
CaCOs and the supernatant (now with a pH between 6 to 7) was filtered via a syringe type 0.22 pm filter
prior to injection into the HPLC. Cellulose was quantified as D-glucose (SIGMA®, purity >99%) and
hemicellulose was quantified as the sum of L-arabinose, D-mannose, D-galactose and D-xylose
(SIGMA®, purity >99%). A REZEX® RPM monosaccharide column was used (300x7.8 mm), with lead
as the ionic form, and with distilled water as the mobile phase. The mobile phase flowrate was kept at 0.6
mL/min while a guard column was also used. The HPLC system was a DIONEX® Model Ultimate 3000.
No cellobiose peaks were detected in any of the chromatographs, since that would indicate the partial
efficiency of the acid digestion step. A four-point linear calibration was developed for each of the five
aforementioned sugars and the achieved R? of the calibration line was always higher than 0.99 for all. All
measurements were done in triplicates (starting with 1 g per replicate). A recovery test was performed
with pure cellulose and a 96% recovery was calculated. The same procedure was followed without any
samples (blanks) and no peaks of any type of sugars (e.g. cellobiose) were detected that would indicate
incomplete digestion of cellulose. A verification of the calibration was always performed prior to the
initiation of a series of measurements. Results of all five groups (HWSS, fats/waxes, cellulose,
hemicelluloses and lignin) are presented on a TS basis of the initial dry sample prior to any extractions.

All sugars and lignin analyses were performed in triplicates.



The theoretical methane yield was calculated according to both the Buswell chemical equation 1 (Buswell
and Mueller 1952, Raposo et al., 2011) by knowledge of the empirical formula of the material (without
including the N and S), and, by knowledge of the organic fraction composition (lipids, proteins, and
carbohydrates), by equation 2 (Raposo et al., 2011):

CiHaOp+ (n - 8/4 - b/2) H,0 --> (n/2 + a/8 — b/4) CH4 + (n/2 — a/8 + b/4) CO;

Bo-mhorc = 415-%Carbohydrates+496-%Proteins+1014-%Lipids

With B,-morc methane yield calculated by knowledge of the organic fraction composition. The
percentage of all fractions in %TS.

SEM observation of the dried OFI biomass was performed with a PHENOM SEM equipped with

microanalysis at about 1000X and 9600X.

Experimental design and regression modeling

A composite factorial experimental design was employed to assess the effect of the alkali, acidic and
thermal pretreatments on the chemical composition and the methane yields. The experimental design is
included in Table 3.

The pretreatment conditions (i.e. chemical dosages of up to 20% and temperature up to 80°C) were
chosen on the basis of existing literature (Kumar et al., 2009; Sambusiti et al., 2013a; Antonopoulou et
al., 2015; Calabro et al., 2015; Zhang et al., 2015). In particular, the highest dosage was chosen to verify
an “extreme” condition which is probably non-easily applicable in field operations for economic-

technical reasons but still investigated by researchers.

Table 3. Experimental design

# Experiment Reagent Dosage Pretreatment Temperature
used [9/100gTS] duration [°C]
[h]
Baseline* - - - Room Temp.
1 - - 24 80
2 NaOH 2 24 Room Temp.
3 NaOH 20 24 Room Temp.
4 NaOH 2 24 80
5 NaOH 20 24 80
6 HCI 2 1 Room Temp.
7 HCI 20 1 Room Temp.
8 HCI 2 1 80
9 HCI 20 1 80

Two (2) replicates per BMP experiment were performed.
*untreated sample (raw OFI)

€]
O]



According to Table 3, the three factors statistically examined in this work were: i) the chemical reagent,
ii) the chemical dosage and iii) the temperature. Results were analysed with a regression equation using
the aforementioned three factors as continuous variables with the levels being:
= Chemical reagent type (3 levels): None, NaOH, HCI;
= Chemical dosage (3 levels): 0%, 2%, 20%;
=  Temperature (2 levels): Room temperature (i.e. 24°C), 80 °C.

The following generic regression model was fitted to the data whilst all variables were treated as

continuous.

Parameter = a * Temp + b « HCI + ¢ * NaOH 3)

where: Parameter is either the HWSS, cellulose, hemicellulose or lignin contents (or the methane yield) in
% TS (or mL/gVS); Temp: Temperature in °C; HCI: dosage in %; NaOH: dosage in %; a, b, c: regression
coefficients.
During regression modelling, the best reduced models were calculated according to the procedure
described by (Brown and Berthouex, 2002), which is based on the idea that the non-significant terms are
gradually removed from the initial complete regression model, until a simpler (reduced) model (best
regression model) is reached that contains only the statistically significant terms.

Two (2) replicates per BMP experiment were performed. The solids analysis, on the other hand, was

performed in triplicates (3 replicates analysed per untreated / pretreated solid sample).

Pretreatment procedure

Powdered NaOH (reagent grade, Sigma-Aldrich®) and HCI solution 36% (Alfa Aesar) were added to the
milled OFI without dilution; the mixture was then manually stirred for about 2 minutes. Pretreatment was
carried out on closed beakers (glass, 250 mL, non-hermetically sealed) that, in the case of 24h duration
treatments, were manually shaken every 8 hours.

Thermal and thermo-chemical pretreatment was carried out by placing the beakers in an oven at 80 £0.5

°C. All the pretreatment operations ended at the same time and biochemical methane potential (BMP)



tests and characterisation of pretreated material started immediately after the end of pretreatment to avoid

any potential change from storage.

BMP experiments

Biochemical methane potential (BMP) tests were performed in duplicates under mesophilic conditions
(3520.5°C). Tests were performed using a custom-made method based on Schievano et al. (2008) and
Calabro et al. (2015). The method employs 1.1 L bottles with three necks (two side necks, equipped with
septa and the central main neck) that were placed in a thermostatic cabinet at 35+0.5 °C. The contents
(substrate and inoculum) of each bottle were mixed by a magnetic stirrer throughout the 30 d period.
About three times per week, biogas was slowly transferred into a second bottle (alkaline trap) containing
0.5 L of a 3M NaOH solution using a 100 mL syringe (Schievano et al., 2008). Through a side opening of
the second bottle, a tube allowed to transfer biogas by the syringe. The carbon dioxide present in the
biogas was absorbed into the alkaline solution. The pressure increase in the alkaline trap provoked the
displacement of an amount of the alkaline solution that was transferred by a tube connected to another
side opening in the bottle to a graduated volumetric cylinder. The total volume of the alkaline solution
displaced by the gas was considered equal to the volume of methane present in the biogas. The volume of
carbon dioxide was calculated by the difference of the methane volume from the total biogas volume.

All samples were inoculated with an anaerobic inoculum that was taken from the second stage of a
digester operated under mesophilic conditions and fed on agro-residuals (mainly cattle manure,
agriculture residuals and dairy residues). Immediately after sampling, inoculum was sieved (<1mm) to
remove large fibrous materials (e.g. straw) and was then kept under endogenous anaerobic conditions at
35 °C for about 15 days to reduce non-specific biogas generation. The inoculum had a solid content of
52.6g TS/L and 36.2g VS/L and a pH of 8.4. Each batch was prepared by mixing 150 mL of inoculum
and 2 g of NaHCOs (food grade, Solvay, Italy), added to ensure an adequate buffering capacity), then,
immediately at the end of the pretreatment period, substrate was added by keeping an inoculum to
substrate ratio (ISR, on a VS basis) at around 3. Since the measurement of VS from each substrate tested
needs about 48h, the ISR was based on preliminary evaluations derived from the experience gained on
other substrates. The actual ISR values varied, eventually, between 2.1 and 4.9 (mean 3.18+0.67). The

total solids (TS) content of the material in the bottles was in the range 6.2 — 7.5% (mean 6.8%+0.31%).



The net specific biochemical methane production (BMP3g) was calculated by equation 4:

B|\/|P30 _ (VCHA,\S/ ; \./344, blank )

(4)

where: BMP3p in NMLCH4/gVSadded; Vcras is the 30 d gross methane production from all treatments
(substrate + inoculum) in NmLCHa; VCHoapiank is the 30 d methane production of the inoculum itself in
NmLCH.; VS;s is the concentration of volatile solids from the feedstock present in the bottle at the
beginning of the test (g VS/L) (i.e. VS added) and Vs is the liquid volume (L) in the BMP bottle. Note
that the BMP vyields in this work are expressed per g of VS added substrate (contribution of inoculum

corrected).

Modeling of methane profiles and empirical equation
The specific cumulative methane production of BMP experiments was modelled using the modified

Gompertz equation (Lo et al., 2010):

y=4Aexp {—exp [% (A—t)+ 1]} (5)
where: y is the specific methane accumulation [NmMLCH4/gV Saddeq] at time t; t is the time [d] over the test
period; A is the specific methane production potential at infinite time [NMLCH/gV Sadded]; um is the
maximum specific methane production rate [NMLCH4/gV Sagded-d]; A is the lag phase duration [d] and e is
the Euler’s constant.

The results of BMP tests were fitted to the modified Gompertz equation using the least square methods by

applying the routine “Solver” of Microsoft Excel.
Results and discussion
Feedstock composition

Table 4 includes the basic characterization of the substrates from all experiments in terms of pH, TS and

VS (initial TS and VS correspond to those of untreated material).
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Table 4. Basic characterization of all feedstocks

# Pretreatment Initial pH*  Final pH** TS after VS after
pret. [%] pret. [%TS]
0 Raw substrate 4.8 4.8 6.6 78.2
1 80°C 4.8 4.7 7.8 78.5
2 NaOH, 2%, Amb. 9.2 6.2 6.1 80.5
3 NaOH, 20%, Amb. 12.1 10.8 7.6 54.2
4 NaOH. 2%, 80°C 9.2 6.2 8.3 77.7
5 NaOH, 20%, 80°C 12.1 11.2 11.4 62.4
6 HCI, 2%, Amb. 3.2 3.9 6.4 80.8
7 HCI, 20%, Amb. 0.7 0.9 5.7 81.3
8 HCI. 2%, 80°C 3.2 3.7 5.7 80.2
9 HCI, 20%, 80°C 0.7 1.2 5.3 80.5

*: initial pH recorded right upon addition of the chemicals; **: final pH recorded at
the end of the pretreatment period

According to Table 4, the raw OFI biomass was acidic and it is evident how the nature of the reagent used
(acidic or alkaline) greatly influenced the final pH of the treated material. The use of hydrochloric acid
led to a very low final pH which could have a negative effect on the anaerobic digestion process as long
as there was not enough buffering capacity present. The experiments with the 20% HCI dosage, in
particular, reduced pH to around 1. The pH with the alkaline pretreatments at the 2% dosage was kept
close to 6, indicating the buffering capacity of the material. The thermal pretreatment apparently did not
alter the pH (4.8) of the initial material.

The same table reveals that the TS content after pretreatment varied. The NaOH pretreatment resulted

in an increase of the solid content, most probably due to a build up of salts (Montgomery and Bochmann,
2014); this effect was amplified when alkali treatment was combined with the thermal one. The use of
hydrochloric acid led to a reduction of the total solids (from 3% to about 20%), the effect was clearly
dependent upon the dosage of the reactant and on the temperature and could be probably linked to
hydrolisation / solubilisation processes.
Table 5 presents the four dominant fractions of the OFI biomass. Although fats/lipids were also quantified
in this work, they were practically less than 0.1% TS in all cases, and are therefore not included in the
table. Closures were close to 100% in almost all cases, except for the NaOH treatment at the 20% dosage.
This might be explained by the fact that the addition of NaOH eventually increased the TS content. This
was confirmed by the relatively low VS contents recorded for those two samples (see Table 4).

Table 5 reveals that the dominant component of the OFI was the HWSS which was approximately 50% of

11



the total dry weight. Cellulose was the next most abundant component with contents between 8% to 11%,
which is in agreement with literature findings (see Table 1).

Hemicellulose and lignin were approximately similar with around 6% to 8%TS each. From the four
sugars used to quantify hemicelluloses, the dominant ones were arabinose and mannose (both detected as
one peak in the chromatogram) and comprised between 62% to 92% of the total hemicellulose polymer.

The next fraction was galactose, whilst xylose was negligible (almost 0%) in all treatments.

Table 5. Composition of the OFI biomass

HWSS* . Cellulose .. Hemicellulose ..., Lignin e
Treatment (%TS) Diff. (%TS) Diff**, (%TS) Diff. (%TS) Diff.
Raw substrate 48.2%5BC+1.4% - 7.7%C+0.41% - 8.6%"+0.43% - 8.3%"+0.32% -
80°C 51.8%A+0.42% 7% 8.1%°+0.55% 5%  6.7%B°P+0.51% -22% 7.4%"B+1.3% -11%

NaOH, 2%, Amb  51.5%"+1.3% 7%  8.0%¢+0.07% 4%  6.1%PF+0.35% -29% 7.2%"BC+0.23% -13%
NaOH, 20%, Amb 48.3%5¢+0.77% 0% 11.1%"+0.57% 44% 6.6%°P+0.31% -23% 5.7%CP+0.36% -31%
NaOH. 2%, 80°C  49.9%"5C+0.63% 4% 8.5%5°+0.39% 10% 7.8%"P+0.28% -9% 6.2%5°P+0.02% -25%
NaOH, 20%, 80°C 47.8%°+0.65% -1% 11.7%"+0.15% 52%  7.4%5¢+0.30% -14% 5.2%P+0.19% -37%
HCI, 2%, Amb 51.7%7+0.93% 7% 7.5%C+0.44% -3%  6.6%°P+0.30% -23% 7.5%"B+0.20% -10%
HCI, 20%, Amb  50.1%"B°+1.3% 4% 9.3%°+0.18% 21% 6.1%°5+0.08% -29% 6.6%5P+0.51% -20%
HCI. 2%, 80°C 49.5%"8€+0.89% 3% 8.3%5C+0.14% 8%  7.5%"5C+0.39% -13% 6.5%5P+0.15% -22%
HCI, 20%, 80°C  50.7%"B+0.99% 5% 8.3%BC+0.78% 8% 5.2%F+0.70% -40% 6.1%5°P+0.51% -27%

Means = standard deviation based on n=3 (solids analyses were performed in triplicates)

*Hot Water-Soluble Sugars; **Diff. = Difference from the corresponding content of the untreated OFI

Different letters on the same column indicate statistically different means at p<0.05; Amb: Ambient (room) temperature.
Since this is the first study dealing with pretreatment of OFI biomass, only comparisons with studies
dealing with other biomasses are possible. According to Table 5, the changes in cellulose, hemicellulose
and lignin are higher than those reported in (Zhu et al., 2010), while they are sufficiently in agreement,
especially for hemicellulose and lignin, with those reported elsewhere (Monlau et al., 2012; Sambusiti et
al., 2013b; Antonopoulou et al., 2015; Zhang et al., 2015). The apparent marginal increase in cellulose
content could be explained by the fact that part of the hemicellulose is transformed to D-glucose (Mosier
et al., 2005; Taherzadeh and Karimi, 2008; Kumar et al., 2009) during chemical pretreatment. The raw
substrate contains amounts of hemicellulose and lignin that are statistically higher than almost all other
treatments. This indicates that pretreatment, with both chemicals (NaOH, HCI), effectively reduced the
hemicellulose and lignin contents. Hemicellulose reduction lied in the range of 9% — 40%, while lignin
reduction was in the range of 10 — 37%. In agreement with (Sambusiti et al., 2013a), an increase in NaOH

dosage (from 2% to 20%) led to a higher lignin removal.
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The HWSS slightly increased (3-7%) when biomass was subject to almost all treatments (excepted 20%
NaOH). Cellulose changes were higher and ranged from -3% to +52%. According to the statistics of
Table 5, it appears that there is a group of pretreatments (indicated with letter C) that do not show
statistical differences with respect to raw OFI; in this group, cellulose change ranged from -3 to +10%;
the only treatments that significantly affected the cellulose content were the ones with HCI treatment at
20% dosage at ambient temperature (+21%), as well as the NaOH treatments at 20% dosage at ambient
temperature and at 80 °C (+44% and +52%, respectively). However, it is not easy to draw solid
conclusions with the pairwise comparisons only. Regression modelling can provide clearer information
on the effect of pretreatment on chemical composition as explained in the next section.

Table 6 reports the elemental composition of the samples and the theoretical methane production
calculated according to equations 1 and 2. During the application of equation 2, carbohydrates were
calculated as the sum of HWSS, cellulose and hemicellulose. Lignin was not considered part of the
carbohydrates, due to its well known negligible biodegradation in anaerobic environments. Lipids were
neglected due to the very low amount present. Proteins were calculated using according to the N amount

and using a conversion factor of 5.36 (Salo-véananen & Koivistoinen, 1996).

Table 6. Elemental composition of the raw and pretreated substrates and theoretical methane yields

Treatment C N H C/IN  Empirical  Theoretical CHs  Theoretical CH4

(%TS) (%TS) (%TS) formula * vyield according to yield according to
eq. 1 eq.2

(NmLCH4/gVS) (NmLCHa4/gVS)
0 32.8%+3.5% 1.23%+0.18% 5.2%+0.43% 26.7 CsiHs002sN 403 385
1 33.6%+1.6%  1.13+0.09%  6.2%+0.40% 29.7 CssH77020N 453 390
2 32.2%+1.0% 1.26%+0.08% 5.2%+0.91% 25.6 CsoHssO2sN 412 380
3 25.4%+0.46% 0.74%+0.10% 5.2%+0.07% 34.3 CaoHosO27N 558 542
4 33.2%+2.1% 1.11%+0.08% 5.9%+0.18% 29.9 CssH74030N 443 392
5 27.9%+0.85% 0.73%+0.08% 5.9%+0.18% 38.2 CasH113033N 526 476
6 34.6%+1.4% 1.23%+0.04% 6.5%+0.35% 28.1 Ca3H7407N 459 378
7 26.0%+3.3%  1.1%+0.14% 6.4%+0.30% 23.6 Co2sHs103sN 313 370
8 30.3%+3.3%  1.0%+0.14% 6.3%+0.74% 30.3 CssHssO37N 387 371
9 29.4%+2.3% 0.97%+0.11% 7.0%+0.54% 30.3 CssH1010390N 397 363

Mean * stdev (n=3); *: the O in the chemical formula was calculated indirectly according to O = VS - C-H-N (% TS)

In most of the cases, the theoretical yields calculated by the 2 equations were in fairly good agreement
(difference less than 15%). Only in two cases, treatment 6 (HCI, 2% dosage at room temperature) and 7

(HCI, 20% dosage at room temperature), the differences observed were around 18%, which is considered
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still a relatively low difference.

The values calculated on the basis of the organic matter composition (equation 2) are more uniform than
those calculated according to Buswell formula except the two sample treated with NaOH with 20%
dosage. However for these two specific cases, and only for these, the closures
(carbohydrates+proteins+lipids) are significantly higher that 100% (140 and 122% respectively) and

therefore calculations cannot be considered fully reliable.

Regression modelling to describe chemical composition

The best reduced models to describe the content of all four groups contained in the OFI as a function of
the three factors are included in Table 7. Note that the models contain only the statistically significant
terms. The duration time was also included in the first phase of the modelling, but proved not to be a
statistically significant factor worth of including in the statistical modeling. Eventually, the model had a
data set of n=30 (i.e. 10 experiments with 3 replicated solid measurements per experiment) and a
maximum number of parameters fitted (p) equal to 3 (i.e. the modelling had n-p-1=26 degrees of
freedom).

According to equation A, the HWSS (the dominant component of the organic substrate) was affected only
by the NaOH treatment. That is, as NaOH dosage increased, the HWSS content decreased; this might
indicate that the soluble sugars are degraded by the alkaline added. Fats and lipids, which were anyway

negligible for all runs, were not affected by any type of pretreatment.

Table 7. Regression modeling to study the effect of pretreatment on chemical composition

Equation Dependent variable Best reduced model
A HWSS 0.51-0.12 NaOH
B Fats / Lipids No terms significant (i.e. not affected by pretreatment)
C Cellulose 0.079 + 0.176 NaOH + 0.049 HCI
D Hemicellulose 0.073 - 0.082 HCI
E Lignin 0.079 — 0.094 NaOH — 0.048 HCI

All dependent variables in % TS; HCI: chemical dosage in %; NaOH: chemical dosage in %.

According to equation C, it appears that both types of chemical pretreatment apparently affected cellulose
content. Equation C also indicates that as the NaOH and HCI pretreatment dosages increased, cellulose

content increased too. Actually, the magnitudes of the coefficients in equation C indicate that NaOH
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affected cellulose 2 times more than HCI. Equation D reveals that hemicellulose was affected only by the
acidic pretreatment. It appears that as the acid increased, the hemicellulose content slightly decreased,
probably due to breakdown to monomeric sugars. This agrees with the findings of Antonopoulou et al.,
2015, who had worked with sunflower straw biomass and had found that hemicelluloses is affected more
by acid than by NaOH.

According to equation E, both the alkaline and the acidic additions resulted in the reduction of the lignin
content. This is reasonable, since this is usually the objective of those pretreatment techniques, as has
been confirmed by several other researchers for several types of organic materials (Taherzadeh and
Karimi, 2008). Equation E reveals that the alkaline addition resulted in a higher (almost double) lignin
reduction compared to the acidic pretreatment, as clearly indicated by the magnitude of the coefficients in
equation E. This is in accordance to the findings of equation C, since cellulose was more affected
(reduced) by the NaOH treatment than the HCI treatment. Although, the coefficient of the temperature
term was initially found to be statistically significant in equation E, this coefficient was close to 0
(0.00013) indicating that the temperature had practically no effect on the lignin content, despite its
statistical significance. Therefore, the temperature term was removed from equation E and the best
reduced regression model is the one finally shown in Table 6. The temperature term was not found to be
statistically significant in any of the other equations as well indicating that temperature (at least up to

80°C as was used here) did not affect the chemical composition of OFI.

SEM observations

SEM observations confirm that the pretreatment altered the OFI biomass structure (see Figure 1). The
Figure exemplifies the alterations of the chemical structure of the material under different pretreatment
processes. According to the images, pretreatment causes a collapse of the structure of the OFI by forming
cracks and pores (samples 1, 3, 8 and 9). In many cases (e.g. sample 8), the presence of grains of
deposited materials was evident. This is most likely calcium oxalate (weddellite form) (Malainine et al.,

2003).
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Figure 1. SEM images of the raw and pretreated OFI biomass. (0#) raw OFI biomass, (1#) thermally
treated sample, (3#) alkaline treatment at room temperature at 20% dosage, (#8) acidic treatment at 80 °C
at 2% dosage and (#9) acidic treatment at 80 °C at 20% dosage.

BMP tests results and regression modeling
Table 8 and Figure 2 summarize the results of the BMP tests. Table 8 also includes Tso (time needed to
reach half of the total production over the 30 days period) and the BMP3owori, Which is the specific net

methane production expressed in terms of raw OFI entering the pretreatment. This latter parameter allows
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a holistic consideration of the process of pretreatment and of anaerobic digestion, since it takes into
account the weight reduction of the raw material during the pretreatment step.

Table 8. Methane yields and other operating parameters calculated during the BMP tests

# pH pH BMP3o® Difference  Tso* Average BMPsowori  Difference from
initial' final> [NMLCH4/gVSadded] from raw OFI [d] [NmLCHa4/g wet OFI] untreated wet OFI

[%] [%]

0 8.4 1.7 424+14 - 1542 21.9 -

1 8.6 7.8 350463 -17% 2210 23.6 8%

2 8.3 1.7 414+7 -2% 18+2 20.2 -8%

3 8.5 7.9 545+14 29% 7+1 22.2 1%

4 8.3 7.8 28918 -32% 18+1 20.8 -5%

5 8.6 7.9 324114 -24% 24+1 17.8 -19%

6 8.3 1.7 447+25 5% 12+1 22.2 1%

7 7.4 7.5 539+16 27% 9+0 245 12%

8 8.2 1.7 495+0 17% 15+0 21.7 -1%

9 7.6 7.6 604+20 42% 15+0 25.4 16%

1: pH measured in the batch at the start of the BMP test; 2: pH measured in the batch at the end of the
BMP test; 3: mean + std (n=2); 4: time needed to reach 50% of BMP3p yield.

According to Table 8, the BMP3, of the untreated OFI agrees with the values reported by (Obach and
Lemus 2006). Table 8 also reveals that the acidic pretreatment led to a higher methane generation
compared to the alkaline and thermal treatments. However, the BMP3, of three acid pretreated samples
(#7, #8, #9), with values close to or higher than 500 NmL/gVS.added , Were higher than those of the other
samples and than the typical values reported (Angelidaki and al., 2004).

In some cases, the experimental BMP3; value was significantly (more than 10%) higher than the
theoretical value. This is true (both theoretical values are significantly exceeded) for samples treated with
hydrochloric acid at 80 °C (both dosages) and at 20% dosage at room temperature. BMP3 of untreated
OF1 is on average 2% higher than theoretical yields indicating that OFI is highly biodegradable.

A plausible explanation for that is that the extremely acidic pretreated OFI added in the bottles, without
any prior washing or neutralization, affected the inoculum sludge as well in the same way that it affected
the main substrate, thus increasing the endogenous methane production from the sludge itself. This
increased production did not occur in the blanks, which can explain the overestimation of biomethane
production in the acidically pretreated experiments.

Regarding the alkaline pretreatment, only the sample treated with 20% NaOH (run 3) at room temperature
showed a rather large increase of methane production. According to Table 7, a clear increase (> 10%) of
methane production in comparison to raw OFI was observed with the NaOH treatment at ambient

temperatures and at the 20% dosage. In addition, almost all acidic treatments resulted in a net methane
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increase compared to the control. All these treatments presented high levels of hemicellulose and lignin

removal. Thermal and thermo-alkaline treatments resulted in a reduction of methane production.

Net cumulated methane production [NmL/gVS, 4.4l

5 10 15 20 25 30
-50 d
—a—Thermal 80°C - 24h —2—2% NaOH Room T. - 24 h —<20% NaOH Room T. - 24 h
—#—2% NaOH T=80°C - 24h —e—20% NaOH T=80°C - 24h ——2% HCl Room T. - 1h

—5-20% HCI Tamb - 1h
—==Raw OFI biomass

2% HCl T=80°C - 1h ——20% HC1 T=80°C - 1h

(@)

INmL/gOFI, 4404 (raw wet matter)]

Net cumulated methane production referred to 1g of raw OFI

T[d]
—a—Thermal 80°C - 24h ——2% NaOH Room T. - 24 h —<20% NaOH Room T. - 24 h
——2% NaOH T=80°C - 24h —e—20% NaOH T=80°C - 24h —+—2%HCl Room T. - 1h
——20% HCI Tamb - 1h 2% HCI T=80°C - 1h ——20% HCI T=80°C - 1h

==~Raw OFI biomass

(b)

Figure 2. Methane generation profiles for all experiments (a: methane production expressed per g of VS

added of the pretreated material; b: methane production expressed per g of initial wet OFI).
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If the whole process (pretreatment and anaerobic digestion) is considered by the BMP3o referred to wet
OFI in input to pretreatment (BMPsowori) it is clear that only acidic treatments at 20% dosage gave a clear
advantage respect to the direct anaerobic digestion of raw OFI. Moreover, it seems that NaOH and HCI
treatments at ambient temperature and 20% dosage provided a kinetic advantage as witnessed by the
lower Tso.

To further aid in investigating the effect of the treatment techniques, regression modelling was employed
for the chemical composition. In this case, since duplicate BMP measurements were performed per
experiment, n=20 and the degrees of freedom during modelling become n-p-1=20-3-1=16. The best

reduced regression model that was finally developed is shown in equation (6):

Methane yield (NML/gV Sadded) = 405.5 + 854 HCI (6)

Where HCI is in % dosage units. According to the above equation, only acidic pretreatment results in a
statistically significant increase of the methane production. That is, as the dosage of HCI increases, the
methane yield increases too. The validity of this statement obviously depends on the range of dosages
used in the experiments, since a further increase in HCI concentration could cause an increase of the
release of inhibitory by-products (e.g. furfurals). The fact that acidic addition resulted in a net methane
increase agrees with the results of several researchers that had impemented acidic addition to other
agricultural wastes (Antonopoulou et al., 2015). Equation 6 reveals that if no acid is added to the OFI,
the expected BMP production of the raw substrate should be around 406 mL/gVSadded, Which agrees with

the experimental findings in this work since the raw substrate produced 424 mL/gV Sadqed (Table 8).

Modeling of the methane profile

BMP results have been modelled using the Gompertz modified equation in order to provide kinetic
parameters. Table 9 includes the kinetics parameter calculated through the modelling process and Figure
3 illustrates the fitting procedure for 4 typical runs.

The selected model always fitted data adequately (the R? values were always higher than 0.995 in most

cases). Only the significance of parameters calculated for experiments #5 and 9 is questionable.
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Figure 3. Fitting of data to the Gompertz model for four runs (first row from right to left: raw OFI, 20%

NaOH at ambient temp., second row from right to left: 20% HCI at ambient temp., 20% HCI at 80*C)

Table 9. Parameters of the Gompertz modified equation

Experiment A Hmax A
[Nm LCH4/gVSadded] [NmLCH4/ (gVSadded*d)] [d]
0 462 18.6 0.0
1 536 9.4 0.8
2 641 19.7 7.2
3 523 37.3 0.0
4 531 12.1 5.9
5 1718 29.4 20.0
6 528 19.5 2.2
7 554 30.0 0.0
8 584 24.0 3.9
9 837 24.3 25

A: maximum theoretical methane yield at infinite time; pmax: maximum specific increase rate
of methane generation; A: theoretically calculated lag time (d).
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The Gompertz modified equation parameters shows that pretreatment resulted in most cases to higher
methane yields at infinite time (A) than the raw substrate. A clear increase in the umax Was also indicated
for some of the treatments, namely the alkaline (3) and the acidic ones (7, 8, 9). On the other hand,
experiments 8 and 9 (2 and 20% HCI at 80 °C), despite their high maximum specific increase rate of
methane generation, had rather large lag times (3.9 and 2.5 d) indicating that the acid addition coupled

with thermal treatment, retarded the initiation of the biodegradation process.

Conclusions
The conclusions of this work are:

= Both the acidic and the alkaline pretreatments resulted in a statistically significant decrease of the
lignin. Alkaline pretreatment, specifically, affected the cellulose and lignin contents almost two times
more than the acidic pretreatment. Hemicellulose decreased significantly upon acid addition only.

= OFI is a suitable substrate for anerobic digestion. Methane yields ranged from approximately 420
NmML/gVSadgea for the raw substrate to up to approximately 600 NmL/gVSadea for OFI after acidic
pretreatment (at a 20% HCI dosage) at 80°C.

= The experimental values for the specific methane yields were, in some cases, higher than the
calculated theoretical maximal values, according to substrate composition. Further research will be
needed to confirm the high energy density of OFI cladodes.

= Only the acidic pretreatment led to a statistical significant increase of the methane yield of the OFI
biomass. The positive effect of the acidic pre-treatment on methane production rates and yields was
also confirmed by the modelling of the methane generation data using the Gompertz equation.

= If the high specific methane yields of OFI cladodes can be confirmed in further works, then, this
substrate can be classified as highly degradable material, and in that case, no pretreatment would be
strictly required prior to AD, except particle size reduction, unless it is demonstrated the economic
advantage of using a pretreatment for further increasing reaction rate thus allowing the reduction of
the volume of the digester.
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