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Abstract: This study aimed to evaluate the effects of mechanical treatment through twin-screw extru-
sion for the enhancement of biomethane production. Four lignocellulosic biomasses (i.e., sweetcorn
by-products, whole triticale, corn stover and wheat straw) were evaluated, and two different shear
stress screw profiles were tested. Chemical composition, particle size reduction, tapped density
and cellulose crystallinity were assessed to show the effect of extrusion pretreatment on substrate
physico-chemical properties and their biochemical methane production (BMP) capacities. Both me-
chanical pretreatments allowed an increase in the proportion of particles with a diameter size less
than 1 mm (from 3.7% to 72.7%). The most restrictive profile also allowed a significant solubilization
of water soluble coumpounds, from 5.5% to 13%. This high-shear extrusion also revealed a reduction
in cellulose crystallinity for corn stover (i.e., 8.6% reduction). Sweetcorn by-products revealed the
highest BMP values (338–345 NmL/gVS), followed by corn stover (264–286 NmL/gVS), wheat straw
(247–270 NmL/gVS) and whole triticale (233–247 NmL/gVS). However, no statistical improvement in
maximal BMP production was provided by twin-screw extrusion. Nevertheless, BMP kinetic analysis
proved that both extrusion pretreatments were able to increase the specific rate constant (from 13% to
56% for soft extrusion and from 66% to 107% for the high-shear one).

Keywords: anaerobic digestion; kinetics; lignocellulosic biomass; mechanical pretreatment; methane
potential; twin-screw extrusion

1. Introduction

The increase in the world’s population correlated with the increase in energy demand
has raised concerns about the problem of the supply of fossil resources such as oil, gas or
coal, and their harmful effects, contributing strongly to global warming. Renewable and
alternative energy sources may be able to solve these problems, but they require major
investments and innovative technologies to do so [1].

One of the most promising and profitable biotechnologies for replacing fossil energy
with renewable energy, such as bioethanol or biodiesel production, is anaerobic digestion
(AD) as methane produced by the bioconversion of numerous sources of organic materials
can be used to generate heat, electricity and fuel, while the digestate generated in the
process may be disposed of as an organic amendment for agricultural soils [2]. AD is
a biological process characterized by four successive metabolic pathways, i.e., hydrolysis,
acidogenesis, acetogenesis and methanogenesis, and involves the gradual conversion of high
molecular weight compounds such as carbohydrates, proteins and lipids into biomethane [3].

Lignocellulosic biomass represents one of the most attractive sources of organic matter
for biogas production since it is widely available through by-products or wastes generated

Waste 2023, 1, 497–514. https://doi.org/10.3390/waste1020030 https://www.mdpi.com/journal/waste

https://doi.org/10.3390/waste1020030
https://doi.org/10.3390/waste1020030
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/waste
https://www.mdpi.com
https://orcid.org/0009-0001-3194-6005
https://orcid.org/0000-0002-8777-3000
https://doi.org/10.3390/waste1020030
https://www.mdpi.com/journal/waste
https://www.mdpi.com/article/10.3390/waste1020030?type=check_update&version=1


Waste 2023, 1 498

by activities such as agriculture or agro-industry [4]. Lignocellulose consists of three main
biopolymers, which are associated with each other to form a complex network. Cellulose,
the most abundant natural polymer, is a polysaccharidic homopolymer made of glucose
units linked by β-1,4 glycosidic bonds. Hemicelluloses are also polysaccharides, but these
heteropolymers are made from different monomers such a pentoses (e.g., xylose and
arabinose), hexoses (e.g., mannose, glucose and galactose) and uronic acids. Finally, lignin
is, unlike the previous biopolymers, an amorphous polyphenolic heteropolymer composed
of three different monolignols (i.e., coumaryl, coniferyl and sinapyl alcohols). [5].

Among lignocellulosic biomasses, agro-industrial or agricultural by-products are key
carbon resources available in vast quantities since the four most farmed plants in the world,
namely sugar cane, corn, rice and wheat, already generate more than 2.55 billion tons of
plant fiber annually [6]. Catch crops such as grass, clover, hemp or triticale also represent
an appealing answer to the competitive use of agricultural land, and they can be efficiently
valorized through biogas production [7].

However, as the complex structure and physico-chemical properties of cell walls
inside lignocellulosic substrates constitute a natural barrier against pests such as insects or
microorganisms, they also limit the hydrolysis stage of AD, and therefore the substrate’s
natural digestibility, which is the main limiting factor for their utilization [8].

Therefore, to break this complex structure of lignocellulose and access the monomeric
sugars forming cellulose and hemicelluloses, which are consumed by microorganisms
during AD, a pretreatment step is essential [9]. Biological, mechanical, physical and/or
chemical pretreatments are the main pretreatments that can be applied [10–12]. For the
mechanical pretreatments, such as grinding, milling or shredding, the main issue is their en-
ergy requirement, especially when coupled with thermal pretreatment [13]. However, these
are able to efficiently disrupt the cell wall structure, thus improving the accessible contact
surface area between anaerobic microorganisms and the substrate. Physical pretreatments,
mainly ultrasound or microwave, or physico-chemical pretreatments such as steam explo-
sion, are also able to disrupt the cell wall structure, and they are more cost-effective than
mechanical pretreatments. However, the former lack their industrial maturity, whereas the
latter may generate toxic compounds [10,14,15]. Chemical pretreatments, mainly alkaline
and acid pretreatments, while often very efficient in increasing biogas production through
the removal of either hemicelluloses or lignin, have the main disadvantages of being pretty
expensive and not very environmentally friendly, and they can also generate AD inhibitors
in the process such as furans and phenols compounds [16]. On the other hand, biological
pretreatments, which mainly use enzymes or fungi, are environmentally friendly, and do
not generate inhibitors, but they are expensive and constitute pretty slow processes [17].

Twin-screw extrusion is a continuous mechanical process allowing biomass disruption
with strong mixing and shearing forces generated at least by the intermeshing of the two
rotating screws [18] and, in most cases, by the use of specific shearing screw elements
along the screw profile [19]. Twin-screw extrusion is considered a promising process to
simultaneously apply mechanical and thermal pretreatments for lignocellulosic substrates,
explaining why it was investigated since the 1990s [20]. This technology presents key
parameters that can be set according to the required purposes, i.e., configuration parameters
such as screw elements and module types, and operational parameters such as screw
rotation speed, temperature profile, solid-to-liquid ratio and feeding rates [21]. Twin-screw
extrusion processes can be implemented from ambient to hot temperatures, and they can
adapt to many types of biomasses. Twin-screw extrusion also has the possibility of combining
mechanical pretreatment with other categories of pretreatment, either thanks to the addition
of chemicals in the case of reactive extrusion [22] or enzymes in the case of bioextrusion [23,24].
Finally, twin-screw extrusion is an easy scalable technology with excellent repeatability results
when transferred from a laboratory scale to pilot and industrial ones [25,26].

Over the past decade, several studies have especially focused their efforts on assessing
the effect of twin-screw extrusion pretreatment for AD. Several biomasses including rice,
wheat or corn straw, grass, sprout stem, vine shoot or miscanthus were proven to generate
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better methane yields (from a 16% to 72% increase) after mechanical twin-screw extrusion
pretreatment [27–30]. Triticale, when harvested fresh at the milky stage as a catch crop, is
another biomass of interest for AD as it presents a lower lignin content than other cereal
straws harvested at the fully ripe stage [31] and, to the best of our knowledge, has not yet
been pretreated through twin-screw extrusion. Furthermore, for all the references listed
above, a particle size reduction up to a 2–40 mm range has been conducted beforehand,
which may minimize the real efficiency of mechanical pretreatment through twin-screw
extrusion. Lastly, a 60–100 ◦C temperature range has also been set inside the extruder
barrel, which could add thermal pretreatment in addition to the mechanical one.

The aim of this study was to assess the effect of twin-screw extrusion mechanical pre-
treatment on biomethane production from different agro-industrial, agricultural and catch
crop biomasses. Two different screw profiles were tested on four biomasses (i.e., sweetcorn
by-product, triticale, corn stover, wheat straw), and twin-screw extrusion treatment was
conducted at ambient temperature while avoiding particle size reduction before extru-
sion. Then, the influence of twin-screw extrusion pretreatment on their physico-chemical
properties and their performances in AD were evaluated.

2. Materials and Methods
2.1. Feedstocks and Inoculum

Four feedstocks were selected among agro-industrial wastes, agricultural by-products
or energy catch crops. These were chosen from among lignocellulosic biomasses available
in the south-west part of France, and in sufficient quantities for potential large-scale
exploitation through biogas plants. Sweetcorn by-product (i.e., husk and cob) recovered
from Soleal–Bonduelle factory (Bordères-et-Lamensans, France) is referred to as “SB”.
Whole fresh triticale harvested in a plot located in the city of Pavie (France) is referred to as
“WT”. Corn stover harvested in the city of Cescau (France) is referred to as “CS”. Lastly,
wheat straw, also harvested in the city of Cescau, is referred to as “WS”. All four biomasses
were comb milled using a hammer mill (Goulu N, Electra, Poudenas, France). Then, the
only WS was also processed through a crushing mill (Bro140, Electra, Poudenas, France)
equipped with a 15 mm grid. Comb or crush milled samples before extrusion are referred
to as “CM”. WT was then dried at 50 ◦C during 24 h for conservation purposes, and then
rehydrated at initial humidity (i.e., 69% moisture content) by mixing it with water in a
concrete mixer before extrusion.

Anaerobic digester inoculum was recovered from an industrial biogas plant from
TotalEnergies located in the city of Bénesse-Maremne (France). Inoculum was maintained
in a 5 L glass bioreactor at 38 ◦C under stirring and anaerobic conditions before per-
forming Biochemical Methane Potential (BMP) tests. Main inoculum parameters were
3.9 ± 0.1 TS, 2.7 ± 0.1 VS, 7.8 ± 0.0 pH, 1.5 ± 0.0 gCH3COOH/L, 4.1 ± 1.4 gN-NH4+/L
and 0.17 ± 0.0 FOS/TAC ratio.

2.2. Extrusion Pretreatment

A BC 45 twin-screw extruder (Clextral, Firminy, France) was used for extrusion
pretreatment (Figure 1). The machine is made of 7 consecutive modules, each 200 mm
in length, and its screw elements have a diameter of 55 mm and lengths of either 50 or
100 mm. Three different screw profiles were investigated (Figure 2). The first screw profile
(A) is referred to as soft extrusion (SE), and it was tested on all four biomasses. It consists
of trapezoidal double-thread screw elements (T2F) on module 1, followed by conveying
double-thread screw elements (C2F) on modules 2 to 6, and then 5 kneading (i.e., bilobal)
elements (BL22) with a −45◦ angle at the early beginning of module 7, followed by C2F
elements up to the extruder outlet. The second screw profile (B) is referred to as high-shear
extrusion (HE), and it was only used on SB and WT. It also starts with T2F elements on
module 1, followed by C2F elements on modules 2 to 4, then conveying single-thread
screw elements (C1F) in modules 5 and 6, and lastly reverse single-thread screw elements
with grooves (CF1C) and C1F elements on module 7. For this screw profile, a filter section
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was positioned at the level of module 6 to allow the collection of a liquid separately from
the solid and thus avoid waterlogging the machine over time. It consisted of six semi-
cylindrical grids with eight per square centimeter conical holes with 1 mm inside diameter
and 2 mm outside diameter. The third and last screw profile (C), referred to as high-shear
extrusion with rehydration (HER), is actually only a variation of the second one. It was needed
as CS and WS required rehydration at the moment of high-shear extrusion to prevent the
machine from blocking. It only differs from profile B by the addition of 5 BL22 elements with a
+45◦ angle on module 4 to favor intimate mixing between the solid and water. The latter was
injected thanks to a piston pump at the beginning of module 3. HE and HER screw profiles
are expected to generate the same mechanical pretreatment as the intense mechanical shear
zone in module 7, made of CF1C elements, and are perfectly identical.
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During extrusion tests, neither heating nor temperature regulation were applied but
material temperature was measured at the level of the stress zone (i.e., module 7). Screw
rotation speed was set at 60 rpm. Biomass supply was fulfilled either manually in the case
of SB, WT, CS and WS for SE, and in the case of SB and WT for HE, or with a volumetric
twin-screw feeder in the specific case of CS and WS for HER. CS and WS were slightly
rehydrated by mixing them with water in a concrete mixer up to a 70% total solid content
(TS) and 75% TS, respectively, before SE as they were too dry to be extruded as such.
Extrudate samples and filtrate ones for the HE and HER configurations were collected
after reaching the extruder stability. For each test, three samplings were conducted during
4 min, and this enabled the calculation of mean outlet flow rates. The latter were then used
through a material balance to calculate the raw material inlet flow rate, based on the dry
matter contents of raw and extruded solid samples plus that of the filtrate for HE and HER.

2.3. Biochemical Methane Potential (BMP)

Extruded samples were dried at 40 ◦C for 24 h before BMP. Batch BMP values were
assessed in 569 mL glass flask with a working volume 269 mL at 37 ◦C with a stirring
speed of 75 RPM for a duration of 32 days corresponding to time needed to reach a daily
biomethane production <1%. An 18 mL macro element solution (Na2HPO4 22.4 g/L;
NH4Cl 10.6 g/L; KH2PO4 5.4 g/L; MgCl2 2 g/L; CaCl2 1.5 g/L; FeCl2 0.4 g/L), 0.3 mL
oligoelement solution (CoCl2 0.1 g/L; MnCl2 0.05 g/L: NiCl2 0.01 g/L; ZnCl2 0.005 g/L;
H3BO3 0.005 g/L; Na2SeO3 0.005 g/L; CuCl2 0.003 g/L; NaMoO4 0.001 g/L) and 15 mL
bicarbonate buffer solution (NaHCO3 50 g/L) were added the medium to ensure good
bacterial development. Carboxymethylcellulose was used as positive control and sole
inoculum as negative control (BMP produced was then subtracted from results). Extrudate
and filtrate samples from HE/HER were reassembled as one sample keeping the same
proportions as at the extrusion outlet. A 0.5 gVS substrate/gVS inoculum ratio was set,
and 7–8.5 pH range check were realized to avoid initial medium acidification. Flasks were
flushed with nitrogen at the beginning of the trials to ensure anaerobic condition, then
were sealed with impermeable red butyl rubber septum-type stoppers. BMP tests were
performed in duplicate.

Biogas analyses were performed by using an Agilent 990 Micro GC with two columns:
one at 80 ◦C and 200 kPa with argon as carrier phase for H2, O2, N2 and CO2, one at
60 ◦C and 150 kPa with helium as carrier phase CH4 and one for CO2 and H2S. Injector
temperature was 80 ◦C. Biogas production was calculated from pressure increase measured
with a manometer.

Elemental analyses (CaHbNcSdOe) of dried samples were performed to calculate their
maximal theorical BMP (BMPth) using Buswell equation [32,33]:

BMPth

[
NmL
gVS

]
=

4a + b − 2c − 3d − 3e
12a + 2 + 16c + 14d + 32e

× 1000 (1)

Khongchamnan et al.’s [34] elemental analysis of lignin was also used to calculate
lignin maximal theorical BMP (621 NmLCH4/gVS), which was then used to determine
samples’ adjusted theorical maximal BMP (BMPth adjusted) using the following formula:

BMPth adjusted

[
NmL
gVS

]
= BMPth substrate − BMPth lignin × %ligninsubstrate (2)

The biodegradability index (BI) was finally calculated using the following equation:

BI (%) =
BMPexperiemental

BMPth adjusted
(3)
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2.4. Analytical Methods
2.4.1. Sample Preparation for Analysis

Parts of raw and extruded samples were dried at 105 ◦C until constant weight for total
solid content (TS) determination, and they were then mineralized at 550 ◦C during 8 h for
ash and volatile solid content (VS) determination according to the National Renewable
Energy Laboratory (NREL) procedures [35]. The rest of raw and extruded samples were
dried at 40 ◦C during 24 h for further characterizations. Parts of dried samples were used
as such for granulometry and tapped density measurements, and the remaining dried
samples were milled with a 1 mm grid on a microfine grinder drive (MF 10 basic, IKA
Werke, Staufen im Breisgau, Germany). Two mechanical sieves (aperture sizes of 0.8 and
0.18 mm, respectively) and a bottom plate were used on a vibratory sieve shaker (AS 200,
Retsch, Hann, Germany) during 10 min at a 3 mm amplitude to recover sample fractions
depending on their particle sizes. Sample fractions between 0.8 and 0.18 mm were used
for lignocellulosic composition analysis, whereas fractions under 0.18 mm were used for
cellulose crystallinity assessment.

2.4.2. Fiber Composition

Fiber composition of lignocellulosic samples was determined in triplicate according
to an adapted protocol [36] from the National Renewable Energy Laboratory (NREL)
procedures [37]. Water and then 96% (v/v) ethanol extractions were performed on an
extraction system (Fibertec FT 122, Foss, Hillerød, Denmark) using 1 g of dry sample and 100
mL of boiled solvent at 100 ◦C and atmospheric pressure for 1 h. Cellulose, hemicelluloses
and lignin contents were assessed with a two-step hydrolysis using a 72% (w/w) sulphuric
acid at 30 ◦C for 1 h and then a 4% (w/w) solution after dilution during 1 h at 121 ◦C,
followed by filtration. Acid-insoluble lignin in residues was determined by weight loss
after calcination during 8 h at 450 ◦C. Part of the extracts was then used for acid-soluble
lignin on UV spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan) at 320 nm for CS
samples and at 240 nm for the other ones, and the rest of the extracts were neutralized with
calcium carbonate until reaching pH 5–7 and then filtered using a 0.2 µm cellulose acetate
filter. Analysis of sugar monomers (i.e., arabinose, glucose, galactose, xylose and mannose)
was performed on a Dionex (Sunnyvale, CA, USA) ICS-3000 type ion chromatography
HPLIC system with a pumping device, an auto-injector, an electrochemical detector with a
gold electrode and an Ag/AgCl reference electrode. A pre-column (4 × 50 mm, Dionex)
connected to a Carbopac PA1 column (4 × 250 nm, Dionex) was used for the stationary
phase with a 1 mM sodium hydroxide solution as an eluent. A total of 25 µL of samples were
injected automatically with separation of sugars carried out at a flow rate of 1 mL/min at 25
◦C. A range of standards was made from 1 to 100 mg/L to undertake external calibration
for the quantification of sugar monomers. Chromeleon analysis was conducted with the
6.8 version of Dionex processing software.

2.4.3. Granulometry and Tapped Density

Seven mechanical sieves (aperture sizes of 4.0, 2.0, 1.0, 0.8, 0.5, 0.25 and 0.125 mm) and
a bottom plate were used to measure, in triplicate, the particle size distribution using the
Retsch AS 200 vibratory sieve shaker during 10 min at a 3 mm amplitude.

A bulk density tapping instrument (Densi-Tap, Ma.Tec, Novara, Italy), modified to
support a 1000 mL graduated cylinder, with a cam shaft speed of 250 rpm and a stroke travel
of 3.2 mm, was used to determine tapped density. A total of 1000 taps were repeated until the
tapped volume did not change between two consecutive cycles. The final tapped volume was
read on the graduated cylinder. All determinations were conducted in triplicate.

2.4.4. Cellulose Crystallinity

Cellulose crystallinity was determined using an X-ray diffraction (XRD) instrument
(D8 Advance, Brucker, San Jose, CA, USA) with a 0.154 nm wavelength, Cu/Kα radiation
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at 40 kV and 40 mA tube current. Samples were implemented with a speed of 1◦/min, in a
range of 2θ varying from 6◦ to 30◦, and a step size of 0.0303◦ at room temperature.

The crystallinity index (Cr) was determined using the following equation [38]:

Cr =
I002 − Iamorphous

I002
× 100 (4)

where:
I002 is the intensity of the crystalline portion of the biomass (cellulose) at 2θ = 22◦;
Iamorphous is the peak of the amorphous portion at 2θ = 16◦.
Analyses were conducted in triplicate.

2.5. Data Analyses

Kinetic study of the biomethane production was assessed by applying a model based
on the modified Gompertz equation [39]:

B = BMP∞ exp{ − exp[
Rm × e
BMP∞

× (λ − t)+1]} (5)

where:
B: cumulative biomethane production (NmL/gVS);
BMP∞: maximal biomethane production (NmL/gVS);
Rm: specific biomethane production rate (NmL/gVS.day);
λ: lag phase time (day).

Kinetic parameters were determined by minimizing the sum of the least squares
between the observed and predicted values.

2.6. Statistical Analyses

For statistical analyses made on chemical composition, tapped density, cellulose crys-
tallinity and experimental BMP, Student’s tests were conducted with statistical significance
level of p < 0.05 on the Microsoft Office Excel software (Microsoft, Albuquerque, NM, USA).
Data are expressed as means ± standard deviations (s.d.).

3. Results and Discussion
3.1. Description of the Twin-Screw Extrusion Pretreatments

Usually, when working on laboratory scale extruders, biomasses are first reduced to
smaller particle sizes (within a 1 mm to 2 cm range) before extrusion to enable stable device
feeding [25,40,41]. In this study, in order to be as close as possible to pilot or industrial real-
ity, biomasses were extruded fresh and they were just comb milled to avoid any influence
of additional mechanical pretreatment before extrusion [4]. Measured parameters during
samplings and material balances are given in Table 1.

Dry inlet flow rates were intended to be set to 5 kg/h. However, from a practical
point of view, it was not possible to achieve precisely this 5 kg/h dry inlet flow rate as
substrates were manually fed into the machine for the SE and HE configurations. In the
case of SE, dry inlet flow rates were 5.3 kg/h, 5.6 kg/h and 5.1 kg/h, respectively, for SB,
WT and WS. For CS, it was only 3.7 kg/h due to there being coarser and less flexible solid
particles in the starting material. When using the HE configuration, trials conducted from
SB and WT revealed rather different inlet flow rates, i.e., 7.2 kg/h and 3.7 kg/h, respectively.
Regarding HER configuration, which was applied to CS and WS only, rehydration should
have been set to a 75/25 water-to-dry matter ratio. However, this could not be performed
as such because when this rehydration rate was applied, it generated non-homogeneous
rehydration in the extruder and a too low moisture content, resulting in the blocking of the
machine. CS and WS were instead rehydrated to higher water-to-dry matter ratios, which
were respectively 85/15 and 82/18.
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Table 1. Measured parameters and material balances of the different twin-screw extrusion pretreatments.

Raw Material SB WT CS WS

Screw Profile SE HE SE HE SE HER SE HER

Measured
parameters

Material temperature
range in module 7 (◦C) 18–22 31–36 26–27 30–34 32–34 28–42 27–32 58–63

Motor current range (A) 14–15 16–25 27–35 41–47 11–19 27–37 13–21 27–30

Substrate

Dry matter content (%) 27.8 ± 0.2 28.2 ± 1.0 21.1 ± 0.2 21.1 ± 0.2 69.3 ± 1.0 89.6 ± 0.1 77.0 ± 1.1 88.5 ± 0.1

Inlet flow rate (kg/h) 19.2 ± 3.1 26.0 ± 3.3 26.5 ± 3.8 17.5 ± 2.8 5.3 ± 0.5 1.0 ± 0.1 6.6 ± 0.3 2.0 ± 0.1

Dry inlet flow rate (kg/h) 5.3 ± 0.9 7.2 ± 0.9 5.6 ± 0.8 3.7 ± 0.6 3.6 ± 0.3 0.9 ± 0.1 5.1 ± 0.2 1.8 ± 0.1

Liquid
Water inlet flow rate

(kg/h) - - - - - 5.0 - 8.5

Water-to-dry matter ratio - - - - - 85/15 - 82/18

Extrudate

Dry matter content (%) 30.6 ± 0.3 43.6 ± 1.2 23.6 ± 0.3 63.4 ± 0.3 75.3 ± 0.6 82.3 ± 0.1 81.6 ± 0.4 76.3 ± 0.3

Outlet flow rate (kg/h) 17.4 ± 2.8 13.4 ± 1.8 23.6 ± 3.2 4.9 ± 0.2 4.9 ± 0.4 1.0 ± 0.1 6.3 ± 0.3 2.2 ± 0.1

Dry outlet flow rate (kg/h) 5.3 ± 0.9 5.8 ± 0.8 5.6 ± 0.8 3.1 ± 0.1 3.6 ± 0.3 0.8 ± 0.1 5.1 ± 0.2 1.7 ± 0.1

Filtrate

Dry matter content (%) - 12.7 ± 0.8 - 7.3 ± 0.0 - 1.9 ± 0.0 - 1.9 ± 0.0

Outlet flow rate (kg/h) - 11.0 ± 2.5 - 8.1 ± 0.6 - 4.7 ± 0.2 - 7.6 ± 0.3

Dry outlet flow rate (kg/h) - 1.4 ± 0.3 - 0.6 ± 0.0 - 0.1 ± 0.0 - 0.1 ± 0.0

As no temperature regulation was applied during the extrusion pretreatment, the
temperature in the stress zone (i.e., module 7) was probably too low to allow good rehydra-
tion according to the literature [42,43]. However, this solution has the advantage of being
less energy-consuming and therefore less expensive. Extrudate-to-filtrate ratios expressed
in terms of dry mass for the HE/HER configurations were 80/20 for SB, 84/16 for WT,
90/10 for CS and 92/8 for WS.

The decrease in the proportion of dry matter in the filtrate in the case of the HER
configuration in need of rehydration at the moment of twin-screw extrusion seems to corre-
late with the hypothesis of superficial rehydration. SB, WT, CS and WS initial dry matter
contents increased by 2.8%, 2.6%, 6.0% and 4.6%, respectively, using the SE configuration,
and they increased much more, i.e., by 15.4%, 42.3%, 67.0% and 59.0%, respectively, using
the HE/HER ones. It has to be noted here that for the HER configuration, water injected in
the extruder at the moment of the pretreatment was taken into account for calculating the
above-mentioned increases in dry matter content for the CS and WS solid materials.

The high compression action of the CF1C reverse screw elements used in the HE
and HER screw profiles reflects the increase in mechanical shear applied to biomasses
in comparison with the less restrictive bilobal elements used during soft extrusion. This
compression action appeared to be more intense for CS and WS as illustrated by the higher
values of the extrudate’s dry matter contents.

Moreover, when comparing the SE and HE/HER configurations with each other,
temperature ranges in the stress zone increased from 18–22 ◦C to 31–36 ◦C for SB, from
26–27 ◦C to 30–34 ◦C for WT, from 32–34 ◦C to 28–42 ◦C for CS and from 27–32 ◦C up
to 58–63 ◦C for WS, which illustrates once again the mechanical stress increase using the
high-shear extrusion conditions, especially with WS and, to a lesser extent, with CS. In
the same way, the motor current range increased between SE and HE/HER from 14–15 A
to 16–25 A for SB, from 27–35 A to 41–47 A for WT, from 11–19 A to 27–37 A for CS and
from 12–21 A to 27–30 A for WS. These amperage increases were further proof of the
increase in mechanical shear applied to the biomass using CF1C reverse screws instead of
BL22 kneading elements.

These results are consistent with those found in the literature where the reverse screw
elements used in HE/HER are presented as stronger flow-restricting elements than the
kneading elements mounted with reverse pitch used in SE [19,44].
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3.2. Effect of the Twin-Screw Extrusion Mechanical Pretreatment on the Chemical Composition
of Biomasses

The chemical compositions of biomasses before and after extrusion are shown in Table 2.
SB is characterized by 30%TS of cellulose, 17%TS of hemicelluloses and 15.5%TS of Klason
lignin, which is perfectly in accordance with the literature data as Lallement et al. [45] showed
27–30% content for cellulose, 16–21% for hemicelluloses and 13–16% for Klason lignin for maize
residues. WT is characterized by 27%TS of cellulose, 24.5%TS of hemicelluloses and 18%TS of
Klason lignin, which is similar to the already published data for lignin and hemicelluloses but
a bit lower for cellulose: e.g., 36%TS, 25%TS and 16%TS for cellulose, hemicelluloses and lignin,
respectively, in Pronyk et al. [46], and 35%TS, 23%TS and 17.5%TS in Tamaki and Mazza [47].

As triticale was harvested fresh, its lignocellulosic composition may differ from the
literature data in which it was harvested at a late stage [48]. In addition, triticale is not a
species that is as documented as others such as wheat or maize. Thus, its composition could
also differ from those of other varieties as triticale includes over 320 species in the European
catalogue [49]. CS contained 32%TS of cellulose, 19%TS of hemicelluloses and 17%TS of Klason
lignin, which is similar to the already published data, i.e., 28–44% TS, 13–25%TS and 14–26%TS,
respectively, for cellulose, hemicelluloses and lignin [50]. WS contained 34%TS of cellulose,
19%TS of hemicelluloses and 22.5%TS of Klason lignin, which is also quite similar to the already
published data, i.e., 23–36%, 11–31% and 10–23%, respectively, for cellulose, hemicelluloses
and lignin [51], although presenting high cellulose and Klason lignin contents.

Overall, there are slight variations regarding SB before and after extrusion even if a
small but statistically significant reduction in the content of extractables was observed,
especially after HE, due to their partial solubilization and then their removal by filtration
in the case of HE. Regarding WT, for all families of molecules quantified, the differences in
composition between CM, SE and HE are systematically significant from a statistical point
of view. Only a small solubilization of extractables (5%), leading to an increase in cellulose
(5%) and in lignin (1.5%), simultaneously with a small decrease in hemicelluloses (3%), is
observed after SE. However, a much more significant solubilization of extractables (15%) is
observed after HE, also leading to the increases in both cellulose (8%) and lignin (6%) and a
very small decrease in hemicelluloses (1%).

As shown earlier with the motor’s amperage, HE was more intense for WT than for
SB, which led to a much higher proportion of extractables removed by filtration and thus
to a much more significant reduction in the content of extractables inside the WT-based
extrudate. For CS, there is a moderate difference in the biomass chemical composition after
SE. However, there is again an important solubilization of extractables (13.5%) after HER,
leading as well to statistically significant increases in cellulose (9%), hemicelluloses (3.5%)
and lignin (3%). Finally, WS shows similar trend as CS with no drastic modification in
chemical composition after SE but a solubilization of extractables (5.5%), leading, at the
same time, to the increases in cellulose (2%), hemicelluloses (1.5%) and lignin (2%) after
HER. Moreover, for each biomass, the lower extractable content measured after HE/HER
was always statistically different compared to SE.

Even if Menardo et al. [26] used a mixture of rice straw silage, maize silage and
triticale silage in their study, no literature was found about whole triticale or triticale
straw extrusion. However, as a rye and wheat hybrid [52], it might be approximated
as such. Vandenbossche et al. [53] reported slight composition variations as well when
extruding wheat straw with reverse single-thread screw elements despite an internal
heating temperature of 80 ◦C. Moreover, Zheng et al. [54] showed no difference in corn
cob composition after using conveying, kneading or reverse elements through twin-screw
extrusion. Finally, in the case of rehydrated corn stover, which was mechanically treated
with a twin-screw extruder, Wang et al. [55] showed a slight increase for cellulose (1%), and
slight decreases for hemicelluloses (1%) and, especially, lignin (0.2%) contents. Lastly, in
their very recent study, Elalami et al. [56] showed no statistical difference in the chemical
composition of corn stover before and after extrusion.
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Table 2. Chemical compositions of solid samples before and after twin-screw extrusion pretreatment.

SB WT CS WS

CM SE HE CM SE HE CM SE HER CM SE HER

TS 2 (%FM 1) 28.2 ± 0.3 a 28.8 ± 0.3 a 43.6 ± 1.1 b 21.1 ± 0.2 a 23.6 ± 0.3 b 63.4 ± 0.3 c 89.6 ± 0.1 a 75.3 ± 0.6 b 82.3 ± 0.1 c 88.5 ± 0.1 a 81.6 ± 0.4 b 76.3 ± 0.3 c

VS 3 (%FM 1) 27.2 ± 0.3 a 27.8 ± 0.3 a 42.5 ± 1.1 b 18.9 ± 0.2 a 21.5 ± 0.2 b 59.6 ± 0.3 c 86.5 ± 0.1 a 72.7 ± 0.6 b 80.8 ± 0.1 c 85.0 ± 0.1 a 78.4 ± 0.4 b 75.1 ± 0.3 c

Ash (%FM 1) 1.0 ± 0.0 a 1.0 ± 0.0 a 1.2 ± 0.0 b 2.2 ± 0.0 a 2.1 ± 0.0 b 3.8 ± 0.0 c 3.1 ± 0.0 a 2.6 ± 0.0 b 1.5 ± 0.2 c 3.5 ± 0.1 a 3.2 ± 0.1 b 1.2 ± 0.0 c

Extractables
(%TS 2) 28.4 ± 0.7 a 25.8 ± 0.3 b 22.3 ± 0.2 c 25.2 ± 0.0 a 20.5 ± 0.1 b 10.0 ± 0.1 c 18.6 ± 0.1 a 18.1 ± 0.3 a 5.3 ± 0.0 b 10.7 ± 0.0 a 9.9 ± 0.1 b 5.2 ± 0.3 c

Cellulose
(%TS 2) 29.9 ± 0.7 a 29.6 ± 0.5 a 32.0 ± 0.4 b 27.1 ± 0.1 a 31.6 ± 0.2 b 34.9 ± 1.8 c 31.7 ± 1.6 a 33.3 ± 0.0 a 40.7 ± 1.0 b 34.3 ± 0.2 a 33.6 ± 0.1 b 36.2 ± 0.1 c

Hemicelluloses
(%TS 2) 17.0 ± 0.7 a 19.7 ± 0.6 b 18.0 ± 0.4 c 24.6 ± 0.1 a 21.3 ± 0.1 b 23.4 ± 1.1 c 18.8 ± 0.5 a 18.6 ± 0.0 a 22.3 ± 0.6 b 19.3 ± 0.1 a 19.2 ± 0.0 a 20.9 ± 0.1 b

Klason lignin
(%TS 2)

15.5 ± 0.2 a 16.2 ± 0.1 b 16.7 ± 0.2 c 17.8 ± 0.5 a 19.1 ± 0.2 b 24.2 ± 0.0 c 17.3 ± 0.3 a 17.5 ± 0.1 a 20.5 ± 0.3 b 22.6 ± 0.1 a 22.9 ± 0.1 b 24.6 ± 0.2 c

Residual
chemicals
(%TS 2)

9.2 ± 0.2 a 8.8 ± 0.1 b 10.9 ± 0.2 c 5.4 ± 0.4 a 7.5 ± 0.2 b 7.4 ± 0.0 b 13.7 ± 0.3 a 12.5 ± 0.1 b 11.3 ± 0.3 c 13.1 ± 0.1 a 14.3 ± 0.1 b 13.3 ± 0.2 a

1 FM: fresh matter, 2 TS: total solids, 3 VS: volatile solids. For each biomass, means ± s.d. followed by different letters are significantly different (p < 0.05).
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In conclusion, although HE/HER configuration allowed partial solubilization of
extractables, which significantly impacted the extrudate’s composition in lignocellulosic
compounds from a statistical point of view, mechanical extrusion only slightly altered the
biomass lignocellulosic composition.

3.3. Effect of the Twin-Screw Extrusion Mechanical Pretreatment on Granulometry

The samples’ cumulated granulometries before and after extrusion treatments are
shown in Figure 3 and expressed in % of total particle weight (%wt). Overall, SE and HE
had quite similar effects regarding SB: only 2.3%wt of particles were smaller than 0.25 mm
before extrusion instead of 5.7%wt after SE and 4.3%wt after HE. In the same way, for
bigger particles, 6.4% of them were smaller than 0.8 mm before extrusion instead of 24.3%
after SE and 30.4%wt after HE, and 16.8%wt of particles were smaller than 2 mm before
extrusion instead of 59.3%wt after SE and 65.9%wt after HE.
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For WT, the results obtained are really different: only 0.8%wt of particles were smaller
than 0.25 mm before extrusion instead of 2.8%wt after SE and 16.7%wt after HE. In the same
way, 5.8%wt of particles were smaller than 0.8 mm before extrusion instead of 16.7%wt
after SE and 51.2%wt after HE, and 27.6% of particles were smaller than 2 mm before
extrusion instead of 51.4%wt after SE and 85.4%wt after HE. In the case of WT, the SE
effect in particle size reduction was less important than for SB. However, the HE one was
much more important, with the high-shear extrusion process contributing to a significant
additional reduction in particle size in comparison with the soft one.

Concerning CS, only 0.3%wt of particles were smaller than 0.25 mm before extrusion, and
this mass content increased to 1%wt after SE and to 42.1%wt after HER. Identically, 4.4%wt of
particles were smaller than 0.8 mm before extrusion instead of 6.9%wt after SE and 71.1%wt
after HER. For particles smaller than 2 mm, their mass content was 12.2%wt before extrusion,
19.6%wt after SE and 92%wt after HER. The important reduction in the particle size after HER
in comparison with SE is therefore even more pronounced for CS than for WT. Oppositely, the
SE effect in particle size reduction was less important than for SB and WT.

Quite the same conclusions can be made for WS. Only 1.1%wt of particles were smaller
than 0.25 mm before extrusion instead of 1.7%wt after SE and 37.4%wt after HER. In
the same way, 9.5%wt of particles were smaller than 0.8 mm before extrusion instead of
12.9%wt after SE and 77.7%wt after HER, and 35.5%wt of particles were smaller than 2 mm
before extrusion instead of 52.7%wt after SE and 96%wt after HE. SE and HER effects in
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particle size reduction are thus similar for WS and CS samples. However, in contrast to
the other substrates, one should be aware that WS had to be ground once more through a
15 mm grid before extrusion, which must have already reduced its particle size.

In their study, Duque et al. [57] showed a small (i.e., 20%) reduction of particles with
a size that was more important than the 3.14 mm on extruded barley straw processed with
reverse screws as samples were crush milled with a 5 mm mesh before extrusion, while Zheng
et al. [54] showed a clear reduction in particle size after extrusion in the case of corn cob
but no difference depending on the type of screws used along the profile (i.e., conveying,
kneading or reverse elements). However, in that study, corn cob particles were already ground
to particle sizes between 0.6 and 0.76 cm before extrusion, meaning that the effect of reducing
the size of large particles more or less at the moment of the extrusion pretreatment depending
on the screw elements used may probably not have been illustrated properly. In contrast,
Garuti et al. [58] showed a net reduction of 7.1% of particles with a size of more than 5 mm,
simultaneously with a 19.6% increase in particles less than 0.3 mm in diameter after extrusion
conducted on an agricultural waste mix.

In the present study, the absence of fine milling before extrusion, although being more
restrictive for the application of the mechanical pretreatment in the extruder as shown earlier,
showed more realistic particle size reduction at the moment of the only pretreatment. This
reduction in particle size was evidenced for the four biomasses treated, and, even if both SE
and HE pretreatments resulted in the same size reduction for SB, the high-shear extrusion
pretreatment was much more restrictive for WT, and especially for CS and WS. This important
reduction in size with the HER configuration (i.e., CS and WS feedstocks) is probably the
consequence of superficial rehydration inside the extruder. With cell walls within the particles
being less moist and therefore more rigid, a reduction in size was probably favored.

3.4. Effect of the Twin-Screw Extrusion Mechanical Pretreatment on Tapped Density

The evolutions of tapped densities before and after extrusion are shown in Table 3,
and the results are in general agreement with those of particle size distribution presented
previously (Figure 3). After SE, the tapped densities of all substrates increased significantly,
with increases of 2.7, 4.8, 2.4 and 2.6 times for SB, WT, CS and WS, respectively, indicating
particle refining even with soft extrusion. After HE/HER, tapped densities increased even
more with increases of 5.3, 5.4, 7.0 and 8.5 times, respectively, for SB, WT, CS and WS. This
increase in tapped densities was thus consistent with the particle size reduction discussed
earlier, as smaller particle sizes led to a better stacking of the particles between them after
compaction, and therefore a reduction in the inter-particle voids and, as a result, higher
densities. This was also confirmed by Chen et al. [27] who showed that the bulk density of
rice straw increased by 2.2-fold after extrusion. However, when looking at SB results, and
taking into account that particle sizes were quite similar after SE and HE pretreatments
(Figure 3), it would have been expected for values of tapped densities to be closer to
each other. Likewise, WT tapped density after HE would have been expected to be much
higher than that after SE. In this case, one possible explanation would be the formation
of aggregates during sample drying after extrusion that would have been separated after
particle size distribution measurements but not in the case of the tapped density ones.

Table 3. Tapped densities and cellulose crystallinities of solid samples before and after twin-screw
extrusion pretreatment.

SB WT CS WS

CM SE HE CM SE HE CM SE HER CM SE HER

Tapped
density

(kg/m3)
21.0 ± 0.9 a 57.5 ± 0.8 b 110.6 ± 1.1 c 11.6 ± 1.4 a 55.3 ± 1.4 b 62.9 ± 1.3 c 28.7 ± 0.8 a 69.2 ± 1.1 b 200.3 ± 1.7 c 14.7 ± 0.2 a 38.7 ± 0.0 b 124.0 ± 0.5 c

Cellulose
crystallinity

(%)
29.2 ± 1.2 a 27.3 ± 0. 5 a 28.0 ± 0.1 a 52.4 ± 0.4 a 52.3 ± 1.6 a 53.9 ± 0.4 a 67.5 ± 2.1 a 64.2 ± 0.8 ab 58.9 ± 1.4 b 55.5 ± 0.6 a 53.7 ± 1.1 a 56.4 ± 1.3 a

For each biomass, means ± s.d. followed by different letters are significantly different (p < 0.05).
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3.5. Effect of the Twin-Screw Extrusion Mechanical Pretreatment on Cellulose Crystallinity

As shown in Table 3, no cellulose crystallinity change was observed after extrusion
for SB, WT and WS. In contrast, the 8.6% decrease in cellulose crystallinity of CS after
HER pretreatment was statistically significant. Regarding the results for CS, the most
logical explanation would be that HER pretreatment was more impactful on it than on
the other biomasses as it was previously illustrated by its high decrease in particle size
(Figure 3) and its much higher tapped density value (Table 3). In the literature, mechanical
pretreatments are generally known to be efficient in the decrystallization of cellulose [59].
However, it is not always the case with extrusion pretreatments. While Zhang et al. [60]
achieved an impressive 48.4% cellulose crystallinity reduction on rice straw with only extru-
sion, Zhang et al. [22] instead did not observe a decrease in cellulose crystallinity for corn
stover after reactive alkali extrusion. Here, the most likely reason for the cellulose crystallinity
reduction of CS after HER is that its more rigid morphological structure compared to other
biomasses was more affected by the high-shear twin-screw extrusion mechanical pretreatment.

3.6. Effect of the Twin-Screw Extrusion Mechanical Pretreatment on BMP Results

Figure 4 shows experimental BMP and the BMP kinetics using the modified Gompertz
equation model, while their parameters are gathered in Table 4. The experimental BMP tests
showed methane production ranges of 338–345 NmL/gVS for SB, 233–247 NmL/gVS for
WT, 264–286 NmL/gVS for CS and 247–270 NmL/gVS for WS, which is in accordance with
standard values for lignocellulosic biomasses [61,62]. SB shows the highest methanogenic
potential with a 40–48% increase compared to WT, a 20–28% increase compared to CS
and a 27–37% increase compared to WS, which definitely makes it the best candidate for
biomethane production followed by CS.

However, no BMP increase or BMP decrease provided by SE or HE/HER pretreat-
ments was observed from a statistical point of view, and this for all the biomasses tested.
Therefore, extrusion had no impact on the experimental maximal BMP. Wahid et al. [63]
and Victorin et al. [64] also reported no statistical increase or statistical decrease in final
BMP after the extrusion of wheat straw. Hjorth et al. [18] also reported no statistical in-
crease in BMP after 90 days on extruded barley straw. This confirms that the mechanical
treatment provided by extrusion does not generate or allow a better degradation of the com-
pounds usually non-valorized during AD, which also correlates with the lack of cellulose
crystallinity variation shown earlier.

Adjusted maximal theorical BMPs are proposed in this study as a way to calculate a
more realistic estimation of the real biodegradability of the substrates as the monolignols
constituting the native lignin are not consumed during AD [65]. SB, WT, CS and WS
achieved around 89%, 66%, 76% and 74%, respectively, of adjusted theoretical biodegrad-
ability after CM, SE and HE/HER pretreatments. Therefore, a BMP improvement from 11%
to 34% is still accessible for these biomasses according to the adjusted theorical biodegrad-
ability. The higher biodegradability shown by SB compared to the other biomass is in
agreement with the 132 AD feedstock database established by Lallement et al. [45], who
reported maximal theoretical biodegradabilities of 72% for agro-industrial residues and 56%
for lignocellulosic matter, and this correlates with its higher experimental CH4 production.

BMP kinetics showed that most of the biomethane was produced within the first
10–20 days of BMP tests for all biomasses, which is usual according to the literature
data [63,64]. A modified Gompertz model was used to model BMP kinetics as it is one
of the most accurate models for anaerobic digestion processes [66]. The predicted BMP
showed methane production ranges of 330–339 NmL/gVS for SB, 229–244 NmL/gVS for
WT, 259–284 NmL/gVS for CS and 242–265 NmL/gVS for WS. These results are slightly
lower to the experimental ones but nonetheless are very close as proven by an R2 correlation
coefficient of more than 0.99 for all kinetics, and, this is expected when using a modified
Gompertz model [67–69].

Lag phases were very short with an initial 0.2–1.3 day range, and they varied slightly
with a 0.2–1.3 day range after SE and with a 0.01–1.4 day range after HE while retaining
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their short durations, which shows excellent adequacy between used inocula and substrates,
and illustrates the easily digested biomass. This result is also correlated with the higher
biodegradability of SB compared to WT, which, respectively, had the shortest and longest
initial lag phases. The impact of pretreatment seems more impactful in the case of a longer
initial lag phase as demonstrated by Tsapekos et al. [70] who managed to reduce the grass
lag phase from 3.4 to 2.7 days thanks to a mechanical pretreatment.

The specific rate constant increased for all biomasses after SE and even more after HE
or HER. For SB, it increased by 26% after SE and by 81% after HE. For WT, it increased
by 56% after SE and by 67% after HE. For CS, it increased by 13% after SE and by 107%
after HER. Lastly, for WS, it increased by 21% after SE and by 72% after HER. This demon-
strates that the morphological modifications of the biomasses induced by the twin-screw
extrusion mechanical pretreatments, especially the high-shear one, allowed better acces-
sibility and degradability of methanizable compounds during digestion by the anaerobic
microorganisms, which correlates with the particle size reduction and increase in tapped
densities discussed earlier. Chen et al. [27] also reported a decrease in anaerobic digestion
time after rice straw extrusion as well as Pérez-Rodrígez et al. [71] after the extrusion of
corn cob. This improvement in the specific rate constant is a great indicator of how a
substrate would react in the case of continuous biogas production [26], and the impact of
SE and especially HE/HER pretreatments on the four biomasses evidenced in this study
indicates promising perspectives in reducing their hydraulic residence times [72]. As a
direct consequence, a smaller sizing of new biogas plant bioreactors could be considered,
thus allowing a diminution in their capital expenditures (CAPEX) and their operating
expenditures (OPEX) [73].
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Table 4. Experimental BMP, maximal and adjusted maximal theorical BMP and kinetics parameters
of modified Gompertz equation model before and after twin-screw extrusion pretreatment.

Biomass SB WT CS WS

Pretreament CM SE HE CM SE HE CM SE HER CM SE HER

Experimental BMP
(NmL/gVS) 345 ± 16 a 345 ± 7 a 338 ± 2 a 233 ± 4 a 247 ± 2 a 242 ± 6 a 272 ± 5 ab 286 ± 3 a 264 ± 9 b 249 ± 17 ab 270 ± 2 a 247 ± 0 b

BMPth adjusted
(NmL/gVS)

395 388 375 356 346 362 366 369 350 352 343 346
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Table 4. Cont.

Biomass SB WT CS WS

Pretreament CM SE HE CM SE HE CM SE HER CM SE HER

BI (%) 87 89 90 66 66 67 74 78 75 71 79 71

B (NmL/gVS) 339 336 330 229 244 241 268 284 259 244 265 242

Rm (NmL/gVS.day) 31 39 56 18 28 30 15 17 31 14 17 24

λ (day) 0.19 0.20 0.01 1.28 1.33 1.03 0.83 1.08 1.43 0.46 0.29 0.80

R2 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99

For each biomass, means ± s.d. followed by different letters are significantly different (p < 0.05).

4. Conclusions

The effect of the mechanical pretreatment induced through twin-screw extrusion was
able to greatly impact the physico-chemical properties of all four biomasses tested, at
different levels depending on the selected screw profile as illustrated by the increase in
the proportion of smaller size particles correlated with the impressive increase in tapped
densities. The more intense mechanical shear effect of the high-shear extrusion pretreat-
ments also allowed a significant solubilization of water-soluble compounds just as the
reduction in the corn stover cellulose crystallinity by 8.6% showed, without affecting those
of other biomasses. With soft extrusion, no modification of chemical composition and
cellulose crystallinity was observed. Sweetcorn by-products revealed the highest BMP
values (i.e., 338–345 NmL/gVS), followed by corn stover (264–286 NmL/gVS), wheat straw
(247–270 NmL/gVS), and lastly, whole triticale (233–247 NmL/gVS), thereby illustrating
their great potential as inputs for biogas production. Even if none of the physico-chemical
modifications induced by the two applied extrusion pretreatments were proven to statisti-
cally improve the maximal BMP production, kinetic analysis revealed that both extrusion
pretreatments, and especially the high-shear one, were able to increase the specific rate
constant by up to 56% for soft extrusion and even 106% for high-shear extrusion. Further
studies on either bioextrusion (i.e., addition of enzymes) and/or reactive extrusion (i.e., ad-
dition of chemicals) as additional pretreatments, known to improve biomethane production,
are recommended to attain a synergistic effect with the only mechanical pretreatment.
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