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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Bio-based materials were produced by 
thermocompression from SCB 
extrudates.

• Twin-screw extrusion facilitated fiber 
defibration and particle size reduction.

• Materials from extrudate showed supe-
rior mechanical properties and water 
resistance.

• High flexural properties achieved with 
1.25 L/S ratio and restrictive screw 
profile.

• Best water resistance observed with 0.4 
L/S ratio and more shearing screw 
profile.
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A B S T R A C T

The aim of this study was to produce binderless materials by thermocompression from lignocellulosic biomass 
pretreated using twin-screw extrusion. The impact of twin-screw extrusion pretreatment on sugarcane bagasse 
(SCB) was evaluated, along with the effects of two associated parameters: the liquid-to-solid (L/S) ratio and the 
screw profile, using three different mechanical shear rates. It was shown that twin-screw extrusion pretreatment 
resulted in materials with improved properties as compared to those obtained with untreated SCB. The me-
chanical properties and water resistance of materials obtained after pretreatment were mainly impacted by the 
screw profile. The flexural modulus increased from 5.3 to 6.1 GPa and the flexural strength from 39.0 to 55.5  
MPa. Water absorption (WA) from the thermocompressed materials ranged from 25 to 62 %, and thickness 
swelling (TS) from 24 to 67 %. Materials obtained with a 0.4 L/S ratio had lower flexural strength but the best 
water resistance. For the same L/S ratio, the use of a more shearing screw profile improved the material 
properties, especially the water resistance. The best material was produced with pretreated SCB using a 1.25 L/S 
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ratio with the most restrictive screw profile, resulting in materials with a 5.6 GPa flexural modulus, 55.5 MPa 
flexural strength, and WA and TS values of 44 % and 42 %, respectively.

1. Introduction

Sugarcane (Saccharum officinarum), a major agricultural crop of the 
Gramineae family, is extensively cultivated in tropical and subtropical 
regions. The estimated global production in 2021 was 1.9 billion t (FAO, 
2021). Sugar production from sugarcane generates substantial by- 
products, including cane trash, bagasse, molasses and press mud 
(Singh et al., 2021). Sugarcane bagasse (SCB)—the fibrous residue 
remaining after juice extraction—is the primary by-product of the sugar 
cane industry, with 1 t of sugarcane producing 0.3 t of bagasse (wet 
basis). The resulting high abundance of SCB, which has a net calorific 
value of 9.7 MJ/kg, is predominantly used as feedstock for energy pro-
duction (Arshad and Ahmed, 2016). SCB is mainly composed of ligno-
cellulosic components and as such it is a vital resource for energy 
production or manufacturing bio-based products in a sustainable 
development framework (Anwar et al., 2014; Meghana and Shastri, 
2020). In lignocellulosic matter, cellulose is embedded in a cross-linked 
matrix of hemicelluloses surrounded by lignin, which hampers access to 
the sugar content. The development of efficient processes to transform 
this biomass is essential for new emerging applications. Given the 
complexity and variability of the biomass chemistry and structure, 
innovative approaches are necessary to process biomass into high value 
compounds. Research findings have shown that SCB can be used to 
produce biofuels, animal feed, industrial enzymes, sugars and oligo-
saccharides, biosorbents and commercial chemicals, while also serving 
as feedstock for gasification (Alokika et al., 2021).

SCB also has high potential as a bio-based raw material for 
manufacturing fiberboards and food packaging. However, bagasse- 
based material production typically involves pulping, which requires 
several chemical treatments, including the addition of chemical agents 
such as resins, plasticizers or water and oil repellents (Semple et al., 
2022; Sugahara et al., 2019). Thermocompression is a molding process 
that enables the production of cohesive lignocellulosic materials without 
the need for pulping, binders or chemical agents. This method has been 
successfully applied to SCB for the production of cohesive binderless (i.e. 
no exogenous binder added) fiberboards (Cavailles et al., 2024a, 2024b; 
Nadhari et al., 2020; Nonaka et al., 2013; Widyorini et al., 2005).

However, these latter studies did not focus on the effects of pre-
treating SCB before its transformation into materials. Adding a pre-
treatment could break down the SCB lignocellulosic structure, thereby 
making the target elements more accessible for internal reorganization 
upon thermocompression, while potentially enhancing the properties of 
the resulting materials. Various types of lignocellulosic biomass pre-
treatments exist, which are physical, biological, chemical and physico-
chemical in nature (Alokika et al., 2021; Harmsen et al., 2010; Karp 
et al., 2013; Mankar et al., 2021). Physical pretreatments include mill-
ing, extrusion, irradiation, microwave and ultrasound. Chemical pre-
treatments range from acid hydrolysis, alkaline hydrolysis, organosolv 
treatment, oxidative delignification, and extraction using ionic liquids, 
supercritical fluids or deep eutectic solvents. Biological pretreatments 
involve microorganisms such as fungi or bacteria. Finally, physico-
chemical pretreatments include steam explosion, ammonia fiber explo-
sion (AFEX), CO2 explosion, liquid hot water treatment and wet 
oxidation. Otherwise, twin-screw extrusion is a very promising ther-
momechanical process for SCB pretreatment.

Twin-screw extrusion offers numerous possibilities for biomass 
fractionation and processing (Evon et al., 2018), such as mechanical 
pressing and extraction of vegetable oil (Evon et al., 2013, 2009; Sriti 
et al., 2012; Uitterhaegen et al., 2015; Uitterhaegen and Evon, 2017), 
hemicellulose extraction (N’Diaye and Rigal, 2000; Zeitoun, 2010; 
Zheng, 2016), enzymatic degradation of plant cell walls for second- 

generation bioethanol (Chen et al., 2011; Duque et al., 2018; Kang 
et al., 2013; Lamsal et al., 2010; Vandenbossche et al., 2016) or biogas 
(Pérez-Rodríguez et al., 2017) production, biocomposite material pro-
duction (Alvarez et al., 2005; Anuar et al., 2012; Gamon et al., 2013; 
Sasimowski et al., 2021; Uitterhaegen et al., 2018), and defibration of 
lignocellulosic materials (Gao et al., 2019; Rouilly et al., 2006; Theng 
et al., 2019). Twin-screw extrusion functions as a thermo-mechano- 
chemical reactor capable of continuously transforming and/or frac-
tionating biomass. The thermal, mechanical and/or chemical operations 
are controlled by selecting appropriate screw elements along the screw 
profile, adjusting the screw speed, regulating the barrel temperature, 
and injecting liquid reagents or additives along the barrel (Konan et al., 
2022; Zheng and Rehmann, 2014).

Thermomechanical pretreatment by twin-screw extrusion is partic-
ularly interesting for producing binderless materials via thermocom-
pression as it breaks down the lignocellulosic structure of the biomass 
(Theng et al., 2019). The inner cell wall components become more 
accessible, and the properties of the obtained materials are modified. 
This process increases fiber accessibility and promotes self-adhesion 
during material manufacturing, thereby improving the fiber 
morphology and boosting the fiber aspect ratio. Twin-screw extrusion 
has been proposed as a promising solution for the defibration of various 
biomass sources, such as rice (Theng et al., 2019) and coriander 
(Uitterhaegen et al., 2017) straws, sunflower cake from whole plants 
(Evon et al., 2014), and oleaginous flax shives (Evon et al., 2021). The 
extrudates obtained in these studies were mixtures of lignocellulosic 
fibers that could be transformed by thermocompression into bio-based 
materials. SCB extrusion has primarily been studied for biorefinery ap-
plications to enhance yields of glucose and xylose released after enzy-
matic hydrolysis (da Silva et al., 2013; Kuster Moro et al., 2017; 
Vandenbossche et al., 2016), and for preparing biocomposites with a 
polymer matrix (Ramaraj, 2007; Wang et al., 2013). The use of 
twin-screw extrusion as an SCB pretreatment process prior to binderless 
thermocompression for material production is a novel approach that has 
recently begun to be explored (Cavailles et al., 2024a). The latter 
involved comparing two twin-screw extrusion configurations with and 
without filtration. The results revealed enhancement in the material 
properties when the process was supplemented by twin-screw extrusion 
pretreatment, with or without filtration—this included a 2-fold increase 
in the mechanical properties, as well as a 2-fold reduction in water ab-
sorption (WA) and thickness swelling (TS). Moreover, in the configu-
ration with filtration, the study highlighted the role of water in 
facilitating transport of the mixture, improving the solubilization of the 
molecules through better bagasse impregnation and pressing of the 
mixture. However, the impact of the twin-screw extrusion conditions on 
the configuration without filtration was not assessed, thus calling for 
further research to understand how the pretreatment modifies SCB and 
influences the material properties.

In this context, the aim of the present study was to investigate 
thermomechanical pretreatment of SCB by twin-screw extrusion to 
modify its structure and to gain insight into the effects of pretreatment 
on the extrudate characteristics and the material properties obtained 
after thermocompression without the addition of exogenous binder. The 
impact of twin-screw extrusion pretreatment on the SCB characteristics, 
and on the properties of the resulting bio-based materials was assessed 
in comparison to untreated SCB, as a reference. Various processing 
conditions, with several degrees of severity, were tested by varying the 
liquid-to-solid (L/S) ratio used for extrudate production as well as the 
screw profile configurations, with three increasing shear levels.
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2. Materials and methods

2.1. Raw material preparation

Air-dried SCB was provided by eRcane (Réunion, France). Raw SCB 
was ground using an Electra F6 N V knife mill (Paris, France) with a 16- 
mm grid to homogenize the particle size before pretreatment. SCB was 
then moistened by spraying water to achieve 30 % (w/w) water content, 
thus promoting fine particle aggregation with long fibers. This step 
aimed to reduce particle and fiber segregation in the solid feeder hopper 
during the twin-screw extrusion trials, while ensuring a stable homo-
geneous SCB feed rate. Moreover, a portion of the raw SCB was ground 
using a 2-mm grid on an IKA Werke MF 10 basic microfine grinder drive 
(Staufen im Breisgau, Germany) for chemical composition 
characterization.

2.2. Twin-screw extrusion pretreatment

SCB was subjected to thermomechanical treatment using a co- 
penetrating and co-rotating Clextral BC45 twin-screw extruder (Fir-
miny, France) to produce extrudates for material manufacture. The 
extruder consisted of seven modules along the barrel, each 20 cm long. 
Modules 2 to 7 were heated by thermal induction and cooled by water 
circulation. SCB was fed into the extruder in the first module using a 
solid feeder, and water was injected at the end of module 2 using a 
Clextral DKM K20-2-PP16 piston pump (Firminy, France). Three 
different screw profiles were used during this study (Fig. 1). After liquid 
injection, a series of 2-lobe kneading blocks (BB 10x10 90◦), each 
100 mm in length, were positioned at the end of module 4 to ensure 
intimate water-SCB mixing. Variations in the extruder shear zone were 
located in module 7. The reverse double-thread screw elements (CF2C) 
used in profile 1 were 50 mm long with a –33 mm pitch. In profile 2, 
they had the same length but a smaller pitch of − 25 mm. In profile 3, 
the CF2C screws were longer (100 mm) with the same pitch as in profile 

2. These three screw profiles allowed evaluation of the effects of pitch 
(profiles 1 and 2) and the length of the reverse screw elements (profiles 2 
and 3), when different shear levels were applied, with profile 3 having 
the highest level.

The screw rotation speed (250 rpm), SCB feed rate (5 kg/h of dry 
matter), water inlet flow rates, and barrel temperature were monitored 
via a control panel. The preset temperatures for the modules along the 
barrel were 25, 25, 75, 100, 100, 100 and 100 ◦C for modules 1 to 7, 
respectively. The experimental variables in this study were the L/S ratio 
(ranging from 0.4 to 2 per profile under stable extrusion conditions) and 
the screw profile. The theoretical operating conditions are presented in 
Table 1.

The twin-screw extruder was operated for 5 min before each sam-
pling to ensure stable operating conditions. Once the latter was reached, 
the extrudate was collected over a 10 min period to avoid any variability 
in the outlet flow rate. The sample collection time was measured with a 
stopwatch. For each tested condition, the extrudate was weighed and its 
water content was measured immediately after collection using a 
Sartorius MA35 infrared moisture balance (Göttingen, Germany). The 
extrudates were then stabilized by oven drying at 50 ◦C overnight and 
conditioned in a climatic chamber at 25 ◦C and 50 % relative humidity 
(RH) for 3 weeks until the moisture content had stabilized. This prepa-
ration was done before uniaxial thermocompression and physicochem-
ical characterization of the extrudates.

2.3. Preparation of bio-based materials by uniaxial thermocompression

All SCB materials were produced by thermocompressing 20 g of 
untreated SCB or extrudates using a steel mold. A heated hydraulic press 
with a 50 t capacity (Pinette Emidecau Industries, Chalon-sur-Saône, 
France) was used to produce flat square materials measuring 70 mm ×
70 mm. 102 MPa uniaxial pressure was applied, and the materials were 
then heated to 200 ◦C. The temperature was maintained for 10 min, and 
the mold was then cooled while maintaining pressure before opening 

Fig. 1. Screw profile configurations for the SCB pretreatment using a Clextral BC45 twin-screw extruder. T2F: conveying trapezoidal double-flight screws; C2F: 
conveying conjugated double-flight screws; BB: 2-lobe kneading blocks; CF2C: reverse double-thread screw elements. The numbers following the type of screw 
element indicate the pitch of C2F, T2F and CF2C screws, and the length of the BB screws.
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(Cavailles et al., 2024b). For each tested extrusion condition, two ma-
terials were produced and photographs were taken. The materials were 
cut into eight specimens, each 45 mm long and 10 mm wide, and stored 
in an environmental chamber at 25 ◦C and 50 % RH for 2 weeks until 
constant weight before property testing.

2.4. Chemical composition of raw SCB

The chemical composition of the raw SCB was determined in tripli-
cate. The contents are expressed as a percentage of dry matter (DM). The 
DM content was evaluated by drying the sample at 105 ◦C until constant 
weight. The ash content was measured after mineralization at 550 ◦C for 
12 h (Sluiter, 2008). Chemical characterization was carried out using an 
analytical procedure based on that developed by the National Renew-
able Energy Laboratory (NREL) (Sluiter et al., 2008). Briefly, water and 
ethanol extractable contents were determined after water and ethanol 
(96 %) extraction using 1 g of sample and 100 mL of boiled solvent for 
1 h on a Foss Fibertech FT 122 extraction system (Hillerød, Denmark). 
The subsequent analyses were performed on the free-extractive mate-
rial, and the results were reported relative to the raw biomass by ac-
counting for the overall extractable content. Two-step hydrolysis was 
performed on the free-extractives material using 72 % sulfuric acid from 
VWR (Radnor, PA, USA) at 30 ◦C for 1 h, followed by a 4 % sulfuric acid 
solution with deionized water at 121 ◦C for 1 h, followed by filtration. 
The acid-insoluble lignin (AIL) content was measured gravimetrically 
after mineralization at 450 ◦C for 12 h. The acid-soluble lignin (ASL) 
content was determined in the liquid fraction using a Shimadzu UV- 
1800 spectrophotometer (Kyoto, Japan) at 240 nm with a 25 L/g.cm 
absorptivity constant. The liquid fraction was neutralized with CaCO3 
from Merck (Darmstadt, Germany) until reaching neutral pH and then 
filtered using a 0.2 µm cellulose acetate filter before HPLC analysis on a 
Thermo Ultimate 3000 HPLC system (Thermo Scientific, Sunnyvale, CA, 
USA). All HPLC standards (i.e. acetic acid, arabinose, glucose and 
xylose) were purchased from Sigma-Aldrich (Saint-Louis, MO, USA). A 
Rezex RHM-Monosaccharide H + column (300 × 7.8 mm) connected to 
a Rezex RHM-Monosaccharide H + guard column (50 × 7.8 mm), both 
from Phenomenex (Torrance, CA, USA), was used with 5 mmol/L H2SO4 
as eluent at a 0.6 mL/min flow rate. The injection volume was 50 µL, 
with the column maintained at 65 ◦C and the RI detector at 50 ◦C.

2.5. SCB physical characterization

The particle size distributions of untreated SCB and extrudates were 
determined in triplicate using a Retsch AS 200 vibratory sieve shaker 
(Haan, Germany). 40 g samples were placed in the sieve shaker for 10  
min at 1 mm amplitude using a series of six sieves with 6.3 mm, 4.0  
mm, 2.0 mm, 1.0 mm, 0.8 mm and 0.2 mm mesh openings and a 
bottom plate. The material retained on each sieve was weighed and 
expressed as a percentage of the total weight. The fine particle fraction 
was defined as the fraction retained < 0.2 mm.

Optical images of the untreated SCB and extrudates were obtained 
using a Nikon SMZ1500 binocular microscope (Tokyo, Japan) equipped 
with a Nikon DMX 1200 camera (Tokyo, Japan). The optical images 
obtained were used to measure the length and diameter of the fibers and 
particles with an image processing tool to determine their aspect ratio 
(L/D) from around 100 measurements. A cumulative aspect ratio dis-
tribution was determined per sample.

SEM images of the untreated SCB and extrudates were obtained using 
a FEI Quanta 450 scanning electron microscope (Hillsboro, OR, USA), 
with 130 Pa water–vapor partial pressure in the chamber at high 
voltage (12.5 kV) and without sample coating.

Dynamic vapor sorption (DVS) analysis was performed on the un-
treated SCB and extrudates to determine their water adsorption and 
desorption isotherms and their water adsorption constants (c) using a 
DVS Advantage System (Surface Measurement System, Alperton, UK). 
Measurements were carried out throughout 18 different relative hu-
midity (RH) steps (0–95 %), with a dm/dt of 2 × 10 − 3 %/min. The 
specific surface area (SSA) was determined by applying the Brunauer- 
Emmet-Teller (BET) theory (Brunauer et al., 1938) to the linear region 
of adsorption isotherms between 0.05 and 0.35 of P/P0.

The bulk and tapped densities of the untreated SCB and extrudates 
were determined using a Granuloshop Densitap ETD-20 volumenometer 
(Chatou, France) fitted with a 250 mL graduated cylinder. The sample 
was weighed in the graduated cylinder, and the volume was recorded 
before compaction to determine the bulk density. The cylinder was then 
tapped 500 times on the volumenometer at 3 mm height and a speed of 
250 taps/min. The volume was measured to the nearest graduation and 
the process was repeated until a constant volume was obtained to 
determine the tapped density. All measurements were performed in 
triplicate.

2.6. Characterization of the thermocompressed materials

The density of the materials after thermocompression was deter-
mined using the pieces of material remaining after cutting the bending 
test specimens. The densities of these samples were assessed using a 
method based on Archimedes’ principle, with cyclohexane as immersion 
liquid (Satyanarayana et al., 2018). Using a Sartorius hydrostatic bal-
ance (Göttingen, Germany) capable of weighing in both air and liquid 
media, we determined the density of our samples with the following 
formula according to the operating manual: 

Density =
wair*(dcyclohexane − dair)
(
wair − wcyclohexane

)
*Corr

+dair (1) 

where wair and wcyclohexane are the sample weights measured in air and 
cyclohexane, dair and dcyclohexane are the densities of air and cyclohexane 
at room temperature, and Corr is the thrust correction factor due to the 
submerged wire.

The compaction ratio of each material was calculated by dividing the 
density of the material by the bulk density of the raw material used 
(untreated SCB and extrudates).

The test specimen bending properties were assessed according to the 
ISO 16978:2003 standard (ISO 16978:2003 Wood-Based Panels – 
Determination of Modulus of Elasticity in Bending and of Bending 
Strength, 2003) using a Tinius Olsen universal testing machine 

Table 1 
Theoretical operating conditions used for extrudate production from SCB in a 
Clextral BC45 twin-screw extruder.

N◦ Profile L/S MCSCB 

(%)
QSCB (kg/h 
dry)

Qwater pump 

(kg/h)
QL (kg/ 
h)

1 1 0.70 30.2 5 1.3 3.5
2 0.85 2.1 4.3
3 1.00 2.8 5.0
4 1.25 4.1 6.3
5 1.50 5.3 7.5
6 2.00 7.8 10.0
7 2 0.40 29.5 0 2.0
8 0.55 0.7 2.8
9 0.70 1.4 3.5
10 0.85 2.2 4.3
11 1.00 2.9 5.0
12 1.25 4.2 6.3
13 1.50 5.4 7.5
14 2.00 7.8 10.0
15 3 0.40 29.7 0 2.0
16 0.70 1.4 3.5
17 1.00 2.9 5.0
18 1.25 7.9 10.0

Where QSCB and QL are the mass flow rates of SCB and total water, Qwater 
pump is the mass flow rate of water supplied by the pump, and MCSCB is the 
moisture content of the SCB input.
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(Horsham, PA, USA) fitted with a 500 N load cell, and the three-point 
bending test. The sample thicknesses and widths were measured at the 
specimen center with a Tacklife electronic digital sliding caliper (Lev-
ittown, NY, USA). The testing speed was set at 1 mm/min, with a 40 mm 
grip separation. Bending properties were characterized by testing the 16 
specimens cut from the materials obtained after molding of each mate-
rial. The evaluated properties were flexural modulus and flexural 
strength at breaking point, determined with the following formulas: 

Flexural modulus =
L3

4*w* t3 *
F2 − F1

d2 − d1
(2) 

Flexural strength = Fbreaking*
3*L

2*w* t2 (3) 

where L is the length between the two supports, w is the sample width, t 
is the sample thickness, F1 and F2 are the forces measured for d1 and d2 
deformations at 10 % and 40 % of Fbreaking, respectively, and Fbreaking is 
the force measured at breaking point.

Water resistance was tested by immersing 45 mm long by 10 mm 
wide specimens in water at 25 ◦C to determine the water absorption 
(WA) and thickness swelling (TS) in triplicate according to the ISO 
16983:2003 standard (ISO 16983:2003 Wood-Based Panels – Determi-
nation of Swelling in Thickness after Immersion in Water, 2003). Before 
soaking, samples were oven-dried at 105 ◦C until constant weight to 
ensure uniform initial conditions. The initial thickness and weight were 
then measured. The samples were subsequently submerged in distilled 
water at 25 ◦C for 24 h. The sample weights and thicknesses were 
measured hourly for the first 8 h and again after 24 h. The thickness of 
each sample was measured at three points: at the center and both ends. 
WA and TS were calculated per sample at 24 h using the following 
formulas: 

WA =
w24h − w0

w0
*100 (4) 

TS =
t24h − t0

t0
*100 (5) 

where w0 and w24h are the sample weight initially and after 24 h of 
water immersion, and t0 and t24h are the sample thickness initially and 
after 24 h of water immersion.

2.7. Statistical analysis

WA, TS and density determinations were conducted in triplicate. For 
the mechanical properties, 16 samples were tested per extrusion con-
dition. Means were statistically compared with a one-way analysis of 
variance (ANOVA) with α = 0.05. A Student’s t test was performed on 
the flexural strength and flexural modulus means, and values with no 
significant difference are presented with the same letter (a-d).

3. Results and discussion

3.1. Raw bagasse composition

The chemical composition of the SCB used in this study is presented 
in Table 2. With its main components being 40 % cellulose, 24 % lignin, 
23 % hemicellulose and 5 % ash, its composition was in line with those 
reported in other previous studies, i.e. 36–45 % cellulose, 21–27 % 
lignin, 22–28 % hemicellulose and 3–9 % ash (de Rocha et al., 2015; 
Oriez et al., 2019; Yu et al., 2013).

3.2. SCB pretreatment by twin-screw extrusion

The overall SCB pretreatment results are presented in Table 3. For 
the three screw profiles, the experimental L/S ratios were close to those 

targeted, but the full L/S ratio range (0.4 – 2.0) was not achieved. Using 
profile 1, the high amperage (60 A) at 0.7 L/S ratio prevented us from 
studying lower L/S ratios due to the equipment safety limits. At low L/S 
ratios with this profile, the higher shear force during SCB processing 
increased the extruder motor power consumption, reaching the opera-
tional limits of the equipment. With profile 3, high L/S ratios could not 
be achieved due to substantial extruder clogging with water at L/S ra-
tios > 1.25. This clogging was due to the limited passage created by the 
reverse screw elements used in this profile, causing water accumulation 
in the extruder up to the feeding module (module 1), thereby blocking 
the SCB inlet for these tests.

With profile 1, the extrudate moisture content increased with the L/S 
ratio before reaching a plateau, i.e. a trend that was also observed with 
profiles 2 and 3. Extrudates were drier at lower L/S ratios due to a lower 
initial water input and higher evaporation rates, likely associated with 
greater self-heating in the vicinity of the CF2C reverse screw elements in 
module 7.

The amperage values were higher at lower L/S ratios for profiles 1 
and 2, while remaining constant for profile 3 regardless of the L/S ratios, 
due to the higher shear forces exerted with profile 3. The reduction in 
current supplied to the extruder motor at higher L/S ratios could be 
attributed to the decreased shear forces during SCB processing, resulting 
from the increased water inlet flow rate and leading to a lower viscosity 
of the mixture within the extruder. These observations are consistent 
with the results of a previous study on SCB pretreatment by twin-screw 
extrusion with a configuration including a filtration module, where the 
measured amperage was higher for low L/S ratios (Cavailles et al., 
2024a). In addition, for the same L/S ratio, the amperage increased with 
the severity of the screw profile. Previous studies have shown that 
electrical power and specific mechanical energy (SME) increased with 
more restrictive screw profile configurations (Altan et al., 2009; Gogoi 
et al., 1996). Decreasing the reverse screw element pitch (CF2C) and 
increasing its length resulted in higher amperage due to increased shear 
forces applied to the material in module 7. However, decreasing the 
reverse screw element pitch appeared to have a lesser effect than 
increasing its length when comparing profiles 2 and 3. A possible 
explanation for this is that increasing the length of the reverse screw 
element extended the exposure time of the material to shear forces, 
leading to better mixing and more uniform material processing, whereas 
reducing the pitch primarily slowed the material flow without signifi-
cantly enhancing the overall shear or mixing efficiency.

Regarding water evaporation at the extruder outlet (Fig. 2), the 
proportion of water evaporated followed a bell curve according to 
changes in the L/S ratio. At lower L/S ratios, as the L/S ratio increased, 
there was an initial decrease in the amount and proportion of water 
evaporated, followed by an increase at higher L/S ratios. Water evapo-
ration was higher with lower amounts of water in the extruder (low L/S 
ratios), due to an increased mixture viscosity and to the mechanical 
friction exerted in the vicinity of the reverse screw elements, thereby 
contributing to the self-heating of the material in module 7. Similar 
trends have been reported for rice straw (Theng et al., 2017) and SCB 

Table 2 
Chemical composition of raw SCB (% DM).

Composition SCB

Dry matter (%) 91.5 ± 0.1
Ash (%) 5.1 ± 0.2
AIL (%) 19.3 ± 0.2
ASL (%) 4.8 ± 0.1
Total Lignin (%) 24.1 ± 0.3
Cellulose (%) 40.2 ± 0.3
Xylan (%) 20.6 ± 0.1
Arabinan (%) 2.1 ± 0.1
Hemicellulose (%) 22.7 ± 0.1
Acetyl (%) 3.9 ± 0.1
Extractable H2O + EtOH (%) 3.8 ± 0.7
Total (%) 100
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(Cavailles et al., 2024a), with higher proportions of evaporated water 
noted at low L/S ratios. In the figure below, the second area of L/S ratios 
began at a ratio of 0.84 for profile 1, 0.72 for profile 2 and 0.62 for 
profile 3. In this second area, as the L/S ratio increased, the thermal 
conductivity and heat transfer in the mixture were improved with the 
addition of more water, hence amplifying the thermomechanical phe-
nomena with the increase in the evaporated water quantity and pro-
portion. It could also have been due to the rise in the free to bound water 
ratio. The proportion of free water increased with the L/S ratio, thus 
facilitating the evaporation of a higher proportion of water.

3.3. Physicochemical characterization of untreated SCB and extrudates

Binocular microscope observations on untreated SCB and extrudates 
are shown in Fig. 3, while the SEM images are presented in Fig. 4. 
Assessment of the twin-screw extrusion pretreatment effects on fibers 
revealed substantial morphological alteration. The optical and SEM 
images both indicated that untreated SCB consisted mostly of long (2–8  

cm), intact fibers and a few spherical particles from the bagasse pith, 
with no individualized fibers. In contrast, clear fiber deconstruction was 
noted for all extrudates due to the extrusion process, leading to SCB 
defibration with finer, more individualized fibers and aggregates formed 
by fiber intermingling (Cavailles et al., 2024a).

A comparison of the optical and SEM images of extrudates obtained 
with the three screw profiles at a 1.25 L/S ratio (Figs. 3 and 4) showed 
that increasing the screw profile severity led to greater SCB defibration, 
with more individual fibers and a reduction in fiber and particle size.

Further comparisons of optical and SEM images of extrudates ob-
tained with different L/S ratios per profile (Figs. 3 and 4) revealed 
distinct differences. For profile 1 at L/S ratios of 0.7 and 1.25, initial 
defibration was clearly visible for both ratios, showing the beginning of 
fiber breakage and individualization in some areas. For profile 2, the 
fibers were not individualized at a 0.4 L/S ratio, whereas individual fi-
bers could be seen separating from the fiber slices at a 1.25 L/S ratio. For 
profile 3, the extrudate obtained at a 1.25 L/S ratio exhibited long in-
dividual fibers, whereas short fibers were obtained at a 0.4 L/S ratio. 
These observations suggest that a low 0.4 L/S ratio led to a grinding 
action, hence reducing the fiber and particle size, with relatively few 
individual fibers present, while a higher 1.25 L/S ratio promoted 
defibration with substantial fiber individualization. Moreover, reducing 
the L/S ratio resulted in more aggregates due to the higher mechanical 
action exerted on SCB, along with a decreased extrudate moisture 
content.

Aspect ratio measurements obtained on the binocular microscope 
images (Fig. 5) showed that, for all profiles, increasing the L/S ratio led 
to an increase in the fiber aspect ratios. A low L/S ratio resulted in a 
reduction in fiber size due to fiber cutting, as shown by the particle size 
distribution (Fig. 6), resulting in short fibers with lower aspect ratios, 
while a higher L/S ratio preserved the fiber length. At the same, the 
screw profile effect was clearcut at a 1.25 L/S ratio, with the aspect ratio 
decreasing as the screw profile shearing rate increased. A more shearing 
screw profile exerted greater constraints, in turn reducing the fiber size, 
as confirmed by the particle size distribution (Fig. 6) and thus the aspect 
ratio.

The particle size distribution results (Fig. 6) indicated that in the 
extrudates there was a tendency for fibers and particles to form aggre-
gates > 4 mm when dried, compared to untreated SCB. Twin-screw 
extrusion pretreatment resulted in a reduction in particle size, with a 
substantial increase in the proportion of fine particles (<0.2 mm). This 
phenomenon has been previously demonstrated with corn cobs (Zheng 

Table 3 
Production of SCB extrudates in the Clextral BC45 twin-screw extruder.

Trials Profile L/S QSCB experimental (kg dry/h) QL experimental (kg/h) QL/QS 

experimental

I (A) QEXT (kg/h) MCEXT (%) QEXT water (kg/h) Ew (kg/h)

1 1 0.70 5.9 3.9 0.66 60 7.2 17.6 1.3 2.6
2 0.85 5.2 4.3 0.84 40 8.6 40.3 3.5 0.8
3 1.00 5.0 5.0 1.00 36 8.4 40.2 3.4 1.6
4 1.25 4.9 6.2 1.26 40 8.3 40.1 3.3 2.9
5 1.50 4.3 7.2 1.67 36 7.0 38.2 2.7 4.5
6 2.00 5.3 10.1 1.92 40 8.6 38.6 3.3 6.8
7 2 0.40 5.5 2.2 0.40 65 6.2 11.2 0.7 1.5
8 0.55 8.1 4.0 0.50 41 10.6 24.0 2.5 1.5
9 0.70 6.0 3.9 0.65 41 9.6 37.6 3.6 0.3
10 0.85 7.1 5.1 0.72 45 12.3 42.6 5.2 0
11 1.00 5.8 5.3 0.92 48 10.6 45.0 4.8 0.6
12 1.25 5.2 6.3 1.21 45 9.0 41.9 3.8 2.6
13 1.50 5.0 7.5 1.50 36 8.8 43.1 3.8 3.7
14 2.00 5.5 10.2 1.86 36 9.3 41.4 3.9 6.3
15 3 0.40 6.3 2.7 0.40 53 7.2 12.2 0.9 1.8
16 0.70 7.0 4.4 0.62 53 10.1 30.7 3.1 1.2
17 1.00 6.2 5.2 0.84 54 9.1 31.3 2.8 2.4
18 1.25 4.4 5.5 1.26 54 5.7 22.6 1.3 4.3

Where L/S is the theoretical liquid-to-solid ratio, QSCB experimental and QL experimental are the experimental mass flow rates of SCB and water, QL/QS is the experimental 
liquid/solid ratio QEXT is the extrudate mass flow rate, MCEXT is the moisture content of the extrudate, Ew is the evaporated water mass flow rate, and I is the amperage 
of the current drawn by the motor.

Fig. 2. Impact of the L/S ratio and screw profile on water evaporation during 
twin-screw extrusion.
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Fig. 3. Binocular microscope view of ground SCB before twin-screw extrusion pretreatment (a), and extrudates obtained with profile 1 at L/S ratios of 0.7 (b) and 
1.25 (c), profile 2 at L/S ratios of 0.4 (d) and 1.25 (e), and profile 3 at L/S ratios of 0.4 (f) and 1.25 (g) (scale 1000 µm).
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Fig. 4. SEM images at ×50 magnification of ground SCB prior twin-screw extrusion pretreatment (a-b), and extrudates obtained with profile 1 at L/S ratios of 0.7 (c) 
and 1.25 (d), profile 2 at L/S ratios of 0.4 (e) and 1.25 (f), and profile 3 at L/S ratios of 0.4 (g) and 1.25 (h).
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et al., 2015) and SCB (Cavailles et al., 2024a). The particle size reduction 
was due to shear friction between particles during the extrusion process.

For the three screw profiles, increasing the L/S ratio initially led to a 
decrease in the proportion of fine particles, reaching a minimum value 
before increasing again at higher L/S ratios. Overall, decreasing the L/S 
ratio resulted in a greater particle size reduction due to the lower water 
input and higher shearing forces exerted on the biomass fibers. Similar 
results have been obtained with hardwood (Senturk-Ozer et al., 2011) 
and rape straw (Um et al., 2013) at low L/S ratios. L/S ratios leading to 
the lowest proportion of fine particles were 1.26, 0.72 and 0.62 for screw 
profiles 1, 2 and 3, respectively, and this ratio decreased with increasing 
profile shear. A similar trend was observed with regard to water evap-
oration, with these same L/S ratios corresponding to minimal water 
evaporation. An increase in the proportion of fine particles was noted 
with more water evaporation, possibly because a greater quantity of 
water could reduce the viscosity of the mixture and the mechanical 
action exerted on the material, thus limiting particle size reduction in 
the extrudates. Another hypothesis is that the presence of more water 
might play a role in particle aggregation, allowing finer particles to 

aggregate with the fibers during extrudate drying.
A comparison of the effects of the three screw profiles on the particle 

size distribution at L/S ratios of around 0.65, 0.90 and 1.25 revealed that 
the proportion of 2 to 4 mm aggregates decreased with a more shearing 
screw profile, while the proportion of fine particles < 0.2 mm increased 
(Fig. 6d for 1.21–1.26 L/S ratios). Overall, screw profile 1 produced 
extrudates with the highest proportion of fibers or aggregates > 1 mm, 
screw profile 2 resulted in extrudates with the highest proportion of fi-
bers in the 0.2–0.8 mm size range, and screw profile 3 led to extrudates 
containing the highest proportion of fine particles (< 0.2 mm). Pre-
treatment with a more restrictive screw profile resulted in an overall 
particle size reduction in the extrudate, linked to increased shear forces 
and friction between the biomass and the barrel, as well as reduced 
particle aggregation, which was in line with the binocular microscope 
and SEM image observations.

The bulk and tapped densities of the untreated SCB and extrudates 
are shown in Fig. 7. The extrudate bulk and tapped densities ranged 
from 34 to 147 kg/m3, and from 50 to 212 kg/m3, respectively. The 
extrudate densities were generally lower than those of untreated SCB, 
except for extrudates obtained with a 0.4 L/S ratio. Twin-screw extru-
sion pretreatment led to a reduction in the fiber density characteristics, 
which was associated with fiber deconstruction during thermo-
mechanical pretreatment, resulting in the expansion and increased 
“fluffy” structure of SCB fibers. This trend was consistent with previous 
observations regarding SCB (Cavailles et al., 2024a), rice (Theng et al., 
2019) and coriander (Uitterhaegen et al., 2017) straw fibers. The three 
screw profiles produced extrudates with similar bulk and tapped den-
sities, indicating that the screw profile configuration had little impact on 
the extrudate density, in line with previous studies on maize grits (Ilo 
et al., 1996), barley grits and flour (Altan et al., 2009).

However, the L/S ratio had a substantial impact on the extrudate 
density. For all three profiles, the bulk and tapped densities were similar 
for L/S ratios between 0.5 and 2.0 due to the expanded morphological 
structure of the extrudates. As the L/S ratio decreased to 0.4, the bulk 
and tapped densities sharply increased to approximately 140 kg/m3 and 
210 kg/m3, respectively, due to the increased pretreatment severity. At 
a 0.4 L/S ratio, the only water present originated from the SCB inherent 

Fig. 5. Cumulative distribution of the aspect ratio for untreated SCB and 
extrudates obtained with different screw profiles and L/S ratios.

Fig. 6. Particle size distribution of untreated SCB and extrudates obtained with screw profiles 1 (a), 2 (b) and 3 (c) at different L/S ratios and with a L/S ratio of 
around 1.25 for the three screw profiles (d) (error bars represent standard deviations).
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moisture content. Under these conditions, the mixture in the extruder 
exhibited higher viscosity and was subject to stronger shear forces 
during the extrusion process, leading to fiber breakage (Senturk-Ozer 
et al., 2011; Uitterhaegen et al., 2017). This was shown by the increase 
in extruder amperage. The higher mechanical shearing and self-heating 
of the material at low L/S ratios resulted in more intense fiber cutting, 
with a reduction in particle size, as shown in the particle size distribu-
tion (Fig. 6), thereby promoting a higher extrudate density since the 
latter had fewer pores as they had been filled by the shorter fibers and 
finer particles. Under these extrusion conditions, the applied pretreat-
ment was more akin to simple grinding than thermomechanical defib-
ration. Similar results were reported with rice (Theng et al., 2019) and 
coriander (Uitterhaegen et al., 2017) straw extrudates obtained with a 
0.4 L/S ratio.

Adsorption isotherms, determined on the basis of DVS measure-
ments, are shown in Fig. 8. A comparison of untreated SCB with extru-
dates revealed that the pretreatment did not substantially modify the 
isotherms, which exhibited a type II shape (Fig. 8a). For the same L/S 
ratio (Fig. 8a), the adsorption isotherms of untreated SCB and extrudates 
obtained with different screw profiles were very similar, except for the 

extrudate from profile 1, which exhibited higher water adsorption. The 
SSA value of this extrudate was higher compared to those obtained with 
profiles 2 and 3. Destructuring SCB with different screw profiles modi-
fied the water adsorption behavior of the extrudates, and an increase in 
SSA and water adsorption constants led to the production of an extru-
date that was more moisture sensitive as the applied shearing level 
decreased. Fig. 8b shows that increasing the L/S ratio during twin-screw 
extrusion pretreatment led to higher water adsorption at >50 % RH. At 
95 % RH, the extrudate obtained with screw profile 2 and a 0.4 L/S ratio 
had 17.1 % water uptake, while the extrudate obtained with a L/S ratio 
of 1.86 had a much higher water uptake of 20.2 %. Moreover, the SSA 
calculated from the adsorption isotherms appeared to increase with the 
L/S ratio, whereas the water adsorption constants were similar. 
Destructuring SCB with a higher L/S ratio resulted in greater fiber 
individualization, as shown by the SEM images (Fig. 4), leading to an 
increased accessible surface area (Martins et al., 2018) and greater 
exposure of the hydrophilic functional groups such as hydroxyl groups 
on the cellulose and hemicellulose, facilitating water adsorption. Addi-
tionally, the porosity of the material may be enhanced, allowing more 
water to be retained within the internal structure of the fibers. This is 

Fig. 7. Bulk and tapped densities of untreated SCB and extrudates obtained with different screw profiles and L/S ratios (error bars represent standard deviations).

Fig. 8. Specific surface area, water adsorption constants and adsorption and desorption isotherms of extrudates obtained with different screw profiles compared to 
untreated SCB (a), and different L/S ratios (b).
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supported by the observation of increased SSA with higher L/S ratios, 
which suggests the development of macropores that can act as water 
adsorption sites.

3.4. Thermocompression of binderless materials

The visual appearances of the materials obtained from untreated SCB 
and extrudates are presented in Fig. 9. There was a clear difference in 
fiber morphology when comparing the materials made from untreated 
SCB to extrudate-derived materials, as previously reported (Cavailles 
et al., 2024a). The material produced with untreated SCB exhibited 
longer surface fibers, whereas the materials produced with extrudates 
had a much more homogeneous appearance. All materials obtained by 
uniaxial thermocompression of extrudates had a smoother surface 
compared to the material derived from untreated SCB. The L/S ratio did 
not visually impact the appearance of the materials, but the screw 
profile tended to alter their appearance. Thermocompression of extru-
dates obtained with profile 3 resulted in materials with darker surfaces 
and a more homogeneous appearance, while materials obtained with 
extrudates from profiles 1 and 2 had lighter surfaces and heterogeneous 
edges. Extrudates obtained with profile 3 had higher proportions of fine 
particles (30–45 %) compared to those obtained with profile 1 (10–20 
%) and 2 (15–35 %). During thermocompression, these fine particles 
probably filled the voids between fibers, hence resulting in a more 
compact material with a more homogeneous surface appearance.

3.4.1. Density and mechanical properties
The density and mechanical properties of materials obtained by 

thermocompression are presented in Table 4. All materials produced 
with extrudates had higher densities than those obtained from untreated 
SCB. This increase in density could be attributed to the higher propor-
tion of fine particles in the extrudates due to fiber deconstruction, which 
acted as void filler, improving fiber contact and reducing the porosity in 
the final material (Cavailles et al., 2024b). However, the modification of 
the screw profile and L/S ratio had a minor impact on the material 
density. The flexural modulus and flexural strength of the materials were 
almost doubled with the addition of the twin-screw extrusion pretreat-
ment to SCB. They ranged from 5.5 to 6.1 GPa, and from 39.0 to 55.5  
MPa, respectively, for the materials obtained from the extrudates, 

whereas the material made with untreated SCB had a 3.3 GPa flexural 
modulus and 22.7 MPa flexural strength. Without pretreatment, due to 
the strong bonds between the cellulosic fibers and lignin within the 
structure, the lignin could not be mobilized to serve as a binder during 
thermocompression, resulting in reduced material cohesion and reduced 
mechanical resistance. Thermomechanical pretreatment could lead to 
the softening of lignin (Yoo et al., 2012) by reaching its glass transition 
temperature that start at 100 ◦C to 170 ◦C (Irvine, 1985) due to the 
increased temperature in the extruder (>100 ◦C) (Dittrich et al., 2021). 
Additionally, the water in the extruder could impact the lignin’s glass 
transition, as an increase in the biomass’s moisture content lowers the 
lignin’s glass transition temperature (Bouajila et al., 2005). The ther-
momechanical defibration pretreatment likely disrupted the fiber 
structure, promoting the separation of cellulose, hemicelluloses and 
lignin, while homogenizing their size.

This improvement in mechanical properties using extruded fibers has 
been demonstrated in recent studies using SCB (Cavailles et al., 2024a), 
coriander straw (Uitterhaegen et al., 2017) and oleaginous flax straw 
shives (Evon et al., 2019). This suggested that defibration facilitated the 
separation of lignin and hemicelluloses from cellulose, in turn enhancing 
the role of lignin as a natural binder and promoting fiber assembly Fig. 9. Images of the materials generated by thermocompression of untreated 

SCB, and extruded SCB with different L/S ratios and screw profiles.

Table 4 
Density, and mechanical properties of materials obtained with untreated SCB 
and extruded SCB using different screw profiles and L/S ratios.

N◦ Sample Density 
(kg/m3)

Compaction 
ratio

Flexural 
strength 
(MPa)

Flexural 
modulus 
(GPa)

 Untreated 
SCB

1453 ± 6 24.1 ± 0.8 22.7 ± 7.5 a 3.3 ± 0.7 a

Screw profile 1
1 L/S = 0.66 1488 ± 8 26.7 ± 1.2 44.8 ± 4.1d, 

e
5.8 ± 0.7b, c

2 L/S = 0.84 1480 ±
10

43.1 ± 1.1 51.1 ± 4.7b, 

c
5.8 ± 0.8b, c

3 L/S = 1.00 1474 ±
13

35.5 ± 1.6 50.2 ± 4.4b, 

c
5.6 ± 0.7c

4 L/S = 1.26 1480 ±
12

42.8 ± 1.6 48.6 ± 6.2b, 

c, d
5.7 ± 0.7b, c

5 L/S = 1.67 1478 ± 8 36.0 ± 2.8 51.0 ± 4.6b, 

c
5.5 ± 0.5c

6 L/S = 1.92 1496 ±
19

31.5 ± 2.2 51.5 ± 3.5b 5.7 ± 0.5b, c

Screw profile 2
7 L/S = 0.40 1493 ±

10
10.6 ± 0.3 39.0 ± 1.7h 6.0 ± 0.5b, c

8 L/S = 0.50 1474 ±
15

33.4 ± 1.8 51.8 ± 6.1b, 

g
5.9 ± 0.8b, c

9 L/S = 0.65 1478 ±
34

36.0 ± 3.0 48.4 ± 4.8c, f 5.8 ± 0.9b, c

10 L/S = 0.72 1456 ±
53

38.7 ± 2.4 43.9 ± 3.9e 5.9 ± 0.5b, c

11 L/S = 0.92 1471 ± 9 34.5 ± 1.3 51.0 ± 7.0b, 

c, g
6.1 ± 0.4b

12 L/S = 1.21 1449 ±
17

38.0 ± 2.7 48.2 ± 6.7b, 

c, d
6.0 ± 0.6b, c

13 L/S = 1.50 1477 ± 9 34.9 ± 0.4 45.3 ± 7.7d, 

e, f
5.9 ± 0.5b, c

14 L/S = 1.86 1459 ±
13

33.1 ± 2.2 48.2 ± 8.0b, 

c, d, e
5.5 ± 0.5c

Screw profile 3
15 L/S = 0.42 1498 ± 9 10.2 ± 0.3 45.9 ± 1.8d, 

e, f
6.0 ± 0.5b, c

16 L/S = 0.62 1477 ±
16

34.1 ± 1.2 52.4 ± 5.1b, 

g
5.8 ± 0.6b, c

17 L/S = 0.84 1471 ±
22

32.5 ± 1.1 54.7 ± 4.0g 5.6 ± 0.4c

18 L/S = 1.26 1468 ±
18

27.6 ± 1.8 55.5 ± 5.5g 5.6 ± 0.4c

Means in the flexural strength and flexural modulus columns with the same 
superscript letter (a-g) are not significantly different at α < 0.05 according to the 
Student’s test.
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during thermocompression, thus contributing to material self-bonding. 
Moreover, defibration improved the fiber morphology, particularly the 
fiber aspect ratio (Fig. 5), thereby enhancing the mechanical properties 
of the resulting materials due to facilitated fiber entanglement.

The modification of the screw profile and L/S ratio did not have a 
significant impact on the flexural modulus. However, significant dif-
ferences in flexural strength were observed depending on the twin-screw 
extrusion conditions. The lowest value was obtained with profile 2 and a 
0.4 L/S ratio (39 MPa), while the highest value was obtained with 
profile 3 and a 1.26 L/S ratio (55.5 MPa). For screw profiles 1 and 2, the 
lower L/S ratio resulted in the lowest flexural strength, which was 
consistent with the results obtained with SCB pretreatment by twin- 
screw extrusion with filtration (Cavailles et al., 2024a). These results 
could be related to the extrudate density, as the density obtained with a 
0.4 L/S ratio was at least twice that obtained with L/S ratios > 0.4 
(Fig. 7). The fibers had a more expansive appearance, indicating greater 
porosity and a more accessible surface area. Higher L/S ratios produced 
extrudates with increased specific surface area of the particles, as 
confirmed by the SSA calculated from the adsorption isotherms (Fig. 8), 
and higher compaction ratios for the fibrous materials. This likely 
contributed to a better mechanical stress distribution in the material 
during the mechanical tests due to a higher number of areas of contact 
between the fibers and particles created during thermocompression, 
with more self-adhesion, thereby implying higher mechanical properties 
(Shen, 1986). Furthermore, for the same L/S ratio, the flexural strength 
increased with the shear severity of the screw profile. For an L/S ratio of 
around 0.65, the flexural strength was 44.8 MPa with screw profile 1, 
48.4 MPa with screw profile 2, and 52.4 MPa with screw profile 3, with 
the latter being the most constraining. This trend was also observed at 
L/S ratios of around 0.90 and 1.25. Beaugrand and Berzin showed that 
the mechanical properties of lignocellulosic fiber-reinforced composites 
were higher when the screw profiles were more severe due to greater 
defibration of the initial bundles and the creation of more stress transfer 
interfaces (Beaugrand and Berzin, 2013). The binocular microscope and 
SEM images (Fig. 4) confirmed that defibration increased with the screw 
profile severity, which may explain the improvement in mechanical 
properties.

3.4.2. Water resistance
WA and TS after 24 h water immersion of the materials obtained by 

thermocompression are shown in Fig. 10. WA and TS ranged from 25 to 
62 %, and from 25 to 67 %, respectively. Material made from untreated 
SCB showed much higher WA (95 %), and TS (84 %). This could be 
attributed to the lower density of the material derived from untreated 
SCB, i.e. lower density values indicate higher material porosity, allowing 
more water penetration into the material structure. Similarly, a 

reduction in WA and TS was reported for materials made with extruded 
SCB (Cavailles et al., 2024a) and oleaginous flax straw shives (Evon 
et al., 2019) compared to materials made from raw material. The effects 
of the screw profile were clearly visible: for the same L/S ratio, water 
resistance improved with the most shearing screw profile. Considering 
the DVS results, where the water uptake of the extrudate obtained with 
profile 1 was higher than that of the extrudates obtained with profiles 2 
and 3, it was clear that an extrudate with a higher adsorption capacity 
produced a more moisture-sensitive material with higher WA and TS 
values. The adsorption isotherms were similar for materials obtained 
from extrudates produced with profiles 2 and 3, and the observed dif-
ferences in WA and TS were therefore directly linked to the thermo-
compression shaping of the materials. Shaping a more defibrated 
extrudate with a higher proportion of fine particles, i.e. obtained by 
using a more restrictive screw profile, contributed to reducing the in-
ternal porosity of the materials, resulting in more interparticle bonding, 
and preventing water penetration.

Regarding the L/S ratios, the trends showed a reduction in WA and 
TS with decreasing L/S ratios, which was consistent with the DVS 
measurements (Fig. 8), where decreasing the L/S ratio for extrudate 
production led to a decrease in adsorbed water uptake. Application of 
the lowest 0.4 L/S ratio resulted in a material with the best water 
resistance, likely due to the lower specific surface area, higher fine 
particle proportion, and higher extrudate density. The water sensitivity 
of the materials was directly linked to their density. Extrudates with a 
0.4 L/S ratio were more compact, with a denser bed of material before 
thermocompression, which produced thinner and denser materials, with 
a lower accessible surface area and fewer water absorption areas, hence 
preventing water penetration into the material structure. Similar results 
were obtained with coriander straw fiberboards (Uitterhaegen et al., 
2017).

4. Conclusion

New bio-based materials were manufactured by thermocompression 
exclusively from SCB extrudates produced through twin-screw extrusion 
as a thermomechanical pretreatment. This process facilitated SCB 
deconstruction, resulting in fiber defibration and modification of the 
fiber morphological structure, leading to lower densities. It also led to 
substantial particle size reduction and the formation of aggregates on 
the extrudates, contributing to greater material densification compared 
to untreated SCB. A comparison of the mechanical properties and water 
resistance of the materials clearly demonstrated the superior properties 
of those derived from extrudates. The choice of screw profile and L/S 
ratio for extrudate production impacted the mechanical properties and 
water resistance of the final materials and best conditions for this 

Fig. 10. WA and TS of thermocompressed materials obtained from untreated SCB and extrudates with different screw profiles and L/S ratios (error bars represent 
standard deviations).
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pretreatment depend on the desired material properties. The best flex-
ural properties were observed in materials made from extrudates pro-
duced at a 1.25 L/S ratio with screw profile 3, i.e. the most shearing one, 
while the best water resistance was noted in materials made from 
extrudates obtained at a 0.4 L/S ratio with screw profiles 2 and 3. In all 
cases, selecting a more shearing screw profile results in a material with 
better mechanical properties and water resistance. For the L/S ratio, a 
compromise must be found between achieving high mechanical prop-
erties at a high L/S ratio and higher water resistance at a low L/S ratio.
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