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Abstract 

This paper aims to investigate the effect of extrusion at high solid loading on corn stover (CS) 

properties and its enzymatic hydrolysis. This biomass was extruded under different screw speeds and 

different solid loadings and the impact of these parameters on physicochemical properties was 

evaluated. It was found that lignocellulosic components were not significantly affected by the 

pretreatment, while surface area increased with solid loading and rotation speed. Different enzyme 

cocktails were used for the enzymatic hydrolysis of extruded and untreated CS. Overall, mild twin-

extrusion enhanced the enzymatic hydrolysis of corn stover through an increase in glucose and 

xylose yields by 134-212% and 214-294% respectively when using T. longibrachiatum cellulase. 

The highest sugar content was obtained from CS extruded under 400 g total solids (TS) per liter and 

200 rpm. The energy efficiency of the pretreatment was also assessed and was found to be maximal 

at 400 gTS/L and 200 rpm.  
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Abbreviations 

CrI crystallinity index;  

CS corn stover;  

XRD X-ray diffraction;  

FPU filter-paper units;  

SME specific mechanical energy;  

TSE twin-screw extrusion;  

TS total solids 

1. Introduction 

Bioconversion of residual lignocellulosic biomass to bioethanol has shown these last decades 

environmental, economic and energetic advantages in comparison to bioethanol produced from starch 

or sugar derived from sugar cane and maize (1). Lignocellulosic biomass is an abundant, cheap, and 

renewable organic resource with a heterogeneous structure mainly composed of cellulose, 

hemicelluloses, and lignin. After hydrolysis of cellulose and hemicellulose, the carbohydrate 

components (glucose and xylose) are fermentable, which makes lignocellulosic biomass an appropriate 

feedstock for bioenergy and biofuel production (2). Nevertheless, the structural and chemica l 

properties of lignocellulosic biomass, make it extremely resistant to biodegradation by enzymes and 

microbial attacks (3).  

In addition, enzymes can be used to biologically degrade the lignocellulose for bioethanol 

production. These enzymes can be produced in-situ by micro-organisms (4). Micro-organisms, 

mainly white and soft-rot fungi, actinomycetes, and bacteria can be used to pretreat lignocellulosic 

wastes. They can solubilize lignin due to the action of enzymes such as peroxidases and laccases. 

However, the effectiveness of enzymes can be improved when breaking down the lignocellulosic 

structure first (5). In general, a suitable pretreatment procedure involves (i) cleaving cross-linked 



 
 

matrix in hemicelluloses and lignin, (ii) increasing the porosity and surface area of cellulose for 

subsequent enzymatic hydrolysis, and finally (iii) disrupting hydrogen bonds in crystalline cellulose  

(5). 

Various pretreatment approaches including physical, chemical, physicochemical, and biological 

methods have been developed to improve the enzymatic saccharification of biomass (6).  

For instance, enzymatic hydrolysis of wheat straw was enhanced after hot water pretreatment under 

180°C for 10 min (7). Moreover, the addition of dilute acid (1% of H2SO4, 1 h at 220°C) to steam 

explosion pretreatment increased arabinose and xylose content by 200% and 61% compared to 

untreated barley straw (7). Acid pretreatment can lead to high solubilization of hemicelluloses and 

cellulose, but at high temperatures and high acid concentration, inhibitory compounds (furfural, 5-

HMF) can be generated (8). Furthermore, alkaline pretreatment favors lignin degradation and 

alteration, while increasing the accessible surface area (9). Ammonia fiber explosion has been shown 

to increase pore size in corn stover leading to a higher ethanol production compared to dilute acid 

pretreatment (10). Biological pretreatments using fungus can also be applied to lignocellulosic 

biomasses for delignification to enhance enzymatic hydrolysis (11). However, these methods require 

the use of acids, bases, salts, solvents, and micro-organisms, which introduce additional costs (12) 

and may have a negative environmental impact. Ultrasonic and microwave pretreatments were found 

to enhance sugar solubilization and their efficiency depended on the energy supplied. In the last 

decade, the extrusion process has been widely used in the food, feed, and plastic industries. As a 

result, extrusion has been identified as an interesting alternative method for fractionation of 

lignocellulosic biomass based on its ability to provide high shear, rapid heat transfer, and effective 

and fast mixing (13). It is a highly versatile pretreatment that can be used alone as a physical 

pretreatment (14,15) or combined with chemicals and other pretreatment methods (16,17). In 

addition, as a continuous pretreatment process, extrusion has a higher processing capacity when 

compared to batch systems (18). Furthermore, extrusion pretreatment has the advantage of avoiding 



 
 

the generation of inhibitors, except when the extrusion is carried out in combination with chemical 

pretreatments (19). Furthermore, compared to traditional physical methods such as chopping, 

grinding, and milling, extrusion not only reduces the particle size but also provides a thermochemical 

pretreatment (20,21). The extrusion process has many advantages like the ability to provide high 

shear, rapid heat transfer, and effective mixing (21), which leads to an increase in the surface area of 

the cellulose available to the enzymes (12). Structural changes are mainly promoted in the mixing 

zones of the screws formed by the successive kneading elements connected with a slight deviation 

angle between them, which depends on the extrusion purpose. 

Previous studies have shown the interest of extrusion pretreatment on enzymatic hydrolysis of 

biomass. Myat and Ryu (2014) obtained 28% higher ethanol production due to twin-screw extrusion 

(22), while Han et al. (2013) and Kang et al. (2013) reported that, around 20% and 25% of solid to 

liquid ratio, ethanol content was at its maximal value (23,24). Although extrusion had a positive 

impact on sugar release, the effect of operating conditions was not significant in contrast to enzyme 

source and dose (18). 

Indeed, several studies have been conducted on the effect of extrusion operating conditions. 

However, the evaluation of the energy-based efficiency is missing in these studies. In addition, most 

of the studies are carried out at high temperatures, as well as in the presence of chemical reagents. 

Therefore, the present study assesses the effect of extrusion on the enzymatic hydrolysis under mild 

conditions ensuring environmentally friendly solubilization of corn stover. The effect of two 

different enzymes cocktails on untreated and pretreated corn stover hydrolysis was investigated. The 

physicochemical properties changes, enzymatic digestibility, energy consumption, and efficiency 

were evaluated and compared to select the suitable conditions for the enzymatic hydrolysis of 

pretreated corn stover.  

2. Materials and Methods 

2.1.Biomass preparation 



 
 

Corn stover was obtained from (the Occitanie department, Toulouse, France). Before pretreatment, 

CS was chopped to a particle size of approximately 10-20 cm using a vegetable-milling machine. 

The chopped samples were then ground using knife milling (Retsch SM 100, Germany) with a screen 

size of 4 mm. The substrate was dried and stored at room temperature. Raw CS contained 37.5% (TS 

basis - w/w) of cellulose, 22.3% (TS basis) of hemicelluloses, and 25.2% (TS basis) of lignin. In 

addition, carbon and oxygen contents were 46% and 48% (TS basis) respectively. Therefore, CS can 

be considered as a biomass of interest for conversion into biofuels (25). 

2.2.Continuous pretreatment using a twin-screw extruder 

The extrusion pretreatment was conducted using a twin-screw extruder (Eurolab 16, Thermo 

Scientific, USA). The barrel had a diameter of 16 mm and the length to diameter ratio (L/D) of the 

screws was 25. The experimental setup used in this study is illustrated in Fig. 1.  

Insert Figure 1 

The extruder contains three different elements: forward screw elements, which enable the continuous 

movement of the material from inlet to outlet; kneading screw elements, which exert an effective 

mixing and shearing effect on the biomass; and reverse screw elements, which move the material 

backward and increase its residence time to improve the pulverization effect (19).  

Table 1 presents the operating conditions used in this study. The ground biomass was impregnated 

with water using a spray system to reach the different solid/liquid ratios. To reduce the energy 

demand of the pretreatment, the temperature was maintained at 37°C and the two parameters 

considered were extrusion speed and solid load. However, it should be noted that other factors are 

also important such as extruder design, reagent addition, feed rate, and also the size of the biomass at 

the process inlet. It was chosen to vary only the rotation speed and the solid/liquid ratio which, in 

addition to the temperature, are reported as the most influencing parameters (26).  

2.3.Enzymatic hydrolysis of CS biomass 



 
 

The efficiency of extrusion for the CS pretreatment was evaluated through the enzymatic hydrolys is 

using different enzyme cocktails. Cellulose and hemicelluloses, which represent two-thirds of cell wall 

dry matter, can be degraded into sugars. For this purpose, the enzymatic hydrolysis of untreated and 

pretreated CS by different enzymatic cocktails was evaluated. Cellulase from T. longibrachiatum ≥ 

1mg/unit (C9748), and T. reesei (C2730) were obtained from Sigma Aldrich and were added under 

the same conditions (with a dose of 30 U/g TS). Enzymatic hydrolysis was carried out at a solid 

concentration of 5% (w/v) in a 50 mM sodium acetate buffer (pH 5.0) at 37 °C for 72 h with agitation 

(100 rpm). After enzymatic hydrolysis, the supernatant was filtered (0.45 µm) and the enzymatic 

digestibility was assessed by the amount of sugar released (i.e. glucose, xylose, arabinose in mg g-1 

CS) determined according to the procedure described previously (27). The sugars contained in the 

enzymatic hydrolysates were analyzed by high-performance liquid chromatography (HPLC) using the 

BioRad HPX-87P and HPX87H columns (28). All the experiments were operated in triplicate, and the 

average value was reported. 

The results were compared in pairs using the Student’s t-test, assuming equal variance, normality, and 

independence of repetitions. 

2.4.Biochemical and structural analysis of substrates 

The carbohydrate and lignin concentrations in lignocellulose samples (untreated and pretreated CS) 

were determined using the Klason method described in (28) and (29). All the values reported here were 

duplicate results. The crystallinity of untreated and pretreated CS was measured using an X-ray 

diffractometer (XRD, Bruker diffractometer D8 Advance). The measurements were carried out on 

compacted powder on small mats. X-ray diffraction (XRD) data were collected from 2θ = 5° to 50° 

with a step interval of 0.02°. The crystallinity index (CrI) was defined as follows (Eq.1): 

CrI =(I002-Iam)/I002 ×100              (Eq.1) 

Where I002 and Iam are the peak intensities of crystalline and amorphous cellulose, respectively. 



 
 

Particle size was analyzed by laser granulometric (Mastersizer 2000, Malvern Instrument, USA) and 

the surface area of untreated and pretreated CS samples was determined using the BET 

(Micromeritics, ASAP2020, USA) method. The gas adsorption data was collected using a Micro-

metrics (France) 3Flex Surface characterization analyzer using N2. Before N2 sorption, the samples 

were degassed at 50°C overnight. The specific surface areas were determined from the nitrogen 

adsorption/desorption isotherms (at -196°C). The swelling capacity of the powdered samples was 

measured using the bed volume technique (30). 100 mg of sample was dispersed in 10 mL of 

distilled water and left overnight at room temperature. The volume of the swollen sample was then 

measured and expressed as mL of swollen sample per g of original dry sample (30). The conversion 

yields of cellulose and xylose after enzymatic hydrolysis are calculated using the following equations 

(Eq.2 and Eq.3): 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺  𝑦𝑦𝑦𝑦𝐺𝐺𝐺𝐺𝑦𝑦  (%) = 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑖𝑖𝑖𝑖 𝐺𝐺𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝐺𝐺 ℎ𝑒𝑒𝑦𝑦𝑦𝑦𝐺𝐺𝐺𝐺𝑒𝑒𝐺𝐺𝑒𝑒𝑒𝑒𝐺𝐺(𝑔𝑔/100𝑔𝑔𝑔𝑔𝑔𝑔) 
𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑖𝑖𝑖𝑖 𝑏𝑏𝑖𝑖𝐺𝐺𝑒𝑒𝑒𝑒𝐺𝐺𝐺𝐺 (𝑝𝑝𝑦𝑦𝐺𝐺𝑒𝑒𝑦𝑦𝐺𝐺𝑒𝑒𝑒𝑒𝐺𝐺𝑦𝑦 𝐺𝐺𝑦𝑦 𝑖𝑖𝐺𝐺𝑒𝑒)(𝑔𝑔/100𝑔𝑔𝑔𝑔𝑔𝑔)

𝑥𝑥100  (𝐸𝐸𝐸𝐸. 2) 

𝑋𝑋𝑦𝑦𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺  𝑦𝑦𝑦𝑦𝐺𝐺𝐺𝐺𝑦𝑦  (%) = 𝑋𝑋𝑒𝑒𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑖𝑖𝑖𝑖 𝐺𝐺𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝐺𝐺 ℎ𝑒𝑒𝑦𝑦𝑦𝑦𝐺𝐺𝐺𝐺𝑒𝑒𝐺𝐺𝑒𝑒𝑒𝑒𝐺𝐺(𝑔𝑔/100𝑔𝑔𝑔𝑔𝑔𝑔) 
𝐻𝐻𝐺𝐺𝑒𝑒𝑖𝑖𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑖𝑖𝑖𝑖 𝑏𝑏𝑖𝑖𝐺𝐺𝑒𝑒𝑒𝑒𝐺𝐺𝐺𝐺 (𝑝𝑝𝑦𝑦𝐺𝐺𝑒𝑒𝑦𝑦𝐺𝐺𝑒𝑒𝑒𝑒𝐺𝐺𝑦𝑦 𝐺𝐺𝑦𝑦 𝑖𝑖𝐺𝐺𝑒𝑒)(𝑔𝑔/100𝑔𝑔𝑔𝑔𝑔𝑔)

𝑥𝑥100 (𝐸𝐸𝐸𝐸. 3) 

 
After the extrusion, the liquid and solid fractions were separated by filtration. The liquid was then 

analyzed to assess the solubilization effect of extrusion by determining sugar content using the 

HPLC. 

2.5.Specific energy consumption and pretreatment efficiency 

To evaluate the energy efficiency of the extrusion pretreatment, the electric energy consumed by the 

extruder was determined based on the torque factor. Torque indicates the power consumption of the 

electric motor while specific mechanical energy (SME) is the amount of power that is being input by 

the motor into each kilogram of material being processed (kWh kg-1 TS). Torque (τ) was measured 

directly by the extruder system (Nm). The total energy requirement (SME) of different extrusion 

experiments was calculated using Eq.4 (13): 



 
 

𝑆𝑆𝑆𝑆𝐸𝐸 =
τ ∗ 2π ∗ speed ∗ 60

𝑚𝑚
        (𝐸𝐸𝐸𝐸.4) 

Torque and SME of different extrusion pretreatments depend on the physicochemical properties of 

biomass and also on the initial particle size, which also depends strongly on the extrusion parameters 

and conditions (speed, screw profile, solid loading, temperature…).  

The efficiency of the pretreatment was given by the following equation (Eq.5): 

� =
𝑆𝑆𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆𝐺𝐺 𝑦𝑦𝑦𝑦𝐺𝐺𝐺𝐺𝑦𝑦(𝐺𝐺𝑆𝑆 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺) (𝑆𝑆/𝑘𝑘𝑆𝑆 𝐶𝐶𝑆𝑆)

𝑆𝑆𝑆𝑆𝐸𝐸 (𝑘𝑘𝑘𝑘ℎ/𝑘𝑘𝑆𝑆 𝐶𝐶𝑆𝑆)
        (𝐸𝐸𝐸𝐸.5) 

 

3. Results and discussion 

3.1.Effect of twin-screw extrusion on CS properties and composition 

Table 2 presents the main physicochemical properties and composition of raw and pretreated CS 

under different extrusion conditions. Extrusion increased surface area and reduced CS swelling. In 

addition, the soluble sugar content was not significantly increased after extrusion. However, in 

Huang et al. (2016) swelling property of orange pomace was increased by 85% after extrusion under 

125°C, 290 rpm, and 14% of moisture (31). In this study, any modification of the CS fiber 

compositions may be due to the lignocellulosic CS complex matrix and to the low applied 

temperature of 37°C compared to 125°C (31). Furthermore, an increase in solid loading and speed of 

extruder was advantageous in reducing the particle size of pretreated CS, except for extrusion under 

400 rpm and 300 gTS/L, which may be explained by CS lignocellulosic matrix heterogeneity. The 

particle size of raw CS was around 4 mm and decreased to 0.42 mm when the sample’s loading 

achieved 600 gTS /L at a rotation screw speed of 300 rpm. In general, the available surface area is 

closely related to the particle size and the volume of the pores generated by the pretreatment. 

Extrusion has been reported to cause physical disruption of cell wall assembly due to the 



 
 

combination of thermal and mechanical energy (shearing forces), leading to a partial deconstruction 

of biomass structure. In addition, extrusion reduced the crystallinity of CS from 46 to 30 %.  

Table 3 presents the impact of extrusion on the solubilization of different biomasses reported in the 

literature. Previously, Aktas-Akyildiz et al. (2020) reported that the extrusion speed affected the 

solubilization of sugars in wheat bran. Under the same temperature and solid loading conditions, the 

soluble sugar content achieved the double, when the screw speed was increased from 100 to 200 rpm 

(32). In the same manner, Zhang et al. (2012) found that glucose yield from CS increased with screw 

speed up to 100 rpm when using two temperature zones (50-140°C). However, above 100 rpm, the 

glucose yield was decreased. Moreover, Zhang et al. 2012 reported that, below 100 rpm, moisture 

content affected positively the glucose and xylose yields (33). In contrast, Haghighi-Manesh and 

Azizi (2018) reported that moisture above 50% reduced the solubilization of sugars (34). However, 

this negative effect of moisture was not observed in our study, which may be due to the low 

temperature used. Zhang et al. (2020) studied the effect of extrusion operating parameters on the 

degree of expansion that is related to the release of sugars from the rice husk. Biomass size, 

moisture, temperature, and screw speed can highly impact the solubilization of sugars (35). Based on 

sugar release yields, the optimum screw speed and biomass humidity at temperatures around 60°C 

will not be the same as at high temperatures (> 100°C). However, from an economic point of view, 

low-temperature pretreatment is more advantageous if the other parameters are well optimized. An 

increase of glucose of 38% was obtained from corn starch after extrusion under 120 rpm with a 

moisture of 33% at 70°C (36). Although, Zeng et al. (2017) did not report any solubilization 

improvement compared to control when pretreating brown rice at 60°C, 100 rpm, and 30% of 

humidity (37). This finding was in accord with the results of this study. To increase the efficiency of 

the extrusion, chemicals can be added which enhance the degradation of lignocellulose and thus, 

improve soluble sugar content (38–40). Extrusion can also be followed by ultrasonic for further 

solubilization of biomass fibers (35).  



 
 

3.2.Enzymatic hydrolysis of untreated and pretreated CS 

The main effects of screw speed and solid load (Table 1) were evaluated using different enzymes by 

determining the total sugars, glucose, and xylose released after hydrolysis as illustrated in Fig.2. The 

release of glucose and xylose by T. reesei or T. longibrachiatum cellulases was enhanced by 

extrusion pretreatment. Extrusion enhanced glucose release by 21-48 % for T. reesei cellulase while 

T. longibranchiatum enabled an increase of 139-209% due to extrusion (Fig.2b). Xylose content in 

the hydrolysate was increased by 20-59% and 220-286 % when using T. reesei and T. 

longibranchiatum respectively. Therefore, extrusion had a positive effect on enzymatic hydrolysis. 

Even if extrusion had no drastic change in biomass composition, it resulted in particle size decrease, 

morphology, and surface aspect changes (41). The biomass structure became more accessible for the 

enzymes therefore easier to hydrolyze which improved the sugars yield.  Glucose and xylose yields 

were also reported in Fig.2. It can be shown that for all conditions, extrusion enhanced cellulose and 

hemicelluloses conversion into glucose and xylose. The highest glucose yields were achieved with 

cellulase from T. longibrachiatum with up to 200 % improvement over untreated CS. Overall, the 

glucose conversion yield remained below 36% which was quite low compared to wood chips (45%) 

(42) and banana peel (65%) (43). Thus, the conversion yield depends on biomass and enzymatic 

hydrolysis conditions.  

Moreover, according to Fig.2, cellobiose release was obtained using cellulase from T. reesei cocktail. 

Indeed, T. reesei cellulase is composed of two cellobiohydrolases (44) and low β-glucosidase activity 

which explains the release of cellobiose. On the other hand, T. longibrachiatum contains different 

xylanase and accessory activities (45) which may explain the high effectiveness of this cocktail. In 

addition, there is a slight difference between the molecular weight of these enzyme cocktails (68 kDa 

and 57.250 kDa for T. reesei and T. longibrachiatum cellulases respectively) which may affect the 

hydrolysis yield (46). However, no difference was noticed between the results obtained from T. 

reesei and T. longibrachiatum cellulases on the untreated CS. This can be explained by a reduction 



 
 

of the effect of T. longibrachiatum on the control due to untreated CS size, which decreased the 

contact surface. In addition, it should be noticed that, in the case of enzymatic hydrolysis with T. 

reesei cocktail, the best sugar solubilization was observed for the extrudate sample with 600 gTS /L 

of solid load and at a rotation screw speed of 300 rpm. In these operating conditions, the extrudate 

CS presented the highest surface area (about 1.697 m2 g-1) which improved the contact surface of the 

enzymes with the substrate during conversion (47). Regarding the cocktail from T. longibrachiatum, 

the best sugar release was obtained after the extrusion of CS at 400 g/L and 200 rpm. As this enzyme 

source was the most effective in sugar hydrolysis, it was retained for energy efficiency calculations. 

As seen previously, extrusion can lead to physical changes in biomass matrix and cellulose 

crystallinity, which allows for enhanced accessibility and thus, improved sugar release after 

enzymatic hydrolysis. Particle size was found to highly affect the hydrolysis rate (48). Kapoor et al. 

2019 reported that a reduction of rice straw size from 20 to 5 mm increased glucan solubilization 

from 8.5 to 17.7% (49). Cellulose crystallinity and lignin content were also reported as key factors of 

enzymatic hydrolysis efficiency  (50). The crystalline cellulose is characterized by its high density, 

strong intramolecular bonding, and compact arrangement. The reduction of crystallinity was found to 

be significantly related to enzymatic hydrolysis efficiency (51). In addition, a high lignin content can 

inhibit enzymatic hydrolysis as cellulase can be adsorbed onto lignin and thus can be deactivated 

(52). However, in the case of this study, enzymatic hydrolysis of extruded corn stover resulted in 

higher soluble sugars even if fiber content was not affected by extrusion. Myat and Ryu (2014) 

reported an enhancement of 20% of xylose after enzymatic hydrolysis, due to extrusion under 140°C 

with 0.75% NaOH added (22). The operating conditions of extrusion can affect the enzymatic 

hydrolysis results as shown by (23,53).  

The screw speed was found to positively affect the enzymatic hydrolysis efficiency through glucose 

release enhancement (53), while Han et al. (2013) reported a negative impact of temperature increase 

in glucose content after enzymatic hydrolysis (23). Extrusion pretreatment can be combined with 



 
 

acid or alkaline reagents addition under relatively high temperatures, promoting thus, the 

solubilization of biomass (18,24). However, the energy consumption of the process must be taken 

into account, as well as the profitability of the recovery of ethanol after fermentation (23). 

Insert Figure 2 

For efficient enzymatic hydrolysis, a synergistic enzyme combination is recommended (44).  Fig. 3 

shows the amount of released sugars from T. longibrachiatum cellulose completed with xylanase. 

For both untreated CS and CS (400/200), the addition of xylanase was effective in enhancing the 

release of xylose and glucose. Indeed, xylanase hydrolyzes the xylan bound around the cellulose and 

therefore the cellulose becomes more accessible to the cellulase, whereas the cellulase allows better 

accessibility of the xylan. Thus, it has been shown that there is a real synergistic effect between 

xylanase and cellulase (54). Overall, the highest sugar yield was obtained from CS (400/200) using 

T. longibrachiatum cellulase in synergy with xylanase which released both glucose and xylose. 

Insert Figure 3 

3.3.Pretreatment efficiency 

Fig.4 presents the effect of extrusion conditions on torque and specific energy requirement. 

Interestingly, the torque decreased when screw speed and moisture content increased, in accord with 

(32). Torque decreased also when temperature increased (13). Moreover, torque is mainly affected 

by screw speed, degree of filling of the barrel, and viscosity of the biomass (55). Chen et al. (2011) 

reported torque values ranging from 107 Nm (150 rpm at 500 g/L) to 202 Nm (30 rpm at 500 g/L) 

during twin-screw extrusion of rice straw (56). As temperature and moisture impact the viscosity, 

torque is therefore affected. Mass flow and particle size are also affecting the torque. Lignocellulosic 

biomass nature can also modify the torque. Karunanithy and Muthukumarappan (2010) reported that 

torque was 100 Nm and 70 Nm for switchgrass and corn stover (155 rpm and 500 g/L), respectively 

(14). Overall, among the extruder conditions, the temperature was the most influencing parameter 

both on torque and specific mechanical energy (SME) (55). In the present study, specific mechanical 



 
 

energy was not significantly affected by either the screw speed or the moisture content of CS, 

suggesting that the pretreatment efficiency of each experiment will depend mainly on sugar release.  

Insert Figure 4 

Fig.5 shows the impact of extrusion conditions on pretreatment energy efficiency. Pretreatments 

under 400 gTS/L and 200 rpm and 600 gTS/L and 100 rpm resulted in the highest energy efficiency. 

It should be pointed out that these results are only relevant at 37°C. At high temperatures, thermal 

energy should be added to the specific mechanical energy to calculate the pretreatment efficiency. To 

enhance the energy recovery from corn stover, anaerobic digestion of the solid residue can be 

considered after enzymatic hydrolysis (40).  

Although sugar yields are still lower (27-36%) than what can be obtained by chemical pretreatment 

(up to 90%) (57), this yield is higher than that obtained after ball milling, with a glucose yield of 

25% for corn stover (58). The most important advantage of extrusion is the use of a high solid load 

and no chemical reagent was added. This suggests that liquid pretreatment management costs should 

not be assumed contrary to the case of chemical pretreatment. It should be noted that the cost of 

treating a pretreatment liquid is around 20% of the bioethanol production unit costs (59,60). 

Insert Figure 5 

4. Conclusions 

In this study, an innovative treatment using twin-extrusion without chemical addition was studied at 

low temperature and with high solid loading. No effect was observed on chemical and biochemical 

composition, however, extrusion affected significantly the physical structure of CS biomass while 

increasing cellulose and xylan enzymatic accessibility. Although the sugar yield obtained in this 

work was low compared to severe pretreatments, the use of mild conditions saves energy while not 

adversely affecting the environment. The highest sugar content was obtained from CS extruded 

under 400 gTS/L and 200 rpm. The energy efficiency of the pretreatment was also assessed and was 

found to be maximal at 400 gTS/L and 200 rpm. Twin-screw extrusion was a suitable pretreatment 



 
 

prior to enzymatic hydrolysis of biomass in particular corn stover. Therefore, twin-extrusion can be 

considered as a clean way to pretreat the biomass and therefore enhance subsequent sugar release 

and thus ethanol production.  
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Tables  

 

 

Table 1 Twin-screw extrusion (TSE) experimental conditions. 

Samples Solid load (g TS /L) Speed (rpm) 
Untreated - - 

CS (200/100) 200 100 
CS (200/200) 200 200 
CS (200/300) 200 300 
CS (400/100) 400 100 
CS (400/200) 400 200 
CS (400/300) 400 300 
CS (600/100) 600 100 
CS (600/200) 600 200 
CS (600/300) 600 300 

 

  



 
 

Table 2 Main Physico-chemical properties of untreated and extruded corn stover. The coding of pretreated 

corn stover refers to CS (solid loading/screw speed). For each column, identical letters refer to insignificant 

differences (p> 0.05). 

 
Size 
D50 

(μm) 

Surface 
area 

(m2/g) 

CrI 

(% ) 
Swelling 
(mL/g) 

CS composition (g/100g TS) Soluble 
sugars 

(mg/gTS) Lignin Cellulose Hemicelluloses 

Untreated Under detection limit 17.1±0.6 a 25.2±0.2a 37.5±0.5 a 22.3±0.7 a 27.2±1.5 a 

CS (200/100) 720.6 1.573 46 10.4±0.9 b 25.0±0.1 a 36.9±1.4 a 21.5±0.4 a 25.0±3.7 a 

CS (200/200) 566.9 1.575 31 12.1±0.9 c 24.2±0.1 a 37.8±0.6 a 22.3±1.8 a 29.7±2.0 a 

CS (200/300) 533.7 1.578 30 12.6±1.1 c 24.7±1.9 a 38.5±0.4 ab 21.6±0.1 a 29.1±2.3 a 

CS (400/100) 464.9 1.697 35 9.4±1.2 b 24.8±0.9 a 37.1±2.9 a 21.4±0.3 a 19.3±0.7 a 

CS (400/200) 708.4 1.698 38 9.7±1.1 b 24.9±0.1 a 37.4±4.4 a 21.9±0.4 a 25.0±1.4 a 

CS (400/300) 940.6 1.606 35 9.7±0.4 b 23.1±0.4 a 38.3±0.7 a 21.9±1.1 a 29.2±1.7 a 

CS (600/100) 675.3 1.661 31 8.7±1.2 b 24.3±0.8 a 39.7±0.1 a 22.1±0.7 a 25.5±2.4 a 

CS (600/200) 559.4 1.681 34 8.2±0.4 b 23.8±0.8 a 39.9±0.8 b 22.7±0.0 a 25.8±0.9 a 

CS (600/300) 423.4 1.671 35 8.2±0.4 b 24.5±1.3 a 36.4±4.9 a 21.5±0.6 b 22.1±2.0 a 

 

  



 
 

Table 3 Effect of extrusion pretreatment on sugars solubilization in literature 

Pretreatment Biomass Conditions Soluble sugars Ref 

Twin-screw extrusion 
Corn cob 
(50% of 
moisture) 

200 kg/h 
Residence time:55 s 
At room temperature 

+100% 

(40) 

Reactive extrusion 

0.4% NaOH (w/v) 
400 kg/h 

Residence time:35 s 
At room temperature 

+70% 

Twin-screw extrusion Wheat bran 
(3 mm) 

105°C 
12% of moisture 

100 rpm 
+65% 

(32) 105°C 
12% of moisture 

200 rpm 
+130% 

Twin-screw extrusion Corn bran 

140°C 
30% of moisture 

300 rpm 
+187% 

(34) 

140°C 
50% of moisture 

300 rpm 
+78% 

120°C 
30% of moisture 

300 rpm 
+153% 

160°C 
30% of moisture 

300 rpm 
+247% 

Reactive extrusion Wheat 
straw 

NaOH (10%, w/v) 
70°C 

12% of moisture 
0.6 kg/h, 150 rpm, residence time= 

2min 

Glucan (13-fold) 
Xylan (11-fold) (38) 

Twin-screw extrusion Corn starch 
Around 70°C 

6 kg/h (33% of moisture) 
120 rpm 

Glucose (+38%) (36) 

Reactive extrusion 

Willow 
(Salix 

gracilistyla 
Miq) 

The ratio of [EMIM]Ac (50%) 
solid content 50%, 

extrusion temperature 140 °C 
 screw rotating speed (5 rpm). 

Glucan (40.1%) 
Xylan (11.6%) (39) 

Bio-extrusion 
Brown rice 

60°C 
moisture 30%, 100 rpm 
α-amylase (0.5 %, w/w) 

300 mg/g of biomass 
(37) 

Extrusion 60°C 
moisture 30%, 100 rpm 9 mg/g of biomass 

Combined extrusion 
and ultrasonic Rice hull 143°C 

moisture 29%, 350 rpm 346 mg/g of biomass (35) 

Twin-screw extrusion Straw 33°C 
55 kW  

No effect on 
cellulose, 

hemicelluloses, and 
lignin. 

(61) 

Twin-screw extrusion Corn stover 37°C 
400 gTS/kg and 200 rpm 

No effect on 
solubilization This study 
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Fig.1 Scheme of the experimental procedure used in this study 
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Fig.2 Released sugars and their yields after different extrusion conditions: a) using cellulase from T. 

reesei; b) using cellulase from T. longibrachiatum. The coding of pretreated corn stover refers to CS (solid 

loading/screw speed). 
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Fig.3 Released sugars from untreated and pretreated corn stover (under 400 gTS/kg and 200 rpm) with 

xylanase addition 
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Fig.4 Impact of extrusion conditions on: a) Torque and b) specific mechanical energy consumption 
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Fig.5 Energy efficiency (g. kWh-1) of sugars production after hydrolysis enzymatic of CS biomass of 

different TSE experimental conditions. The coding of pretreated corn stover refers to CS (solid 

loading/screw speed). 
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