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A B S T R A C T

The present work compares two different pretreatment technologies, i.e. twin-screw extrusion, and steaming

digestion plus defibration, for producing a thermo-mechanical pulp from rice straw for fiberboard manu-

facturing. Five liquid/solid ratios from 0.43 to 1.02 were tested for twin-screw extrusion pretreatment, while

liquid/solid ratios from 4 to 6 were used for digestion pretreatment. Energy consumption, and characteristics of

the extrudates (twin-screw extrusion) and pulps (digestion) (including fiber morphology, chemical composition,

thermal properties, apparent and tapped densities, as well as color) were the analyzed parameters for the re-

sulting lignocellulosic fibers. The results showed that liquid/solid ratio had influence on energy consumption of

the equipment for both defibrating methods For the twin-screw extrusion method, a lower liquid/solid ratio

required more energy while for the digestion plus defibration the effect was the opposite. The corresponding

total specific energy consumption ranged from 0.668 kW h/kg to 0.946 kW h/kg dry matter for twin-screw

extrusion, and from 6.176 kW h/kg to 8.52 kW h/kg dry matter for digestion plus defibration. Thus, the pulping

method consumed about nine times more energy than that of the twin-screw extrusion. In addition, for twin-

screw extrusion, the liquid/solid ratio did not have a substantial effect on fiber characteristics with similar

chemical compositions and thermal properties. For twin-screw extrusion, the energy consumption was 37%

reduced when the liquid/solid ratio was increased from 0.43 to 1.02. Instead, for digestion plus defibration, the

energy increase was 38% when the liquid/solid ratio increased from 4 to 6.

1. Introduction

Rice (Oriza Sativa L.) is cultivated to feed more people and animals
over a longer period than any other crop. As far back as 2500 B.C., rice

has been documented in the history books as a source of food and for
tradition as well (Thomas, 1997). Rice straw is a by-product of rice crop

with a straw to grain ratio of 1.4 (Kim and Dale, 2004). In terms of total
production, rice is the second most important grain crop in the world

after maize. The world annual rice production in 2014 was about 741
million tons (FAOSTAT, 2016). It gives an estimation of about 1139

million tons of rice straw per year worldwide (FAOSTAT, 2016), and a

large part of this is used for cattle feed, for bioethanol production, or
incorporated into the soil as an organic amendment. Possible uses for

rice straw are limited by its low bulk density, a slow degradation in the

soil, the harboring of rice stem diseases (the possible transmission of
diseases to the future crop), and a high ash content which can be a

problem for subsequent ethanol or energy production (Binod et al.,
2010). Currently, field burning is still the major practice for removing

rice straw, particularly in less developed countries, causing air pollu-
tion, thus affecting public health (Mussatto and Roberto, 2004) and

contributing to the global warming (Kanokkanjana and Garivait, 2013;
Sarnklong et al., 2010). According to Kanokkanjana and Garivait

(2013), about 56% of the total rice straw production was burned in
Thailand in 2010. As climate change is extensively recognized as a

threat to development, there is a growing interest to find alternative

uses for rice straw.
All plants including rice straw have the form of a heterogeneous

complex of carbohydrate polymers. Cellulose and hemicelluloses are
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densely packed by layers of lignin, which protect them against enzy-
matic hydrolysis. Thus, a pretreatment step is necessary to break lignin

seal, until exposing cellulose and hemicelluloses for a subsequent en-
zymatic action or contributing to the biomass defibration

(Vandenbossche et al., 2016, 2015, 2014).
Several researchers have investigated the use of rice straw and other

agricultural wastes as fiber source in the composite industry (El-Kassas
and Mourad, 2013; Evon et al., 2012; Halvarsson et al., 2008; Li et al.,

2010; Pan et al., 2010; Theng et al., 2015a; Wu et al., 2011; Zhang and
Hu, 2014; Zhao et al., 2011), in particular to produce fiberboards by

thermopressing, the latter being usable for furniture or in the building
industry. Different methods for fiber pretreatment were tested, i.e.

chemical, mechanical, and thermo-mechanical pretreatment to obtain
resources for their purposes. Recently, Vandenbossche et al. (2016,

2015, 2014) used the twin-screw extrusion technology for conducting
the thermo-mechanical and thermo-chemo-mechanical pretreatment of

different lignocellulosic biomass sources, in the case not for the sub-
sequent manufacture of composite materials but for the production of

second-generation bioethanol using a biocatalytic action. Evon et al.
(2015, 2014, 2012, 2010a, 2010b) also produced self-bonded fiber-

boards from the cake generated during the biorefinery of sunflower
whole plant using a twin-screw extruder. In addition, Theng et al.

(2015a) prepared a thermo-mechanical pulp from corn biomass by di-
gestion plus defibration to produce binder-free fiberboards. Migneault

et al. (2010) produced medium-density fiberboards using thermo-me-
chanical pulps from different pulping processes. Lastly, Mancera et al.

(2012, 2011) developed fiberboards using thermo-mechanical pulps
from different agricultural wastes, all produced using steam-explosion.

However, there is no scientific literature dealing with the energy con-
sumption of equipment for fiber preparation using different defibrating

technologies prior to board manufacturing.
The present paper aimed to explore the appropriate and beneficial

technology for fiber preparation as a raw material for fiberboard

manufacturing using the same batch of rice straw, comparing two dif-
ferent techniques: twin-screw extrusion and digestion plus defibration,

without any chemical agent addition. A Clextral (France) Evolum HT 53
twin-screw extruder model and a digester reactor (designed by

LEPAMAP, University of Girona, Spain) with Sprout-Waldron defibrator
(model 105-A) were used in this study. The overall energy consumption

of the equipment and the properties of the pretreated rice straw fibers
(i.e. fiber morphology, apparent and tapped densities, chemical com-

position and thermal stability) from both technologies were compared
to provide more options to industrial sectors.

2. Experimental

2.1. Material

Thermo-mechanical fractionation was conducted using a single

batch of rice straw (Oriza Sativa L.), i.e. the whole plant except the
panicle and the grain. The rice straw was of French origin and it was

supplied by the JCL AGRI company (Bouge-Chambalud, France). It was
harvested in October when the plant maturity was reached. The rice

straw was previously crushed using a hammer mill (Elecra BC P,
France) fitted with a 6 mm screen. The moisture content of the rice

straw was 7.4 ± 0.2% (French standard NF V 03-903).

2.2. Twin-screw extruder

The thermo-mechanical fractionation of the grinded rice straw was

conducted using a pilot-scale Clextral Evolum HT 53 (France) co-pe-
netrating and co-rotating twin-screw extruder. The twin-screw extruder

had eight modular barrels, each 4D in length (with D corresponding to
the screw diameter, i.e. 53 mm), except module 1 having an 8D length,

and different twin-screws which had segmental screw elements. Module
1 was cooled by water circulation. Modules 2–8 were heated by electric

resistance and cooled by water circulation. The material temperature
was measured at the end of modules 2, 5 and 7, and at the beginning of

module 8. The material pressure was measured at the end of modules 2,
5 and 7. The screw rotation speed (Ss), the inlet flow rates of grinded

rice straw and water (Qs and QL, respectively), and the barrel tem-
perature (θc) were monitored from a control panel.

2.3. Thermo-mechanical fractionation of grinded rice straw in the twin-

screw extruder

Grinded rice straw was fed into the extruder inlet port using a

constant weight feeder (Coperion K-Tron SWB-300-N, Switzerland) in
the first module, at a 15 kg/h wet matter inlet flow rate. Water was

injected using a piston pump (Clextral DKM Super K Camp 112/12,
France) at the end of module 3. After water injection, two series of

BL22-90° bilobe paddle-screws (2D in total length) were located in
modules 5 to disperse intimately water inside the grinded rice straw.

The CF1C reversed simple-thread screws with grooves (1.5D in total
length) were positioned at the beginning of module 8 to give an intense

shearing/mixing action to the liquid/solid mixture. The screw speed
(SS) was fixed at 150 rpm and the set values for the barrel temperature

were 25, 80, 110, 110, 110, 110, 110 and 100 °C at the level of modules
1–8, respectively. The experimental variable of this part of the study

was the liquid/solid (L/S) ratio (i.e. QL/QS), the latter varying in five
levels from 1.02 (E1 extrudate) to 0.43 (E5 extrudate), as it can be seen

in Table 1. This operation condition is in agreement with previous work
(Uitterhaegen et al., under review) in order to obtain a good thermo-

mechanical extrudate for fiberboard production.
Twin-screw extrusion was performed for 10 min before any sam-

pling to ensure the stabilization of the operating conditions. The op-
erating conditions, including in particular the feed rates of grinded rice

straw and water, the temperature along the screw profile and the cur-

rent feeding the motor, were recorded during sampling and then used
for the production cost calculation. Upon achieving steady operation,

the extrudate was immediately collected over a period of 10 min to
avoid any variability of the outlet flow rate. Sample collection time was

determined with a stopwatch. For each liquid/solid ratio tested, sample
collection was carried out once and the extrudate was then weighed. Its

moisture content was also measured immediately after its collection
according to the NF V 03-903 French standard.

The total specific energy (TSE) consumption (in W h/kg dry matter)
of the extrusion process is defined as the sum of three specific terms, i.e.

(i) the specific mechanical energy (SME), (ii) the specific cooling energy
(SCE) and (iii) the specific thermal energy (STE). All these three specific

energies are calculated from the recorded data of the operating condi-
tions using Eqs. (1), (2), and (3), respectively.

SME = (454 × I × cosφ× Ss/Smax)/Qs (1)

Where: I is the current feeding the motor (A), cos φ the theoretical yield

of the twin-screw extruder motor (cos φ = 0.95), Ss the screw rotation
speed (rpm), Smax the maximal screw rotation speed (Smax = 800 rpm),

and Qs is the inlet flow rate of dried grinded rice straw (kg dry matter/
h).

SCE = m × Cp × |ΔT|/Qs × 3600 (2)

Where: m is the inlet flow rate of cooling water (kg/h), Cp the calorific

capacity of water (Cp = 4180 J/kg K), and |ΔT| is the difference in
temperature between the inlet and the outlet of the cooling water cir-

cuit (K).

STE = P × 1000/Qs (3)

Where: P is the heating power. The heating power used in this calcu-
lation was the sum of the heating powers of all the heated modular

zones along the twin-screw extruder barrel (i.e. modules 2–8). The
control panel of the extruder was set to record the heating power as a



percentage of the maximal value of the heating power available for all

the heated modules every 5 s. In this study, the twin-screw extruder had
seven heated modules, situated from zones 2–8, with a maximal value

for the heating power of 5.0 kW, except in zone 5 where it was 3.4 kW.
The heating power of each module was calculated using Eq. (4).

Pmodule = M × Pmax/100 (4)

Where: M is the average percentage of the maximal value of the heating
power during sampling (%), and Pmax is the maximal value of the

heating power available for the corresponding heated module (kW).

2.4. Rotary digester reactor and Sprout-Waldron defibrator

The thermo-mechanical pulp of rice straw was conducted using a
laboratory scale rotary digester, designed by University of Girona,

Spain and a Sprout-Waldron defibrator (model 105-A). The digester had

two heating resistances with a heating speed of 1 °C/min and a motor
making the digester rotating vertically. On the other hand, the Sprout-

Waldron defibrator was used to defibrate the grinded and digested rice
straw. The Sprout-Waldron defibrator was used with tap water and

equipped with a filtrate bath. Both digester and defibrator had an
electric monitor to measure the energy consumption for further pro-

duction cost calculation.

2.5. Thermo-mechanical pulp (TMP) preparation

Grinded rice straw was fed into the digester with distilled water at
liquid/solid ratios of 4, 5, and 6 (P1, P2 and P3, respectively), at the

maximal biomass plus water mass (8 kg) per batch, previously heated to

80 °C. The temperature (160 °C), duration (30 min), and liquid/solid
ratio (6) profile chosen for cooking was previously optimized for the

thermo-mechanical pulp (TMP) preparation from rice straw (Theng
et al., 2015b). The digested pulp was then washed with tap water, fil-

tered and moisture content of the material was measured according to
the French standard NF V 03-903. Operating conditions such as mass of

grinded rice straw and water, production yield of TMP and current
feeding the motor were recorded. The masses of solid inlet and liquid

inlet were calculated using Eqs. (5) and (6), respectively.

mw = md/(100 − %MCi) × 100 (5)

Where: mw is the mass of humid inlet (kg); md is the mass of dry inlet (kg
dry matter); and %MCi is the moisture content of the inlet (%).

mL = L/S × md − (mw − md) (6)

Where: mL is the mass of water inlet (kg); and L/S is the liquid/solid
ratio, defined as the ratio of the water mass (including both liquid water

and moisture inside rice straw) to the dry solid mass.

The production yield was calculated following Eq. (7).

%Yield = (mp × (100 − %MCp)/100)/md × 100 (7)

Where: mP is the mass of digested pulp (kg) and %MCp is the moisture

content of pulp (%).
The digested pulp was then passed one time through the Sprout-

Waldron defibrator with addition of spraying tap water, and filtered
again to eliminate the excess of water.

Table 1

Operating conditions used for extrudate production and results of the thermo-mechanical fractionation of rice straw biomass in the Clextral Evolum HT 53 twin-screw extruder.

Trials E1 E2 E3 E4 E5

Operating conditions

SS (rpm) 150.4 ± 1.5 150.4 ± 1.5 150.4 ± 1.5 150.6 ± 1.5 150.6 ± 1.4

QS (kg/h) 15.8 ± 0.0 15.8 ± 0.4 15.5 ± 0.0 15.7 ± 0.3 15.2 ± 0.0

HS (%) 7.4 ± 0.2 7.4 ± 0.2 7.4 ± 0.2 7.4 ± 0.2 7.4 ± 0.2

QS (kg/h dry matter) 14.6 ± 0.0 14.6 ± 0.4 14.3 ± 0.0 14.6 ± 0.3 14.0 ± 0.0

QL (kg/h) 15.0 ± 0.0 12.7 ± 0.0 10.5 ± 0.0 8.2 ± 0.0 6.0 ± 0.0

QL/QS (i.e. L/S ratio) 1.02 0.87 0.73 0.57 0.43

WE (kg/h) 16.0 ± 0.0 13.8 ± 0.0 11.5 ± 0.0 9.3 ± 0.0 7.0 ± 0.0

θC7 (°C) 107 (107.6 ± 0.7) 107 (109.5 ± 0.7) 107 (111.3 ± 0.6) 107 (111.5 ± 0.4) 107 (111.4 ± 0.9)

θC8 (°C) 100 (102.0 ± 0.6) 100 (100.6 ± 0.4) 100 (101.2 ± 0.4) 100 (101.2 ± 0.4) 100 (101.1 ± 1.7)

Extrudate

QR (kg/h) 26.8 ± 0.0 25.1 ± 0.0 22.9 ± 0.0 21.5 ± 0.0 19.0 ± 0.0

HR (%) 45.3 ± 0.9 41.7 ± 0.1 37.4 ± 0.4 32.2 ± 2.5 26.0 ± 1.9

QR (kg/h dry matter) 14.6 ± 0.0 14.6 ± 0.0 14.3 ± 0.0 14.6 ± 0.0 14.0 ± 0.0

WR (kg/h) 12.1 ± 0.0 10.5 ± 0.0 8.6 ± 0.0 6.9 ± 0.0 4.9 ± 0.0

EW (kg/h) 3.9 ± 0.0 3.3 ± 0.0 2.9 ± 0.0 2.3 ± 0.0 2.1 ± 0.0

EW (%) 24.2 ± 0.0 23.9 ± 0.0 25.6 ± 0.0 25.3 ± 0.0 29.9 ± 0.0

Energy consumed

I (A) 74.6 ± 4.7 81.7 ± 3.4 81.8 ± 4.1 91.0 ± 4.1 113.4 ± 6.7

SME (kW h/kg dry matter) 0.391 ± 0.024 0.428 ± 0.017 0.438 ± 0.022 0.479 ± 0.021 0.620 ± 0.036

m (kg/h) 2370.6 ± 27.7 2432.0 ± 56. 6 2397.3 ± 47.4 2432.4 ± 51.5 2535.6 ± 106.2

|ΔT| (K) 0.73 ± 0.36 0.77 ± 0.34 0.78 ± 0.35 0.79 ± 0.35 1.01 ± 0.42

SCE (kW h/kg dry matter) 0.137 ± 0.066 0.147 ± 0.065 0.152 ± 0.067 0.153 ± 0.068 0.211 ± 0.088

P (kW) 2.04 ± 0.22 1.99 ± 0.25 1.69 ± 0.17 1.66 ± 0.13 1.59 ± 0.24

STE (kW h/kg dry matter) 0.139 ± 0.015 0.135 ± 0.017 0.118 ± 0.011 0.114 ± 0.009 0.112 ± 0.016

TSE (kW h/kg dry matter) 0.668 ± 0.106 0.712 ± 0.1 0.709 ± 0.101 0.747 ± 0.99 0.945 ± 0.141

Production cost (€/kg dry matter)

Total production cost 0.053 ± 0.008 0.057 ± 0.008 0.057 ± 0.008 0.060 ± 0.008 0.076 ± 0.011

SS is the screw rotation speed (rpm); QS is the solid inlet flow rate (kg/h); HS is the solid moisture content (%); QL is the set value for the liquid inlet flow rate (kg/h); L/S ratio is defined as

the ratio of the inlet flow rate of liquid (QL) to the inlet flow rate of solid (QS); WE is the real liquid inlet flow rate (kg/h); θC7 (°C) is the barrel temperature of module 7 (set value first

mentioned, plus temperature measured during sampling in parentheses); θC8 (°C) is the barrel temperature of module 8 (set value first mentioned, plus temperature measured during

sampling in parentheses); QR is outlet flow rate of the extrudate (kg/h); HR is the moisture content of the extrudate, measured immediately after sampling; WR is the calculated water

outlet flow rate in the extrudate (kg/h); EW is the estimated water vapor outlet flow rate (kg/h and% of the inlet flow rate of liquid water); I is the current consumed by the motor of the

twin-screw extruder (A); SME is the specific mechanical energy (kW h/kg dry matter); m is the cooling water flow rate (kg/h); |ΔT| is the difference in temperature between the inlet and

the outlet of the cooling water circuit (K); SCE is the specific cooling energy (kW h/kg dry matter); P is the heating power supplied by the twin-screw extruder; STE is the specific thermal

energy (kW h/kg dry matter); TSE is the total specific energy (kW h/kg dry matter). The total production cost is defined as the TSE × 0.08 €/kW h (electricity price in France in 2016).



2.6. Chemical composition characterization

Before each analysis, the materials (i.e. rice straw, extrudates (twin-
screw extrusion) and TMP (digestion plus defibration)) were milled

using a Foss (Denmark) Cyclotec 1093 cutting mill without any sieve.
The moisture contents were determined according to the French stan-

dard NF V 03-903. The mineral contents were determined according to
the French standard NF V 03-322. An estimation of the three parietal

constituents (cellulose, hemicelluloses, and lignin) was made using the
ADF-NDF method of Van Soest and Wine (1967, 1968). An assessment

of the water-soluble components was made by measuring the mass loss
of the test sample after 1 h in boiling water. All analyses were carried

out in duplicate.

2.7. Morphological characterization

The morphological analysis was carried out using a MorFi Compact

analyzer (TechPap, France), which is, among other parameters, able to

calculate average length, average diameter, average aspect ratio and
fines percentage. All characterizations were performed in duplicate.

2.8. Tapped density analysis

Tapped density was measured using a Granuloshop Densitap ETD-
20 (France) volumenometer fitted with a 250 mL graduated cylinder.

Before compaction, apparent density was also measured. All measure-
ments were conducted in duplicate.

2.9. Color measurement

Color of rice straw, extrudates and TMP was measured using a

spectrophotometer (Konica Minota CR-410, Japan). The color mea-
surements were made using the CIE L*a*b* referential, which is widely

employed for non-luminous objects. The illuminant was D65, and the
observer angle was 2°. In the L*a*b* color space, L* is the lightness and

it varies from 0 (black) to 100 (white), and a* and b* are the chro-
maticity coordinates: +a* is the red direction, −a* is the green di-

rection, +b* is the yellow direction, and −b* is the blue direction. The
center is achromatic (Konica Minolta Sensing, 2007). All determina-

tions were carried out six times on each powder of rice straw, extrudate,
and TMP. These powders were obtained using a Foss Cyclotec 1093

(Denmark) cutting mill fitted with a 1 mm screen.
The measured L* color values were used to estimate the darkening

of the extrudates and TMP compared to the rice straw. In addition, the
color difference (ΔE*) between the rice straw and each analyzed ex-

trudate and pulp was calculated using the following formula:

= + +L a b∆E* (∆ *) (∆ *) (∆ *)2 2 2 (8)

2.10. TGA measurements

Thermogravimetric analysis (TGA) of rice straw, extrudates and
TMP was carried out using a Shimadzu TGA-50 (Japan) analyzer.

Dynamic analysis was conducted under air at a heating rate of 5 °C/
min, from 25 to 800 °C. The materials were previously crushed using a

Foss Cyclotec 1093 (Denmark) cutting mill fitted with a 1 mm screen.
For all measurements, the mass of the test sample was around 8 mg. The

weights of samples were measured as a function of temperature and
stored. These data were later used to plot the percentage of undegraded

sample (1 − D) (%) as a function of temperature, where

D = (W0 − W)/W0 (9)

and W0 and W are the weights at the starting point and during scanning
(mg). All measurements were carried out in duplicate.

3. Results and discussion

3.1. Extrudate production by twin-screw extrusion

The extrudate production using the twin-screw extrusion tech-

nology was conducted continuously. The mean inlet flow rate of rice
straw was 15.6 kg/h using a 150 rpm screw speed (Table 1). And, be-

cause the maximal screw speed of the Clextral Evolum HT 53 twin-
screw extruder is 800 rpm, it is reasonable to assume that a 80 kg/h

maximal inlet flow rate could be accessible from such a twin-screw
machine. When the liquid/solid ratio in the twin-screw extruder re-

duced from 1.02 to 0.43, the extrudate flow rate (QR) decreased pro-
gressively from 26.8 to 19.0 kg/h. A decrease in its moisture content

(HR) from 45.3 to 26.0% was logically observed at the same time. Thus,
the extrudate flow rate and its moisture content dropped about 29%

and 43%, respectively. As the L/S ratio decreased, the mixture became
more and more viscous, and its transportation through the CF1C re-

versed screws was more and more difficult, leading to a progressive
increase in both filling of CF1C screws and material residence time in

these restrictive elements. Thus, the shearing action given to the rice

straw became much higher as the L/S ratio decreased. This was illu-
strated by the increased material pressure in module 7, from 10.1 to

19.5 bar (Fig. 1a), simultaneously with the increase in the current
feeding the extruder motor, from 75 to 113 A (Table 1). In particular,

the increase in the material pressure in module 7 was much significant
(about one half of all trials) between E4 (0.57 L/S ratio) and E5 (0.43 L/

S ratio) extrudates, i.e. from 14.9 to 19.5 bar. The same tendency was
also observed for the current, the latter increasing from 91 to 113 A in

the same L/S ratio range.
In addition, the increase in the viscosity of the liquid/solid mixture

resulted in higher proportions of water evaporation at the outlet of the
twin-screw extruder (until 30% of the injected water for the lowest L/S

ratio, i.e. 0.43). The estimated outlet flow rate of water vapor varied

Fig. 1. Temperature (a) and pressure (b) of the material in different places along the Clextral Evolum HT 53 twin-screw extruder barrel.



from 3.9 to 2.1 kg/h as the L/S ratio decreased from 1.02 to 0.43. In
proportion to the amount of liquid water injected at the end of module

3, the evaporated water increased just a little (from 24 to 26%) for L/S
ratios between 1.02 and 0.57. On the contrary, it became much higher

(i.e. 30%) for the E5 extrudate. This illustrated that the 0.43 L/S ratio
was probably too low, possibly causing a degradation of the rice straw

fibers. Thus, no lower L/S ratio was tested in this study for the twin-
screw extrusion process.

As the current feeding the motor of the twin screw extruder in-
creased when the inlet flow rate of injected water was reduced, the

specific mechanical energy (SME) increased at the same time: from 391
to 620 W h/kg dry matter (Table 1). The SME increase was limited until

a 0.73 L/S ratio (+10%). Then, it was +23% at 0.57 L/S ratio and it
reached +52% for the minimal L/S ratio. Table 1 also revealed an

increase in the specific cooling energy (SCE), from 137 to 211 W h/kg
dry matter, as the L/S ratio decreased. However, this increase was much

linear. The latter might be the result of a higher tendency of the mixture
to self-heating, in particular at the level of the reversed screws where

the machine is completely filled, with lower liquid/solid ratios, the
mixing of the mixture plus its transportation along the screw profile

thus being more difficult (Gautam and Choudhury, 1999a, 1999b;
Kartika et al., 2010, 2006, 2005).

In contrast, an opposite phenomenon occurred for the specific
thermal energy (STE). Indeed, the machine required less heating power

when the L/S ratio decreased, the STE value varying from 139 to
112 W h/kg dry matter. Firstly, the amount of liquid water, which was

injected at ambient temperature, was then reduced and this contributed
to a reduction of the heating power required for having the mixture

temperature increasing until the set value in modules 4–6. In addition,
because the mixture was more viscous with lower L/S ratios, the filling

of both reversed screws and conveying screws positioned immediately
upstream became more and more important, thus leading to a pro-

gressive self-heating of the material in this zone of the screw profile

(Fig. 1b): from 132 to 153 °C at the end of module 7, and from 126 to
140 °C at the beginning of module 8. And, because the material always

suffered self-heating at this location, the machine did not need to
provide any heating power at the end of the screw profile. On the

contrary, the material temperature remained quite constant in modules
2 and 5, where the filling of the bilobe paddle-screws and especially of

the conveying screws was much lower (i.e. no material self-heating in
these two zones of the screw profile).

In accordance with the above remarks and comparing the three
specific energy requirements, SME had systematically the most im-

portant contribution. As an example, with the highest L/S ratio (i.e.
1.02), the mechanical part contributed about 59% of the total energy

consumed by the twin-screw extruder, followed by the heating and
cooling energy (both 21%) (Fig. 2). In the case of the lowest liquid/

solid ratio (i.e. 0.43), the mechanical part still remained the majority
proportion (66%). However, the cooling part was then much more

significant than the heating one (i.e. 22% and 12%, respectively).
Seven modules along the twin-screw extruder barrel were heated by

electric resistance, i.e. modules 2–8. But, the heating power occurred
only in three modules, i.e. modules 3, 4 and 6, all situated at the level or

after the injection point of water and consisting only in conveying
screws, i.e. non filled elements. The heating power supplied in zones 3

and 6 remained quite independent on the L/S ratio used (Fig. 3). On the
contrary, it increased progressively (from 0.7 to 1.4 kW) in zone 4 as

the L/S ratio increased. As a reminder, module 4 was situated im-
mediately after the injection point of water. And, because water was at

room temperature when injected, the more the inlet flow rate of water,
the more the tendency of the mixture temperature to decrease and the

more the heating power required. As a consequence, the total heating
power supplied by the twin-screw extruder tended to drop linearly

when the liquid/solid ratio was reduced.
As the total specific energy consumption was the combination of the

three specific energies, it was in the range of 0.668–0.945 kW h/kg dry

matter. In addition, both SME and SCE tended to increase as the L/S
ratio decreased. In parallel to the energy consumption, the total pro-

duction cost increased from 0.056 to 0.076 €/kg dry matter when the
L/S ratio decreased from 1.02 to 0.43 (Table 1).

3.2. Chemical composition of rice straw and extrudates

Rice straw consists predominantly of cell walls (cellulose, hemi-

celluloses, and lignin), i.e. the same organic compounds as those of
wood sources. The chemical composition of rice straw varies between

varieties and growing seasons (Shen et al., 1998). In this study, the
chemical compositions of rice straw from three different locations in

France and Spain, all harvested in October, were determined (Table 2).
They showed little differences in the chemical composition of these

three rice straw batches However, they were in the range of other
chemical compositions mentioned in the literature (Garay et al., 2009;

Garrote et al., 2002; Maiorella, 1983; Rahnama et al., 2013; Shen et al.,
1998). It is also conceivable to think that the chemical composition of

these three batches could differ due to their respective storage condi-
tions. The rice straw used in this work for thermo-mechanical fractio-

nation was purchased from JCL AGRI (Bouge-Chambalud, France), a
forage merchant. It was stored almost one year after harvesting, while

the rice straws from Spain were provided directly by farmers. Rice
straw from Girona (Spain) was collected when the rice was harvested,

i.e. at maturity, and then stored during approximately two years in
clean and dry conditions at LEPAMAP research group, University of

Girona. The third batch originated from Valencia (Spain). It was pro-

vided by a farmer from Valencia province, after almost one year storage
in its yard after harvesting.

The results in Table 2 reveal that rice straw from France had less
minerals and less water soluble components (14.7% and 16.0% of dry

matter, respectively), compared to the two batches from Spain (15–20%
and 17–19%, respectively). Rice straw from Valencia had the highest

mineral content (i.e. 19.5%), and this might be due to its storage con-
ditions. Indeed, because this batch was wet in some parts, it is rea-

sonable to assume that part of the organic compounds were degraded
over time due to the proliferation of fungi or leached, in particular the

water-soluble ones, thus leading to a concurrent increase in the mineral
content.

For the three main organic compounds (i.e. cellulose, hemi-
celluloses and lignin), rice straw from France contained more lig-

nocellulosic fibers than those from Spain, cellulose and hemicelluloses
representing 37.7% and 28.0% of its dry matter, respectively (Table 2).

On the contrary, the lignin content was medium for the French batch.
This is the rice straw batch originating from France which was chosen

for this study, not because of its higher fiber proportion but because it
was available in much greater quantity, thus allowing a sufficient

feeding of the pilot-scale twin-screw extruder used in this study (much
higher inlet flow rate required compared to the digester reactor plus the

Sprout-Waldron defibrator). In addition, because minerals, especially
silica, can generate phenomena of premature wear on the screw ele-

ments and also on the extruder barrels, it also appeared that the most
reasonable choice for twin-screw fractionation was the rice straw batch

with the least mineral content (i.e. the one from France), in order to
reduce wear.

Table 3 shows the chemical composition of rice straw before and
after twin-screw extrusion. The extrusion thermo-mechanical treatment

did not change it a lot, whether the L/S ratio was high (1.0, i.e. E1
extrudate) or median (0.7, i.e. E3 extrudate). These results were con-

firmed by the thermogravimetric analysis of rice straw and extrudates

E1 to E5 (Fig. 4).
Indeed, thermogravimetric analysis of rice straw and extrudates

showed that all TGA degradation curves (Fig. 4a) under air had quite
the same appearance, meaning once again that chemical compositions

were all comparable and that the different operating conditions used in
the twin-screw extruder had no significant influence on the thermal



degradation of organic compounds inside the different extrudates. A
first mass loss was observed at 100 °C, corresponding to the water

evaporation. Moisture content of the starting material was 7.4%
(Table 1), and the mass loss observed in the corresponding TGA curve

was associated approximately with the same percentage. Then, the
thermal degradation of organic compounds took place essentially in one

stage (between 220 and 340 °C), leading to a mass loss of approximately
50% of the sample dry mass. Finally, another degradation phenomenon

was also observed at higher temperature, i.e. between 400 and 476 °C.
However, the latter was associated with a much lower mass loss (about

20% of the sample dry mass).
Using data dealing with the thermal degradation of fibers, cited by

some researchers in previous studies (Beaumont, 1981; Evon et al.,
2015; Hatakeyama and Hatakeyama, 2006; Schaffer, 1973), it is rea-

sonable to assume that the main thermal degradation stage
(220–340 °C) could be associated with the simultaneous breakdown of

water-soluble compounds, hemicelluloses, and cellulose. The sub-
sequent stage, beginning at about 400 °C, would in this case correspond

essentially to the thermal degradation of lignin. However, because TGA
analysis of all materials was conducted under air atmosphere, part of

this second thermal degradation stage could also correspond to the
oxidation of the degradation products from the previous stage

(Uitterhaegen et al., 2016). At the end of all measurements, the un-
degraded samples accounted for less than 15% of the test sample mass,

corresponding to the minerals contained in rice straw and extrudates
(Table 3).

3.3. Physical properties of extrudates

Table 4 shows the main morphological characteristics of fibers in-

side the extrudates (E1 to E5) produced using different operating con-
ditions. Such characteristics were determined using a MorFi Compact

analyzer, and they include length, diameter, and aspect ratio (defined
as the ratio of the length to the diameter) of fibers, and fine percentage

inside the extrudates. From the mean length (LW) and diameter (D) of
the extruded fibers, the corresponding LW/D aspect ratios were between

Fig. 2. Contribution of the three specific energy consump-

tions (%) in the Clextral Evolum HT 53 twin-screw extruder

as a function of L/S ratio.

Fig. 3. Heating power along the barrel of the

Clextral Evolum HT 53 twin-screw extruder.



20.9 and 22.6. In addition, a slight decrease in the aspect ratio was
observed with a decreasing liquid/solid ratio in the twin-screw ex-

truder, especially for its two lowest values (i.e. 0.55 and 0.4), and such
phenomenon was previously observed for thermo-mechanical pulps

produced using steam plus a mechanical defibration treatment (Alila
et al., 2013; Flandez et al., 2012; Theng et al., 2015a). Such aspect ratio

decrease resulted mainly in the decrease of the mean length of fibers,
from 571 to 494 μm (i.e. −14%), as the L/S ratio decreased from 1.02

to 0.43. The fiber size distribution inside the extrudates (Fig. 5) and
their microscopic images (Fig. 6) confirmed the results of the mean

length and width of fibers using the different L/S ratios during extru-
sion. In this study, the use of a 1.02 L/S ratio showed the best fiber

properties (i.e. higher length and higher aspect ratio) and also the
lowest energy consumption. Thus, a 1.25 L/S ratio was also tested to

produce even longer and cheaper fibers. However, the extrudate sam-
pling was not possible from such condition due to the return of water at

the level of the rice straw feeding zone (i.e. module 1). And, this illu-
strated the fact that higher mechanical shear and higher self-heating of

the material at the level of the reversed screws caused by low L/S ratios
contributed in more cutting of the fibers.

The particle size distribution inside the extrudates (Table 4) re-
vealed also the presence of small particles (approximately

25 μm × 500 μm). This population contained not only the smallest fi-

bers but also spherical particles, i.e. fines, originating from the thermo-
mechanical breakdown process of rice straw, and corresponding to a

63% mean content. Fig. 5 illustrated the distribution of the fibers’ di-
mension by weighted length and width in five categories, each from

200 to more than 1500 μm and from 5 to more than 67 μm, respec-
tively. As it can be seen in Fig. 5, the proportion of shorter fibers in-

creased when the L/S ratio was reduced, particularly for E4 (L/S ratio
0.57) and E5 (L/S ratio 0.43) extrudates. Lastly, apparent and tapped

densities of the extrudates were quite low with maximal values of 162
and 216 kg/m3, respectively (Table 4).

Looking at the influence of the operating conditions tested on the
apparent and tapped densities of extrudates, both densities are de-

creasing when the L/S ratio increased: from 162 to 56 kg/m3, and from
216 to 81 kg/m3, respectively. Referring to the results of densities, a

lower L/S ratio during twin-screw extrusion made not only shorter fi-
bers (Table 4) but also a denser and heavier extrudate. On the contrary,

because fibers originating from the highest L/S ratios were longer, their
entanglement between them was favored, leading to a bulkier and

therefore to a less dense extrudate.
The effect of the liquid/solid ratio during twin-screw extrusion on

the extrudate color, in comparison to the one of rice straw, is provided

in Table 5. A decrease in the L/S ratio contributed in the decreases in
both L* and b* values, simultaneously with a slight increase in the a*

one. The significant L* decrease observed as the decreasing L/S ratio,
revealed a progressive darkening of the extrudates in comparison to the

initial rice straw color, with a color difference (ΔE*) varying from 6.2 to
8.2. According to Ilo and Berghofer (1999), color is an important

quality assurance parameter of feed and biological products, which can
also be indirectly related to the nutritional value of the products. In this

case (i.e. the thermo-mechanical defibration of rice straw using the
twin-screw extrusion), the alteration degree of the structure of rice

straw fibers inside the twin-screw extruder barrel is a key factor in the
quality of the extrudates. It is largely dependent on the L/S ratio used,

the latter largely influencing the mechanical shear transmitted to the
material and its self-heating. Therefore, the increase in the darkening of

the extrudate observed with the decrease in the L/S ratio could be di-
rectly correlated to the progressive self-heating undergone by the ma-

terial in the restrictive part of the screw profile, i.e. where mechanical
shear is applied (from 132 to 153 °C for the material temperature at the

end of module 7, and from 126 to 140 °C at the beginning of module 8),
contributing to the partial degradation of the organic compounds inside

rice straw, especially the smaller and the most thermal sensitive mo-
lecules.

3.4. TMP production by digester reactor plus Sprout-Waldron defibrator

Thermo-mechanical pulp from rice straw was produced by digestion

plus defibration using a cooking condition in terms of temperature and
duration previously optimized, i.e. 160 °C and 30 min, respectively

(Theng et al., 2015b). Operating conditions for the TMP preparation
and its results for energy consumption and production cost are detailed

in Table 6.
Water was added at the maximum mass in terms of the digester

reactor capacity, i.e. 8 kg for biomass plus distilled water mass. In
parallel, the mass of the starting solid was 1.61, 1.33, and 1.15 kg dry

matter for P1, P2, and P3 pulps, respectively, corresponding to liquid/
solid ratios of 4, 5 and 6, respectively. All trials were digested using the

same conditions and then cooled to 105 °C before opening and washing
using tap water. Depending on the initial liquid/solid ratio used (i.e. 4,

5, and 6), the mass of the recovered digested pulp was 1.38, 1.17, and
1.01 kg dry matter, respectively. During digestion, some organic com-

pounds, especially the water-soluble ones, were removed from the
biomass. This was illustrated by the results of production yield ob-

tained: 85.7%, 88.0%, and 87.8% following the different liquid/solid
ratios used (i.e. 4, 5, and 6, respectively), corresponding to a dry mass

Table 2

Chemical composition of rice straw from three different origins (% of dry matter).

Origin Minerals Cellulose Hemicelluloses Lignin Water-soluble components

Bouge-Chambalud, France 14.7 ± 0.1 37.7 ± 0.3 27.9 ± 0.4 7.2 ± 0.1 16.0 ± 0.1

Girona, Spain 15.5 ± 0.1 34.8 ± 0.1 27.9 ± 0.0 6.5 ± 0.4 18.9 ± 0.1

Valencia, Spain 19.5 ± 0.1 33.8 ± 0.1 25.0 ± 0.5 8.1 ± 0.2 16.6 ± 0.2

Table 3

Chemical composition of rice straw (French origin), extrudates (E), and pulps (P).

Materials Moisture (%) Minerals (% of DM) Cellulose

(% of DM)

Hemicelluloses (% of DM) Lignin

(% of DM)

Water-soluble components (% of DM)

Rice straw 7.4 ± 0.1 14.7 ± 0.1 37.7 ± 0.3 27.9 ± 0.4 7.2 ± 0.1 16.0 ± 0.1

E1 (L/S ratio 1.02) 7.5 ± 0.1 14.3 ± 0.2 36.2 ± 0.5 33.0 ± 0.6 5.5 ± 0.5 15.9 ± 0.1

E3 (L/S ratio 0.73) 7.1 ± 0.0 14.4 ± 0.1 37.0 ± 0.9 28.4 ± 0.2 6.8 ± 0.3 17.3 ± 0.3

P1 (L/S ratio 4.0) 4.8 ± 0.2 10.7 ± 0.0 47.6 ± 0.1 28.6 ± 0.1 8.7 ± 0.1 5.1 ± 0.1

P2 (L/S ratio 5.0) 4.8 ± 0.3 11.0 ± 0.1 47.5 ± 0.0 29.5 ± 0.9 8.1 ± 0.1 4.8 ± 0.6

P3 (L/S ratio 6.0) 4.6 ± 0.3 10.5 ± 0.1 48.2 ± 0.3 28.3 ± 0.3 9.7 ± 0.2 5.1 ± 0.0

Moisture contents were measured after conditioning in climatic chamber (25 °C and 60% relative humidity), and DM is dry matter.



loss of 14.3%, 12.0%, and 12.2%, respectively. This was also confirmed
by the decrease in the contents of water-soluble compounds inside di-

gested pulps compared to the rice straw (Table 3). The TMP production
yield (87.8%) for rice straw originating from France was a little higher

compared to rice straw grew in Girona (Spain) when cooked using the
same operating conditions and inside the same digester reactor, i.e.

84.7% (Theng et al., 2015b) and 82.0% (So, 2016), corresponding to a
reduction in the dry mass removing during digestion: 12.2% instead of

15.3% and 18.0%. This finding is likely to be related with the fact that
the chemical composition of French rice straw revealed less water-so-

lubles than the one collected in Girona: only 16.0% instead of 18.9%
(Table 2).

The energy consumption for the whole process of TMP preparation,

i.e. pre-heating, heating, and digestion in the digester reactor plus de-
fibration in the Sprout-Waldron defibrator, was 8.5–8.6 kW h for P1, P2,

and P3 pulps (Table 6), indicating that it was quite independent on the
liquid/solid ratio used. From these values, it can be seen that the di-

gester reactor consumed almost all the energy while the defibration
step contribution using the Sprout-Waldron defibrator was only 0.4%.

To be more precise, there were three successive steps during the dis-
continuous digestion process, including (i) the pre-heating of the di-

gester reactor from 16 °C (storage temperature of the machine) to 80 °C
(temperature at which the raw material was added), (ii) the heating of

the digester reactor plus the liquid/solid mixture from 80 °C to 160 °C
(target cooking temperature), and (iii) the digestion itself at the target

temperature and during a certain duration (i.e. 30 min). Among these,

Fig. 4. TGA (a) and dTGA (b) curves of rice straw

and extrudates.

Table 4

Morphology, and apparent and tapped densities of fibers in the extrudates (E) and pulps (P) made from rice straw.

Materials LW (μm) D (μm) LW/D (aspect ratio) Fines (%) Kink angle (°) Apparent density (kg/m3) Tapped density (kg/m3)

E1 (L/S ratio 1.02) 571.5 ± 7.8 25.5 ± 0.0 22.4 ± 0.3 63.8 ± 0.4 126.5 ± 0.7 56.3 ± 6.5 80.7 ± 5.4

E2 (L/S ratio 0.87) 544.0 ± 4.2 24.5 ± 0.0 22.2 ± 0.2 62.8 ± 1.5 125.0 ± 0.0 63.9 ± 1.3 88.2 ± 0.2

E3 (L/S ratio 0.73) 571.0 ± 7.1 25.3 ± 0.0 22.6 ± 0.3 54.2 ± 4.9 123.5 ± 0.7 69.5 ± 8.6 100.3 ± 9.9

E4 (L/S ratio 0.57) 505.0 ± 5.7 23.8 ± 0.1 21.2 ± 0.2 74.7 ± 3.4 125.0 ± 0.0 118.3 ± 0.7 151.6 ± 0.2

E5 (L/S ratio 0.43) 494.0 ± 1.4 23.6 ± 0.1 20.9 ± 0.1 61.8 ± 0.5 124.5 ± 0.7 161.9 ± 1.6 216.4 ± 0.5

P1 (L/S ratio 4.0) 371.7 ± 9.0 22.8 ± 0.0 16.3 ± 0.4 69.6 ± 2.3 133.0 ± 1.0 53.5 ± 1.1 69.3 ± 0.9

P2 (L/S ratio 5.0) 377.0 ± 5.7 22.0 ± 0.1 17.0 ± 0.2 68.2 ± 1.5 133.3 ± 1.5 47.4 ± 1.1 62.7 ± 1.0

P3 (L/S ratio 6.0) 386.0 ± 2.8 21.9 ± 0.1 17.9 ± 0.4 65.3 ± 3.6 134.0 ± 1.0 48.0 ± 1.8 62.9 ± 1.8



the heating stage was the one consuming the most energy (approxi-

mately 60%), followed by the pre-heating step (around 33%), for all
operating conditions tested (Fig. 7). This revealed that the majority of

energy consumption was spent on warming the digester reactor and
then on heating the raw material after being placed in the digester since

the digestion operation was a discontinuous process, meaning that the
reactor temperature decreased between two successive digestion bat-

ches when it was opened and then cleaned using tap water. Conversely,
the electric resistance of the digester reactor transmitted just a little

more energy in order to maintain the 160 °C temperature set value
during the entire cooking duration.

During the digestion plus defibration process, the specific energy
consumption increased when increasing the liquid/solid ratio. As re-

vealed in Table 6, the energy consumptions per unit weight of dry

matter for pre-heating, heating, digestion and defibration were 2.0–2.8,
3.7–5.1, 0.4–0.6, and 0.024–0.035 kW h/kg dry matter, respectively, as

the L/S ratio increased from 4 to 6, corresponding to a total specific
energy consumption increasing from 6.2 to 8.5 kW h/kg dry matter of

pulp. Thus, the total production cost of pulp logically increased as the
liquid/solid ratio used increased: from 0.49 €/kg dry matter at 4 liquid/

solid ratio to 0.68 €/kg dry matter at 6 liquid/solid ratio (Table 6).

3.5. Chemical composition of rice straw TMP

The chemical compositions of the three rice straw TMP produced

using digester reactor plus Sprout-Waldron defibrator are indicated in
Table 3. The thermo-mechanical treatment using digestion plus defi-

bration contributed in changes in the biomass chemical composition,
with an increase in contents of both cellulose and lignin (from 38% to

48%, and from 7% to 10%, respectively), simultaneously with a large
decrease in the content of water-soluble compounds (from 16% for

initial rice straw to 5% for TMP). Because large amounts of water were
used during the digestion step, some of the water-soluble organic

compounds, especially free sugars, were removed from rice straw
during digestion, thus leading to a 86–88% production yield. These

results were confirmed by the thermogravimetric analysis of rice straw

and pulps P1 to P3 (Fig. 8).
Indeed, the TGA degradation curves (Fig. 8a) under air had quite

difference appearance between pulps and rice straw, meaning once
again that chemical compositions were changed. As a result, because

water-soluble compounds were highly thermal sensitive, the beginning
of the thermal degradation inside pulps occurred at higher temperature:

around 230 °C instead of around 205 °C for rice straw. A first mass loss
was observed at 100 °C, corresponding to the water evaporation.

Moisture content was 7.4% and 4.6–4.8% for rice straw and pulps,

Fig. 5. Distribution of fibers in weighted length (a)

and in width (b).



respectively (Table 3), and the mass loss observed in the corresponding
TGA curves was associated approximately with the same percentage.

Then, the thermal degradation of organic compounds inside pulps took
place mainly in one stage (in the range 230–350 °C), leading to a mass

loss of approximately 55% of the sample dry mass. In agreement to
some researchers in previous studies (Beaumont, 1981; Evon et al.,

2015; Hatakeyama and Hatakeyama, 2006; Schaffer, 1973), the main

thermal degradation stage is associated with the simultaneous break-
down of organic compounds (i.e. residual water-soluble compounds,

hemicelluloses, and cellulose). Finally, another degradation

phenomenon was also observed between 365 and 470 °C, however this
was associated with a lower mass loss (about 20% of the sample dry

mass), corresponding to the degradation of lignin and also to the oxi-
dation of the degradation products from the previous stage, as the TGA

analysis was conducted under air atmosphere (Uitterhaegen et al.,
2016). At the end of all measurements, the undegraded samples re-

presented around 9% of the test sample mass, corresponding to the
minerals contained in pulps (Table 3).

3.6. Physical properties of TMP

The main morphological characteristics of TMP fibers (P1 to P3)

produced using different liquid/solid ratios are shown in Table 4. From
the mean length (LW) and diameter (D) of the thermo-mechanical fibers,

the corresponding LW/D aspect ratios were between 16.3 and 17.9. In
addition, a slight increase in the aspect ratio was observed with an

increasing liquid/solid ratio (i.e. from 4 to 6) in the digester reactor and
Waldron-Sprout defibrator, and such phenomenon was previously ob-

served for twin-screw extrusion (Table 4) but also in the case of a

steaming plus a mechanical defibration treatment (Alila et al., 2013;
Flandez et al., 2012; Theng et al., 2015a). Such aspect ratio increase

resulted mainly in the slight increase of the mean length of fibers, from
371 μm to 386 μm (i.e. +4%) as the liquid/solid ratio increased from 4

to 6. The fiber size distribution inside pulps (Fig. 5) and their micro-
scopic images (Fig. 6) confirmed this result. This illustrated the fact that

Fig. 6. Microscopic images of fibers taken during their morphological analyses using the MorFi Compact analyzer: for extrudates E1–E5 (a–e) and for pulps P1–P3 (f–h).

Table 5

Influence of the operating conditions on color in the CIE L*a*b* referential of the ex-

trudate (E) and pulp (P) powders, and comparison with color of the starting material (i.e.

rice straw powder).

Materials L* a* b* ΔE*

Rice straw 82.6 ± 0.3 3.7 ± 0.1 16.5 ± 0.2 –

E1 (L/S ratio 1.02) 77.4 ± 0.3 4.1 ± 0.1 13.2 ± 0.5 6.2

E2 (L/S ratio 0.87) 77.1 ± 0.4 4.3 ± 0.1 13.3 ± 0.2 6.4

E3 (L/S ratio 0.73) 75.9 ± 0.1 4.2 ± 0.1 12.9 ± 0.2 7.6

E4 (L/S ratio 0.57) 76.3 ± 0.3 4.1 ± 0.1 12.9 ± 0.3 7.2

E5 (L/S ratio 0.43) 74.9 ± 0.7 4.2 ± 0.2 13.9 ± 0.5 8.2

P1 (L/S ratio 4.0) 75.7 ± 0.4 4.2 ± 0.1 12.7 ± 0.5 7.8

P2 (L/S ratio 5.0) 75.9 ± 0.3 4.1 ± 0.1 13.5 ± 0.3 7.3

P3 (L/S ratio 6.0) 75.8 ± 0.3 4.1 ± 0.1 13.2 ± 0.3 7.5



lower L/S ratio at high temperature contributed in more degradation

and cutting of the fibers.
The particle size distribution inside pulps (Table 4) revealed also the

presence of small particles (approximately 25 μm × 500 μm). This po-
pulation contained not only the shortest fibers but also a large amount

of fines, originating from the thermo-mechanical breakdown of rice
straw and corresponding to a 65–70% range content. In addition, as it

was already the case inside the extrudates, the proportion of fines and
shorter fibers inside pulps tended to decrease as the mean length of

fibers increased (Table 4 and Fig. 5). Lastly, apparent and tapped
densities of the TMP were low with maximal values of 53 and 69 kg/m3,

respectively (Table 4).
Looking at the influence of the liquid/solid ratio used on the ap-

parent and tapped densities of pulps, both densities are slightly de-
creasing when the L/S ratio increased: from 53 to 48 kg/m3 and from

69 to 63 kg/m3, respectively. And, such tendency was already observed
in the case of extrudates (Table 4). According to the density results, a

lower L/S ratio during steaming digestion and mechanical defibration
made not only shorter fibers (Table 4) but also a denser and heavier

TMP. On the contrary, because fibers originating from the highest L/S
ratios were longer, their entanglement between them was favored,

leading to a bulkier and therefore to a less dense pulp. Lastly, due to the
high liquid/solid ratios used during digestion, it should also be noted

that TMP revealed much lower densities than the extrudates. Firstly, the
low values of pulp density could be the consequence of a higher kink

angle. Indeed, the kink angle values presented in Table 4 were
133–134° for pulps and 123–126° for extrudates. Thus, because fibers

inside pulps were more curved, their stacking at compaction was dis-
advantaged. Secondly, pulps were made of agglomerates, and this re-

sulted in empty zones between them (before and after compaction),
thus contributing to an artificial decrease in both apparent and tapped

densities.
The effect of the liquid/solid ratio during digestion plus defibration

on the color of pulps, in comparison to the one of rice straw, is provided
in Table 5. An increase in the L/S ratio from 4 to 6 had no influence on

the change in color. However, the significant decrease in L* and b*
values, simultaneously with the slight increase in the a* one, revealed a

darkening of the three pulps produced in comparison to the initial rice
straw color, with a color difference (ΔE*) varying from 7.3 to 7.8. Such

darkening was also observed in the case of extrudates (Table 5), and
this was the consequence of the alteration of the structure of rice straw

fibers inside TMP. Indeed, from the operating conditions used during
digestion plus defibration, i.e. high temperature (160 °C) during

30 min, a partial degradation of the organic compounds inside rice
straw occurred, especially the smaller and the most thermal sensitive

molecules, thus contributing to the darkening of pulps.

3.7. Extrudate (twin-screw extrusion) versus pulp (digestion plus

defibration), a comparison

When comparing the two methods for rice straw fiber pretreatment

prior to fiberboard manufacturing, the L/S ratios used were extremely
different. On the one hand, L/S ratios varied from 1.02 to 0.43 inside

the horizontal twin-screw extruder. On the other hand, L/S ratios were
much more important (i.e. 4–6) inside the vertical digester plus defi-

brator. Thus, the use of the twin-screw extrusion technology allowed a
subsequent reduction in the L/S ratio used. This was due to the fact that

the capability of the water to be diffused inside the solid plant matrix is
clearly favored inside the twin-screw reactors thanks to the quality of

the contacting between the liquid and solid phases (Evon, 2008;

Bouvier and Campanella, 2014). From this, it is reasonable to assume

Table 6

Operating conditions and results of the thermo-mechanical fractionation of rice straw by

steaming in the digester reactor plus defibration using the Sprout-Waldron 105-A defi-

brator.

Trials P1 P2 P3

Operating conditions

Solid mass (kg dry matter) 1.61 1.33 1.15

Water mass (kg) 6.39 6.67 6.85

Solid plus water mass (kg) 8.00 8.00 8.00

L/S ratio 4 5 6

Temperature (°C) 160 160 160

Duration (min) 30 30 30

Digested pulp

Pulp mass (kg dry matter) 1.38 1.17 1.01

Production yield (%) 85.7 88.0 87.8

Energy consumption (kW h)

Pre-heating digester (16–80 °C) 2.79 2.73 2.81

Heating digester (80–160 °C) 5.09 5.13 5.14

Digestion (160 °C, 30 min) 0.61 0.61 0.62

Defibration in Sprout-Waldron defibrator 0.033 0.032 0.035

Total energy consumption 8.523 8.502 8.605

Specific energy consumption (kW h/kg dry matter of pulp)

Pre-heating digester (16–80 °C) 2.022 2.333 2.782

Heating digester (80–160 °C) 3.688 4.385 5.089

Digestion (160 °C, 30 min) 0.442 0.521 0.614

Defibration in Sprout-Waldron defibrillator 0.024 0.027 0.035

Total specific energy consumption 6.176 7.266 8.520

Total production cost (€/kg dry matter) 0.494 0.581 0.682

L/S ratio is defined as the ratio of the water mass (including both liquid water and

moisture inside rice straw) to the dry solid mass. The total production cost is defined as

the total specific energy consumption × 0.08 €/kW h (electricity price in France in

2016).

Fig. 7. Contribution of the different steps for TMP preparation using a

rotary digester plus a Sprout-Waldron 105-A defibrator on the energy

consumption (%).



that this large difference in the L/S ratios used will affect the properties

of the obtained fibers (in particular their length, aspect ratio, and ap-
parent and tapped densities) and also their production cost in terms of

electricity consumption.
Comparing twin-screw extrusion and digestion plus defibration, the

influence of the liquid/solid ratio used on the specific energy con-
sumption and overall production cost of rice straw fiber pretreatment

was opposed, i.e. a decrease in extrusion (Table 1) as opposed to its
increase for digestion plus defibration (Table 6) with increasing liquid/

solid ratio. In addition, the fiber pretreatment using twin-screw extru-
sion had some advantages compared to the digestion plus defibration

method, listed as following:

• higher inlet flow rate and, as a continuous process, better pro-
ductivity;

• lower amounts of water and lower temperature;

• lower energy requirement and production cost, approximately nine

times less important: the twin-screw extrusion technology appeared

as a much more economical pretreatment for rice straw fibers,
without taking into account the investment cost of the equipment.

Looking at the selling price of some commercial fibers, hardwood
and softwood fibers having a 300–500 μm mean length (i.e. per-

fectly comparable to that of fibers inside both extrudates and pulps)
and used for the mechanical reinforcement of thermoplastic ma-

trices molded using injection cost around 0.50 €/kg. In the same
way, the selling price of a bleached kraft pulp is about 0.55 €/kg. By

comparison, depending on the L/S ratio used, the production cost of

the extrudates was only 0.05–0.08 €/kg dry matter, and it was

0.49 €/kg for P1 pulp. This confirms the low cost for the production
of thermo-mechanical fibers using the twin-screw extrusion tech-

nology, even if this price does not include neither the personal ex-
penses nor the amortization cost of the equipment;

• higher aspect ratio, which should lead to an improvement of the
entanglement of fibers inside fiberboards, thus possibly contributing

to better mechanical reinforcement;

• higher amount of water-soluble components, in particular free su-

gars: because such components can contribute to the self-bonding of
fiberboards using hot pressing (Hashim et al., 2012, 2011a, 2011b;

Tajuddin et al., 2016), this could be an advantage for their cohesion
and mechanical strength.

On the other hand, two disadvantages can be listed for the extrusion

method compared with the digestion plus defibration one. Firstly,
taking into account the TGA results for both treated materials, ex-

trudates were more thermal-sensitive, and it will be probably necessary

to use lower values for molding temperature during thermopressing
(i.e. no more than 200 °C) in such a way as to avoid any degradation of

organic compounds. In addition, establishing a parallel with pa-
permaking, it is reasonable to assume that the ultimate strength of fi-

berboards made from TMP should be higher than that of fiberboards
made from extrudates. Indeed, in the paper industry, a higher specific

surface and a decrease in the mineral content (cases of TMP compared
to extrudates) should promote the compatibility of lignocellulosic fi-

bers, leading to an increasing amount of bonds between fibers (i.e.

Fig. 8. TGA (a) and dTGA (b) curves of rice straw

and TMP.



higher relative bonded area) and thus to a higher fiberboard compac-
tion (Page, 1969; Vilaseca et al., 2008).

The next step will consist in using both pretreated rice straw ma-
terials, i.e. extrudates and pulps, to compare their respective perfor-

mances for fiberboard making, with or without addition of a natural
binder. By doing so, in terms of board mechanical strength, a com-

parison between the contributions of (i) water-solubles inside ex-
trudates to self-bonding and (ii) the higher relative bonded area for

TMP will become possible (Theng et al., under review).

4. Conclusions

The thermo-mechanical pretreatment of rice straw fibers was in-
vestigated in this study using two different technologies, i.e. twin-screw

extrusion, and digestion plus defibration. For both technologies, the
specific energy consumption of the equipment led to the production

cost calculation, the latter depending on the liquid/solid ratio used. For
the twin-screw extrusion process, the total specific energy ranged from

0.945 to 0.668 kW h/kg dry matter as the liquid/solid ratio increased
from 0.43 to 1.02, meaning that a bigger expense occurred at lower

liquid/solid ratio. On the contrary, for the digestion plus defibration
method, the more the liquid/solid ratio the more the energy consumed

(until 8.52 kW h/kg dry matter for a 6 liquid/solid ratio). Comparing
both technologies, twin-screw extrusion was about nine times less en-

ergy consuming and cheaper than the digestion plus defibration pro-
cess. In addition, extrudate fibers were much more economical than

commercial fibers in terms of production cost. However, in terms of the

equipment cost, twin-screw extrusion is a quite expensive technology
for investment. The pilot-scale twin-screw equipment used in this study

costed approximately thirteen times more than the laboratory equip-
ment consisting of the digester plus defibrator. Thus, because the twin-

screw extruder costs more than the other machines, the depreciation
accounting of the extruder will require for the company using it a

longer period than for the digestion plus defibration technique. The
pretreated rice straw fibers obtained using these two thermo-mechan-

ical processes will then be usable for the manufacture of fiberboards
using hot pressing (Marechal, 2001; Theng et al., 2017; Theng et al.,

2015b).
For twin-screw extrusion, the total specific energy was a combina-

tion of three specific energy types, i.e. SME, SCE, and STE. Among
these, the specific mechanical energy was the most important con-

tribution. It was between 59 and 66% of the total, depending on the
liquid/solid ratio used. For digestion plus defibration, the total specific

energy was the combination of a digestion cost through steaming in a
rotary digester (for thermo-mechanical fractionation) and a defibration

using a Sprout-Waldron defibrator (for refining the particle size). The
digestion step represented almost 100% of the total production cost,

while defibration contributed to less than 0.4%.
The different liquid/solid ratios used for extrusion had no effect on

the main characteristics of treated lignocellulosic fibers, including their
chemical compositions and their thermal properties. However, for the

morphology of these treated fibers, a slight decrease in their mean
length, their mean diameter and their mean aspect ratio was observed

when the quantity of water was reduced. The same effect was observed
for fibers treated using digestion plus defibration. In addition, the

shortest treated fibers revealed higher apparent and tapped densities, in
particular inside the extrudates produced using the two lowest liquid/

solid ratios.
Furthermore, in comparison to the initial rice straw biomass, the

chemical compositions and thermal properties of the extrudates re-

mained the same, although the extrudates were a little browner than
the starting material. On the contrary, the chemical compositions and

thermal properties of the TMP were changed, compared to the rice
straw raw material. The most important change was their contents in

water-soluble components, which were partly removed during the di-
gestion step, conducted using high amounts of water, at a high

temperature (160 °C), and for a long duration (30 min). And, pulps
were also a little browner than the initial rice straw biomass.

Acknowledgements

The authors wish to thank the Erasmus+ KA107 project for fi-

nancial support. Special sincere gratitude is given to Laboratoire de
Chimie Agro-Industrielle (LCA), INP-ENSIACET, Toulouse, France and

LEPAMAP research group, University of Girona, Spain for both raw
materials and experimental support.

References

Alila, S., Besbes, I., Vilar, M.R., Mutjé, P., Boufi, S., 2013. Non-woody plants as raw
materials for production of microfibrillated cellulose (MFC): a comparative study.
Ind. Crops Prod. 41, 250–259.

Beaumont, O., 1981. Pyrolyse extractive du bois. Ph.D Thesis. Ecole Nationale Supérieure
des Mines de Paris, France.

Binod, P., Sindhu, R., Singhania, R.R., Vikram, S., Devi, L., Nagalakshmi, S., Kurien, N.,
Sukumaran, R.K., Pandey, A., 2010. Bioethanol production from rice straw: an
overview. Bioresour. Technol. 101, 4767–4774.

Bouvier, J.M., Campanella, O.H., 2014. Extrusion Processing Technology: Food and Non-
food Biomaterial. John Wiley & Sons, Chichester, UK.

El-Kassas, A., Mourad, A.I., 2013. Novel fibers preparation technique for manufacturing
of rice straw based fiberboards and their characterization. Mater. Des. 50, 757–765.

Evon, P., Vandenbossche, V., Pontalier, P.-Y., Rigal, L., 2010a. Thermo-mechanical be-
haviour of the raffinate resulting from the aqueous extraction of sunflower whole
plant in twin-screw extruder: manufacturing of biodegradable agromaterials by
thermo-pressing. J. Adv. Mater. Res. 112, 63–72.

Evon, P., Vandenbossche, V., Pontalier, P.-Y., Rigal, L., 2010b. The twin-screw extrusion
technology, an original and powerful solution for the biorefinery of sunflower whole
plant. In: 18th European Biomass Conference and Exhibition. Lyon, France. pp.
1481–1489 Open Archieve Toulouse Archieve Ouverte (OATAO).

Evon, P., Vandenbossche, V., Rigal, L., 2012. Manufacturing of renewable and biode-
gradable fiberboards from cake generated during biorefinery of sunflower whole
plant in twin-screw extruder: influence of thermo-pressing conditions. J. Polym.
Degrad. Stabl. 97, 1940–1947.

Evon, P., Vandenbossche, V., Pontalier, P.-Y., Rigal, L., 2014. New thermal insulation
fiberboards from cake generated during biorefinery of sunflower whole plant in a
twin-screw extruder. Ind. Crops Prod. 52, 354–362.

Evon, P., Vinet, J., Labonne, L., Rigal, L., 2015. Influence of thermo-pressing conditions
on the mechanical properties of biodegradable fiberboards made from a deoiled
sunflower cake. Ind. Crops Prod. 65, 117–126.

Evon, P., 2008. Nouveau procédé de bioraffinage du tournesol plante entière par frac-
tionnement thermo-mécano-chimique en extruder bi-vis: étude de l'extraction
aqueuse des lipides et de la mise en forme du raffinat en agromatériaux par ther-
momoulage. PhD thesis. INP, Toulouse, France.

FAOSTAT, F.A.O. 2016. FAOSTAT statistical database. http://www.fao.org/faostat/en/#
data/QC (Accessed 18 December 2016).

Flandez, J., González, I., Resplandis, J.B., El Mansouri, N.E., Vilaseca, F., Mutjé, P., 2012.
Management of corn stalk waste as reinforcement for polypropylene injection
moulded composites. BioResources 7, 1836–1849.

Garay, M., Marie, R., Rallo de la, B.M., Carmona, C., Araya, C., 2009. Characterization of
anatomical, chemical, and biodegradable properties of fibers from corn, wheat, and
rice residues. Chil. J. Agric. Res. 69, 406–415.

Garrote, G., Do, H., Parajó, J.C., 2002. Autohydrolysis of corncob: study of non-iso-
thermal operation for xylooligosaccharide production. J. Food Eng. 52, 211–218.

Gautam, A., Choudhury, G.S., 1999a. Screw configuration effects on residence time dis-
tribution and mixing in twin-screw extruders during extrusion of rice flour. J. Food
Process Eng. 22, 263–285.

Gautam, A., Choudhury, G.S., 1999b. Screw configuration effects on starch breakdown
during twin-screw extrusion of rice flour. J. Food Process. Preserv. 23, 355–375.

Halvarsson, S., Edlund, H., Norgren, M., 2008. Properties of medium-density fibreboard
(MDF) based on wheat straw and melamine modified urea formaldehyde (UMF)
resin. Ind. Crops Prod. 28, 37–46.

Hashim, R., Nadhari, W.N.A.W., Sulaiman, O., Kawamura, F., Hiziroglu, S., Sato, M.,
Sugimoto, T., Seng, T.G., Tanaka, R., 2011a. Characterization of raw materials and
manufactured binderless particleboard from oil palm biomass. Mater. Des. 32,
246–254.

Hashim, R., Said, N., Lamaming, J., Baskaran, M., Sulaiman, O., Sato, M., Hiziroglu, S.,
Sugimoto, T., 2011b. Influence of press temperature on the properties of binderless
particleboard made from oil palm trunk. Mater. Des. 32, 2520–2525.

Hashim, R., Nadhari, W.N.A.W., Sulaiman, O., Sato, M., Hiziroglu, S., Kawamura, F.,
Sugimoto, T., Seng, T.G., Tanaka, R., 2012. Properties of binderless particleboard
panels manufactured from oil palm biomass. BioResources 7, 1352–1365.

Hatakeyama, T., Hatakeyama, H., 2006. Thermal Properties of Green Polymers and
Biocomposites. Springer Science & Business Media.

Ilo, S., Berghofer, E., 1999. Kinetics of colour changes during extrusion cooking of maize
grits. J. Food Eng. 39, 73–80.

Kanokkanjana, K., Garivait, S., 2013. Alternative rice straw management practices to
reduce field open burning in Thailand. Int. J. Environ. Sci. Dev. 4, 119.

Kartika, I.A., Pontalier, P., Rigal, L., 2005. Oil extraction of oleic sunflower seeds by twin



screw extruder: influence of screw configuration and operating conditions. Ind. Crops
Prod. 22, 207–222.

Kartika, I.A., Pontalier, P., Rigal, L., 2006. Extraction of sunflower oil by twin screw
extruder: screw configuration and operating condition effects. Bioresour. Technol.
97, 2302–2310.

Kartika, I.A., Pontalier, P., Rigal, L., 2010. Twin-screw extruder for oil processing of
sunflower seeds: thermo-mechanical pressing and solvent extraction in a single step.
Ind. Crops Prod. 32, 297–304.

Kim, S., Dale, B.E., 2004. Global potential bioethanol production from wasted crops and
crop residues. Biomass Bioenergy 26, 361–375.

Konica Minolta Sensing, I., 2007. In: Precise Color Communication. Japan.
Li, X., Cai, Z., Winandy, J.E., Basta, A.H., 2010. Selected properties of particleboard

panels manufactured from rice straws of different geometries. Bioresour. Technol.
101, 4662–4666.

Maiorella, B., 1983. Ethanol industrial chemicals. Biochem. Fuels 86.
Mancera, C., El Mansouri, N.-E., Vilaseca, F., Ferrando, F., Salvado, J., 2011. The effect of

lignin as a natural adhesive on the physico-mechanical properties of Vitis vinifera
fiberboards. BioResources 6, 2851–2860.

Mancera, C., El Mansouri, N.-E., Pelach, M.A., Francesc, F., Salvadó, J., 2012. Feasibility
of incorporating treated lignins in fiberboards made from agricultural waste. Waste
Manag. 32, 1962–1967.

Marechal, P., 2001. Analyse des principaux facteurs impliques dans le fractionnement
combine de pailles et de sons de ble en extrudeur bi-vis: obtention d'agro-materiaux,
Ph.D. INP, Toulouse, France.

Migneault, S., Koubaa, A., Nadji, H., Riedl, B., Zhang, S., Deng, J., 2010. Medium-density
fiberboard produced using pulp and paper sludge from different pulping processes.
Wood Fiber Sci. 42, 292–303.

Mussatto, S.I., Roberto, I.C., 2004. Optimal experimental condition for hemicellulosic
hydrolyzate treatment with activated charcoal for xylitol production. Biotechnol.
Prog. 20, 134–139.

Page, D., 1969. A theory for tensile strength of paper. Tappi J. 52, 674.
Pan, M., Zhou, D., Ding, T., Zhou, X., 2010. Water resistance and some mechanical

properties of rice straw fiberboards affected by thermal modification. BioResources 5,
758–769.

Rahnama, N., Mamat, S., Shah, U.K.M., Ling, F.H., Rahman, N.A.A., Ariff, A.B., 2013.
Effect of alkali pretreatment of rice straw on cellulase and xylanase production by
local Trichoderma harzianum SNRS3 under solid state fermentation. BioResources 8,
2881–2896.

Sarnklong, C., Cone, J., Pellikaan, W., Hendriks, W., 2010. Utilization of rice straw and
different treatments to improve its feed value for ruminants: a review. Asian-Aust. J.
Anim. Sci. 23, 680.

Schaffer, E., 1973. Effect of pyrolytic temperatures on the longitudinal strength of dry
Douglas-fir. J. Test. Eval. 1, 319–329.

Shen, H.S., Ni, D., Sundstøl, F., 1998. Studies on untreated and urea-treated rice straw
from three cultivation seasons: 1. Physical and chemical measurements in straw and
straw fractions. Anim. Feed Sci. Technol. 73, 243–261.

So, S., 2016. Fiberboard made with agro-forestry residues and natural adhesives, Vol.
Undergraduate. BSc., Department of Agricultural Engineering and Agri-Food
Technology, High Polytechnical School, University of Girona.

Tajuddin, M., Ahmad, Z., Ismail, H., 2016. A review of natural fibers and processing
operations for the production of binderless boards. BioResources 11, 5600–5617.

Theng, D., Arbat, G., Delgado-Aguilar, M., Vilaseca, F., Ngo, B., Mutjé, P., 2015a. All-
lignocellulosic fiberboard from corn biomass and cellulose nanofibers. Ind. Crops
Prod. 76, 166–173.

Theng, D., Arbat, G., Delgado-Aguilar, M., Vilaseca, F., Ngo, B., Mutjé, P., 2015b.
Feasibility of incorporating treated cellulose nanofiber in all-lignocellulosic fiber-
boards made from rice straw biomass. In: 3rd International Symposium on Green
Chemistry. 3–7 May 2015, La Rochelle, France. ISGC.

D. Theng , G. Arbat , M. Delgado-Aguilar , B. Ngo , L. Labonne , P. Evon , P. Mutjé , under
review. Production of fiberboards from rice straw thermo-mechanical extrudates
using thermopressing: influence of fiber morphology, water addition and lignin
content Int. J. Biol. Macromol.

L.R. Thomas. Section of Plant Biology, Division of Biological Sciences, University of
California Davis 1997; Rice anatomy http://www-plb.ucdavis.edu/labs/rost/rice/
Introduction/intro.html (Accessed 11 December 2016)

Uitterhaegen, E., Nguyen, Q.H., Merah, O., Stevens, C.V., Talou, T., Rigal, L., Evon, P.,
2016. New renewable and biodegradable fiberboards from a coriander press cake. J.
Renew. Mater. 4, 225–238.

Uitterhaegen, E., Labonne, L., Merah, O., Talou, T., Ballas, S., Véronèse, T., Evon, P.,
under review. Impact of a thermomechanical fiber pre-treatment using twin-screw
extrusion on the production and properties of renewable binderless coriander fiber-
boards. J. Wood Sci.

Van Soest, P.J., Wine, R.H., 1967. Use of detergents in the analysis of fibrious feeds. IV:
Determination of plant cell wall constituents. J. AOAC Int. 50, 50–55.

Van Soest, P.J., Wine, R., 1968. Determination of lignin and cellulose in acid detergent
fiber with permanganate. J.AOAC Int. 51, 780–784.

Vandenbossche, V., Doumeng, C., Rigal, L., 2014. Thermomechanical and thermo-me-
chano-chemical pretreatment of wheat straw using a twin-screw extruder.
BioResources 9, 1519–1538.

Vandenbossche, V., Brault, J., Vilarem, G., Rigal, L., 2015. Bio-catalytic action of twin-
screw extruder enzymatic hydrolysis on the deconstruction of annual plant material:
case of sweet corn co-products. Ind. Crops Prod. 67, 239–248.

Vandenbossche, V., Brault, J., Hernandez-Melendez, O., Evon, P., Barzana, E., Vilarem,
G., Rigal, L., 2016. Suitability assessment of a continuous process combining thermo-
mechano-chemical and bio-catalytic action in a single pilot-scale twin-screw extruder
for six different biomass sources. Bioresour. Technol. 211, 146–153.

Vilaseca, F., Mendez, J., Lopez, J., Vallejos, M., Barbera, L., Pelach, M., Turon, X., Mutje,
P., 2008. Recovered and recycled kraft fibers as reinforcement of PP composites.
Chem. Eng. J. 138, 586–595.

Wu, J., Zhang, X., Wan, J., Ma, F., Tang, Y., Zhang, X., 2011. Production of fiberboard
using corn stalk pretreated with white-rot fungus Trametes hirsute by hot pressing
without adhesive. Bioresour. Technol. 102, 11258–11261.

Zhang, L., Hu, Y., 2014. Novel lignocellulosic hybrid particleboard composites made from
rice straws and coir fibers. Mater. Des. 55, 19–26.

Zhao, Y., Qiu, J., Feng, H., Zhang, M., Lei, L., Wu, X., 2011. Improvement of tensile and
thermal properties of poly (lactic acid) composites with admicellar-treated rice straw
fiber. Chem. Eng. J. 173, 659–666.


