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Abstract 15 

The transformation of lignocellulosic biomass into biofuels represents an interesting and 16 

sustainable alternative to fossil fuel in the near future. However, one still faces some major 17 

challenges for the technology to be fully realized including feedstock costs, novel 18 

pretreatment processes, production, transportation, and environmental impact of the full 19 

chain. Especially that the development of new technologies focused to increase the efficiency 20 

of cellulose conversion to biofuels determines successful implementation. Mechanical 21 

fractionation is an essential step in order to increase final carbohydrate output, appropriate 22 

particle sizes and densification, enzymatic accessibility, and bioconversion affectivity without 23 

the production of toxic side streams. In this review article, we surveyed a substantial amount 24 

of previous work in mechanical fractionation or pretreatments of a variety of lignocellulosic 25 

biomass; these include numerous milling schemes and extrusion, and their impacts on 26 
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physical and physicochemical properties of lignocellulosic matrix (crystallinity, surface area, 27 

particle size, etc). We have also compared results with other pure chemical and 28 

physicochemical pretreatments in order to show the new aspects and 29 

advantages/disadvantages of such approach. Last, but not least, the effect of mechanical 30 

treatment and physical properties on enzymatic hydrolysis and bioconversion has been 31 

discussed, with potentially interesting dry lignocellulosic biorefinery schemes proposed. 32 

 33 

Keywords: Lignocellulosic biomass, Environmental Dry Biorefinery, Pretreatments, 34 

Extrusion and Mechanical size reduction, Physical and physicochemical properties, 35 

Enzymatic hydrolysis and Biofuels. 36 

 37 

List of abbreviations: 38 

BM: ball milling, WDM: wet disc milling, DM: disk milling, HCWT: hot compressed water 39 

treatment; SE: steam explosion, EHGY: enzymatic hydrolysis glucose yield, CrI: crystallinity 40 

index, SSA: specific surface are 41 

 42 

1. Introduction 43 

Mechanical size reduction is a crucial step for the transformation of feedstock into energy and 44 

polymer biomaterials in the field of bio-based products (bioenergy and biomaterials) from 45 

renewable biomass resources1-4. Size reduction has many advantages: (i) it increases the 46 

volume calorific value of biomass and simplifies the densification processes,5 (ii) it simplifies 47 

the supply chain of raw materials6, and their storage conditions, (iii) it increases the total 48 

accessible surface area and, thus, improves the bio-accessibility of constituents7 and the 49 

Page 3 of 43 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 
3

conversion of saccharides during hydrolysis (iv) it reduces the mass and heat transfer 50 

limitations during the hydrolysis reactions8 and consequently reduces energy inputs1. We can 51 

distinguish different types of size reduction that are generally differentiated, like cutting or 52 

crushing (meter to centimeter range in size), coarse milling (cm to mm, cm to 500 µm), 53 

intermediate micronization (cm to 100µm), fine grinding (<100µm), ultra-fine grinding (<30 54 

µm) and nanogrinding (<1 µm)1,9. However, nanogrinding could only be achieved through wet 55 

grinding which is not addressed in this contribution due to the associated energy consumption, 56 

particularly to dry biomass after the grinding step, far too substantial to consider it a 57 

worthwhile pretreatment step (Fig 1). 58 

 59 

Fig 1. The different mechanical operations for size reduction of constituents related to plant structure. 60 

 61 

The reduction of raw material size is achieved using a combination of different mechanical 62 

stresses such as impact, compression, friction, and shear (Fig 2)- all may coexist in one 63 

commercial equipment1,10,11. For example, in a jet mill, the particles are projected against each 64 

other in an air stream; major mechanical stresses generated are impact and friction between 65 

particles (Fig 2). Different mill tools are used to fragment and dissociate lignocellulosic 66 

biomass: Knife mill, hammer mill, pin mill and centrifugal mill, which consist of a rotor 67 
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driving different tools. The rotor speed is generally adjustable. A sieve or a screen allows 68 

control of the particle size of the final product. These mills generate more impact and shear. 69 

In ball mills including vibratory ball mill and tumbling ball mills (or planetary ball mills), the 70 

raw materials suffer impact and compression stresses when collisions between balls and walls 71 

occur. Finally in an extruder, the main mechanical stress is shear occurring between the screw 72 

and the walls of the extruder. The choice of equipment depends on many parameters: physical 73 

and chemical properties of the biomass, the moisture content, final particle size, the particle 74 

size distributions and application targets. Colloid mills and extruders are suitable only for 75 

comminuting wet materials with moisture contents over 15-25%, whereas hammer and knife 76 

mills are suitable to pretreat dry biomass with moisture contents up to (10-15%)
1, 10

. 77 

Extruders, in comparison with disc and ball mills, have advantages in terms of continuous 78 

processing, easy adjustment on-line, and usage in large-scale applications with high 79 

throughput. The fluidized bed as superfine grinder has been widely used in various industrial 80 

fields for its excellent ability to improve the surface area and enhance the bioavailability of 81 

the materials through micronizations, without sacrificing the natural physical-chemical 82 

proprieties of the materials12-14. 83 

The energy requirement in relation to final particle size is one of the most important 84 

economical parameters in the choice of milling equipment. It mainly depends on (i) machine 85 

specifications such as motor speed, ii) storage capacity of the milling chamber, iii) material 86 

throughput characteristics, iv) initial biomass structure and physical-chemical proprieties 87 

(moisture content, chemical composition, tissue composition, post-pretreatment etc.); and (vi) 88 

particle sizes1,4,6,10,15. However, the equipment could also be selected for steering the reactivity 89 

of biomass. As an example, several studies have shown that BM could be described as a 90 

mechanical-chemical treatment because the prolonged milling efficiently breaks chemical 91 

bonds between lignin and hemicelluloses16, decrease particle size17,18, decrease the CrI (from 92 
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69.9 for raw wheat straw to 23.7 after a BM step)19, increase enzymatic hydrolysis16,17 and 93 

increase the SSA (from 0.64 for raw wheat straw to 2.3 m
2
/g after a BM step)19. 94 

 95 

Fig 2. Schematic representation of some commercial milling equipment with the different mechanical stresses 96 

generated.  97 

 98 

In this review, we address unique features of extrusion and mechanical size reduction as 99 

mechanical pretreatment in lignocellulosic biorefineries. First of all, we outline bioconversion 100 

pathways of lignocellulosic materials and we discuss the effect of mechanical treatment 101 

compared to the purely chemical and physicochemical treatments with respect to surface area 102 

(in relation to enzymatic accessibility) and CrI. In the second part, we discuss the effect of 103 
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mechanical treatment on enzymatic hydrolysis and the factors that can influence the 104 

performances of enzymatic hydrolysis and bioconversion. 105 

 106 

2. Bioconversion of lignocellulosic biomass: From Heterogeneous Particles to 107 

Biofuels. 108 

The bioconversion of lignocellulosic biomass has been extensively studied in the past 30 109 

years. In spite of such research endeavors, enzymatic degradation of lignocellulose is still 110 

poorly understood because of competing effects including physical properties of the substrate, 111 

enzyme synergy and mass transfer. The structural heterogeneity and complexity of cell wall 112 

constituents such as crystallinity of cellulose microfibrils, specific surface area of particles 113 

and matrix polymers are responsible of the recalcitrance of cellulosic materials (Fig 3). 114 

 115 

Fig 3. Different steps of biomass conversion and parameters influencing lignocellulosic particle reactivity. 116 

 117 
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Biomass pretreatment is consequently an essential step in order to increase its final 118 

carbohydrate output, accessibility, bioavailability and hydrolysis rate (Fig 3). The objective of 119 

pretreatments depends on the process type and biomass structure. For instance, pretreatments 120 

aimed to produce biofuels target changes in lignocellulosic matrix properties to make the 121 

holocelluloses more accessible to enzymatic attack20-25.  122 

Pretreatment methods can be divided into different categories: mechanical, chemical, 123 

physicochemical and biological or various combinations of these. Mechanical pretreatments 124 

allow the separation of the main botanical parts of the crop into different fractions (tissues, 125 

cell, polymers, etc.), to be used as feedstock for various applications. Such pretreatment 126 

greatly reduces biomass particle sizes and possibly affects its molecular structure to facilitate 127 

enzymatic accessibility. Palmowski and Muller26 have studied the effect of mechanical 128 

operation on different organic samples (apples, rice, sunflower seeds, hay and maple leaves)26. 129 

After breakdown of these substrates, a significant particle size reduction was observed which 130 

is believed to due to the release of soluble organic compounds in solution (cells destroyed 131 

through commination and/or dissolution of organic components through newly generated 132 

accessible surfaces)26. The reduction of particle size could enhance the affinity between 133 

cellulose polymers and enzymes and thus increase the rate of hydrolysis. The rate can be 134 

doubled in a 10 h reaction experiment when the average size of cellulose is reduced from 82 135 

to 38 µm27. Size reduction also enhances the production of glucose or reducing sugars as 136 

illustrated by studies showing a reduction in particle size from 590 to 33 µm resulted in a 55% 137 

increase in glucose production after 72 h cellulose hydrolysis28. It appears that size reduction 138 

is an attractive method to increase the yield of hydrolysates from lignocellulosic biomass, 139 

especially on the saccharification of plant cell walls by cellulotic enzymes29. Small particle 140 

sizes of untreated cellulosic substrate are more readily hydrolyzed as compared to large ones 141 

due to their higher specific surface area which gives the enzymes more surface to interact with 142 
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the substrate during conversion. These hypotheses were tested using ground corn stover in the 143 

size ranges of 425–710 and 53–75 µm29. The morphology changes in these particles were 144 

imaged after treatment with cellulolytic enzymes before and after liquid hot water 145 

pretreatment. The smaller corn stover particles of 53–75 µm were 30% more susceptible to 146 

hydrolysis as compared to larger 425–710 µm corn stover particles.  147 

 148 

Mechanical fractionation is a necessary step in lignocellulosic bioconversion to:  149 

i) Decrease particle size and increase total accessible specific surface area (SSA).  150 

ii) Decrease cellulose crystallinity.  151 

iii) Increase pore size of particles and the number of contact points for inter-particle 152 

bonding in the compaction process.  153 

iv) Dissociation of tissues and rupture of cell wall 154 

All these parameters improve the digestibility and the conversion of saccharides during 155 

hydrolysis1, 21, 23, 25, 30, 31. 156 

 157 

2.1.Effect of mechanical pretreatment on surface area (SSA) and porosity. 158 

The physical properties of the cell wall including its surface specific surface area and 159 

porosity play an important role in chemical and biological digestion32. The study of 160 

lignocellulosic porosity and specific surface area is a subject of relevant research since 161 

molecular probes have been introduced to advance on such important parameters for the 162 

conversion of lignocellulosics to fuels and chemicals. Freeze fracture electron microscopy, 163 

solute exclusion, mercury porosimetry, electron microscopy (SEM and TEM), NMR, gas 164 

adsorption and related tools have been utilized in this regard32-35. The methods conducted to 165 

characterize the porosity and specific surface area (SSA) should be carefully considered.  166 
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In general terms, the specific surface area and porous texture of biomass can be 167 

measured by the adsorption/desorption of a gas (generally N2)32,34,36, and/or 168 

intrusion/extrusion of mercury inside the porous texture of the material (mercury 169 

porosimetry). Mercury porosimetry can also determine pore sizes larger than 3 nm by using a 170 

new generation of automatic mercury porosimeters based on Washburn theory37. 171 

Unfortunately, both techniques have their own limitations. Textural porosity (soft or hard) is 172 

only identified by adsorption/desorption of gas at the temperature of nitrogen liquefaction 173 

(77 K). Since the sample is previously degassed, several problems could be encountered 174 

during the analysis of biomass using Nitrogen physisorption, leading to non-representative 175 

results. By comparing the effect of solvent polarity and drying temperature of materials, these 176 

factors were found to influence the value of BET (theory Brunauer, Emmett and Teller) 177 

measurements38. Appropriate solvent drying procedures should also be followed to better 178 

maintain capillary structure38-40. The pore volume measured by this technique 179 

(adsorption/desorption of gas) is not sufficiently precise for samples containing macropores 180 

(pore size greater than 50 nm, corresponding to the relative pressures P/P0> 0.98, following 181 

the Kelvin equation). Lastly, another disadvantage of the nitrogen physisorption relates to the 182 

issues to quantify narrow micropores (less than 0.9 nm). In this case, other gases such as 183 

argon, CO2 or krypton should be used. Mercury porosimetry is comparatively limited to 184 

materials with pore diameters under 3 nm. For samples containing micropores and mesopores, 185 

the technique adsorption/desorption of N2 is sufficient to characterize the porosity (SSA and 186 

pore size). In the case of materials with macropores and mesopores (greater than 3nm), the 187 

determination of the specific surface area, as well as pore size distribution must be conducted 188 

by analyzing the curves of mercury porosimetry. For materials with a hierarchical porosity 189 

(micro-, meso-and macropores), the porosity can be determined by combining nitrogen 190 

physisorption and mercury porosimetry41. 191 
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 192 

Fig 4. Effect of mechanical size reduction on specific surface area (SSA) of selected lignocellulosic biomass 193 
compared to others pretreatments. NT: not treated; CM: Compression milling; BM: ball milling; HM: hammer 194 

milling; SEx: Steam explosion; EG: ethylene glycol.  195 

 196 

In general, the purpose of comparing surface areas of materials subjected to different 197 

pretreatments can be useful to ascertain whether the pretreatment technology is useful or not. 198 

Figure 4 illustrates the SSA of some treated lignocellulosic substrates, with values within the 199 

same range (1-22 m
2
/g) among all parameters. Interestingly, milling pretreatment was found 200 

to give a larger SSA for both types of lignocellulosic materials (Fig 4). SSA increased for more 201 

than 60% tor wheat straw after BM treatment (4 h) in comparison to untreated and steam 202 

exploded samples36. Piccolo et al.;36 found that a more severe steam explosion (SE) treatment 203 

(0.2% w/w H2SO4 + SE 210°C for 10 min) increased SSA from 1.9 to 3.1 m
2
/g. On the other 204 

hand, Miao et al.;6 investigated the mechanical size reduction of miscanthus and switchgrass 205 
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using a commercial-scale hammer mill. SSA of resulting particles were measured using the 206 

geometry and density of particles6. This method yielded accessible SSA of ca. 20.5 m
2
/g, over 207 

5 times increased under hammer milling treatment as compared to a control experiment and 208 

steam explosion treatment. Moreover, BET results showed a relatively low SSA for pretreated 209 

lignocellulose. As seen in Fig 4, SSA of treated miscanthus and switchgrass is highly sensitive 210 

to particle size since it increases linearly with increasing particle size. Evidences offered by 211 

Zhang et al.;42 support this observation; the authors reported a linear correlation of SSA with 212 

pan-milling cycles for cellulose powder as a consequence of particle size42. These findings 213 

indicate that the bundle separation and breakage of fibers into small particles result to larger 214 

surface areas at the cut edges42. In a separate study, Miao et al.;6 reported fairly low SSA of 215 

switchgrass particles pretreated using a 4 mm milling screen (8.2 m
2
/g) as compared to those 216 

passed through a 6 mm milling screen (11.3 m
2
/g). The same phenomenon was observed 217 

during compression-milling of cotton and avicell cellulosic materials43. The 218 

compression-milling resulted in a slight drop in SSA compared to the controls of various 219 

untreated cellulose samples (Fig 4). A comparison between compression-milled cellulosic 220 

materials showed only small differences in SSA. BET methods provided 1.6 m
2
/g (treated 221 

cotton cellulose) as compared to 2.5 m
2
/g for the control, and 1.3 m

2
/g for treated avicell 222 

cellulose compared to 1.8 m
2
/g for the control after 57 passes. Particle agglomeration and 223 

collapse of capillary structure due to compressive force may be plausible explanations for 224 

these phenomena.  225 

BM is considered to be the most effective treatment in increasing SSA. In comparison, 226 

the duration of BM treatments of rice straw, corn stover, and fir-Douglas wood significantly 227 

increased SSA from 1.3 to 8.8 m
2
/g for rice straw, 2.3 to 9.0 m

2
/g for corn stover and 3.7 to 228 

18 m
2
/g for fir-douglas wood. Extrusion is an alternative method reported to increase the 229 

surface area of biomass. Piccolo et al.;36 reported that the fibrillation of spruce wood 230 
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performed under continuous extrusion at 40°C and 120°C in the presence of ethylene glycol 231 

significantly increased SSA from 3.2 to 21.3 m
2
/g. However, the SSA remained close to 2 m

2
/g 232 

when spruce wood was treated under SO2-steam explosion (2.5% w/w SO2) at 210°C for 233 

5 min. The extrusion process largely increases SSA of corn stover biomass for enzymatic 234 

adsorption
44

. Scanning electron microscopy studies showed that the cellulose network was 235 

changed due to the destruction of the lignin sheath. The reported extrusion protocol was a 236 

continuous and cost-effective pretreatment method, combining heating with high shear and 237 

mixing opening cell walls at the microscopic scale. SSA of pretreated corn stover was 238 

significantly improved with respect to control studies, revealing that extrusion could open the 239 

cell wall at the microscopic scale (particularly favorable to obtain higher sugar yields). 240 

Karunanithy and Muthukumarappan45 studied the effect of extrusion parameters on 241 

switchgrass bioconversion. The optimum pretreated switchgrass exhibited a 50% higher 242 

surface area as compared to those of control experiments. These data demonstrate that 243 

mechanical treatment or fractionation are most effective methods in increasing specific 244 

surface area and improving the efficiency of cellulose digestion. The conflicting results may 245 

be due to different methods used to determine accessible surface area and on the type and size 246 

of enzymes used.  247 

2.2.Effect of mechanical pretreatment on cellulose crystallinity (CrI)  248 

Intensive pretreatment in polymers is able to cause destruction of macromolecular chains, 249 

which leads to the separation of structural constituents. The displacement of structural 250 

elements of polymeric chains is firstly accompanied by the distortion of initial chain packing 251 

and loss of ordering. It is widely accepted that highly crystalline cellulose is less accessible to 252 

cellulase attack as compared to amorphous cellulose. Crystallinity negatively affects the 253 

efficiency of enzymatic contact with cellulose. The measurement of crystallinity index (CrI) 254 

in lignocellulosics is not a simple task due to the heterogeneous nature of lignocellulosic 255 
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feedstocks and the contribution of other amorphous components such as lignin and 256 

hemicelluloses. 257 

 258 

Fig 5. Effect of mechanical size reduction on Crystallinity index (CrI) of selected lignocellulosic biomass 259 
compared to others pretreatments (Table 1). NT: not treated; BM: ball milling; WDM: wet disc milling; HM: 260 

hammer milling; SEx: Steam explosion; EG: ethylene glycol.  261 

 262 

The crystallinity of cellulose in untreated and treated substrates as measured by x-ray 263 

diffraction (XRD) is given in Figure 5. Data demonstrate that mechanical treatment 264 

significantly reduces the crystallinity of lignocellulose biomass, while several chemical and 265 

physicochemical pretreatment increase the crystallinity index (CrI) in comparison with 266 

untreated substrates. The effect of compression-milling on the crystallinity of cellulose 267 

“cotton and avicell” is highly significant43, 46. After 35 milling cycles, CrI decreased from its 268 

original value (84 and 81) to 75 and 17% for cotton and avicell cellulose, respectively. Ouajai 269 
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and Shanks47 have studied a BM process on cellulose to determine its effect on the 270 

crystallinity index. CrI remained almost unchanged during the first 60-minute BM cycles and 271 

started to decrease after 100 min. Final cellulose products with a CrI of 36% (330-minute BM 272 

treatment) was obtained47. In a separate study, CrI of poplar wood was found to decreased by 273 

12% after an 8-day BM process15. In the initial milling stage (<5 days), CrI decreased rapidly, 274 

while it only slightly decreased (or even increased) after 5 days due to agglomeration of fine 275 

particles. Chemical and physicochemical pretreatments have comparably reported to provide 276 

an increase of CrI for wood cellulose as well as several different biomass feedstocks (Fig 5). 277 

Da Silva et al.;18 compared the effectiveness of BM and WDM in decreasing CrI of sugarcane 278 

straw and bagasse. CrI was found to decrease after 30 and 90 min BM of bagasse (from 30 % 279 

to 20 % and 0 % respectively)18 which can be attributed to the complete transformation of 280 

crystalline cellulose of sugarcane straw to amorphous cellulose, leading to a significant 281 

increase in the extent of enzymatic saccharification. However, CrI decreased slightly in 282 

sugarcane straw (28 and 21%) upon WDM treatment after 37 and 147 min, respectively. BM 283 

shows a much higher efficiency in vitrifying crystalline cellulose. A similar effect has been 284 

observed when bagasse underwent BM for 90 min, decreasing CrI from 38 to 0%. 285 

Compatatively, BM treatment of rice straw reduces CrI from an initial value of 52% to 12% 286 

after 60 min milling48. The fibrillation of Douglas fir wood performed by continuous extrusion 287 

at 40°C and 120°C in the presence of additives (ethylene glycol) decreased CrI from 68 to 54 288 

and 47, respectively. CrI also decreased to 41% upon BM treatment (5 min) of Douglas fir 289 

wood49. These results show that a reduction in crystallinity index depends not only on the 290 

initial crystallinity, but also on parameters including the supramolecular organizational 291 

structure and the degree of polymerization of cellulose as well as the different mechanical 292 

pretreatment (ball-, disk, compression-milling, number of passes, time, etc). The increase in 293 

crystallinity is generally proportional to the quantity of solubilized substances during the 294 
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pretreatment process and could be due to the removal of amorphous regions. With proofs and 295 

reports evidencing the influence of CrI on enzyme digestibility, future pretreatment methods 296 

should pay attention to the reduction of crystallinity in lignocellulosic materials to maximize 297 

fractionation and product yields. One way to effectively decrease the crystallinity of 298 

lignicellulosic biomass relates to ball-milling pre-processing. In the next section, this review 299 

will discuss key findings and observations with further explanation and theories behind these 300 

important topics.  301 

 302 

3. Effect of mechanical treatment on the efficiency of enzymatic hydrolysis. 303 

The rate and extent of enzymatic hydrolysis of lignocellulosic biomass highly depend on 304 

enzyme loadings, time and rate of hydrolysis as well as structural features resulting from 305 

pre-treatments. The influence on biomass digestibility and structural properties varies with 306 

changes in enzyme loading, time of hydrolysis and other structural features. Important 307 

parameters affecting the hydrolysis include previously discussed factors such as the 308 

crystallinity of the material, the accessible surface area, the particle size and lignin 309 

distribution. Table 1 compiles a body of data on monomeric sugars yields after enzymatic 310 

hydrolysis or EHGY (enzymatic hydrolysis glucose yields) varying with t structural features 311 

of substrate, post-pretreatments, mechanical operation and time.  312 
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Table 1. Impact of mechanical pretreatment on the chemical composition, physical properties and saccharification of selected biomass 313 

feedstocks. 314 

 

 

Substrate 

 

Pretreatments 

 

Size 

(mm) 

(* nm) 

 

CEL 

(%) 

 

HC 

(%) 

 

LiG 

(%) 

 

CrI 

(%) 

 

SACH
a
 

(%) 

 

Ref 

1st 2end 

 

α-Cellulose 

Control (25°C)  100    38  

50 Ball milling (25°C)  100    63 

Ball milling (45°C)  100    82 

 

 

Cellulose 

“cotton” 

Untreated  48*    84   

 

 

 

43 

Compression milling 6 passes 47*    82  

Compression milling 35 passes 39*    75  

Compression milling 57 passes 34*    71  

 

Cellulose 

“Avicel” 

Untreated  38*    81  

Compression milling 4 passes 31*    71  

Compression milling 20 passes 10*    37  

Compression milling 35 passes 7*    17  

 

 

Pine chips 

Untreated Disk milling, 2570 rpm  42.6 22.4 27.0  11.3  

 

3,4 
Hot water, 180°C-30 min (pH=5) Disk milling, 2570 rpm  41.1 4.9 28.3  33.1 

H2SO4 2.2% w/w (pH=1.1)180°C- 30 min) Disk milling, 2570 rpm  35.6 0.2 33.4  39.6 

b
SPORL (pH=4.2) 180°C- 30 min) Disk milling, 2570 rpm  41.2 2.4 22.6  84.1 

b
SPORL (pH=1.9) 180°C- 30 min) Disk milling, 2570 rpm  38.4 0.6 25.4  92.2 

 

 

 

 

 

 

Poplar 

Untreated  ~ 2 44.4 13.9 26.3 55.4   

 

 

 

 

15 

KOH 1.5 mmol/g ~ 2 49.2 13.8 24.5 66.2 18 

KOH 1.5 mmol/g Ball milling for 6 days  49.2 13.8 24.5 27.3 55 

Peracetic acid 0.2g/g + KOH 1.5mmol/g Ball milling for 3 days  55.8 15.5 14.8 30.1 72 

Peracetic acid 0.5g/g + KOH 1.5 mmol/g ~ 2 63.6 16.3 6.8 67.7 60 

Peracetic acid 0.5g/g + KOH 1.5mmol/g Ball milling for 6 days  63.6 16.3 6.8 24.6 82 

KOH 0.75 mmol/g ~ 2 47.5 14.8 26.0 60.0 8 
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wood KOH 0.75 mmol/g Ball milling for 3 days  47.5 14.8 26.0 21.6 44 

Peracetic acid 0.1g/g  ~ 2 47.3 14.8 23.3 60.2 6 

Peracetic acid 0.1g/g Ball milling for 3 days  47.3 14.8 23.3 25.9 42 

Peracetic acid 0.1g/g + KOH 0.07mmol/g Ball milling for 3 days  46.4 14.6 23.1 16.4 54 

Peracetic acid 0.1g/g Ball milling for 6 days  47.3 14.8 23.3 8.2 65 

Peracetic acid 1.0g/g ~ 2 57.0 17.6 6.1 66.1 48 

Peracetic acid 1.0g/g Ball milling for 6 days  57.0 17.6 6.1 17.5 86 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Douglas-

fir wood 

Untreated   48.9 21.3 30.0    

 

 

 

50 

 

195°C, 4.5% SO2-steam exploded, 4.5 min 

+1% w/w H2O2, 80°C, pH11.5  for 45 min 

Ball milling (liquid), 45°C,  

7.5% w/v + Enzyme; 24h 

 88.8 1.04 1.1  100 

 

Ball milling (liquid), 45°C,  

10% w/v + Enzyme; 48h 

 88.8 1.04 1.1  88 

Magnetic stirring 

7.5% w/v + Enzyme; 24h 

 88.8 1.04 1.1  25 

Untreated  0.2 46.8 28.9 25.3 68.4   

 

 

 

 

 

 

49,52 

Ball milling for 5 min 0.01-0.1    41.0 15 

Ball milling for 20 min ~ 0.01      

Ball milling for 5 min 

 

Fibrillated -2 min < 0.01    49.0 45 

Fibrillated -10 min < 0.01     50 

Ball milling for 20 min Fibrillated-10 min  135°C for 240 min; 0.1MPa      71 

Hot water 140°C, 30 min 1MPa ~ 15 - 22.6 -  2 

Hot water 170°C, 30 min 1MPa ~ 15 - 15.5 -  3 

Hot water 180°C, 30 min 1MPa ~ 15 - 14.2 -  4.5 

Hot water 140°C, 30 min 1MPa Extrusion, 25°C 45-120 rpm ~ 15     22.6 

Hot water 170°C, 30 min 1MPa Extrusion, 25°C 45-120 rpm ~ 15     21.8 

Hot water 180°C, 30 min 1MPa Extrusion, 25°C 45-120 rpm ~ 15     22.8 

Untreated ~ 0.2    68.4 10.8 

Extrusion 40°C 50rpm + Ethylene Glycol     54.7 62.4 

Extrusion 120°C 50rpm + Ethylene Glycol     47.1 38.3 

Extrusion 40°C 50rpm + DMSO      36.1 

 

 

 

 

 

 

 

Untreated  2 40.0 10.4 28.8 59.7 0  

 

 

 

 

 

51 

Ball milling for 10min     25.9 16.0 

Ball milling for 20min     7.6 42.8 

Ball milling for 40min     3.0 70.4 

Ball milling for 120min     6.4 89.7 

Hot water 140°C, 30 min (Solid yield 96%)     62.0 5.9 

Hot water 160°C, 30 min (Solid yield 85%)     67.4 23.3 
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Eucalyptus 

Hot water 200°C, 30 min (Solid yield 67%)  51.9 1.1  74.7 74.7 

Hot water 140°C, 30 min (Solid yield 96%) Ball milling for 20min     9.1 49.4 

Hot water 160°C, 30 min (Solid yield 85%) Ball milling for 20min     13.2 63.0 

Hot water 200°C, 30 min (Solid yield 67%) Ball milling for 20min     16.9 49.4 

Untreated  ~ 2 42.2 34.1 28.1    

 

 

16 

 Cutter milling < 2    30.0 8.1 

 Ball milling, 400 rpm, 60 min      44.8 

EtOH/water=90/10, 200°C, 60min 

Acetic acid 1wt % 

Ball milling, 400 rpm, 60 min      82.4 

EtOH/water 50/50, 200°C, 60min AcOH1% Ball milling, 400 rpm, 60 min      78.3 

EtOH/water=75/25, 200°C, 60min AcOH1% Ball milling, 400 rpm, 60 min 0.05-0.1 68.1 21.5 6.3 15.0 100 

EtOH/water=75/25, 220°C, 60min AcOH1%  ~ 0.05    48.0 68 

Hot compressed water (HCW) 140°C Ball milling, 1800 rpm, 3 pass      8  

52 HCW 160°C Ball milling, 1800 rpm, 3 pass      22 

HCW 160°C Ball milling, 1800 rpm, 5 pass      22 

HCW 180°C Ball milling, 1800 rpm, 3 pass      42 

 

 

 

 

 

 

 

 

 

Spruce 

chips 

 

Untreated  8-22 42.8 20.76 28.6    

 

 

 

 

 

 

 

3,4 

 

 

Hot water 100°C, 10 min, 40% w/v 

 

Disk milling (disk 0.25mm) 

130°C, 2.4 bar   

 

 

>1.814 

 

46.8 

 

20.38 

 

26.3 

  

12 

0.254-0.529  

44.3 

 

20.71 

 

27.5 

  

21 

 

<0.127 

 

29.4 

 

20.54 

 

38.7 

  

- 

 

Hammer milling atmospheric 

 

>1.27 

 

- 

 

- 

 

- 

  

5 

 

<0.318 

 

- 

 

- 

 

- 

  

13 

7% NaOH + 12% Urea under freezing 

condition: -18°C for 24h (Solid yield 85%) 

Disk milling (disk 0.06mm) 

166°C, 7.4 bar  

 

 

** 

 

 

47.1 

 

 

15.0 

 

 

31.4 

  

 

45 

9% NaSO3 + 3.68% H2SO4 170°C for 30mn 

(Solid yield 61.8 %) 

Disk milling (disk 0.06mm) 

166°C, 7.4 bar  

  

61.5 

 

0.69 

 

35.4 

  

92 

 Untreated   43.9 23.9 35.0 29.3   
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Japenese 

cedar wood 

Ball milling 30 rps, 30 min  46.9 25.0 34.8 18.5 77  

 

53 Ball milling 30 rps, 5 min  50.3 20.1 37.9 17.4 52 

Ball milling 15 rps, 5 min  51.1 12.2 33.3 27.0 18 

 

 

Sugarcane 

Bagasse 

Untreated  < 1 44.1 27.7 22.5 31.0   

 

54 Ball milling 1h; 25°C  - - - 0 66 

Ball milling 2h; 25°C  - - - 0 84 

Ball milling 4h; 25°C  - - - 0 89 

 

 

 

 

 

Bagasse 

Untreated  < 2 38.8 26.0 32.4
b
 38 22  

 

 

 

 

 

18 

Ball milling 30 min; 25°C; 400rps     6.0 62 

Ball milling 90 min; 25°C;400rps     0.0 84 

Wet Disk milling 10 cycle; 37min; 25°C; 1800 rps     36 32 

Wet Disk milling 20 cycle; 143min; 25°C; 1800 rps     28 49 

 

 

 

Sugarcane 

straw 

Untreated  < 2 33.6 28.9 31.8
b
 30 24 

Ball milling 30 min; 25°C; 400rps     23 45 

Ball milling 90 min; 25°C;400rps     0.0 78 

Disk milling 10 cycle-37min-25°C-1800 rps     29 56 

Disk milling 20 cycle-167min-25°C-1800 rps     21 68 

 

 

 

 

Bamboo 

Untreated  ~ 3-6 45.5 22.8 -  0.0  

 

 

55 

Ball milling for 5 min ~ 0.1     10.5 

Steam explosion 243°C for 5 min; 35 atm  ~ 3-6 45.1 1.4 -  64.3 
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Steam explosion 214°C for 5 min; 20 atm 

 + 10% NaOH for 60 min 

 ~ 3-6     60.6 

Ball milling for 5 min 10% NaOH for 60 min ~ 0.1     63.9 

 

 

 

Corn 

stover 

 

Hammer milling 30 min 

 0.053-0.075 39.2 32.7 21.4  24  

 

29 0.425-0.710 39.0 34.6 19.1  12 

Hammer milling 30 min Hot water 190°C for 15 min 0.053-0.075     64 

0.425-0.710     58 

 

 

 

 

 

 

 

 

Rice straw 

Untreated ~ 2 33.3 15.9 24.3 51.9 23.4  

 

 

 

44 

Ball milling 5 min; 1700rps      41.8 52.2 

Ball milling 30 min; 1700rps      25.2 75.9 

Wet Disk milling 1cycle; 3min; 1800 rps      46.9 46.8 

Wet Disk milling 5cycle; 15 min; 1800 rps      46.0 59.4 

Wet Disk milling 10cycle; 30 min; 1800 rps      48.6 78.5 

Untreated  0.93 36.5 25.6 12.8  26.3  

13,14 
Steam explosion 179°C for 5 min Coarsely ground 0.59 36.8 23.8 12.5  33.2 

Steam explosion 179°C for 5 min Jet milling, 4544 rpm, 25 min 0.06 35.8 23.8 12.5  61.4 

 

 

 

 

 

 

 

Untreated  0.5 38.2 24.3 25.0    

 

 

 

 

 

 

 

 

 

 

 

Water, 95°C  0.22 32.0  25.1  15.5 

NaOH 12% w/w, 4h,  50°C  0.22 48.9  14.2  38.5 

NaOH 12% w/w, 4h,  95°C  0.22 52.9  9.2  50.7 
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Miscanthus 

 

Milling, 100 rpm 

 

NaOH 12% w/w, 4h,  70°C 

(Solid yield 64 %) 

1.0 56.5 29.1 10.8  32 58 

NaOH 12% w/w, 4h,  70°C 0.22 54.3 27.7 10.9  38 

NaOH 12% w/w, 4h,  70°C 

(Solid yield 57 %) 

0.017 48.8 26.5 14.1  46 

8% w/w NaOH, 25°C, 24h + Steam at 

atmospheric pressure for 10 min 

Extrusion, 100°C  

(Solid yield 88%) 

50-500 41.4 25.2 16.4  19.6 

Extrusion, 100°C + NaOH 12% w/w 

(Solid yield 52%) 

 50-500 59.9 22.1 9.3  34.6 

 

Extrusion, 100°C 
NaOH 12% w/w, 4h,  70°C 

(Solid yield 58 %) 

50-500 55.6 26.9 9.8  40.2 

 

 

 

Alfalfa  

Whole plant   27.4 11.7 4.8  41.3  

 

 

 

 

78 

 

 

 

Hammer milling 

 0.25-0.5 31.4 15.0 5.6  31.1 

0.106-0.25 23.9 10.5 3.5  45.1 

0.053-0.106 25.3 5.3 5.2  57.4 

0-0.053 27.1 7.1 7.3  57.7 

 

 

 

Timothy 

Whole plant   28.8 27.2 4.6  39.3 

 

Hammer milling 

 

 0.25-0.5 29.5 37.0 4.9  39.3 

0.106-0.25 29.5 24.4 4.1  38.1 

0.053-0.106 30.3 19.0 4.0  69.4 

0-0.053 22.7 13.0 6.6  73.9 

 315 
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CEL: Cellulose; HC: Hemicelluloses; LiG: Lignin; CrI: Crystallinity index; SACH: Saccharification 316 

a: 48 h of enzymatic hydrolysis ( % w/w glucose/cellulose in biomass). 317 

b
: Lignin and others 318 

**: Not fractionated 319 

Page 23 of 43 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 
23 

 320 

3.1. Milling or mechanical size reduction process 321 

Zhu et al.;3,4 investigated the impact of disk-milling (DM) conditions on the efficiency of 322 

enzymatic cellulose saccharification of softwood. EHGY was increased to more than 92 % in 323 

glucan after 48 h enzymatic hydrolysis when wood chips were pretreated by post-SPORL 324 

(Sulfite Pretreatment to Overcome Recalcitrance of Lignocellulose) DM (disk-plate gap of 325 

0.76 mm) with 2.21% acid charge (Table 1)3,4. Similar effects on EHGY were also achieved 326 

using large disk-plate gaps (up to 1.52 mm). The same authors also studied the effect of 327 

lignin, acetyl content and biomass CrI on the digestibility of poplar wood with various 328 

enzyme loadings using post-chemical DM. Lignin content and biomass crystallinity 329 

dominated digestibility, but most importantly lignin content was not relevant for digestibility 330 

at low crystallinity. Poplar wood treated with KOH contained 1.5 mmol/g of wood and 331 

peracetic acid 0.1g/g; this resulted in a EHGY of ca.18% and 6% with a cellulase loading of 332 

2 FPU/g substrate. Cellulose conversion was only improved upon pretreatment with KOH and 333 

peracetic acid. Optimum conditions for the enzymatic hydrolysis of cellulose (86%) were 334 

achieved using peracetic acid 1g/g followed by ball milling for 6 days. Mais et al.;50 studied 335 

enzyme hydrolysis on α-cellulose as a model substrate and SO2-impregnated steam-exploded 336 

Douglas-fir wood chips50. The softwood-derived substrate was further post-treated with hot 337 

water and alkaline hydrogen peroxide to remove over 90% of the original lignin (Table 1). 338 

The experiments were evaluated under different reaction conditions, including substrate 339 

concentration, enzyme loading, reaction volumes and number of ball beads employed during 340 

mechanical milling. The authors demonstrated that the use of BM could improve the overall 341 

conversion of α-cellulose by approx. 12%, increasing the total hydrolysis yield from 70 to 342 

82%. It was apparent that the best conditions for the enzymatic hydrolysis of α-cellulose were 343 

achieved using a larger number of beads, while the presence of air-liquid interfaces did not 344 
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seem to affect the rate of saccharification. Similarly, when lignocellulosic substrates were 345 

employed, up to 100% hydrolysis was achieved with a minimum enzyme loading (10 filter 346 

paper units/g of cellulose) at lower substrate concentrations and with a greater number of 347 

reaction beads during milling. These findings support the importance of the simultaneous 348 

combination of BM and enzymatic hydrolysis to enhance saccharification rates and/or a 349 

reduction in enzyme loading required to attain total hydrolysis of the lignocellulosic matrix. 350 

Inoue et al.;51 examined the enzymatic digestibility of eucalyptus following a 351 

combined pretreatment, without using chemicals, comprising ball milling (BM) and 352 

hot-compressed water (HCW) treatment. BM treatment simultaneously improved the 353 

digestibility of both glucan and xylan, being also effective in reducing enzyme loading as 354 

compared to HCW treatment51. The combination of HCW and BM treatments also reduced the 355 

usual BM time (Table 1). Eucalyptus treated with HCW (160°C, 30 min) followed by BM for 356 

20 minutes had approximately 70% of EHGY with a cellulase loading of 4 FPU/g substrate. 357 

This yield was comparable to yields from samples treated with HCW (200°C, 30 min) or 358 

those subjected to BM for 40 min and further hydrolyzed using ten times higher concentration 359 

of cellulases (40 FPU/g substrate). HCW treatment was therefore very useful in improving the 360 

milling efficiency and its combination with BM treatment can save energy and enzyme 361 

loading. Teramoto et. al.;16 developed a sulfuric acid-free ethanol cooking (SFEC) treatment 362 

to achieve complete saccharification of cellulosic components in eucalyptus, thereby avoiding 363 

the problems associated with the use of strong acid catalysts16. Cutter-milled flours were 364 

exposed to a mixture of ethanol (EtOH)/water/acetic acid mixture in an autoclave. Enzymatic 365 

hydrolysis experiments of the post-chemical size reduction pre-treated samples demonstrated 366 

that almost complete conversion (100%) of the cellulosic components to glucose could be 367 

achieved under optimum conditions: EtOH 50%, 200°C for 60 min with 1% AcOH followed 368 
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by BM for 60 minutes. A large-scale trial revealed that there is little consumption of in-feed 369 

EtOH during SFEC, with the possibility to recover and reuse the majority of EtOH.  370 

The effect of DM of HCW-treated water insoluble residues from eucalyptus on EHGY 371 

was also recently studied.52 Glucose production was observed to increase at increasing 372 

number of passes, with the highest EHGY (42.8%) obtained for 3-pass DM after HCW 373 

treatment at 180°C. This value can be recalculated to be 101.7% with cellulose content 374 

(42.1% of untreated raw material) of the starting material taken as reference, essentially 375 

proving all glucan content was digestible.  376 

Studies from our group have been focused in the development of ecofriendly 377 

combined treatment using a chemical process and DM as mechanical process17. An innovative 378 

dry NaOH chemo-mechanical pretreatment (TSdry) was conducted at high material 379 

concentration (5kg/L) with a biomass/liquid ratio of 5:1. The primary objective of this study 380 

was to develop a dry chemo-mechanical pretreatment process which minimises waste 381 

generation, reducing the environmental impact of the entire process in conjunction with 382 

energy savings and increase enzymatic hydrolysis efficiency. NaOH-dilute chemo-mechanical 383 

(TSdilute) pretreatment conducted at low material concentration (0.2kg/L) consumed higher 384 

amounts of water (5L water/1kg biomass) and energy compared to TSdry. In fact, the lowest 385 

energy efficiency obtained was 0.417 kg glucose kWh
-1 

for TSdilute chemo-mechanical 386 

pretreatment as compared to 0.888 kg glucose kWh
-1 

and 0.197 kg glucose kWh
-1 

for TSdry 387 

and control, respectively.17  388 

The accessibility of enzymes to exposed cellulose surfaces of Japanese cedar wood 389 

tissues pretreated with NaOH, NaOH–Na2S (kraft pulping), hydrothermolysis, ball-milling, 390 

and organosolvolysis was also recently studied.53 Results clarified the linear dependency of 391 

the exposure of crystalline and non-crystalline cellulose surfaces for enzymatic 392 

Page 26 of 43RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 
26 

saccharification obtained via organosolv and kraft delignification processes. In comparison, 393 

BM for 5–30 min, hydrothermolysis for 30-60 min at 180°C and alkaline (3% NaOH + Na2S 394 

at 180°C for 30 min) treatments increased the EHGY up to 77%, 15% and 42%, respectively. 395 

Buaban et al.;54 in turn studied an integrated process combining mechanical pretreatment by 396 

BM, with enzymatic hydrolysis and fermentation of bagasse54. They reported that BM for  397 

2 hrs was sufficient to nearly complete cellulose structural transformation into an accessible 398 

amorphous form. Pretreated cellulosic residues were hydrolyzed by a crude enzyme 399 

preparation method containing cellulase activity combined with complementary β-glucosidase 400 

activity. EHGY of 84.0% was obtained after 72 hrs at 45°C and pH 5. In another study, da 401 

Silva et al.;18 compared the effectiveness of BM and wet disk milling (WDM) on treating 402 

sugarcane bagasse and straw18. EHGY at optimum conditions for BM-treated bagasse and 403 

straw were 84% and 78%, respectively. Maximum yields for bagasse and straw using DM 404 

were 49.3% for glucose and 68% for xylose. BM also improved the enzymatic hydrolysis 405 

yield by decreasing the crystallinity. The defibrillation effect observed for WDM samples 406 

seems to favor enzymatic conversion. Bagasse and straw BM hydrolysates were fermented by 407 

Saccharomyces cerevisiae strains. Ethanol yields from total fermentable sugars using a  408 

C6-fermenting strain reached 89.8% and 91.8% for bagasse and straw hydrolysates, 409 

respectively, and 82% and 78% when using a C6/C5 fermenting strain. Yamashita et al.;55 410 

studied the post-physicochemical size reduction as a pretreatment method for enzyme 411 

saccharification of bamboo biomass. EHGY of 64% was obtained after 48h of using bamboo 412 

steam exploded at 35 atm for 5 min and at 243°C. In addition, pre-treatments using 20 atm 413 

and 5 min steam explosion or BM for 5 min followed by a 10 % (w/w) sodium hydroxide 414 

treatment at 121°C for 60 min was executed to enhance the digestibility of the holocelluloses 415 

component (Table 1). Both pretreatment methods had a large positive effect on the production 416 

of sugars by subsequent enzymatic hydrolysis. In particular, the combined 20 atm steam 417 
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explosion and 10 wt % sodium hydroxide treatments obtained the maximum EHGY. Levels 418 

obtained were 456 mg/g of initial dry sample of glucose and 460 mg/g of initial dry sample of 419 

reducing sugar. In comparison, the BM process and 10 wt % sodium hydroxide treatment 420 

produced 383 and 485 mg/g of initial dry sample of glucose and reducing sugar, respectively. 421 

This pretreatment method requires severe conditions, namely high pressure and high 422 

temperature steam explosion in combination with high concentrations of sodium hydroxide. 423 

Apparently, BM pretreatment is a somewhat less effective, but a more environmentally 424 

friendly method for the enzyme saccharification of bamboo. Lin et al.;56 studied the chemical 425 

BM pre-treatment followed by enzymatic hydrolysis and fermentation for ethanol production 426 

from corn stover biomass56. The obtained results indicated that the yields of glucose and 427 

xylose were improved by adding any of the following dilute chemical reagents: H2SO4, HCl, 428 

HNO3, CH3COOH, HCOOH, H3PO4, and NaOH, KOH, Ca(OH)2, NH3H2O in the BM 429 

pretreatment of corn stover. The optimal enzymatic hydrolysis efficiencies were obtained 430 

using BM in an alkali medium, which can be explained by a possible delignification. The said 431 

study showed thus that the BM pretreatment is a robust process. Based on microscope image 432 

of BM-pretreated corn stover, the particle size of the material was decreased and the fiber 433 

structure was more loosely organized. Afterwards, the results indicate that the treatment effect 434 

of wet milling is better than that of dry milling. The optimum parameters used for the milling 435 

process were ball speed 350 r/min, solid/liquid ratio of 1:10, raw material particle size with 436 

0.5 mm, and number of balls of 20 (steel ball, = 10 mm), and grinding for 30 min.  437 

Hideno et al.;48 compared WDM, BM and hot compressed water treatment (HCWT) of rice 438 

straw. These authors reported that EHGY by WDM, BM and HCWT were 78.5%, 89.4% and 439 

70.3%, respectively. They also reported that in BM, the EHGY increased with milling time 440 

and increased gradually with 10 cycles of DM and leveled off between 10 and 20 cycles48.  441 

It must be emphasized that the EHGY for 10 cycles was 78.5% with an optimal milling time 442 
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of 60 min, temperature of 160°C for HCWT and 10 repeated milling operations for WDM. On 443 

the basis of the BM treatment of the rice straw, the high glucose yield was achieved in a short 444 

operation time compared to eucalyptus51. In the said study, the authors suggested that DM is a 445 

promising pretreatment for enzymatic hydrolysis. Peng et al.;57 used microcrystalline cellulose 446 

as substrate to investigate its potential ability of bioconversion in a novel combined 447 

pretreatment of ball milling (BM) and/or microwave irradiation (MWI). To achieve the same 448 

or higher glucose yield of BM for 3 h and 6 h, BM for 1 h with MWI for 20 min could save 449 

54.8% and 77.4% energy consumption, respectively57. Moreover, chemicals were not required 450 

in this process. It is concluded that the combination of BM and short time MWI is an 451 

environment-friendly, economical and effective approach to treat biomass. Lee et al.;52 have 452 

developed an energy efficient nanofibrillation method that combines DM and HCW treatment 453 

to improve enzymatic accessibility of Eucalyptus wood. In this method, DM fibrillated the 454 

residual product of HCW treatment under wet conditions52. The relatively moderate HCW 455 

treatment conditions (temperature below 180°C and reaction time of 30 min) were adopted, 456 

and the amount of water used was only five times that of wood. These conditions were 457 

sufficient for the partial removal of hemicellulose and lignin from cell walls with 458 

supramolecular structures to create nano-spaces between cellulose microfibrils. These 459 

morphological characteristics have effectively improved the nanofibrillation by DM. The 460 

fibrillated products with a size of less than 20 nm can already be obtained after very short 461 

milling time, and this process has significantly improved the enzymatic saccharification yield. 462 

The energy consumption is also, notably much lower than that of other mechanical methods 463 

for size reduction to give the same monosaccharide-recovery yield. 464 

3.2.Twin Screw Extrusion process 465 

The extrusion of biomass can be a viable pretreatment method due to its ability to 466 

simultaneously expose it to a range of disruptive conditions in a continuous flow process. 467 
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Nevertheless, the extruder screw speed, barrel temperature, and feedstock moisture content 468 

are important factors that can influence sugar recovery from biomass.  469 

Lee et al.;49 studied a mechanical micro/nano-fibrillation of Douglas fir by a continuous 470 

extrusion process in an attempt to develop a cost-effective pretreatment method for enzymatic 471 

saccharification (Table 1). Additives with cellulose affinity (ethylene glycol, glycerol, and 472 

dimethyl sulfoxide) were used to effectively fibrillate the wood cell wall up-to submicron- or 473 

nano-scale, thus opening up the cell wall structure for improving enzymatic accessibility, and 474 

lowering likewise the extrusion torque49. The fibrillated products were converted into glucose 475 

with a high yield by enzymatic saccharification. The maximum cellulose-to-glucose 476 

conversion (64 %) was achieved when Douglas fir wood was extruded at 40°C in the presence 477 

of ethylene glycol. The EHGY was approximately 6 times higher than that of the untreated 478 

raw material. Nonetheless, the fibrillation of wood cell walls into submicron and/or nanoscale 479 

fibers was successfully carried out in the presence of water using a batch-type kneader in 480 

combination with the available twin-screw elements. The maximum EHGY was found to be 481 

54.2% in the case when the fibrillated products were kneaded for 20 min after ball milling 482 

using a screw combination. The fibrillation also increased the surface area of cellulose and the 483 

EHGY was improved by cooking the fibrillated products with water at 135 °C under 484 

0.25 MPa. The authors have reported that only mechanical kneading appears to have some 485 

limitations towards exposure of cellulose for complete enzymatic saccharification.  486 

de Vrije et al.;58 investigated the biomass conversion pretreatment methods for the production 487 

of fermentable substrates from Miscanthus. The obtained results demonstrated an inverse 488 

relationship between lignin content and the efficiency of enzymatic hydrolysis of 489 

polysaccharides58. The high delignification values were obtained by the combination of 490 

extrusion and chemical pretreatment (sodium hydroxide), which is an optimized process, 491 

consisted of a one-step extrusion-NaOH pretreatment at moderate temperature (70°C). A 492 
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mass balance of this process in combination with enzymatic hydrolysis showed that the 493 

pretreatments resulted in 77% delignification, and a cellulose yield of more than 95% and 494 

44% hydrolysis of hemicellulose. After enzymatic hydrolysis, 69% and 38% of the initial 495 

cellulose and hemicellulose fractions, respectively, were converted into glucose, xylose and 496 

arabinose. Of the initial biomass, 33% was converted into monosaccharides. Normal growth 497 

patterns of Thermotogaelfii on hydrolysate were observed and high amounts of hydrogen 498 

were produced. Yoo et al.;59 investigated the thermo-mechanical extrusion pretreatment for 499 

lignocellulosic biomass using soybean hulls as the substrate. Structural changes in substrate 500 

and sugar yields from thermo-mechanical processing were compared with two traditional 501 

pretreatment methods that utilized dilute acid (1% sulfuric acid) and alkali (1% sodium 502 

hydroxide). Extrusion processing parameters (temperature, moisture, screw speed) and 503 

processing aids (starch, ethylene glycol) were studied with respect to reducing sugar and 504 

glucose yields. The conditions resulting in the highest EHGY (95%) were screw speed of 505 

350 rpm, maximum temperature 80 °C and moisture content of 40%. Compared to untreated 506 

soybean hulls, EHGY of soybean hulls increased by 69.6%, 128.7% and 132.2%when 507 

pretreated with dilute acid, alkali and extrusion respectively59. Liu et al.;
60

 investigated the 508 

alkaline twin-screw extrusion pretreatment (ATSE) for corn stover. ATSE was conducted 509 

with a biomass/liquid ratio of 1/2 (w/w) at a temperature of 99°C without any addition al 510 

heating equipment. The results indicate that ATSE pretreatment is effective in improving the 511 

enzymatic digestibility of corn stover. Sodium hydroxide loading is a more influential factor 512 

affecting both sugar yield and lignin degradation than heat treatment time60. After ATSE 513 

pretreatment under the proper conditions (NaOH loading of 0.06 g/g biomass during ATSE 514 

and 1 hour heat preservation after extrusion), 71% lignin removal was achieved and the 515 

conversions of glucan and xylan in the pretreated biomass can reach up to 83% and 89% 516 

respectively via subsequent enzymatic hydrolysis (cellulase loading of 20 FPU/g-biomass and 517 
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substrate consistency of 2%). About 78% of the original polysaccharides were converted into 518 

fermentable sugars. Kang et al.;61 investigated the production of bioethanol from Miscanthus 519 

using a specially designed twin-screw extruder with sodium hydroxide. The pretreatment 520 

parameters were optimized using a response surface methodology61. Optimum pretreatment 521 

conditions were 95°C, 0.4 M sodium hydroxide concentration, 80 rpm twin-screw speed, and 522 

flow rate of 120 mL/min. Under these optimum conditions, efficiency of pretreatment through 523 

the biomass to ethanol ratio was 66 %, as compared to a theoretical maximum of 67%. Duque 524 

et al.;
62 studied an integrated one-step alkaline extrusion process as pretreatment for sugar 525 

production from barley straw (BS) biomass. The influence of extrusion temperature (T) and 526 

the ratio NaOH/BS dry matter (w/w) (R) into the extruder on pretreatment effectiveness was 527 

investigated in a twin-screw extruder at bench scale. The optimum conditions for a maximum 528 

EHGY were determined to be R = 6% and T = 68°C. At these conditions, glucan yield 529 

reached close to 90% of theoretical yields, while xylan conversion was 71% of theoretical 530 

values62. These values are 5 and 9 times higher than that of the untreated material. Zhang et 531 

al.;56,63 investigated the extrusion methodology, as a continuous and cost-effective 532 

pretreatment method for corn stover bioconversion. The objective of this study was to 533 

examine the effect of extrusion as a pretreatment method and the underlying factors ruling the 534 

improvement of sugar yields56,63. The optimum glucose, xylose, and combined sugar 535 

recoveries were 48.79%, 24.98%, and 40.07%, respectively, at 27.5% moisture content and 80 536 

rpm screw speed. These yields were 2.2, 6.6, and 2.6 times higher than those for untreated 537 

corn stover. Karunanithy et al.;
64 investigated the effects of extrusion parameters 538 

on pretreatment of pine wood chips. Pine wood chip at 25, 35, and 45% moisture content 539 

were pretreated at various temperatures (100, 140, and 180°C) and screw speeds (100, 150, 540 

and 200 rpm) using a screw with compression ratios of 3:1. The pretreated pine wood chips 541 

were subjected to standard enzymatic hydrolysis followed by sugar and byproducts 542 
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quantification64. Pine wood chips pretreated at a screw speed of 150 rpm and a temperature of 543 

180°C with a moisture content of 25% resulted in a maximum cellulose, hemicellulose, and 544 

total sugar recoveries of 65.8, 65.6, and 66.1%, respectively, which was about 6.7, 7.9, and 545 

6.8 fold higher than the control. Furthermore, potential fermentation inhibitors such as 546 

furfural, hydroxyl methyl furfural, and acetic acid were not found in any of the treatment 547 

combinations. Karunanithy and Muthukumarappan45 used the switchgrass as a substrate to 548 

study the effect of moisture content (10, 20, 30, 40, and 50%) and particle size (2, 4, 6, 8, and 549 

10 mm) over a range of temperatures and screw speeds (45-225°C and 20-200 rpm). 550 

Statistical analyses revealed that among the independent variables considered, temperature, 551 

screw speed, and moisture content had significant effect on sugar recoveries45. The optimum 552 

pretreatment condition of temperature 176°C, screw speed 155 rpm, moisture content 20%, 553 

and particle size 8 mm resulted in maximum glucose (41.4 %), xylose (62.2 %), and 554 

combined sugar recoveries (47.4 %). The optimum pretreated switchgrass samples had 50% 555 

higher surface area than that of the control. Karunanithy et al.;65,66 investigated also the 556 

influence of alkali (NaOH) concentration on sugar recovery and optimized the extruder 557 

temperature, screw speed, and particle size for maximum sugar recovery. In order to evaluate 558 

the sequential effect of alkali soaking and extrusion, prairie cord grass (2-10 mm) was soaked 559 

at different alkali concentrations (0.5-2.5%, w/v NaOH) for 30 min at room temperature and 560 

then extruded using a lab scale single screw extruder at various temperatures (45-225°C) and 561 

screw speeds (20-200 rpm). All the independent variable had a strong influence on sugar 562 

recovery and it was confirmed through statistical analyses65,66. The optimal pretreatment 563 

condition 114°C, 122 rpm screw speed, 1.70% alkali concentration, and 8 mm particle size 564 

resulted in maximum glucose, xylose and combined sugar recoveries of 86.8, 84.5, and 82%, 565 

respectively. 566 

 567 
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4. Discussion  568 

Enzymatic hydrolysis of cellulosic biomass depends on many factors such as physical 569 

proprieties of the substrate (Chemical composition, CrI, degree of polymerization, SSA, lignin 570 

content, synergy between enzymes, mass transfer, substrate adsorption,  571 

pore diffusion, etc.)17,30,46,57,67-69. O’Dwyer et al.;70 has proposed an empirical model that 572 

describes the roles of wheat straw lignocellulosic properties in enzymatic hydrolysis 573 

(Digestibility=2.04 SSA
0.99

 (100-CrI) LiG
-0.39

). Lignin (LiG) content, SSA and CrI have the 574 

greatest impact on biomass (for wheat or even for all biomass) digestibility. It is widely 575 

accepted that highly crystalline cellulose is less accessible to cellulase attack than amorphous 576 

cellulose; therefore, crystallinity negatively affects the efficiency of enzyme contact with 577 

cellulose71-74. A common method of reducing crystallinity is BM (Fig 5 and Fig 6), which 578 

tends to decrease the particle size and increase the SSA simultaneously
75

. 579 
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Fig 6. Relationship between crystallinity index (CrI) and saccharification of selected lignocellulosic biomass 581 

(Table 1) NT: not treated; BM: ball milling; HM: hammer milling 582 

 583 

It can be observed in Fig 6 that for all the pretreated wood parts, CrI was not directly 584 

correlated with the overall saccharification yield. It is hard to deduce whether the increase in 585 

enzymatic digestibility was solely due to the reduction in crystallinity or was caused by other 586 

physical changes. Some researchers proposed that the effect of reduced crystallinity on the 587 

hydrolysis rate might actually be a consequence of increased SSA18,19 or decreased particle 588 

size39. da Silva et al.;18 demonstrated that sugar yield after WDM increased while there was an 589 

observed decrease in the CrI value. The authors suggest that the number of operation cycles 590 

resulting in reduction of particles size and fiber thickness, was the relevant factor in the 591 

improvement of enzymatic digestibility of the pretreated materials. The reduction in fiber 592 

thickness, which increases the SSA for the attack of cellulase, may play a role as important as 593 

the CrI increase. As a comparison, rice straw that underwent ball-milling presented a CrI of 594 

8% and resulted in glucose yields of 63.6% after digestion, whereas 20-cycles WDM straw 595 

presented a CrI of 21%, but resulted in a higher glucose yield of 68%. Chang et al., (1997) 596 

have shown that a further reduction of particle size below 40-mesh does not necessarily 597 

enhance the hydrolysis rate. Some studies have also shown that accessible SSA is a crucial 598 

factor that affects biomass digestibility39,76,77. Other studies have reported conflicting results 599 

on the effect of accessible SSA on biomass digestibility. Fan et al.;
72 concluded that SSA had 600 

no effect on the digestibility of biomass but on limiting enzymatic hydrolysis19,76.  601 

In contrast, Zhang et al.;63 using extrusion, suggested that X-ray diffraction analysis showed 602 

that the CrI was not a good indicator of sugar yield. However, scanning electron microscopy 603 

showed that the cellulose network was impacted due to the destruction of the lignin sheath 604 

exposing the cellulose even more, making it more susceptible to enzymatic hydrolysis. Peng 605 

et al.;57 suggested that the correlation of crystallinity index (CrI), size of crystal, specific 606 

surface area (SSA) and degree of polymerization (DP) with the rate of enzymatic hydrolysis is 607 
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differentiated by an optimized equation that indicates the rate of hydrolysis is much more 608 

sensitive as a factor  to CrI than to SSA and DP57. Other studies also suggest that lignin 609 

content and biomass crystallinity has dominated digestibility. Lignin removal greatly 610 

enhanced the ultimate hydrolysis extent. However, the crystallinity reduction tremendously 611 

increased the initial hydrolysis rate and reduced the hydrolysis time or the amount of enzyme 612 

required to attain high digestibility. To some extent, the effects of structural features on 613 

digestibility were interrelated. At short hydrolysis periods, lignin content was not important 614 

for digestibility when the crystallinity was low. Similarly, at long hydrolysis periods, the 615 

crystallinity was not important to digestibility when lignin content was low. These conflicting 616 

results may be due to different methods used to determine lignin content, CrI and SSA; for 617 

example N2 adsorption versus solute exclusion method, and methods based on geometry of 618 

particles and bulk density used to determine SSA. The measurement of accessible SSA and CrI 619 

also depends on the size and organized structure of biomass used. Moreover, accessible SSA 620 

and CrI are not easily manipulated in pretreatments. 621 

Anyway, to reveal the underlying relationship of structural features and biomass digestibility, 622 

it is important to investigate the influence of each one on the rate and extent of hydrolysis. 623 

However, the complex biomass structure confounds the understanding of the relative 624 

importance of these features, because altering one structural feature often results in substantial 625 

changes in others. In addition, previous studies investigating the influence of structural 626 

features on digestibility have been restricted to the measurement of either one or two 627 

structural features with one cellulase loading. To eliminate the cross effects among structural 628 

features, selective pretreatment techniques have been employed to vary one particular 629 

structural feature during a pretreatment, while the other two structural features remained 630 

unchanged.  631 

 632 
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5. Conclusion and Perspectives for the future: Environmental dry-pretreatment 633 

lignocellulosic biorefineries 634 

This contribution has been aimed to demonstrate the versatility of various pretreatment 635 

processes for lignocellulosic biomass conversion to biofuels. The complexity of pretreatment 636 

steps for an eventual energetic valorization of the biomass was illustrated with a number of 637 

examples that provides relevant alternatives to traditional (physic)chemical pretreatments 638 

with generally promising (and even improved) results.  639 

Currently, relevant lignocellulosic biomass projects are under development including 640 

those of Futurol France, Leuna Germany (http://www.research-in-641 

germany.de/dachportal/en/Research-Areas-A-Z/Plants/Programmes-andInitiatives/Modern-642 

Biorefinery-for-Climate-Protection-and-Resource-Efficiency.html) and a recently granted 643 

COST Action on the conversion of lignocellulosic waste streams to valuable chemicals and 644 

fuels (http://www.cost.eu/domains_actions/fps/Actions/FP1306). However, major challenges 645 

including feedstock costs, feedstock variability, production, enviromental impacts, water 646 

recycling, transportation, enzymes costs, pre-processing along with the development of new 647 

technologies with increased efficiency of lignocellulosic conversion still need to be resolved 648 

before successful implementation of an integrated lignocellulosic valorisation for fuels, 649 

materials and chemicals production. 650 

Mechanical pretreatments have been considered to be one of the most expensive 651 

processing steps in biorefinery in terms of energy and operating costs. In general, size 652 

reduction processes have a high-energy requirement and are often not economically 653 

advantageous. The recommended particle size should be less than 3 mm for effective 654 

accessibility and hydrolysis of lignocellulosic materials. To counteract these disadvantages, 655 

size reduction processes through milling, grinding, and extrusion can be combined with 656 

chemical and physicochemical pretreatments to save energy for grinding and enzyme loading. 657 
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Chemical or physicochemical pretreatments followed by mechanical processing can be 658 

considered as interesting innovative methodologies to reduce energy, particle sizes, increase 659 

surface area, decrease cellulose crystallinity and increase biomass digestibility and 660 

bioconversion. The benefits in energy savings achieved using this combined 661 

physicochemical/mechanical size reduction pretreatment approach are significant, based on 662 

previous studies. Energy consumption for agricultural biomass size reduction was reported to 663 

significantly decrease with steam exploded substrates.
11

  The specific energy required to grind 664 

steam exploded oat and wheat straws, using 3.2 and 1.6mm hammer mill screen sizes, was 52 665 

and 25 %, and 90 and 64 % lower than untreated straw, respectively. Another study 666 

investigated the influence of torrefaction, an oxygen-free mild thermal treatment, on wood 667 

grinding energy
79,80

. Results pointed out that the specific energy consumption for grinding 668 

was remarkably reduced with increased torrefaction temperatures for pine, spruce and beech 669 

chips. Grindability of torrefied pine chips was substantially improved after torrefaction at 670 

275°C and 300°C as well as the specific energies required for grinding (24-52 KWh.t
-1

), while 671 

the energy consumption to grind non-torrefied spruce and beech chips was as high as 672 

750 KWh.t
-1

 and 850 KWh.t
-1

, respectively
79,80

. Recently Zhu et al.;
81

 studied the effects of 673 

chemical pretreatments and disk-milling conditions on energy consumption for size-reduction 674 

of softwood. They found that combined chemical-size-reduction pretreatments of forest 675 

biomass can reduce grinding energy consumption by 20-80 %, depending on the utilised 676 

pretreatment under conditions corresponding to 20 % solids-loading and a disk-plate gap of 677 

0.76 mm under milling. Barakat et al.;
17

 also reported a reduction in energy consumption 678 

(240 KWh.t
-1

) for ball mill-treated wheat straw (NaOH at 25°C for 5h) as compared to a 679 

superior 485 KWh.t
-1

 energy consumed under ball milled wheat straw without chemical 680 

treatment. 681 
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The coupling of mechanical size reduction with chemical and physicochemical pretreatments 682 

strongly suggest that the digestibility is substantially improved (with a concomitant decrease 683 

in energy requirements) while preserving lignocellulosic polymers. These would improve the 684 

whole process economics, clearly indicating that combined pretreatments are very important 685 

for the reduction of energy consumption in dry lignocellulosic biorefineries. 686 

The thermal energy consumption for conventional chemical and physicochemical (steam 687 

explosion, organosolv, etc) pretreatment is almost linearly proportional to liquid/biomass 688 

ratio; thus, reducing this ratio is a prerequisite to improve energy efficiency and limit water 689 

utilization and production of (toxic) waste and side streams. In this regard, dry 690 

chemical/physicochemical and biological “solid state” pretreatments combined with dry 691 

fractionation steps can be key for advanced pretreatment processes in the future, of direct use 692 

in downstream processing in the absence of any solvents/conditioning steps or even 693 

separation. Coupling mechanical treatments with dry chemical, physicochemical and/or 694 

biological processing (enzymatic hydrolysis and fermentation) in a continuous flow-through 695 

process can reduce significantly the energy requirement by 2-5 times, decrease particle size 696 

by 2-5 times while increasing lignocellulosic conversion and reduce water utilization by 5-10 697 

times minimizing waste production.  698 

The example illustrated in Figure 7 showcases the possibilities of the proposed ‘dry’ 699 

biorefinery scheme that may be potentially applicable to the transformation of a wide range of 700 

lignocellulosic feedstocks for more efficient and environmentally sound processing.  701 

We believe these technologies can significantly contribute to a more sustainable 702 

biomass processing in the future, being part of industrial ventures in our aim to develop 703 

multidisciplinary processes equally efficient, cost competitive and with improved 704 
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environmental footprint to those derived from petrol-based resources that we have relied upon 705 

the past 50+ years. 706 

 707 

Fig 7. Future schematic representation of a potentially feasible Environmental Dry Lignocellulosic Biorefinery. 708 

 709 
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