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A B S T R A C T   

The lignocellulosic biomass recalcitrance is the uppermost factor for the utilization of this renewable resource. 
The development of new pre-treatments, addressed to enhance performance in lignocellulosic biomass conver
sion into biofuels, fine chemicals, and as potential sources of building blocks for materials, must be focus in two 
main areas: effectiveness (cost-effective and chemical effective) and green chemistry. In this research, a set of 
different biomass sources (farmer, harvested wild trees and secondary products) were studied to evaluate the 
high efficiency of the non-liquid nitrogen (LN) and LN-treated biomass samples’ planetary ball milling perfor
mance. The samples have been characterized by particle size distribution, thermogravimetric, FT-IR, statistical 
chemometric and chemical oxidation analysis. The results have shown a high level on the rupture of the crys
tallinity and depolymerization degrees of the cellulose and the lignin, for both, non-LN and LN-treated samples. 
The thermogravimetric analysis showed a clear diminishing in temperature degradation, and a larger amount of 
biomass degraded at lower temperature, as well as, a high chemical oxidation degree than not milled samples. 
Finally, the LN-treated samples even exhibited a lower degradation temperature, a larger amount of biomass 
degraded at lower temperature and a higher oxidation degree, than those non-LN milled.   

1. Introduction 

One of the greatest outfacing of our civilization is to overcome the 
higher scientific and economic hurdles to meet the growing demand for 
industrial chemical precursors and fuel. Since the previous century, a 
great effort has been done to find sources of chemicals and alternative 
energies alternatives to fossil fuels. Lignocellulosic substrates, which are 
carbon dioxide neutral and there is a great abundance of surplus ma
terial worldwide, are one of these new sources. 

The world-wide production of accessible lignocellulosic biomass 
reaches about 1011 tons/year (Saini et al., 2015). The lignocellulosic 
material, based on the resources, could be classified into three main 
groups, such as municipal solid wastes, forest residues and crop residues 
(Taherzadeh and Karimi, 2008). The composition of lignocellulosic 
biomass varies from biomass source studied depending on the growth 
conditions, the plant species and the types of plant tissue, and it usually 
contains about 10–25% lignin, 35–50% cellulose and 20–35% hemi
cellulose (Sawant et al., 2016). 

The lignin molecular configuration itself which makes it extremely 
resistant and un-reactive to hydrolysis (chemical and enzymatic) 
(Mussatto and Teixeira, 2010), joined to the crystallinity, the high 
polymerization degree of the cellulose and the degree of hemicellulose 
acetylation are the major obstacles in the effective utilization of the 
lignocellulosic biomass (Zoghlami and Paës, 2019). Therefore, all these 
potential sugar fractions are not straightly accessible for diverse treat
ments (e.g.: enzymatic treatment), and, for example, the biofuel or 
furfural production. 

Several pretreatment methods have brought important effects to 
break down the crystalline structure in cellulose and the lignin structure, 
such as physicomechanical comminution (Arce and Kratky, 2022), ul
trasound (Subhedar et al., 2016), high-energy radiation (Kristiani et al., 
2015), high-pressure steam (Ziegler-Devin et al., 2021), hydrolysis (acid 
or alkaline) (Dubey et al., 2012), chemical (H2O2) (Gould, 1984), gas 
treatment (HClO, NO2, SO2, O3) (Mulakhudair et al., 2017), wet 
oxidation (McGinnis et al., 1983), organo-solvent treatment (Nair et al., 
2023), ammonia fiber expansion (Bals et al., 2010), ionic liquids (An 
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Contents lists available at ScienceDirect 

Journal of Cleaner Production 

journal homepage: www.elsevier.com/locate/jclepro 

https://doi.org/10.1016/j.jclepro.2024.140761 
Received 20 November 2023; Received in revised form 10 January 2024; Accepted 12 January 2024   

mailto:jmcord@us.es
www.sciencedirect.com/science/journal/09596526
https://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2024.140761
https://doi.org/10.1016/j.jclepro.2024.140761
https://doi.org/10.1016/j.jclepro.2024.140761
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2024.140761&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Cleaner Production 437 (2024) 140761

2

et al., 2015), and biological treatment (Fan et al., 2010). Among all of 
them, chemical pretreatments are widely used, however, the high level 
of equipment investment, treatment cost and environmental pollution 
due to the use of a high amount of solvents (water or others) (Brodeur 
et al., 2011) results in the searching for a new green alternative. 

The mechanical pretreatments, without the production of wastes, 
have appeared as an efficient way to improve, during the hydrolysis, the 
total digestibility and the depolymerization of saccharides. For example, 
studies have shown a higher level of digestibility, by a diminishing in the 
heat and mass transfer limitations, when the particle size of the biomass 
was reduced to 0.5–2 mm. Unfortunately, nowadays, the balance be
tween the cost-effectiveness of the mechanical size reduction steps and 
the adding-value compounds production is unacceptable due to high- 
energy requirements of the process (Barakat et al., 2013). 

The finest powders production is cost-intensive, or even not possible 
at room temperatures due to the viscoelastic and plastic properties of the 
biomass. At ambient temperature, the biomass fibre layer structure, with 
the presence of intermediate layers, exhibits high plasticity and exten
sibility and makes it high resistant to rupture by the effect of the impact 
forces applied during the grinding process. The grinding efficiency can 
be improved by lowering the working milling temperature as much as 
possible. The liquid nitrogen has the potential to become the best 
cooling agent (act very fast, a non-waste solution is produced and it is an 
inert agent) to reach the lowest working temperature for the milling 
procedure. 

At first, under the cryogenic temperature condition many materials, 
such as biomass, become brittle and they can be grounded more effec
tively. Also, under these conditions enzyme activities in fresh plants are 
inactivated. Secondly, another mechanism to overcome the biomass 
recalcitrance and to improve the saccharification process, induced by 
the cryogenic grinding, is the rupture of the biomass microfibrils by the 
action of ice crystals pressure against the cell’s walls induced by the 
impact forces applied during the milling procedure. The utilization of 
cryogenic grinding has numerous advantages in process application, 
such as, readily available, easy control, low technical input, good heat 
transition, inert atmosphere, better cost-effective to obtain finer parti
cles, etc. and other advantages (Manohar and Sridhar, 2003; Hemery 
et al., 2011), from a physico-chemical characteristics point of view of the 
products obtained, such as, the activity of some specific compounds is 
preserved by the limitation of the heat generated during grinding 
(Hemery et al., 2011; Singh et al., 1999; Saxena et al., 2018; Goswami 
and Singh, 2003), and a lower particle size leads to a higher particle 
surface area and therefore to a higher interaction solvent-compounds 
interactions which can result in higher production of bioactive com
pounds (Stewart et al., 2009). 

There is a race for scientific knowledge advancement and the tech
nological optimization (cost, chemical, and green effectiveness) of the 
pre-treatment process, among them the grinding process, to produce 
biofuel and building blocks more efficiently from lignocellulosic 

resources. The main aim of the work is to show the effects of short time 
high efficiency planetary ball milling procedure in biomass assessed by 
particle size distribution, thermogravimetry, FTIR spectroscopy, statis
tical chemometric and chemical oxidation analysis to investigate the 
chemical structure changes produced by a given biomass material 
influenced by room temperature milling and cryo-milling. This study is 
expected to give useful information about the impact of room and cryo- 
temperature milling pretreatment on the biomass structure, considering 
the potential in the processes improvement. 

2. Experimental 

A set of different biomass sources (farmer, harvested wild tree and 
secondary products) were used in this work. They are shown in Table I. 
The morphology format of the as-received biomass was a set of particles 
with a size in the range from 3 to 5 mm. 30 g of every biomass source was 
added in a 250 ml (volume) plastic bottle with 50 ml of liquid nitrogen 
(LN). After the LN evaporation, the biomass was immediately poured in 
a stainless-steel jar (volume, 125 ml) with 9 stainless steel balls (diam
eter, 20 mm). The jar was closed and placed in a PM200 (Retsch, Ger
many) planetary ball milling. The PM200 speed was set as 500 rpm, and 
the milling time was fixed to 300 s. For comparison, as-received biomass 
was milled under similar conditions without previous LN treatment. The 
LN treated samples were called “TCryo” and the non-LN treated samples 
were called “TRoom”. 

Powdered biomass, obtained after milling at room temperature, was 
characterized by moisture content analysis and elemental analysis. The 
moisture content was performed by the oven-drying method in a Binder 
VD23 oven. The temperature was set at 105 ◦C for 48 h. The CHNS 
elemental analyses were carried out in a Micro Elemental Analyzer, 
using a LECO Truspec CHNS Micro. The samples were completely 
combusted in pure oxygen up to 1050 ◦C. The product gases obtained, 
CO2, H2O and SO2 were quantified by an infrared cell, and by a thermal 
conductivity cell for the N2. Three runs were carried out per sample. 

The oxygen value was indirectly calculated by difference using the 
equation below (1) (Zhang et al., 2010): 

%O= 100 − %H − %C − %N − S − %ash (1) 

There are several mathematical equations, available in the literature, 
to determine the biomass High Heating Value (HHV). The estimated 
value can be reached from three types of experimental analysis: ultimate 
analysis data, proximate analysis data and structural analysis data 
(Vargas-Moreno et al., 2012). In this research, the Grabosky and Bain 
equation (2) (Broer et al., 2019) based on ultimate analysis data will be 
used. This equation, useful for a wide range of biomass materials, is 
based on the reaction to produced CO2, H2O, NO2 and SO2 from C, H, N 
and S, and its prediction is asserted to be within 1,5%. The C, H, N and S 
w.t.% used in this equation were those obtained from a biomass sample 
with moisture and ash. 

Table 1 
Moisture content, ash content, ultimate elemental analysis (w.t.% in dry basis and without ash), C/H ratio and HHV (high heating value) of samples studied in this 
work. The relative standard deviation (%) for the determined C; H; N; and S values was in the range of 0,4–1,4; 0,8–1,9; 2,7–5,5; and 3,9–6,5, respectively.  

Sample Code %C %H %N %S %O %ash %moisture C/H HHV (kJ/g) 

Cellulose Cel 45,5 11,1 <0,1 <0,1 43,4 0 5,1 4,1 19,8 
Lignin Lig 53,8 8,6 <0,1 0,7 36,9 0 10,9 6,3 20,7 
Cel:Lig 1:1 CL11 49,4 9,9 <0,1 <0,1 40,8 0 8,0 5,0 20,2 
Cel:Lig 1:2 CL12 50,6 9,4 <0,1 0,6 39,5 0 8,9 5,4 20,3 

Rice husk RicHusk 41,2 5,3 <0,1 <0,1 53,5 17,1 7,2 7,8 12,1 
Rice straw RicStr 48,4 10,2 0,5 <0,1 40,9 18,8 8,4 4,7 15,7 
Olive tree pruning OliPru 49,6 7,2 0,7 <0,1 42,4 3,2 8,1 6,9 18,3 
Wild olive tree pruning WOliPru 50,6 6,0 0,7 0,7 41,9 3,0 10,6 8,4 17,6 
Pine tree pruning PinePru 52,5 6,4 0,4 <0,1 40,8 2,6 12,6 8,2 17,9 
Eucalyptus tree pruning EucPru 49,0 6,1 0,2 ≤0,1 44,7 4,2 11,4 8,1 16,5 
Peanut shell PeaShe 40,6 5,0 <0,1 0,2 54,2 3,9 4,9 8,1 14,3 
Wallnut shell WalShe 50,7 6,3 <0,1 <0,1 43,0 2,6 8,6 8,1 18,2  
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HHV = 0, 328 C+ 1, 4306H − 0, 0237N + 0.0929S −

(

1 −
Ash
100

)

•

(
40, 11H

C

)

+ 0, 3466 [J / g] (2) 

Particle size distribution (PSD) was measured using a Mastersizer 
3000E (Malvern, UK) laser diffraction granulometer. Particle size mea
surements were carried out by a wet-method with distilled water. The 
data was acquired using Mastersizer 3000E extended software. The 
GRADISTAT software (Blott and Pye, 2001) was used to compute 
different PSD numerical values. These values were classified in three 
groups: size parameters (geometric mean diameter (xD), D90, median 
diameter (D50) and effective diameter (D10)), shape parameters (skew
ness and kurtosis) and distribution parameters (geometric standard de
viation (GSD)). 

FT-IR studies were performed by a ThermoFisher FT-IR Nicolet™ 
iS™ 5 with resolution set on 1 cm− 1 spectrometer was applied (range of 
400–4000 cm− 1, and 64 co-added scans to reduce the random noise 
interference). The spectral data were acquired at room temperature and 
processed by the Omnic Thermo Scientific software (Thermo Fisher 
Scientific Inc., Waltham, MA, USA). Solid-state pellets (uniaxial press, 
13 mm in diameter, 2 tons, 2 min, connected to a vacuum pump) made 
of KBr (FT-IR grade, ≥99% trace metals basis, Merck, Darmstadt, Ger
many) were used as a matrix thoroughly mixed with the studied 
powdered biomass sample in a handle-mortar. The ratio was approxi
mately 1:10 mg (sample:KBr). The sample mass was registered for every 
pellet, and it was used to correct the FT-IR spectra intensity. 10 spectra 
were registered and averaged for every biomass sample studied. Because 
KBr powder is hygroscopic, it is dried at 105 ◦C and stored in special 
hermetic containers. The prepared pellets with the assessed material are 
dried for further 24 h. The pellets should be clear and evenly colored. 
Weak bands related to water can also be corrected by measuring the 
background spectrum using a KBr pellet of the same thickness but not 
comprising the examined item. 

The following indexes were obtained from de FT-IR spectra bands: 
the LOI (B1422/B896, Lateral Order Index), the TCI (B1372/2900, Total 
Crystallinity Index), the HBI (B1340/B1316, Hydrogen Bond Intensity), 
the L/Cell index (Lignin/Cellulose, B1231/1156), the L/Hem index 
(Lignin/Hemicellulose, B1505/1735), the Cny/Chy index (Carbonyl 
(hemi)/Carbohydrate, B1735/B1368, and the Chy/Chy index (Carbo
hydrate/Carbohydrate, B1735/1156). These indexes are reported in 
existing literature (Popescu et al., 2011; Nelson et al., 1964; Poletto 
et al., 2012a). They were used to reveal relative shifts in biomass 
chemical composition and crystalline structure, by multivariate analysis 
(PCA, Principal Component Analysis), to discriminate the studied 
biomass according to the milling type procedure. The PCA analysis is a 
well-known algorithm to highlight the similarities and differences in a 
data set. To determine the set of indexes specified above, the band fitting 
was performed working with the OriginPro 8.5 software (OriginLab 
Corporation, Northampton, MA, USA) and using the Voigt function, 
which is the convolution of a Gaussian function and a Lorentzian func
tion (Di Rocco, 2001; Reilly, 1992). For locating anchor points and 
detecting the baseline, a second derivative approach was used to do 
baseline corrections. To assist with parameter initialization, the base
line, peak center, and peak width parameters were fixed and released 
during fitting. When the best fit (χ2 < 10− 6) was obtained, the iteration 
procedure was terminated. 

The thermogravimetric analyses of powdered biomass after milling, 
with and without LN treatment, were carried out in a C.I. Electronics 
Ltd. Robal electrobalance attached to a vertical furnace (1500 ◦C; Severn 
Furnaces Ltd.). 100 mg of powdered biomass samples were placed into a 
sintered alumina crucible. The experiments were performed using a 
heating rate of 10 ◦C min− 1 and under argon flow (50 ml/min). Samples 
were heated up to 600 ◦C (held for 30 min) prior to natural cooling. 

Cellulose (powder, CAS nº: 9004-34-6, 50 μm, Sigma-Aldrich) and 
lignin (CAS nº: 8068-05-1, Sigma-Aldrich), and mixtures 1:1 and 1:2, of 

cellulose:lignin were characterized by thermogravimetry technique and 
were used as reference. 

The milling effect on room temperature and LN-treated biomass 
samples was chemically studied by an oxidative treatment. A solution of 
the strong oxidant sodium hypochlorite (3,5%; 50 ml) was added to 1 g 
of biomass powder in a round flask at 40 ◦C for 60 min with magnetic 
stirring. The residual biomass was filtered on a paper filter, extensively 
rinsed with distilled water, and finally dried in an oven (80 ◦C, over
night). The dried biomass sample was weighed to check the mass loss 
due to the chemical oxidation treatment. 

3. Results and discussions 

3.1. As-received biomass analysis 

The values of the levels of nitrogen, hydrogen, carbon and sulphur 
(ultimate analysis) of the different biomass samples are included in 
Table I, as well as, the moisture content (expressed as a %wt. of the raw 
material). The oxygen content was estimated by the difference with the 
other elements. The moisture and these elements represent the biomass 
major component, and they fix multiple aspects of its use (Singh et al., 
2017; Grandesso et al., 2011). 

For each type of studied biomass, the assessment of the moisture 
content showed low and similar values (Cai et al., 2017). The moisture 
content in biomass varied in the interval of 4.9–12.6% (Table I), and in 
commercial compounds from 5.1% in cellulose to 10.9% in lignin, with 
intermediate values of 8.0% and 8.9% in the Cel:Lig 1:1 and Cel:Lig 1:2 
mixtures, respectively. In overall, the moisture can fluctuate appreciably 
in content and, in many cases, is a troublesome ingredient (i.e. use as 
fuel). Several parameters in the thermal process, such as the efficiency 
and the temperature of combustion, the gasification process in the py
rolysis procedure at low temperature, etc. are influenced by the moisture 
content (Obernberger and Thek, 2004). 

The farmer biomass, RicHusk, RicStr and OliPru, showed a similar 
moisture content (~8%). The biomass obtained from harvested wild 
trees, WOliPru, EucPru and PinPru, presented a higher moisture content 
value, approx. 11%. This may be due to the access to water for each 
biomass type. The farmer biomasses have access to a continued and 
controlled amount of water, while the wild biomass water access is in 
function of biomass localization (close or far from a river, dry area, etc.) 
and rain. Finally, the secondary products of agriculture biomass, walnut 
and peanut shell, showed moisture content in the range of values pre
sented in bibliography, 8.6% and 4.9%, respectively (Lisowski et al., 
2019; Perea et al., 2018). 

The total ash content varies with the type of biomass source. RicHusk 
and RicStr samples showed an ash content (17.1% and 18.8%, respec
tively) greater than other samples. The other samples possess an ash 
content in a range of about 2.6–4.2%. The variability of ash content in 
the studied biomass in comparison with similar biomass found in 
bibliography can be explained by several factors, such as, mineral nu
trients and contamination in soil or climate conditions (mean temper
atures, rains, etc.) (Thomas, 1997; National Plan for Research and 
Technological Innovation of Spain). 

If we focus our discussion on the ultimate analysis, the maximum 
carbon content was shown in PinePru sample, 52.47 %, and the mini
mum was presented by PeaShe and RicHusk samples, 40.55 and 41.24 
%, respectively. The other studied samples showed a carbon content in a 
narrow range from 48.35% (RicStr) to 50.68% (WalShe). The highest 
oxygen content was shown in those samples with the lowest carbon 
content, RicHusk and PeaShe, 53.46 and 54.21%, respectively. The 
RicStr sample showed the highest hydrogen content, 10.25%, while the 
other sample values ranged from 5.01% to 7.21%. The nitrogen content 
was undetectable in the equipment used for RicHusk, PeaShe and 
WalShe, and it was lower than 1% for the rest of the studied samples. 
Regarding the sulphur content, a similar behavior was observed, unde
tectable for RicHusk, RicStr, WalShe, OliPru, EucPru and PinePru, and 
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lower than 1% for PeaShe and WOliPru samples. 
The C/H ratio and high heating value (HHV) of the studied samples 

are also shown in Table I. The C/H ratio for each studied biomass is in 
the range of 4,7− 8,4%. It is observed that RicHusk, PeaShe, WalShe, 
WOliPru, EucPru and PinePru are the richest in C/H ratio, while RicStr 
and Olipru showed the lowest C/H ratio values. The WalShe, WOliPru, 
OliPru and PinePru presented the highest HHV. No relationship was 
observed between both data sets. This is because the C/H ratio is 
determined independently of the ash or moisture content, while the 
HHV is calculated based on the mass of the biomass sample studied, and 
therefore it depends on the content of ash and moisture in the as- 
received biomass sample. These two characteristics vary much from 
one biomass sample to another, and even under the conditions in which 
those biomass samples have grown (soil, rains, etc.). 

3.2. LN and non-LN treated milled biomass analysis 

In Fig. 1 is showed the characteristic images of the studied biomasses 
as-received and after passing through the Tcryo milling treatment. The 
particle size distribution (PSD) results for the non-LN and the LN treated 
milled biomass are shown in Table II and Fig. 2. Characteristic particle 
volume for every biomass studied sample versus geometric average 
diameter in log scale, and their corresponding cumulative distribution 
curves are shown in Fig. 2. These characteristic cumulative undersize 
frequency percentages as a function of the biomass source and treatment 
(with and without LN) plots showed a “well graded” distribution 
without irregular gaps or steps for all studied samples. However, a clear 
trend is observed. Independently of the biomass source milled, the 
treatment with LN results in a significant reduction in the PSD. The LN 
treatment process made the fresh biomass samples less resistant to size 
reduction; thus, smaller particle size is obtained with lower energy 
consumption compared with non-LN treated milled samples. 

The shape parameters, which described the asymmetry and the 
peakedness or flatness of the grain size distribution, were characterized 
by the values for graphic skewness and kurtosis. They are presented in 
Table II. A skewness negative value shows a tail in the negative direction 
(lower particle size), and in opposite, a positive value a tail in the pos
itive direction (higher particle size). In our case, for all studied samples 
the values for skewness were between 0,0 and − 0,3; so they can be 
described as symmetric or very fine skewness distribution. The negative 
value of the skewness corresponds to samples with a higher quantity of 
finer particles. The kurtosis value was between 1,0 and 1,3. A kurtosis 

value between 0,9 and 1,11 describes a mesokurtic distribution, and 
between 1,11 and 1,5 a leptokurtic distribution (Blott and Pye, 2001). 
The particle size distribution of the studied samples can be described as 
mesokurtic or slightly leptokurtic distribution. Any specific trend be
tween skewness or kurtosis values and liquid nitrogen pretreatment was 
observed. 

For all studied cases, LN treated biomass samples xD were slower 
than those non-LN treated samples. Similar trends were observed for 
D90, D50 (median diameter), and D10 (effective diameter) values. For all 
size parameter studied the size percent reduction is shown in Table II. 
The different percentage reduction observed in size parameters was 
related to the variability in chemical composition and nature of the 
biomass polymers. Woods and nut shell residues contain more lignin but 
less holocellulose (hemicellulose + cellulose) as compared to herba
ceous crops or agricultural residues (Table III; values of lignin, cellulose 
and holocellulose content of similar biomass resources to studied sam
ples collected from (Mohan et al., 2006; Huber et al., 2006)), and they 
showed a slighter particle reduction size effect due to the LN treatment. 
Keeping in mind the basic biomass structure, a higher content in hol
locellulose (the structure pillars) led to a denser and more flexible 
structure (ductile), while a higher lignin content (the structure con
nectors) produced a more porous morphology and lower density, fa
voring the structure rupture by grinding media. The obtained result 
showed us that the cryogenization mechanism (reduction of the biomass 
component plasticity and, cell wall weakening by inside cells water 
expansion) is mainly focused on the pillars, i.e. holocellulose compo
nent, embrittlening the biomass arrangement to promote a more effec
tive grinding procedure and to generate a lower xD. Also, the high 
content in ash, rich in the silicon oxide abrasive compound, helped to 
increase the size reduction of the coarsest rice husk and rice straw 
particles, when they were LN treated. 

The dispersion parameter was analyzed by the geometric standard 
deviation (GSD) and these values are shown in Table II. For all studied 
cases the GSD was greater than 1, which is the lower limit for a wide log- 
normal distribution. However, a trend between LN non-LN treatment 
and GSD was observed. Those samples treated with LN presented a lower 
GSD value than those without LN treatment. The embrittlening of the 
biomass structure, produced by the cryogenization, led to a more ho
mogenous mechanical behavior under the grinding condition, and a 
narrower particle size distribution for LN treated biomass sample was 
obtained. 

In overall, LN treated biomass produced narrower and more uniform 

Fig. 1. The studied biomass after passing through the Tcryo milling pre-treatment.  
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particle size distribution compared to non-LN treated biomass samples 
due to the intense reduction of the biomass component plasticity and cell 
wall weakening caused by inside cells water expansion. 

Derivate thermogravimetric (DTG) evolution profiles for studied 
samples are presented in Fig. 3. The chemistry of biomass is highly 
complex, but it can be split into its major components (lignin, cellulose, 
and hemicellulose) by analytical methods. Under the same pyrolysis 
parameters, the volatile evolution of biomass pyrolysis can be consid
ered similar to the mixture of those of the components. The degradation 
temperature interval of the three main biomass components partially 
overlaps each other. Usually, the DTG curve can be deconvolutionated in 
one peak, one shoulder and one tail (Chen et al., 2015). The shoulder, at 
lower temperature, is related with the fastest conversion of hemicellu
lose and amorphous cellulose, while, the peak at higher temperature is 
associated with cellulose decomposition. Finally, lignin decomposed 
slowly over a very broad temperature range and corresponded with the 
curve tail (Williams and Besler, 1993; Evans and Milne, 1987a, 1987b; 
Kan et al., 2016; Anca-Couce et al., 2014). 

Over the whole temperature range, biomass pyrolytic decomposition 
occurs at three stages. A first stage, from room temperature to about 
140 ◦C, in which is observed the evaporation of moisture, the primary 
decomposition of more unstable compounds and the light volatiles. A 
second stage results in the highest mass loss and is called the biomass 
active pyrolysis region. This stage is caused by the biomass decompo
sition and it is ranged from ~140 ◦C to ~550 ◦C. Finally, a third stage 
(from ~550 ◦C to ~ 800 ◦C), in which, a little weight loss is observed 
and is related to the steady decomposition of the remaining lignin and 
the degradation of carbonaceous residues (Kan et al., 2016; Xun et al., 
2016). 

The characteristics degradation of the main components of ligno
cellulosic biomass takes place in stage 2, and it can be quantified 
through several parameters, which are related to the temperature of the 
peak at the maximum rate of mass loss (Tmax) and the temperature of the 
main shoulder at lower temperature (Tms). These temperatures for every 
biomass sample studied are registered in Table IV. 

Regardless of the pretreatment used (non-LN or LN treatment), if the 
biomass samples studied are compared with previous lignocellulosic 

decomposition biomass literature by pyrolytic processes (Chen et al., 
2015; Haiping et al., 2007; Laipeng et al., 2020; Xun et al., 2016; Garima 
and Thallada, 2014; Mian et al., 2016; Selim and Yıldıray, 2014; Bur
hennea et al., 2013), the use of a pretreatment based on high energy 
mechanical milling in a planetary ball mill reduced the stage 2 tem
perature (main phase of decomposition) about 120 ◦C. 

When milled biomass samples, at non-LN and LN treated were 
compared, independently of the biomass sample source studied, as the 
LN-treatment was used, the DTG curve shifted, the main peak and 
shoulder peak, toward lower temperatures. The DTG peak temperature 
shifted in the range from 5 ◦C to 25 ◦C, specifically, RicHuskTcryo: 
~10 ◦C, RicStrTcryo: ~10 ◦C, OliPruTcryo: ~15 ◦C, WOliPruTcryo: ~20 ◦C, 
PinePruTcryo: ~15 ◦C, EucPruTcryo: ~25 ◦C, PeaSheTcryo: ~5 ◦C, Wal
SheTcryo: ~25 ◦C. In addition to the reduction in temperature of stage 2 
in LN-treated samples, another remarkable feature observed, in Troom vs. 
Tcryo DTG profiles, is the increment in size of the shoulder peak in 
comparison with de main peak. This fact implies that the lignin and 
cellulose degradation due to the LN-treatment led to an increment in the 
production of various weight lighter and more volatiles compounds, 
which might reach the volatilization with the hemicellulose, and the full 
set of volatiles decomposes intensively within the narrow temperature 
range. For example, this fact is clearly observed in DTG WalSheTcryo 
biomass sample. A new peak (green circle mark) appears in DTG due to 
the lignin and cellulose degradation which leads to the convergence of 
the typical lignocellulosic biomass DTG two peaks in a lower tempera
ture new peak. 

The DTG profiles were obtained for the commercial cellulose (50 μm 
average size), lignin (D10 = 51,2, D50 = 100 and D99 = 373,3 μm particle 
size (Dx = %x in volume of the particles smaller than the value stated) 
(Abdelaziz et al., 2017) and mixtures of cellulose-lignin are presented in 
Fig. 4. Huge differences were found between the pyrolysis behavior of 
the three commercial products studied. Cellulose pyrolysis happened in 
a narrow temperature range from 175 ◦C to 235 ◦C, with a maximum 
weight loss rate at 213 ◦C. Over 400 ◦C all the cellulose was pyrolyzed. 
The lignin pyrolysis showed a different profile than previously analyzed 
samples. It decomposed over a wide temperature range from 165 ◦C to 
590 ◦C. Its decomposition showed various peaks. Firstly, a double peak, 

Table 2 
Estimated values for size, spread (sorting), symmetry (skewness) and degree of grain concentration relative to the average size (kurtosis) from grain size statistical 
analysis of biomass studied samples.    

RicHusk 
Troom 

RicHusk 
TCryo 

%a RicStr 
Troom 

RicStr 
TCryo 

%a OliPru 
Troom 

OliPru 
TCryo 

%a WOliPru 
Troom 

WOliPru 
TCryo 

%a 

Folk and Ward 
Method (μm) 

MEAN 57,3 29,0 49,4 18,2 14,8 18,4 20,8 16,7 19,8 28,7 18,0 37,3 
GSD 2,8 3,1  3,0 2,5  2,7 2,7  2,9 2.7  
SKEWNESS − 0,3 − 0,3  − 0,1 − 0,3  − 0,3 − 0,2  − 0,3 − 0,3  
KURTOSIS 1,3 1,1  1,1 1,0  1,1 1,0  1,2 1,1  

Folk and Ward 
Method 

SKEWNESS V. Fine V. Fine  Symmetric Fine  V. Fine Fine  V. Fine V. Fine  
KURTOSIS Lepto Meso  Lepto Meso  Lepto Meso  Lepto Lepto  

D10 (μm) 13,7 4,8 65,3 4,1 3,8 7,4 4,5 3,9 13,9 4,8 3,6 25,0 
D50 (μm) 65,0 35,5 45,4 19,2 17,2 10,7 25,1 19,1 23,8 37,6 22,0 41,5 
D90 (μm) 154,0 97,5 36,7 71,7 40,3 43,8 58,3 51,1 12,3 83,6 51,4 38,5 
(D90-D10)/D50 (μm) 2,2 2,6  3,5 2,1  2,1 2,5        

PinePru 
Troom 

PinePru 
TCryo 

%a EucPru 
Troom 

EucPru 
TCryo 

%a PeaShe 
Troom 

PeaShe 
TCryo 

%a WalShe 
Troom 

WalShe 
TCryo 

%a 

Folk and Ward 
Method (μm) 

MEAN 28,9 26,4 8,7 34,8 23,5 32,5 19,0 13,0 31,6 35,3 29,3 17,0 
GSD 2,9 2,8  2,8 2,7  3,3 3,2  4,1 2,9  
SKEWNESS − 0,3 − 0,3  − 0,3 − 0,3  − 0,3 − 0,3  0,0 − 0,3  
KURTOSIS 1,1 1,2  1,3 1,2  1,2 1,2  1,1 1,1  

Folk and Ward 
Method 

SKEWNESS Fine Fine  V. Fine V. Fine  V. Fine V. Fine  Symmetric Fine  
KURTOSIS Meso Lepto  Lepto Lepto  Lepto Lepto  Lepto Lepto  

D10 (μm) 5,8 5,5 5,4 6,1 4,6 24,6 3,0 1,9 36,6 6,1 5,9 2,9 
D50 (μm) 33,4 30,7 7,9 43,4 28,0 35,5 23,6 16,5 30,0 36,1 33,5 7,2 
D90 (μm) 90,8 78,2 13,9 91,3 64,5 29,4 59,1 44,2 25,2 222,3 90,9 59,1 
(D90-D10)/D50 (μm) 2,5 2,4        6,2 2,5   

a %, particle size per cent reduction from TRoom to TCryo. 
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with lower intensity than previous samples at 190 ◦C and 229 ◦C, sec
ondly, a peak at 500 ◦C, and finally, the last one at 590 ◦C. The differ
ences in the chemical nature and the structures of lignin and cellulose 
are mainly responsible for the different DTG behaviors found. The 

themogravimetric experiments with cellulose-lignin mixtures (1:1 and 
1:2 ratios, respectively) showed a behavior that can be described as the 
weighted sum of every component partial contributions. As seen in the 
DTG profiles of the mixtures, the peaks were wider, shifted toward 
higher temperatures, and with lower intensity with the increment of 
lignin content in the mixture. This fact can be ascribed to the initial 
lignin decomposition that formed a solid shell around cellulose, which 
limited the heat and mass transfer during pyrolysis. 

If the DTG profiles of the biomass milled samples (at Troom and Tcryo, 
Fig. 3) are contrasted with Fig. 4, commercial cellulose and lignin, a 
shifted stage 2 to lower temperatures was also observed. The reduction 
in temperature of stage 2 can be described in the range from 20 ◦C to 
45 ◦C. This fact indicates the effectiveness of the high energy ball milling 
to break/degrade the highly complex main biomass components in 
lighter molecules. This reduction can lead to a mild conditions process 
(thermal or others) which drives to easier the chemical process to obtain 
add-value molecules. 

Fig. 2. Particle-size distribution cumulative undersize frequency (inset) of studied biomass.  

Table 3 
Chemical composition of the different lignocellulosic biomass studied in this 
work (Mohan et al., 2006; Huber et al., 2006).  

Source Lignin Hemicellulose Cellulose Ash yield 

RicHusk 18–20 24–26 34–39 ~15 
RicStraw 14–15 23–26 32–36 ~18 
OliPru 20–23 23–27 40–43 ~3 
WOliPru 19–22 24–26 40–44 ~3 
PinePru 27–29 21–23 44–46 ~1.5 
EucPru 25–29 18–24 42–47 ~4 
PeaShe 30–34 18–20 32–34 ~4 
WalShe 33–36 26–28 25–27 ~3  

C. Real Pérez et al.                                                                                                                                                                                                                             



Journal of Cleaner Production 437 (2024) 140761

7

The changes induced by LN-treatment in the studied biomass sam
ples can be followed by FT-IR. This technique is a powerful tool to 
analyze the chemical and structural components changes generated. 
Any kind of these compounds, lignin, cellulose and hemicellulose, 
consisted mainly on aromatics, ketone C––O (1765–1715 cm− 1), ester 
(C–O–C (1270 cm− 1)), alkene and alcohol (-OH (3400–3200 cm− 1, C–O– 
(H) (~1050 cm− 1)) functional groups, with different oxygen content. 
Although they cannot be easily distinguished, still, they present different 
IR structures and there are signatures that can be attributed to specific 
components (e.g.: the band at ~1735 cm− 1 (C––O stretching in acetyl 
groups and carboxylic acids) to hemicellulose; the bands at ~1595 
cm− 1, ~1505 cm− 1 and ~1290 cm− 1 (C––C and C––O in-plane aromatic 
vibrations) to lignin; the band at ~ 1370 cm− 1 (C–H bending) to 
hemicellulose and cellulose; the bands at, ~1155 cm− 1 and ~1105 cm− 1 

(C–O–C glycosidic ether and the C–C ring breathing, respectively) to 
cellulose) (Schwanninger et al., 2004; Satoshi et al., 2005; Garside, 

2003; Feng et al., 2013; Kondo and Dumitriu, 2005; Nishiyama et al., 
2003). 

The FT-IR spectra of the studied biomass samples are shown in Fig. 5. 
In Table V is summarized the set of empirical indexes obtained by the 
peak ratio analysis from the characteristics FT-IR bands. In Fig. 6 is 
showed the characteristic deconvoluted profiles of Troom and Tcryo 
RiceHusk and OliPrune samples. The LOI index is related to the total 
order degree in cellulose, the TCI index to the cellulose degree of crys
tallinity, and the HBI to the degree of intermolecular regularity. The L/ 
Cell and L/Hemi show the ratio between lignin and carbohydrates 
(cellulose and hemicellulose). In a first look, LOI, TCI and HBI index 
showed lower values and L/Cell, L/Hemi and Cny/Chy index higher 
values for those samples milled under LN conditions. Finally, the Chy/ 
Chy index remained approximately constant for both set of samples. 
Independently of the studied biomass these behaviors were 
homogeneous. 

Fig. 3. DTG profiles of high energy ball milling studied samples at room temperature (TRoom) and under cryogenic condition (TCryo).  

Table 4 
Maximum temperatures (◦C) of the main peak (Tmax) and shoulder (Tms) observed in pyrolyzed biomass DTG profiles. Room and Cryo temperature pretreated biomass, 
respectively, Troom and Tcryo. The relative standard deviation (%) for the determined temperature was 1,8.   

RicHusk RicStr OliPru WOliPru PinePru EucPru PeaShe WalShe 

Pretreatment TRoom 

Tmax 220 212 217 210 230 250 195 217 
Tms 183 185 176 178 188 200 172 162 

Pretreatment TCryo 

Tmax 210 203 203 190 215 215 190 190 
Tms 171 172 176 170 176 180 155 147  
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The decreasing in LOI, TCI and HBI index values for those samples 
with LN-treatment showed a diminishing in the total order degree in 
cellulose, in the cellulose crystallinity, and in the degree of intermo
lecular regularity, respectively. Independently of the nature of the 
biomass source studied this trend is always presented and leads to the 
LN-treated samples to an increment in the rupture of the biomass or
dered structure. A high cellulose crystallinity leads to higher thermal 
stability (Poletto et al., 2011, 2012b), so, the behavior observed in the 
thermogravimetric analysis is corroborated by the FT-IR analysis done, 
and in the other way around, the FT-IR analysis is corroborated by the 
TG behavior observed. 

The slightly homogeneous increment in the L/Cell and L/Hemi index 
showed a higher degradation of the cellulose and hemicellulose. The two 
holocellulose components are more affected by the cryogenization 
biomass embrittlening as was analyzed above. The increment in Cny/ 
Chy index showed an increment in carbonyl groups versus carbohy
drates. And finally, the similarity between the two sets (Troom and Tcryo) 
of samples Chy/Chy index exhibited a homogenous behavior of cellulose 
and hemicellulose with the LN-treatment. 

These numeric data were used to carry out the chemometric 
approach by PCA, and the plot result is shown in Fig. 7. The resulting 
scattering is shown using the scores of the first two principal compo
nents (PC) (Fig. 7(a)), preserving 36,4 and 31,1 % of the total variance, 
respectively. As observed in Fig. 7(a) the plot of the first two PC showed 
a good qualitative recognition that the non-LN treated milled biomass 
and LN treated milled biomass samples are well-discriminated in two 
groups along PC2. The LN-treated samples have mainly negative PC2 
scores (represented by red circles), whereas positive PC2 scores are 
observed in non-LN treated milled samples (represented by blue 
squares). The PCA succeeded in segregating the biomass samples ac
cording to their milling pre-treatment carried out. So, this statistical 
methodology is helpful in confirming that the LN-treatment previous to 
the milling procedure induced structural and compositional changes in 

biomass source that led to a diminishing in cellulose crystallinity and 
lignin content, which reduced endemic biomass recalcitrance. 

All these observed changes, induced by the pretreatment used in 
biomass structure and composition, can be summarized at a glance 
analyzing the band at 1372 cm− 1. This band is assigned to C–H bending 
deformation in cellulose and hemicellulose (Horikawa et al., 2019), and 
it is usually used with the 2900 cm− 1 band for the determination of the 
TCI (Nelson et al., 1964). A decreasing in its intensity from non-LN 
treated to LN-treated biomass samples is clearly observable. The in
tensity band diminishing is an unambiguous signal of the reduction of 
the biomass crystallinity and, therefore, the biomass recalcitrance. 

Finally, the oxidized residue mass, from as-received (milimetric 
particle size), and, LN and non-LN treated milled biomass powdered 
samples, obtained by hypochlorite treatment are shown in Table VI. The 
sodium hypochlorite produces the rupture of the biomass macromolec
ular structure breaking different chemical bonds and generating small 
molecular structures (extractable species). The lignocellulosic biomass 
can be converted into different smaller compounds (glucose, ketones, 
aromatic, etc.) after the oxidation and degradation induced by the 
oxidant agent. This process must be understood as the way to access to 
added-value products from biomass. 

From data in Table VI is clearly observed the enormous weight loss 
presented after oxidative treatment induced by the mechanochemical 
pre-treatment in a planetary ball milling device. Independently of the 
biomass studied, the degradation of biomass large structures from as- 
received to milled is higher in the range from 40 to 170 % (Table VI, 
number in brackets), and if the room temperature milled biomass is 
compared to LN-treated milled biomass, this improvement in the 
degradation went from 2 to 20 %. Thus, the oxidation of milled biomass 
with sodium hypochlorite highly increased the efficiency of depoly
merization, and if the biomass is previously LN-treated this improve
ment is even higher. 

The short time high energy planetary ball milling (LN-treated better 
even more than non-LN treated biomass samples), has shown to play an 
important role in the key factors for the improvement of subsequent 
chemical or thermal steps. This procedure has shown a huge efficiency 
to induce bond cleavages, accessible surface area, structural breakage, 
etc. which leads to more reachable strategies for realizing the utilization 
of lignocellulosic biomass. A possible mechanism of the LN-treatment 
over the lignocellulosic biomass is showed in Fig. 8. The LN-treatment 
induced a glass transition on biomass polymers and favored the brittle 
breaking behavior. Also, the internal cell water, frozen instantaneously, 
can induce a high stress in lignocellulosic biomass cells by the volume 
expansion. Finally, this frozen water can act as blades during the first 
moments of the grinding. 

Focusing on the LN-pre-treatment (although there is an increment in 
pre-treatment cost), it introduces several key factors for the potential 
process improvement in terms of cleaner and sustainable use of biomass 
as biorefineries feedstock. (1) When choosing a thermal or chemical 
conversion procedure, particle size, particle size distribution, particle 
shape, and recalcitrance reduction are important considerations. These 
elements, pore size, total surface area, accessibility to cellulose, and 
crystalline structure, are intimately related to the characteristics of 
biomass. Moreover, feedstock yields, properties, and processing time 
needs can be impacted by biomass particle sizes and recalcitrance. By 
influencing chemical reactivity, accessibility to biomass components, 
and thermal resistances (i.e., the notable variations in heat and mass 
transfer properties of biomass with varying particle sizes), these char
acteristics also influence the kinetics of the thermal process. Therefore, 
low recalcitrance, small size, and homogeneous distribution of particle 
size and shape are necessary for biomass to be used as a sustainable and 
reliable source of biofuel or building blocks. Although our approach still 
has to be adjusted, as we will mention in the section conclusion, it allows 
us to reduce the energy consumed during milling, which in turn lowers 
costs by allowing us to achieve a high-quality product in less time. (2) It 
is well established that the biomass moisture content leads to an 

Fig. 4. DTG of Cellulose, Lignin and Cel:Lig 1:1 and Cel:Lig 1:2 mixtures.  
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increment in the size reduction procedure cost. We have showed that, by 
a biomass LN-treatment, the moisture content can be used as an 
improvement in the size reduction procedure and, therefore, reducing 
the milling procedure cost. (3) In the way to use the biomass for an 
enzymatic hydrolysis treatment, LN-treatment does not introduce any 
kind of inhibitor. And, as we explain above, by the huge size reduction, a 
highly accessible cellulose product is obtained. (4) Toxic chemical waste 
is not produced because the lignocellulosic biomass is pre-treated 

without the use of harmful chemicals (cleaner production), facilitating 
and cheapening the next steps in the production process. (5) If thermal 
treatment is the next production step, as it is showed in the manuscript, 
TG profiles presented a significant degradation temperature reduction, 
reducing thermal treatment cost. (6) And finally, the TG profile of LN- 
treated samples presented significant changes versus non-LN treated. 
These changes are showing us a change in the biomass thermal degra
dation mechanism. This may open up fresh avenues for obtaining 

Fig. 5. FT-IR spectra of studied biomass at room temperature (TRoom) and under cryogenic condition (TCryo).  
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building blocks or biofuel. 

4. Conclusions 

A full set of different biomass sources (farmer, harvested wild tree, 
and secondary products) were studied. The particle size distribution, the 
FT-IR, the thermogravimetric, and the statistical chemometric and 
chemical oxidation analyses showed a remarkable reduction in biomass 
recalcitrance. The results have shown a high level in the rupture of the 

crystallinity and the depolymerization degrees of the cellulose and the 
lignin, for both, non-LN and LN-treated samples. The LN-treated samples 
even showed a higher recalcitrance reduction. The improvement in LN- 
treated samples can be differentiated from the non-LN treated samples 
by means of the analytical techniques used. It is very important to notice 
the changes introduced by LN-treatment in the TG profiles. This fact 
indicates that the LN-treatment introduces new factors that directly 
affect the biomass thermal degradation mechanism. This may open up 
fresh avenues for obtaining building blocks or biofuel. 

Table 5 
FT-IR biomass indexes from non-LN treated (TRoom) and LN-treated (TCryo) biomass samples. The relative standard deviation (%) for the determined index was in the 
range of 0,2–0,4.  

FT-IR Biomass Index 

TRoom LOI index. 
B1422/B896 

TCI index. B1372/ 
B2900 

HBI index. B3340/ 
B1316 

L/Cell B1231/ 
B1156 

L/Hemi B1505/ 
B1735 

Carbonyl/Carbohy. 
B1735/B1372 

Carbohy/Carbohy. 
B1735/B1156 

Rice Husk 3,47 2,13 1,94 0,76 1,34 0,32 0,33 
Rice Straw 5,11 1,89 2,10 0,87 0,69 0,58 0,70 
Olive Prune 2,84 1,80 1,86 1,04 0,81 0,67 0,66 
Wild OliPrune 4,34 1,66 2,16 0,86 0,67 0,33 0,50 
Pine Prune 5,81 1,66 2,38 0,71 1,67 0,31 0,41 
Eucaliptus 

Prune 
8,04 1,92 1,46 0,76 1,36 0,41 0,87 

Peanut Shell 4,29 1,30 2,37 0,81 1,32 0,60 0,53 
Wallnut Shell 6,49 3,61 2,04 1,00 0,79 0,37 0,73 

TCryo LOI index. 
B1422/B896 

TCI index. B1372/ 
B2900 

HBI index. B3340/ 
B1316 

L/Cell B1231/ 
B1156 

L/Hemi B1505/ 
B1735 

Carbonyl/Carbohy. 
B1735/B1372 

Carbohy/Carbohy. 
B1735/B1156 

Rice Husk 2,79 1,30 1,65 0,80 1,37 0,62 0,33 
Rice Straw 3,62 1,31 1,93 0,89 0,73 0,85 0,70 
Olive Prune 3,41 1,15 1,66 1,05 0,88 1,03 0,75 
Wild OliPrune 2,47 0,86 2,22 0,88 0,69 0,69 0,52 
Pine Prune 2,84 0,91 2,24 0,74 1,69 0,64 0,46 
Eucaliptus 

Prune 
3,68 1,25 1,25 0,78 1,39 0,78 0,74 

Peanut Shell 3,13 1,11 2,06 0,85 1,34 0,76 0,57 
Wallnut Shell 3,45 2,25 1,79 1,04 0,82 0,67 0,73  

Fig. 6. Characteristics deconvoluted profiles of Troom and Tcryo RiceHusk and OliPrune. The capital letters are showing the position of the bands used to determine 
the calculated index. Approx. = A: 896; B:1156; C: 1231; D: 1316; E: 1368; F:1422; G: 1505; H: 1738 (cm− 1). 
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In summary, short time high energy planetary ball milling of non-LN 
and LN-treated biomass samples has proven to be a powerful tool to 
diminish significantly the inherent biomass recalcitrance. Also, the 
procedure presented can be classified in the field of green-chemistry, 

since any kind of environmentally unsafe chemical is required. How
ever, to be economically viable, this LN-pretreatment must be managed 
in terms of energy. Because biomass feedstock has such a wide range of 
chemical and mechanical qualities, optimization should be done for 
each feedstock and mill separately. Finally, we have to note that the 
short-time milling used has the potential to tremendously reduce the 
pretreatment cost, tough further studies must be done on this point to 
improve the cost-effectiveness of the process by optimizing the milling 
time required. 
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