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The delignification kinetics of lignocellulosic waste is an important tool for the study of the

technical-economic viability of biorefinery processes. The aim of this work was to study the

kinetic of lignin extraction by a soda-ethanol treatment of hemicelluloses-free rice husk,

within the framework of a biorefinery. Additionally, the type of phenolic structures in the

extracted lignin and the behavior of inorganics were evaluated. The kinetic study was carried

out  at 140, 150, and 160 ◦C, at different times between 3 and 100 min  of reaction for each tem-

perature. A first order kinetic model was adjusted to the experimental data of residual lignin

in  the treated solid in the fast and slow phase. The kinetic constant k0 varied from 0.021

to  0.035 min−1 for 140–160 ◦C. The activation energies were 38.59 kJ/mol and 33.47 kJ/mol for

the  fast and slow phase, respectively. The inorganics components remained in the solid and

the  proportion of silicon increased through all treatments. About 50% of the initial lignin

with  1% of inorganics was recovered by precipitation. The percentage of total OH in lignin

remained high, about 8.5%, and decreased with the temperature but not with the time of
iorefinery
the  reaction.

© 2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

must be performed. Total or partial fractionation of different materi-
.  Introduction

he study of alternative sources of bio-based products is highly

equired nowadays due to the increasing concerns generated from

ossil resource dependence (Asgher et al., 2014; Talebnia et al., 2010).

his also generates opportunities such as the production of high-value

roducts, for example cellulose nanocrystals (Oun and Rhim, 2016),

olymers or phenolic resins from lignin (Yan et al., 2017; Naseem et al.,

016), and micro and nano silica from inorganics (Barana et al., 2016;

uo et al., 2005), among others (Barakat et al., 2013; Corma et al., 2007).

In recent years, lignocellulosic biomass has emerged as a poten-

ially renewable resource due to its renewability and quantity. A
ustainable bioeconomy based on bio-resources requires the devel-

∗ Corresponding author.
E-mail address: pdagnino@frre.utn.edu.ar (E.P. Dagnino).

ttps://doi.org/10.1016/j.cherd.2017.10.026
263-8762/© 2017 Institution of Chemical Engineers. Published by Elsev
opment and implementation of biorefinery processes, including the

delignification of lignocellulosic waste. For this, the delignification

kinetics is an important tool for the study of its technical-economic via-

bility. Biorefinery concept is to utilize inedible lignocellulosic biomass

to produce biofuels, cellulose, hemicellulose, lignin, and bioproducts

and consists in an integrate conversion system for the production

of fuels, power, heat, and/or value-added chemicals from biomasses

(Menon and Rao, 2012).

To take advantage of the various components of the biomass and

maximize the benefit, the fractionation of lignocellulosic into the three

primary components, namely cellulose, hemicelluloses, and lignin,
als is possible by treatments that depend on the material and on the

ier B.V. All rights reserved.
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desired end products. Each treatment process has a different speci-

ficity on altering the physical and chemical structure of the material

(Brodeur et al., 2011; Sun et al., 2016).

Rice husk (RH) is an abundant residue in the Northeast region of

Argentine (provinces of Corrientes, Entre Rios, Santa Fe, Formosa, and

Chaco). Rice production in Argentina reached 1,558,100 tons in 2015,

of which about 20% was RH (Ministry of Agriculture and Livestock of

the Argentine Nation, 2016). There are approximately 134 million tons

annually available worldwide and around of 90% are burned in open

air or discharged into rivers and oceans with the consequent impacts

on the environment (Quispe et al., 2017). Other uses are poultry litter,

nurseries for flowers, concentrated feed for animals, composting com-

ponents, and solid biofuels. It was determined in previous works that

the rice husk was composed of 48.7% of carbohydrates (34.1% cellulose

and 14.6% hemicelluloses), 17.2% of acid-insoluble lignin, 1.8% of acid-

soluble lignin, 15% of inorganics, and 8% of alcohol-water extractives

(Dagnino et al., 2013).

Lignin, an only naturally available aromatic polymer, has a 3-

D amorphous structure consisting of methoxylated phenylpropane

structure made up in general and in particular is made up of three

main units: p-coumaryl, coniferyl, and sinapyl alcohols. Studies of

organosolv isolated lignin from RH Oryza sativa (1.024 mmol H2SO4 in

a distilled water-ethanol mixture 1:1 v/v; 900 rpm and 180 ◦C for 1 h)

have shown its amorphous characteristics, and an average molecu-

lar weight between 1082 and 1366 g/mol. The typical functional groups

present in the aromatic region of lignin from different rice husks are

hydroxyl groups in phenolic and aliphatic structures, methyl ( CH3),

methylene ( CH2/ CH2 ) and methoxy ( OCH3) groups, aldehyde in

ɑ, ß-unsaturated aldehyde or unconjugated ketone or ester (unsatu-

rated) aldehyde group, and ketonic and ester groups. Nevertheless,

compared to other biopolymers such as starch, cellulose, hemicel-

luloses etc. lignin is very intricate molecule since its structure and

bonding between various units varies according to plant species, age

of plant, type of plant, growing conditions (temperature, humidity, soil

quality, time, etc.) and, most importantly, isolation procedure employed

for its extraction. (Singh and Dhepe, 2016).

Alkali or acid treatments have demonstrated to be promising frac-

tionating methods in biorefinery processes (Li et al., 2016). Moreover,

the combination of dilute-acid hydrolysis with an organosolv process

allows the separation of hemicelluloses and lignin in two consecutive

fractionation steps. This could be useful to produce a pulp enriched in

cellulose, avoiding the loss of hemicellulosic components produced in

the delignification process. It has been demonstrated in a previous work

that the extraction of lignin is not efficient when untreated rice husk

is used (Dagnino et al., 2017; Mesa et al., 2011). This finding agrees with

others studies. For example, Sarwar found that the pulp produced from

pre-extracted rice straw showed improved drainage resistance, delig-

nification, and less degradation of cellulose (Jahan et al., 2012). Dilute

sulfuric acid pre-hydrolysis before an organosolv treatment demon-

strated to have a favorable effect on delignification (Brosse et al., 2010).

However, when the first step is performed at high severity the removal

of lignin might be hindered by lignin re-polymerization through the

formation of a carbonium ion intermediate, which promotes the forma-

tion of new linkages of �-�, �-1 and �-5 types (Li and Lundquist, 2000).

Treating the material with adequate chemicals in a sequential biorefin-

ery processing allows obtaining cellulose and lignin fractions of higher

added value than the currently available industrial ones (Vallejos et al.,

2015). Organosolv processes are also reported to produce large amounts

of high-quality lignin that is relatively pure (Yáñez-S et al., 2014). The

acid treatment also might increase the accessibility, allowing a more

efficient delignification (Shatalov and Pereira, 2012). Lignin separation

(delignification) is one of the most important chemical processes in a

biorefinery. Therefore the delignification kinetics is an important tool

for its technic-economic viability. This information could allow design-

ing an optimal reactor that ensures optimum conversion and product

high quality. The chemical heterogeneity of lignin, i.e. various types of

structural elements and linkages with different stability within a non-

linear polymer, causes the kinetic heterogeneity during the chemical
processing (Shatalov and Pereira, 2005).
This work presents the kinetic study of the lignin extraction of

hemicellulosic-free rice husk based on the concentration of the remain-

ing lignin in the treated solid after a soda-ethanol-water treatment.

Additionally, it was measured the OH variation in the extracted lignin

and the evolution of inorganics throughout the overall process to

evaluate their quality modifications due to the different treatment con-

ditions.

2.  Materials  and  methods

2.1.  Raw  materials  and  supplies

Rice husks (Oryza sp, epagri variety), was provided by a local
industry (rice processing in the of Chaco province, Argentina).
The raw material (RH) was milled to a size smaller than
10 × 1 mm in a grinder at 22,000 rpm. The milled material was
stored in a closed container at room temperature until further
use.

2.2.  Treatments

The kinetics of delignification of the soda-ethanol (SodEt)
treatment of hemicelluloses-free rice husk was determined.

The original RH was pretreated with a sulfuric acid solu-
tion 0.3%w/v, at 152 ◦C, according to the optimized process for
RH detailed in a previous work (Dagnino et al., 2013). Then,
this hemicelluloses-free RH was treated with a SodEt process
(NaOH 8% on od material and 54:46 ethanol:water relation)
agreeing with the optimized treatment explained in a pre-
vious work (Dagnino et al., 2017). The SodEt delignification
process was carried out in an 180 ml  AISI 316 stainless steel
reactor, heated in a bath of silicon, in a proportion of 10% solids
(liquor:solid ratio of 10:1). After the reaction time, the reactor
was placed in a cold-water bath. At the end of the treatments,
the liquid–solid mixtures were filtered by a 100 mesh screen
and the treated solids were washed with distilled water to
eliminated residual liquor over the solid, then with 20 ml  of
0.25 mol/l NaOH solution for removed any condensed lignin
and finally thoroughly with distilled water again. The solids
were cooled to 4 ◦C until characterization (determination of
the concentrations of lignin and inorganics). Lignin was sepa-
rated from the liquid fraction by precipitation, as described in
Section 2.3.

The kinetic study was carried out at 140, 150, and 160 ◦C,
at different times (3, 15, 30, 40, 50, 60, 80, and 100 min) of frac-
tionations. A separate trial was performed for each time and
temperature.

2.3.  Lignin  separation  from  the  liquid  fraction

Lignin was precipitated from the liquid fraction of SodEt pro-
cess by acidification (Mussatto et al., 2007). The liquor was
diluted with distilled water (dilution factor 1:2), then heated to
50 ◦C in a water bath, stirring at 10 rpm. Subsequently, the mix-
ture was acidified with 5%v/v of a sulfuric acid solution until
pH 3, and it was immediately cooled in a water bath at room
temperature. The precipitated lignin was filtered with vacuum
in a Buchner funnel and it was dried at room temperature in a
desiccator for 24 h. The lignin was characterized by total solids
and moisture, inorganics content, and OH phenolic content.
The percentage of recovered lignin was determined by gravi-

metric analysis, according to the equation: %AIL liquor: (g AIL
recovered/g AIL in free-hemicelluloses RH) * 100.
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Table 1 – Acid insoluble lignin (AIL) and yields vs. time of the applied soda-ethanol (SodEt) process.

140 ◦C 150 ◦C 160 ◦C

Time [min] Yield [%] AIL [%OD
RH0]

Removed
AIL (%)

Yield [%] AIL [%OD
RH0]

Removed
AIL (%)

Yield [%] AIL [%OD
RH0]

Removed
AIL (%)

3 89.25 10.77 43.32 87.15 10.07 47.02 84.70 8.78 53.78
15 88.98 8.75 53.96 79.61 7.65 59.76 74.74 6.73 64.57
30 75.14 7.30 61.59 76.14 5.90 68.95 68.69 3.23 83.02
40 68.83 5.08 73.28 70.99 4.05 78.69 63.89 2.68 85.88
50 67.51 4.39 76.88 63.04 3.33 82.45 63.31 2.22 88.34
60 64.82 3.43 81.95 62.84 2.68 85.89 57.12 1.79 90.58
80 64.54 2.99 84.27 62.91 1.89 90.03 57.00 1.71 90.99
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.4.  Characterization  of  raw  materials  and  reaction
roducts

olids (unpretreated and pretreated raw material) were char-
cterized by total solids and moisture using the convection
ven method (NREL/TP-510-42621). Lignin in biomass was
etermined according to procedure NREL/TP-510-42618. Inor-
anics were determined in solids samples according to the
rocedure NREL/TP-510-42622. For the determination of acid-

nsoluble ash, a sample is dry-ashed and the residue is
reated with hydrochloric acid. The insoluble residue is fil-
ered, washed, and weighed. The acid insoluble ash is mostly
omposed of silica or silicates, (TAPPI standard T244). Pheno-
ic hydroxyl groups were quantified by UV spectroscopy, based
n the absorption difference of phenolic units in neutral and
lkaline solutions at 300 and 360 nm (Zakis, 1994).

.  Results  and  discussion

.1.  Kinetic  of  the  optimized  soda-ethanol  (SodEt)
rocess

he reaction rate of the SodEt delignification process was
etermined by treating the acid pretreated RH in the opti-
al  conditions found in a previous work, at different reaction

imes up to 100 min  (Dagnino et al., 2017).
Delignification kinetics was assessed through the change

n the residual lignin content in pulps, expressed as acid insol-
ble lignin %AIL. Results of the characterization of the treated
olids are shown in Table 1. All the results were expressed as
ven dry weight percentage referred to the raw material and
ymbolized as [%OD RH0].

The increase in the percentage of lignin removal along time
as considered for the definition of the kinetics of delignifi-

ation and to estimate its parameters. The fast phase and the
low phase can be clearly distinguished by the change of the
lope, almost vertical in the fast step and almost horizontal
n the slow step. To find the rate constant, measurements at
everal temperatures during two pulping runs were accom-
lished. Lignin removal increased with time between the
anges: 43.3–88.9, 47.0–90.4, and 53.8–91.5%, for 140, 150 and
60 ◦C, respectively. At 160 ◦C the extraction was substantial
p to 50 min, with a delignification of 90%, but after that only
.1% additional was extracted. At 150 ◦C the extraction might
e continued 30 min  more  than at 160 ◦C, to increase about
.0% between 50 and 80 min. The reaction at 140 ◦C might be
ontinued to 100 min  or more  before the extraction stabilized.
he rapid reaction was probably because rice straw is a porous

tructure with pores much larger than those of the woody
lants, thus, ensuring the penetration of the cooking liquor
1.83 90.37 54.05 1.62 91.47

and a rapid delignification reaction (Ho et al., 2011). Addition-
ally, the abundance of p-hydroxyphenylpropane units and free
phenolic groups in monocots leads to fast removal of the first
large portion of lignin, assigned to the initial fraction (Shatalov
and Pereira, 2005).

A first order kinetic model was adjusted to the experi-
mental data of residual lignin in the treated solid. Even if
delignification is a second-order process, it can be treated
as a pseudo-first-order reaction in most cases, knowing that
the obtained first-order rate constant will depend on sodium
hydroxide concentration. The reaction rate was expressed by
the equation:

−d(AIL)/d(t) = k0 [AIL] (1)

Where,
−d(AIL)/d(t) = Rate of delignification
k0 = Kinetic constant
[AIL] = AIL [%OD RH0]
In models like that of Eq. (1), the effect of alkali concentra-

tion on the reaction rate is usually taken into account through
the kinetic constant (Santos et al., 1997). The alkali charge
in the initial phase is usually consumed in the hydrolysis
of acetyl side groups associated with hemicellulose polymers
(Sjöström, 1981), but they are absent in this material, and in
the bulk phase, the consumption of alkali for lignin dissolution
is low.

By integrating Eq. (1):

Ln[AIL] = −k0 t + Ln [AIL0] (2)

Where, [AIL0] = Initial concentration of AIL
The natural logarithm of the AIL [%OD RH0] was plotted

for all temperatures tested in function of reaction time in two
stages, the fast phase, between 0 and 50 min  and the slow
phase, initiating in 50 and finishing when the delignification
stopped, according to the temperature tested (50–60 min  for
160 ◦C; 50–80 min  for 150 ◦C and 50–100 min  for 140 ◦C).

Sometimes the delignification process is considered to hap-
pen in three stages: initial, bulk, and residual (Kim et al.,
2006; Shatalov and Pereira, 2005), where the residual phase
consists in the cleavage of carbon–carbon linkages in lignin
with degradation of carbohydrates. Other authors report only
two phases, an initially fast one and an ulterior slow reac-
tion (Area et al., 2009; Lourenço et al., 2012). In this study,
the second option was used (two-step reaction), because the
reaction was stopped before the last step to prevent car-
bohydrates loosing. Simplified models like Saeman’s model

(Saeman, 1945), are not suitable for delignification due to the
complexity of the reactions, as consequence of the chemical
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Fig. 1 – Kinetics of the soda-ethanol delignification reaction applied to hemicellulosic-free RH.

Table 2 – Regression equations (Ln [AIL] = − k0 *t + Ln [AIL0]) of Ln [AIL] vs. time in initial and bulk phase of the SodEt
process.

Inicial phase Bulk phasea

Temp. [◦C] −k0 [min−1] Ln [AIL0i]  R2 −k0 Ln [AIL50b] R2

140 0.021 2.514 0.97 0.014 2.121 0.96
150 0.026 2.476 0.98 0.019 2.124 0.99
160 0.035 2.402 0.96 0.021 1.859 0.99

a Bulk phase: 50–60 min for 160 ◦C; 50–80 min for 150 ◦C and 50–100 min for 140 ◦C.
heterogeneity of lignin as compared with sugars. The typical
plot of residual lignin content (logarithmic scale) versus time
for ethanol–alkali delignification is shown in Fig. 1.

The regression equations obtained in each phase are
shown in Table 2. The slope of the straight line represents the
kinetic constant k0 valid for the SodEt process in the studied
conditions. The rate of reaction (and k0 value) increases with
the increase of temperature in the first phase and this rate is
very fast since ethanol–water mixtures provide rapid and com-
plete impregnation of the lignocellulosic material because its
transport is governed by surface tension differences, allowing
the fast transport of the cooking agents to the reaction sites
inside the solid. This effect eliminates the need for a sepa-
rate impregnation step and decreases substantially the overall
cooking duration. Moreover, phenolic hydroxyl groups are
ionized under alkaline pulping conditions, along with a sub-
stantial percentage of the aliphatic hydroxyl groups and some
C H bonds. The basicity of compounds should change with
temperature so when the temperature increases, reaction
rates generally increase due to additional vibrational energies
imparted to the bonds. In addition, due to the breakdown of
hydrogen bonds, hydroxide ion should be less solvated and,
thus, more  reactive as the temperature increases (Dimmel and
Gellerstedt, 2010). The fast phase was considered between 0
and 50 min, whereas the slow phase varied with the temper-
ature of reaction according to the time in which the reaction
was considered as finished. For example, at 160 ◦C the per-
centage of removed AIL in the slow phase achieved to 90.6%
at 60 min  and delignification became minimum hereinafter,
so it was considered that the reaction was completed at that
time. At this temperature, the reaction becomes very slow so

◦
the slow reaction at 160 C was considered to happen between
50 and 60 min. On the contrary, at 140 ◦C removed AIL was
76.9% in the fast phase, achieving a maximal value of 88.9% at
the end of the slow phase (similar to that obtained at 160 ◦C
and 50 min, Table 1). At 150 ◦C the reaction seems to stop after
80 min.

The kinetic constant k0 increased with the temperature
of reaction and the obtained values were similar to those
found by others authors. For example, Ho et al. found a k0

of 0.0224 min−1 (period 0–90 min) and a value of 0.0089 min−1

(period of 90–210 min) treating rice husk with tetrahydrofur-
furyl alcohol/HCl (0.020HClmol/l at 140 ◦C), (Ho et al., 2011).

The temperature dependence of the delignification rate
constants for each lignin fraction, expressed as activation
energy (Ea), was found from the logarithmic form of the Arrhe-
nius equation:

Ln k = LnA − Ea/RT (3)

Where,
A is the Arrhenius constant;
R is the universal gas constant (8.314 J/mol ◦K);
T is the absolute temperature.
The Arrhenius plot is presented in Fig. 2.
An activation energy of 38.59 kJ/mol (R2:0.99) for the

fast phase and of 33.47 kJ/mol (R2:0.96) for the slow phase
(50–60 min  for 160 ◦C; 50–80 min  for 150 ◦C and 50–100 min  for
140 ◦C) can be estimated from the plot of ln k against 1/T.
The Ea of the fast phase is lower than that found by others
authors. For example, in the case of the organosolv deligni-
fication (alkali charge 25% as NaOH) of Arundo donax L. the
Ea was 64.58 kJ/mol (Shatalov and Pereira, 2005) and it was
of Ea of 84 kJ/mol and 70 kJ/mol using 35 and 70% of ethanol,

respectively, for the organosolv delignification of a hardwood
(Macfarlane et al., 2009). The activation energy found by Ho
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Fig. 2 – Logarithm of the delignification rate constant vs. 1/T for the fast and slow phases in the delignification of RH free of
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t al. treating rice husk with tetrahydrofurfuryl alcohol/HCl
as 26.5 kJ/mol, very similar to that of this work (Ho et al.,

011).
The removal of inorganic components did not show a vari-

tion with temperature and with time, remaining relatively
onstant with a value around 32.6%, so the kinetic study of
he inorganic variation in the pretreated solid was not per-
ormed. However, the variation of its chemical composition
as an interesting issue.

The percentage of inorganics increased through all stages,
ecause of the extraction of the different biomass compo-
ents. For example, it was 18.8% OD in the original rice husk,
4.3% OD in the free-hemicelluloses rice husk, and 33.0% OD
fter the delignification stage. This behavior indicates the per-
anence of inorganics in the solid through all the treatments.
oreover, the proportion of acid insoluble ash (silica or sili-

ates) present in the inorganics varied from 93.6% in the RH0

o 99.7% in the free hemicelluloses RH. It was observed a little
iminution in the SodEt RH with a proportion of acid-insoluble
sh of 98.7%, maybe due to the presence of small quantities of
a.

.2.  Lignin  separation  from  the  liquid  fraction

he percentage of lignin recovered by precipitation from the
iquid fraction is shown in Fig. 3.

The percentage of AIL recovered from the liquor increases
ith time and temperature according to the results obtained

n the lignin removal from the solid. The %AIL recovered varied
etween the ranges: 7.4–44.0, 11.5–50.0, and 12.0–52.7% for 140,
50 and 160 ◦C, respectively.

In Fig. 3 can be observed that the AIL recovered from the
iquor increases rapidly up to 50 min  (fast phase) and then
tay practically constant (slow phase). The highest amount of
ignin precipitated was 52.7% OD of lignin in the free- hemi-
elluloses RH and 70% OD of lignin present in the spent liquor

btained at 160 ◦C and100 min. The yield of %AIL recovered is
elatively higher than the obtained by Barana et al. in samples
of rice husk lignin (29, 46 and 51% of yield according to dif-
ferent extraction conditions) and in samples of Arundo donax
(43 to 53% of yield obtained according to different extraction
conditions) (Barana et al., 2016), but relatively lower to the
obtained for Mussatto et al. that achieved a removal of 81.43%
from of a black liquor produced by soda pulping of brewer’s
spent grain (Mussatto et al., 2007).

The proportions of inorganics in lignins were very low. They
varied from 0.55%, 0.51% and 0.48%–1.77%, 1.59% and 1.04%
at 160 ◦C, 150 ◦C and 140 ◦C, respectively. These results are
according with the low removal of inorganics from the SodEt
treated solid.

UV-spectroscopic methods for the determination of pheno-
lic hydroxyl groups in lignin are based on the wavelength shift
between ionized and protonated phenolic hydroxyl groups.
The intensities of the absorbances in the ionization difference
spectrum are proportional to the content of phenolic hydroxyl
groups. The method is based on the difference in absorption at
300 and 360 nm between phenolic units in neutral and alkaline
solutions. The content of ionizing phenol hydroxyl groups can
be quantitatively evaluated by comparing the values of sub-
stances studied at certain wavelengths to the values of the
respective model compounds (I, II, III, IV types), as shown in
Fig. 4 (Lin and Dence, 1992; Vallejos et al., 2011).

The phenolic hydroxyl content determined for the lignins
obtained by precipitation from the liquid fraction of the
applied SodEt process are presented in Fig. 5. In this figure,
it can be observed the great preponderance of the structure I,
least reactive (due to the absence of carbonyl groups). For the
same reason, the next main structure is III. In addition, it is
noted the effect of temperature, as the total OH concentration
decreases from 8.91% at 140 ◦C to 8.05% at 160 ◦C. On the con-
trary, the time of the reaction did not show a significant effect
in the percentage of OH.

The phenolic OH content in lignins is very variable and
depends on the type of process used for its extraction. For

example, Schorr et al. found higher phenolic hydroxyl con-
tents in Kraft lignins (5.23–8.24%) than in pyrolytic (4.04%)
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Fig. 3 – Percentage of lignin recovered from the liquor by precipitation.

Fig. 4 – Types of phenolic structures determined by the UV method (Zakis, 1994).

ecip
Fig. 5 – Phenolic hydroxyl contents of lignins obtained by pr

or Soda lignins (4.88%). Relatively milder pulping conditions
did not allow for extensive fragmentation through cleavage
of ether linkages. Moreover, the phenolic hydroxyl content
of softwood Kraft lignin (5.79–8.24%) was higher than that of

hardwood Kraft lignin (5.23%) (Schorr et al., 2014).
itation from the liquid fraction of the applied SodEt process.

The percentage of OH obtained in this work are higher than
those obtained by others authors in similar processes. In the
case of the characterization of lignins precipitated from acid
ethanol–water fractionation of bagasse, the authors found

that total OH in the extracted lignin was 6.45% (OHI: 0.82; OHII:
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.82; OHIII: 1.51; OHIV: 0.00) (Vallejos et al., 2011) whereas it was

.11% for soda lignin obtained from alfa grass (OH I + III: 1.97;
H II + IV: 0.14) (Nadji et al., 2009).

.  Conclusions

he lignin extraction of hemicellulosic-free rice husk
ncreased with temperature and time. The maximal lignin
emoval was 91.7% at 160 ◦C during 100 min. A first order
inetic model was adjusted to experimental data of residual

ignin in the treated solid in the fast and slow phases. The
inetic constant k0 increased with the temperature of reac-
ion and the values 0.021, 0.026, 0.035 min−1 were obtained for
40, 150 and 160 ◦C, respectively, being similar to those found
y others authors.

The activation energy, valued as the temperature depen-
ence of the delignification rate constants for each lignin
raction, found were 38.59 kJ/mol for the fast phase and of
3.47 kJ/mol for the slow phase.

The inorganic components in the solid pretreated did not
how a great variation either with temperature nor with time
nd the proportion of inorganics increased compared with the
riginal rice husk. The inorganic components remained in the
olid through all the applied treatments and the proportion of
ilicon present in the inorganics increases too.

The maximal percentage of lignin recovered by precipita-
ion from the liquid fraction of the applied SodEt process was
2.7% of the lignin present, containing 1% of inorganics.

The SodEt processes generated a high percentage of OH
tructures. The total OH concentration decreased from 8.91%
t 140 ◦C to 8.05% at 160 ◦C, but the time of the reaction did not
how a significant effect on the percentage of OH.

cknowledgements

he authors gratefully acknowledge to Meichtry Company
or the rice hulls, UNaM (National University of Misiones)
nd UTN (National Technologic University) for their facilities,
nd CONICET (National Council of Scientific and Technical
esearch) for the financial support.

eferences

rea, M.C., Felissia, F.E., Vallejos, M.E., 2009. Ethanol-water
fractionation of sugar cane bagasse catalyzed with acids. Cell.
Chem. Technol. 43, 271–279.

sgher, M., Bashir, F., Iqbal, H.M.N., 2014. A comprehensive
ligninolytic pre-treatment approach from lignocellulose green
biotechnology to produce bio-ethanol. Chem. Eng. Res. Des.
92,  1571–1578.

arana, D., Salanti, A., Orlandi, M., Ali, D.S., Zoia, L., 2016.
Biorefinery process for the simultaneous recovery of lignin,
hemicelluloses, cellulose nanocrystals and silica from rice
husk and Arundo donax. Ind. Crops Prod. 86, 31–39.

arakat, A., de Vries, H., Rouau, J., 2013. Dry fractionation process
as an important step in current and future lignocellulose
biorefineries: A review. Bioresour. Technol. 134, 362–373,
Review.

rodeur, G., Yau, E., Badal, K., Collier, J., Ramachandran, K.B.,
Ramakrishnan, S., 2011. Chemical and physicochemical
pretreatment of lignocellulosic biomass: a review. Enzyme
Res.  2011, http://dx.doi.org/10.4061/2011/787532.

rosse, N., El Hage, R., Sannigrahi, P., Ragauskas, A., 2010. Dilute

sulphuric acid and ethanol organosolv pretreatment of
Miscanthus x Giganteus. Cell. Chem. Technol. 44, 71–78.
Corma, A., Iborra, S., Velty, A., 2007. Chemical routes for the
transformation of biomass into chemicals. Chem. Rev. 107,
2411–2502.

Dagnino, E.P., Chamorro, E.R., Romano, S.D., Felissia, F.E., Area,
M.C., 2013. Optimization of the acid pretreatment step of rice
hulls for bioethanol production. Ind. Crops Prod. 42, 363–368.

Dagnino, E.P., Chamorro, E.R., Romano, S.D., Felissia, F.E., Area,
M.C., 2017. Optimization of the soda-ethanol delignification
stage for a rice husk biorefinery. Ind. Crops Prod. 97, 156–165.

Dimmel, D., Gellerstedt, G., 2010. Chapter 10. In: Heitner, C.,
Dimmel, D.R., Schmidt, J.A. (Eds.), Chemistry of Alkaline
Pulping in Lignin and lignans: Advances in Chemistry. CRC
Press.

Jahan, M.S., Shamsuzzaman, M., Rahman, M.M., Moeiz, S.I., Ni, Y.,
2012. Effect of pre-extraction on soda-anthraquinone (AQ)
pulping of rice straw. Ind. Crops Prod. 37 (1), 164–169.

Ho, C.L., Wu, K.T., Wang, E.I.C., Su, Y.C., 2011. Delignification
kinetics study on the tetrahydrofurfuryl alcohol/HCl pulping
of  rice straw. Ind. Eng. Chem. Res. 50, 3849–3857.

Li, S., Lundquist, K., 2000. Cleavage of arylglycerol b-aryl ethers
under neutral and acid conditions. Nord. Pulp Pap. Res. J. 15,
292–299.

Lin, S.Y., Dence, C.W. (Eds.), 1992. Methods in Lignin Chemistry.
Springer-Verlag, Berlin, Heidelberg.

Li, P., Cai, D., Zhang, C., Li, S., Qin, P., Chen, C., Wang, Y., Wang, Z.,
2016. Comparison of two-stage acid-alkali and alkali-acid
pretreatments on enzymatic saccharification ability of the
sweet sorghum fiber and their physicochemical
characterizations. Bioresour. Technol. 221, 636–644.

Lourenço, A., Gominho, J., Marques, A.V., Pereira, H., 2012.
Reactivity of syringyl and guaiacyl lignin units and
delignification kinetics in the kraft pulping of Eucalyptus
globulus wood using Py-GC–MS/FID. Bioresour. Technol. 123,
296–302.

Macfarlane, A.L., Farid, M.M., Chen, J.J.J., 2009. Kinetics of
delignification using a batch reactor with recycle. Chem. Eng.
Process. Process Intensif. 48, 864–870.

Menon, V., Rao, M., 2012. Trends in bioconversion of lignocellulose
Biofuels, platform chemicals & biorefinery concept. Prog.
Energy Combust. Sci. 38, 522–550, Review article.

Mesa, L., González, E., Cara, C., González, M., Castro, E., Mussatto,
S.I., 2011. The effect of organosolv pretreatment variables on
enzymatic hydrolysis of sugarcane bagasse. Chem. Eng. J. 168,
1157–1162.

Mussatto, S.I., Fernandes, M., Roberto, I.C., 2007. Lignin recovery
from brewer’s spent grain black liquor. Carbohydr. Polym. 70,
218–223.

Nadji, H., Diouf, P.N., Benaboura, A., Bedard, Y., Riedl, B.,
Stevanovic, T., 2009. Comparative study of lignins isolated
from Alfa grass (Stipa tenacissima L.). Bioresour. Technol. 100,
3585–3592.

Naseem, A., Tabasum, S., Zia, K.M., Zuber, M.,  Ali, M.,  Noreen, A.,
2016. Lignin-derivatives based polymers, blends and
composites: a review. Int. J. Biol. Macromol. 93, 296–313.

Oun, A.A., Rhim, J.W., 2016. Isolation of cellulose nanocrystals
from grain straws and their use for the preparation of
carboxymethyl cellulose-based nanocomposite films.
Carbohydr. Polym. 150, 187–200.

Quispe, I., Navia, R., Kahhat, R., 2017. Energy potential from rice
husk through direct combustion and fast pyrolysis: a review.
Waste Manage. 59, 200–210.

Saeman, J.F., 1945. Kinetics of wood saccharification: hydrolysis of
cellulose and decomposition of sugars in dilute acid at high
temperature. Ind. Eng. Chem. 37, 42–52.

Santos, A., Rodríguez, F., Gilarranz, M.A., Moreno, D.,
García-Ochoa, F., 1997. Kinetic modeling of kraft
delignification of Eucalyptus globulus. Ind. Eng. Chem. Res. 36,
4114–4125.

Shatalov, A.A., Pereira, H., 2005. Kinetics of organosolv
delignification of fibre crop Arundo donax L. Ind. Crops Prod.
21, 203–210.
Sjöström, E., 1981. Wood Chemistry. Fundamentals and
applications. Academic, New York.

http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0005
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0010
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0015
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0020
dx.doi.org/10.4061/2011/787532
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0030
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0035
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0040
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0045
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0050
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0055
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0060
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0065
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0070
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0075
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0080
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0085
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0090
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0095
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0100
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0105
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0110
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0115
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0120
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0125
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0130
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0135
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0140
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0140
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0140
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0140
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0140
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0140
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0140
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0140
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0140
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0140
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0140
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0140
http://refhub.elsevier.com/S0263-8762(17)30591-9/sbref0140


216  chemical engineering research and design 1 2 9 ( 2 0 1 8 ) 209–216

Zakis, G.L., 1994. Functional Analysis of Lignins and Their
Derivatives. TAPPI Press, Atlanta, GA.
Schorr, D., Diouf, P.N., Stevanovic, T., 2014. Evaluation of
industrial lignins for biocomposites production. Ind. Crops
Prod. 52, 65–73.

Singh, S.K., Dhepe, P.L., 2016. Isolation of lignin by organosolv
process from different varieties of rice husk: understanding
their physical and chemical properties. Bioresour. Technol.
221, 310–317.

Sun, S., Sun, S., Cao, X., Sun, R., 2016. The role of pretreatment in
improving the enzymatic hydrolysis of lignocellulosic
materials. Bioresour. Technol. 199, 49–58, Review article.

Talebnia, F., Karakashev, D., Angelidaki, I., 2010. Production of
bioethanol from wheat straw: an overview on pretreatment,
hydrolysis and fermentation. Bioresour. Technol. 101,
4744–4753.

Yan, L., Cui, Y., Gou, G., Wang, Q., Jiang, M., Zhang, S., Huic, D.,
Gou, J., Zhou, Z., 2017. Liquefaction of lignin in

hot-compressed water to phenolic feedstock for the synthesis
of phenol-formaldehyde resins. Composites B 112, 8–14.
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