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ABSTRACT

The use of fossil resources with the concerning climate change has pushed the development of alternative and
sustainable feedstocks for energy, chemicals, and materials production. Lignocellulose is one of the most
abundant and promising renewable carbon sources for the transition of a petroleum-based to a bio-based
economy. Unlike liquid petroleum oil, the inherent complex polymer structure of the solid lignocellulose makes
it recalcitrant for (selective) valorization. Hence, physical and/or chemical pretreatments are usually required to
improve the reactivity and/or purity of the feedstock. Promising biorefinery concepts should be able to utilize all
components of the lignocellulose. Since cellulose is the most abundant fraction in lignocellulose, this review
emphasizes the progress and importance of pretreatment in the conversion of cellulose pulp into chemicals and
fuels. The structural and chemical features such as crystallinity, particle size, porosity, and degree of poly-
merization that influence the reactivity of cellulose are overviewed whenever possible for different reaction
types. The advantage and disadvantage of the different approaches for their determination are discussed in
detail. The benefits of different pretreatments in bio-chemical and more particularly in chemo-catalytic con-
version of cellulose are overviewed. Finally, the future and perspective of (ligno)cellulose pretreatment with

regard to cellulose utilization are discussed.

1. Introduction

The utilization of fossil oil for energy and chemicals production is
steadily growing as the result of increasing population and in-
dustrialization. This causes environmental concerns related to global
warming and the depletion of the non-renewable fossil feedstock.
Therefore, alternative sources should be identified and used to replace
or at least complement fossil oil usage to mitigate greenhouse gas
emission. In terms of production of organic chemicals and fuels, bio-
mass represents a promising renewable carbon feedstock because of its
abundance in nature and the beneficial presence of functional groups
[1-39]. Biofuels such as bioethanol and biodiesel, produced from su-
gars, starch, and oil from food crops, are well established, but un-
fortunately, they conflict with the nutritional needs of a growing world
population. Therefore, a new generation of biofuels and bio-based
chemicals, derived from non-edible plants rich in lignocellulose, offers a
preferred alternative. Moreover, integration of biomass conversion in a
‘bio’refinery increases the profitability since a wide range of high-va-
luable chemicals for the pharmaceutical, food and chemical industry
can additionally be produced from the lignocellulosic feedstock [2].

* Corresponding author.

Total biomass valorization routes without any pretreatment or se-
paration generally yield complex product mixtures due to the inherent
heterogeneity of lignocellulose. For example, bio-oils obtained from
pyrolysis without pretreatment consist of a variety of different products
including phenolics and sugar degradation products like glycer-
aldehyde, furfural, and levoglucosan [40]. Upgrading of these complex
product mixtures through different approaches such as HDO can yield
bio-based fuels and high added value chemicals [41-43]. However,
conversion of them faces some challenges due to different thermal
stabilities and chemical properties of the different components obtained
from biomass pyrolysis. In terms of the conversion towards chemicals
with high purity, the necessary purification can not be reached without
large separation costs. Therefore, the lignocellulosic biomass is pre-
ferably pretreated and fractionated into its main constituents, viz cel-
lulose, hemicellulose, and lignin, to reduce the heterogeneity, prior to
its conversion. Subsequently, the individual fractions can be selectively
converted into a limited set of value-added end-products through bio-
logical, chemical, and/or thermal (e.g. pyrolysis) approaches [2].

Hydrolysis of (hemi)cellulose in water constitutes the most com-
monly used entry point into biorefinery schemes [44], while alcoholysis
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of (hemi)cellulose in alcohols such as methanol and ethanol also shows
promising progress in recent year [45]. Pretreatment of lignocellulosic
feedstock, whether it proceeds through a physical or chemical method
or a combination of the two, appears to improve the reactivity (such as
hydrolyzability) of cellulose through changes in, amongst others, cel-
lulose purity, e.g. by removal of e.g. hemicelluloses, lignin and in-
organics, particle size, accessible surface area, crystallinity and degree
of polymerization [44,46-64]. Therefore, pretreatment is extremely
important to promote fast cellulose depolymerization and reduce its
structural recalcitrance, in particular when enzymes or solid acids are
used as catalysts to enable the hydrolysis. Decades of research has
shown and highlighted the pivotal role of lignocellulose pretreatment
for an efficient enzymatic depolymerization of cellulose towards glu-
cose, an important platform molecule in biorefinery schemes, but the
importance of pretreatment for the chemo-catalytic conversion of cel-
lulose (in water, alcohol, or biphasic solvent) is still scarcely reported,
despite some promising advances in the last years.

Hence, this comprehensive review will discuss the impact of several
key physicochemical features and pretreatments of (ligno)cellulosic
biomass and their importance for chemo-catalytic cellulose valorization
processes. The effect of pretreatment on enzymatic cellulose conversion
will be briefly discussed as a reference case, while examples of chemo-
catalysis will be reviewed in more details. The reader is referred else-
where for the impact of pretreatment on the bioconversion of cellulose
[53-57,59,64,65]. Unconventional pretreatment methods like the
usage of plasma, ultrasound, or microwaves are only briefly introduced
in this review, and if interested, the reader may consult the recent re-
view works [66-68]. Conversion of isolated lignin and the impact of
pretreatment on the physicochemical properties of lignin are also not
the subject of this review and the reader is referred elsewhere for this
topic [69,70]. Recently developed ‘lignin first’ biorefinery approaches
are briefly introduced as they work directly on lignocellulose and show
excellent results [71]. If appropriate, the consequence of the various
treatments are described in terms of the physicochemical changes of
cellulose, which are at the origin of its improved reactivity. Note that in
contrast to the abundant literatures on the impact of pretreatment on
bio-chemical lignocellulose conversion, there are only a few systematic
studies concentrating on the impact of pretreatment on chemo-catalytic
lignocellulose conversion. As research on chemo-catalytic lig-
nocellulosic conversion is still in its infancy, many reports dealing with
pretreatment issues will be expected in the near future. Hopefully, the
reader, for its own creations will be inspired by this review.

2. Lignocellulose

Lignocellulose is a fibrous material that can be found in cell walls of
plants such as grasses, trees, and energy crops. It consists of cellulose
(25-55 %), hemicellulose (24-50 %), lignin (10-35 %), and minor
constituents like acetyl group, pectins, proteins, terpenes, fats, waxes,
tannins, and inorganic matter [17,55,72]. Their distributions, which is
not uniform in the plant, strongly depend on the plant species, tissues,
and maturity of the cell walls. Cellulose is encapsulated in an amor-
phous, cross-linked hemicellulose/pectin matrix in primary cell walls
and a hemicellulose/lignin matrix in secondary cell walls (Fig. 1) [73].
This structural arrangement gives plants their strength and rigidity, and
it makes cellulose highly resistant to biological and chemical attack.
Remind that cellulose in nature has evolved into a rigid structural
function, while it is not meant to be utilized for energy and synthetic
purposes.

2.1. Cellulose

Cellulose is a linear polysaccharide of (-1,4 linked glucose units,
arranged in cellobiose subunits, and has a reducing and non-reducing
end (Fig. 2) [74]. Cellulose polymers generally contain more than
10000 anhydroglucose units, but this is strongly dependent on plant
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Fig. 1. General structure of lignocellulose in plant cell walls. Based on Ritter
[83].

species [75]. These polymers are stacked together in microfibrils con-
sisting of crystalline areas embedded in paracrystalline/amorphous
areas [76]. These crystalline regions consist of planar sheets of hy-
drogen-bonded cellulose chains (Fig. 2), stacked on top of each other by
hydrophobic or van der Waals forces and weak C-H~O hydrogen bonds
(Fig. 1) [77-80]. Chemical and thermal treatment of native cellulose
(cellulose I) can lead to the formation of other cellulose polymorphs
(cellulose II, III, and IV), with different crystal unit cells [81,82].



Fig. 2. Molecular structure of cellulose . Adapted from Kobayashi et al. [84].

2.2. Hemicellulose

Unlike cellulose, hemicellulose represents a more heterogeneous
group of branched polysaccharides composed of ether-linked pentoses
(xylose, arabinose), hexoses (glucose, mannose, galactose, fucose,
rhamnose), sugar acids ((4-O-methyl-)glucuronic acid), and ester-linked
acetyl and feruloyl groups [85]. The structure of hemicellulose varies
between different plant species and tissue types. Dicot hemicellulose,
for example, contains mostly glucuronoxylan in its secondary cell walls,
while conifer hemicellulose mostly exists of galactoglucomannan and
glucuronoarabinoxylan, and grass hemicellulose mostly contains glu-
curonoarabinoxylan [85]. Hemicellulose is not crystalline due to its
branched structure and has a lower degree of polymerization than
cellulose (mostly about 200) [72,86]. Hemicellulose is associated with
cellulose via hydrogen bonds and to lignin via covalent bonds in lignin-
carbohydrate complexes (LCC) [87,88]. Together with cellulose,
hemicellulose constitutes the ‘holocellulose’ fraction of lignocellulosic
biomass [89].

2.3. Lignin

Lignin is an amorphous, polyphenolic heterogeneous polymer con-
sisting of multiple C—O or C—C bond-linked p-hydroxyphenyl (H),
guaiacyl (G), and syringyl (S) units, assembled from phenylpropane
building blocks p-coumaryl, coniferyl, and sinapyl alcohol, respectively
[87,90]. The relative ratios of these units are dependent on the plant
species and tissue. Generally, softwood lignin such as pine or spruce,
exclusively contains guaiacyl units (G lignin), while hardwood lignin
such as birch and eucalyptus consists of both guaiacyl and syringyl units
(G and S lignin) [90]. All three phenylpropanoid units (H, G, and S
lignin) are existing in grass. Lignin provides structural rigidity, im-
permeability and protection against microbial attack and oxidative
stress [53]. Delignification without significant cellulose degradation is,
therefore, key to an efficient and selective subsequent enhancement of
the cellulose reactivity.

3. Impact of (ligno)cellulose properties on cellulose conversion

Depolymerization of cellulose via hydrolysis in water is usually the
essential step of both chemical and biological valorization process.
Conversion in protic solvents like methanol and ethanol, aprotic sol-
vents such as tetrahydrofuran, and water/organic solvent are also stu-
died [45,91-93]. Irrespective of the solvent used, the reactivity of
cellulose primarily depends on its (ether bond) accessibility and purity
(Fig. 3).

3.1. Cellulose accessibility

The accessibility of cellulose determines the efficiency of cellulose-
catalyst interactions and can be divided into two main categories: i)
macro-accessibility and ii) micro-accessibility [94]. Macro-accessibility
refers to the outer surface accessibility of cellulose, while micro-ac-
cessibility refers more to the accessibility of enzyme-binding sites and
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Fig. 3. Factors determine the cellulose reactivity.

B-1,4 glycosidic bonds enclosed within cellulose. Properties influencing
the macro-accessibility of cellulose include particle size, porosity,
wettability, and hemicellulose/lignin content, while properties de-
termining the micro-accessibility of cellulose include crystallinity and
degree of polymerization.

3.1.1. Macro-accessibility

In (ligno)cellulosic biomass, both external and internal (pore) sur-
face areas contribute to the total specific surface area (SSA, commonly
expressed in m?/g). The external SSA depends on particle size, shape,
and surface texture. Small particles generally exhibit higher external
SSA than larger particles, and consequently, they have larger catalyst
interaction surfaces. Catalyst, solvent, and heat are furthermore ex-
pected to penetrate more easily to the center of smaller particles.
Microcrystalline cellulose powders with well-defined um-scale particle
sizes, like Avicel® PH-101 (~50 pm), are commercially available. The
particle size distribution (PSD) of biomass samples can be measured
through several analysis techniques such as sieving, digital imaging
(e.g. scanning electron microscopy), or light scattering (e.g. laser dif-
fraction) [95,96]. With these simple techniques, particle sizes are
commonly evaluated in only one dimension (d,), assuming spherical
particles [97]. Since the morphology of biomass particles is generally
irregular, fibrous, and non-spherical, particle shapes should be taken
into account.

A reduction in particle size and concomitant increase in SSA can be
achieved using a physical pretreatment such as milling or ultrasound
(vide infra) and may be accompanied by an improved micro-accessi-
bility through a reduction in crystallinity and/or degree of poly-
merization. These physical pretreatments can be carried out to render
biomass samples more accessible to catalysts or a second pretreatment.
Several authors have reported that particle size may even be the de-
termining factor in cellulose hydrolysis efficiency, instead of crystal-
linity [61,98]. As internal pore volumes may be significant, total SSAs
are generally larger than those simply deduced from the particle size.
Porosities up to 82 % are reported for microcrystalline cellulose pow-
ders [99]. Importantly, pore sizes must be large enough to accom-
modate enzymes (and other catalysts) for porosity to have an impact on
cellulose accessibility and conversion [47,62,63]. While drying lig-
nocellulosic biomass may lead to irreversible pore shrinkage or col-
lapse, swelling with water and polar (protic and non-protic) solvents
can significantly increase the internal surface area [54,100]. An



increase in biomass porosity can be achieved using other (physico)
chemical pretreatments such as steam explosion, dilute acid, or am-
monia fiber expansion (vide infra).

Techniques commonly used to determine the accessibility/porosity
of (ligno)cellulosic biomass samples include electron microscopy,
Simons’ stain method, solute exclusion, gas adsorption (e.g. N ad-
sorption), mercury porosimetry, and NMR cryoporometry, relaxometry,
and diffusometry [101]. The SSA of microcrystalline cellulose powders
has been measured using physical adsorption of N5 at low temperatures
(BET method): SSA values around 1 m?/g are commonly reported
[102,103]. Although N, physisorption is a robust method for SSA de-
termination, it requires a prior drying of samples (e.g. 105 °C) which
might lead to pore collapse and unreliable pore volume determinations.
Furthermore, certain areas may be accessible to N, but not to catalysts,
leading to an overestimation of cellulose accessibility. On the other
hand, Simons’ stain can be used in the wet state to selectively probe
accessible cellulose surfaces [101,104,105]. It consists of direct blue
(DB) and direct orange (DO) dyes with different molecular diameters of
1 nm and 5— 36 nm, respectively, to selectively probe pores with sizes
smaller (DB) or larger (DO) than 1 nm. The ratio of direct orange to
direct blue reflects the amount of large to small pores and correlates to
cellulose accessibility [105]. Nevertheless, Meng et al. recommend the
use of a combination of several analysis methods based on different
principles of measurement as the best approach for a complete assess-
ment of biomass accessibility [101]. Various pretreatments have been
reported to significantly improve the accessibility of lignocellulosic
biomass. For example, Wiman et al. were able to increase the N,/BET
surface area of spruce from 0.4 to 8.2 m?/g through steam pretreatment
[106].

The macro-accessibility is influenced by the wettability of the
(ligno)cellulosic biomass as well. A thorough fluid impregnation of
biomass can increase its accessibility to catalysts, and this fluid im-
pregnation can be improved using microemulsions to overcome the
complex capillary structure [107]. Microemulsions are emulsions with
unique properties like optical clarity, very low interfacial tension, and
the ability to solubilize both polar and non-polar compounds
[108,109]. They can ensure a thorough solvent impregnation of even
the more constrained spaces of the cell wall, significantly improving
biomass accessibility.

The macro-accessibility of cellulose is significantly reduced by the
presence of a protective hemicellulose and lignin matrix. This protec-
tive matrix also impedes the swelling of cellulose fibers [54]. Although
research efforts mostly targeted the influence of this protective matrix
on enzyme reactivity [50], there are emerging reports of chemo-cata-
lysts being hindered by lignin as well. Conversion of lignocellulosic
biomass to ethylene glycol in the presence of Ni-W,C/AC was reported
to be negatively correlated to the amount of lignin present
[32,110-112]. Mineral acids penetrate more easily into the lig-
nocellulosic structure and are therefore used historically for direct
biomass saccharification [44]. Various pretreatments like alkaline, or-
ganosolv, and ionic liquid pretreatments (vide infra) have been reported
to remove a large portion of the protective matrix.

3.1.2. Micro-accessibility

3.1.2.1. Crystallinity. In cellulose crystallites, cellulose polymers are
firmly held together through intermolecular hydrogen bonds and van
der Waals or hydrophobic interactions. This structural arrangement
reduces the accessibility and reactivity of the cellulose polymers [75].
This is in sharp contrast to amorphous cellulose, which is more prone to
hydrolysis. Mild acid-catalyzed hydrolysis of amorphous regions in
cellulose fibers is used to produce microcrystalline cellulose (MCC) for
commercial applications (e.g. Avicel®) [113]. However, classifying
cellulose as either in crystalline or amorphous phase is an
oversimplification, since medium-ordered paracrystalline layers also
exist on the outer surface of cellulose crystallites [114,115]. Loelovitch
et al. compared the accessibility of various cellulose samples at

deuteration with their average content of amorphous domains and
demonstrated that the accessibility was always higher than the
amorphous content for all measured samples due to the presence of
paracrystalline cellulose: the measured accessibility (0.35) of
microcrystalline Avicel PH-301 cellulose was even 52 % higher than
its average content of amorphous domains (0.23). Accessible OH groups
in both amorphous and paracrystalline domains are converted into OD
groups upon exposure to deuterium oxide [115].

Mechanical pretreatment of (ligno)cellulosic biomass or treatment
with water, solvents,or intracrystalline swelling agents can greatly re-
duce internal cohesion and crystallinity, making cellulose more amen-
able for chemical degradation [6,10,11,16,19,44,53-60]. However, it is
important to note that (partial) recrystallization of amorphous cellulose
may occur in water due to the high surface tension and hydrogen-
bonding capacity of water [116].

Commonly, cellulose crystallinity is characterized with X-ray dif-
fraction (XRD), Fourier transform infrared spectroscopy (FTIR), and
solid-state '°C cross-polarization magic angle spinning nuclear mag-
netic resonance spectroscopy (*>C CP MAS NMR). Since crystallinity is
one of the key determining factors for catalysis, these analytical tech-
niques will be illustrated in more details. Other techniques like Raman
spectroscopy [117] and the recently developed vibrational sum-fre-
quency generation (SFG) spectroscopy technique [118] will be dis-
cussed only briefly in this review. The reader is referred to some ex-
cellent reviews on cellulose crystallinity determination for more details
[119-122].

i) X-ray diffraction (XRD)

The first studies on cellulose crystallinity using X-ray diffraction
(XRD) were carried out one century ago [123]. The crystalline fraction
of cellulose generates relatively sharp and strong reflections in XRD
diffractograms, while the non-crystalline fraction generates broader
signals (Fig. 4). The first attempt to determine the crystallinity of cel-
lulose was performed by Hermans and Weidinger [124-126]. This
method is based on measuring the integrated intensities of the crys-
talline signals and that of the diffuse background. The integration was
performed by copying the signals on transparent paper of known weight
per unit surface, cutting the figures out, weighing them and taking the
average value. A crystallinity index was defined as follows:
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Fig. 4. XRD patterns of (A) Avicel PH-101 cellulose and (B) ball-milled Avicel
PH-101 cellulose after baseline subtraction. Intensities are normalized to the
highest intensity in each XRD pattern. Annotations in Park et al. [119].



where Crl is the crystallinity index, Mc, is the mass of the crystalline
fraction and Mpyon.c is the mass of the non-crystalline fraction. The
diffuse background was corrected for radiation scattered by air, thermal
scattering, and Compton radiation.

The peak height method was another early attempt to measure the
crystallinity of cellulose. With this empirical method, Segal et al. ex-
amined the changes in XRD patterns of cotton cellulose, decrystallized
with aqueous solutions of ethylamine [127]. The crystallinity index was
calculated out of the ratio of the intensity of the crystalline signal
(Ioo2—Iam) and the total intensity (Iyo2), after subtraction of the back-
ground signal, according to the following equation:

_ @ooz = Iam)

Crl[%] = X 100
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In this equation, oo represents the maximum intensity of the signal
corresponding to the (002) plane in the cellulose sample at a 20 angle
between 22° and 24° and I, is the intensity of the amorphous signal at
a 20 angle of about 18°, corresponding to the minimum between the
(002) and (101) plane signals (Fig. 4A).

The XRD peak height method is a simple and fast method, but only
provides a rough estimation of cellulose crystallinity and has several
limitations [119,121,128,129]. First, the method erroneously assumes
an equal X-ray sensitivity to amorphous and crystalline phases (in fact
all XRD-based methods do and are therefore qualitative or semi-quan-
titative at best). Second, the minimum intensity between the (002) and
(101) plane signals (I4y) does not coincide with the maximum intensity
of the amorphous signal, which leads to an underestimation of I, and
a corresponding overestimation of crystallinity. Moreover, only one out
of five crystalline reflections in XRD patterns is used in the method. In
addition, the method does not take into account the fact that peak
shapes are affected by several factors such as crystallite size: small
crystallites generate broad reflection signals and only weakly contribute
to the measured intensity. As a side note, the fact that I, does not
coincide with the maximum intensity of the amorphous signal might
actually be an advantage since the intensity of the amorphous signal at
18° (Iap) appears to correspond to the intensity of the amorphous signal
at 22-24° (Ipgz). In order to improve the reliability of the Segal method,
nanolevel size cellulose crystallites and amorphous cellulose were used
to model the substrate to determine the diffraction background. A 26
range from 10 to 75 is suggested to be more suitable for Crl determi-
nation [130].

Another approach to measure crystallinity using all crystalline sig-
nals is called the XRD amorphous subtraction method. This method was
first described by Ruland [131] and Vonk [132], who determined cel-
lulose crystallinity by subtracting the amorphous contribution from
XRD diffractograms, measured by using an amorphous standard. Sev-
eral different amorphous samples were proposed as amorphous stan-
dard: ball-milled cellulose, regenerated cellulose, xylan, or lignin
powder. The amorphous signal was scaled by a factor before subtracting
it from the sample XRD pattern to avoid negative signals. The crystal-
linity index was then calculated by dividing the area of the remaining
XRD pattern by the area of the original XRD pattern. The main chal-
lenge of using this method is to find an appropriate and representative
amorphous standard in accordance to the amorphous fraction in the
sample.

Fig. 5 presents XRD diffractograms of ball-milled cellulose (B), xylan
(C), milled wood lignin (MWL) of poplar wood (D), and poplar wood (E,
after a 15 min boiling and 3 h rinsing ethanol/toluene (1:1) extraction
in a FOSS Soxtec 2055 extractor to remove extractives) versus micro-
crystalline Avicel PH-101 cellulose (A). Differences in the diffracto-
grams of ball-milled cellulose, xylan, and lignin are apparent. Hence,
amorphous cellulose should be used as an amorphous standard to ob-
tain a more accurate cellulose crystallinity index. Nevertheless, a phy-
sical mixture of xylan and lignin has been used to calculate the XRD
amorphous subtraction crystallinity of hardwood before and after pre-
treatment [133]. The interference of xylan and lignin prevents the

Intensity (a.u.)
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Fig. 5. XRD diffractograms of (A) Avicel PH-101 cellulose, (B) ball-milled
Avicel PH-101 cellulose, (C) commercial xylan, (D) milled wood lignin of poplar
wood, and (E) poplar wood. Intensities are normalized to the highest intensity
in each XRD pattern.

determination of the real crystallinity index of cellulose enclosed within
lignocellulosic substrates.

A more elaborate XRD deconvolution method was developed in
which the entire XRD pattern, including the amorphous contribution, is
fitted with Gaussian [134,135], Lorentzian [136], or Voigt [137]
functions [138]. Some assumptions have to be made regarding the
shape, width, and number of peaks. The crystallinity index is calculated
by dividing the sum of the area of all crystalline signals by the total area
of the XRD pattern. Some authors [134,137] used five crystalline peaks
(101, 101, 021, 002, and 040), whereas others [136] proposed only four
(101, 101, 002, and 040). Deconvolution strongly depends on the curve-
fitting software and applied parameters (number and position of the
signals and the full width at half maximum), making this method less
straightforward. It is also possible to determine a crystallinity index
based on more sophisticated calculations or refinements of the crystal
structure of cellulose like the Debye calculation method [139] or the
Rietveld refinement method [140,141].

The XRD peak height method remains the most common XRD
method to date, despite its evident drawbacks [119]. Crystallinity in-
dices determined with this method are generally higher than those
determined with the other two XRD methods. However, it is interesting
to consider the nice correlation (adjusted R* = 0.98) between crystal-
linity indices determined with the XRD peak height method and those
determined with the XRD amorphous subtraction method by Park et al.
(Fig. 6) [119]. Since no XRD method enables a quantitative determi-
nation of crystallinity, this correlation suggests that the XRD peak
height method is as good as the XRD amorphous subtraction method to
relatively compare the degree of crystallinity of different cellulose
samples. Besides, the XRD peak height method was only meant to be
used as a tool to determine relative crystallinity [127].

ii) Fourier-transform Infrared Spectroscopy (FTIR)

O’Connor et al. have studied the FTIR spectra of physically modified
cotton cellulose to obtain an infrared-based method for the determi-
nation of the crystallinity index of cellulose [142]. It turned out that the
absorption band at 1431 cm ™!, assigned to a symmetric CH, bending
vibration at C6 and other vibrations [143], decreased and the absorp-
tion band at 898 cm ~ !, assigned to a C—O—C stretching vibration at the
B-1,4-glycosidic linkage [143], increased in intensity during grinding.
They defined a crystallinity index as the ratio of the absorbance at these
two wavenumbers:
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XRD peak height method and the XRD amorphous subtraction method.
Produced according to data from Park et al. [119].
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where o represents the length between a specific baseline and the
transmittance minimum, as exemplified in Fig. 7.

Since these adsorption bands are specific to cellulose I, Nelson and
O’Connor have defined another, more universal crystallinity ratio that
can be applied to both cellulose I and II [144]. They compared FTIR
spectra of these two cellulose polymorphs with amorphous cellulose. In
this comparison, they saw that several bands in the region between
1200 cm ! and 1400 cm ™~ * were affected by the amorphous content of
the sample rather than by the lattice type. The bands at about 1372,
1335, and 1315 cm™ showed the strongest changes. The absorption
band at 1372 cm ™!, assigned to a C-H bending vibration [143], was
preferably chosen for crystallinity index determination since it is not
affected by differences in the amount of water adsorbed onto the cel-
lulose. To compensate for variations in sample concentration or scat-
tered light intensity the absorbance at 1372 cm ™' was divided by an
internal standard absorbance at 2900 ¢cm ! (Fig. 7):

Transmittance (a.u.)

» Transmittance (a.u.)

000 3000 2000

Wavenumber cm™
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Fig. 7. FTIR spectrum of Avicel PH-101 cellulose indicating the methods of
O’Connor et al. (blue), Nelson and O’Connor (green), and Calvini et al. (red).
Inset: absorbance at 4000-2000 cm ™" (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).
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The intensity of the internal standard might be influenced by dif-
ferences in the amount of adsorbed water since the O—H stretch vi-
bration is included in the baseline.

Both FTIR methods mentioned above face the same problem: it is
difficult to distinguish the absorption band at 1431 cm ™' and 1372
em™! from adjacent absorption bands. To overcome this problem,
Calvini et al. have partly modified the FTIR crystallinity index as pro-
posed by Nelson and O’Connor [145]. They used the same absorption
bands, but they proposed another baseline in order to ensure that the
absorption band at 1372 cm ™! is composed of fewer absorption bands
(Fig. 7). The absorption bands and baselines used to calculate the
crystallinity index of all above-mentioned methods are compiled in
Fig. 7 for comparison. The difficult identification of suitable baselines is
a major drawback and compromises the accuracy of these FTIR
methods. Therefore, these are less frequently used than the XRD
methods.

The accuracy of the FTIR methods is also compromised when lig-
nocellulosic biomass, instead of pure cellulose, is analyzed for cellulose
crystallinity index determination. Fig. 8 shows the FTIR spectra of
Avicel PH-101 cellulose (A), ball-milled Avicel PH-101 cellulose (B),
commercial xylan (C), milled wood lignin of poplar wood (D), and
poplar wood (E) between 2000 and 400 cm . Several prominent ab-
sorbance bands of xylan (e.g., at 1383 cm ™, in Fig. 8C) and lignin (e.g.,
at 1508 cm ™}, aromatic skeletal vibration [146], in Fig. 8D) can be
distinguished in the spectrum of poplar wood (Fig. 8E). The visible
overlap of cellulose, xylan, and lignin absorption bands in the
1600 —1300 cm ™! region and at 898 cm ™' makes the determination of
the FTIR crystallinity index of cellulose in untreated lignocellulosic
biomass impossible.

iii) Raman and vibrational sum-frequency generation (SFG)

Other vibrational methods to evaluate the crystallinity are Raman
and vibrational sum-frequency generation (SFG) spectroscopy. Scenzel
et al. uses relative intensity ratio of Raman lines of cellulose I at 1462
(amorphous) and 1481 cm ™! (crystalline) in conjunction with spectral
deconvolution to determine the crystallinity [117]. However, the de-
convolution might have band fitting problems due to the low intensities
of the selected bands. Therefore, Agarwal et al. used the Raman band
intensity ratio of the 380 and 1096 cm ™! to determine the cellulose I
crystallinity based on univariate regression [147]. Nice correlations
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Fig. 8. Normalized FTIR spectra of (A) Avicel PH-101 cellulose, (B) ball milled
Avicel PH-101 cellulose, (C) commercial xylan, (D) milled wood lignin of poplar
wood, and (E) poplar wood.



with XRD CrI values have been demonstrated. Since hemicellulose
shows broad CH, features, cellulose crystallinity in real biomass is best
approached with the 380 cm ™! Raman peak intensity [148].

SFG is an interesting tool to visualize crystalline cellulose in real
biomass since amorphous materials from (hemi)cellulose and lignin
show no measurable SFG signal [118,149]. SFG can thus be regarded as
a crystalline-selective detection method. The C6H2 and intra-chain
hydrogen-bonded OH vibrational region reveals rich information with
respect to the crystalline cellulose polymorphism [118,150,151].
Therefore, cellulose polymorphs (I, I, II, III;, and III;;) can be dis-
tinguished by SFG. Crystalline cellulose I has characteristic vibrations at
2944 and 3320 cm ™! in the C-H and O—H stretching vibration region,
respectively. Shifts of the C-H band show formation of other cellulose
crystal packing upon partial decrystallization, while full band dis-
appearance of both O—H and C-H signals is expected after full amor-
phization. Quantification of crystallinity with SFG is difficult due to the
non-linear correlation of its signal with crystallinity.

iv) Solid-state *C CP MAS NMR

More recent studies showed that the crystallinity index of cellulose
samples can also be measured through an evaluation of *C CP MAS
NMR spectra. Using this technique, chemically equivalent carbons can
be distinguished if they are present in a different molecular arrange-
ment since the environment of carbon nuclei determines their chemical
shift (and line width) in the presence of an external magnetic field. This
feature is particularly interesting for measurements on cellulose.

In practice, NMR resonance of the C4 carbon atoms in glucose units
of cellulose I shows two distinct signals in NMR: a sharp C4 signal from
ordered cellulose and a broader C4 signal from disordered cellulose, at
about 89 ppm and 84 ppm chemical shift, respectively (Fig. 9A). This
significant difference in chemical shift enables the determination of a
crystallinity index. Hence, Newman [152] defined the crystallinity
index as follows:

Crl (%) = _ Ao

(x100)
AOrd + ADisord

where Ag.q (ordered) and Ap;sorq (disordered) represent the signal area
obtained by integration from 86-87 to 91-93 ppm and 79-81 to
86 —87 ppm, respectively (Fig. 10). The applied chemical shift in-
tegration boundaries vary between literature sources. However, this
definition of the crystallinity index assumes an identical cross-polar-
ization efficiency for the ordered and disordered regions.

This method is referred to as the C4 peak separation NMR method. It
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Fig. 9. Normalized solid-state *3C CP MAS NMR spectra of (A) Avicel PH-101
cellulose, (B) ball-milled Avicel PH-101 cellulose, (C) commercial xylan, (D)
milled wood lignin of poplar wood, and (E) poplar wood.
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Fig. 10. Solid-state '*C CP MAS NMR spectrum of Avicel PH-101 cellulose in-
dicating C4 region integration intervals.

is relatively simple and easy to perform, but deconvolution and sub-
sequent integration provides a more accurate estimation of cellulose
crystallinity. Gaussian [153] and Lorentzian [154] curves with fixed
center positions and fixed widths have been used to deconvolute the C4
signal into ordered and disordered C4 signals. However, the ordered
and disordered C4 signals do not consist of one signal each but are both
an accumulation of several signals. The ordered C4 signal can be de-
convoluted into four signals: the I, Ig I p, and paracrystalline signals
(at 89.6 ppm, 88.2 ppm, 88.9 ppm, and 88.7 ppm, respectively)
(Fig. 11) [155]. The disordered C4 signal can be deconvoluted into
three signals: two signals at 84.6 ppm and 83.6 ppm originate from
accessible fibril surfaces, and a broad signal at 84.1 ppm originates
from inaccessible fibril surfaces. Gaussian function [154,156,157],
Lorentzian [158] function, or a combination [159,160] are used for
deconvolution. Paracrystalline cellulose gives rise to signals in the or-
dered C4 region but can be assumed as either crystalline [153] or non-
crystalline [161] in crystallinity index calculations.

Unfortunately, the presence of amorphous xylan and lignin signals
in the disordered C4 region still obstructs the determination of the
crystallinity index of cellulose within lignocellulosic biomass (Fig. 9A,
C, and D). This interference can be eliminated by removing hemi-
cellulose and lignin through chemical pretreatment prior to measure-
ment [162], or by spectroscopically removing these signals using the
Newman and Hemmingson’s proton spin-relaxation-based spectral
edition (PSRE) method [154,163]. The PSRE method enables the
spectral separation of cellulosic from non-cellulosic components based
on their different proton spin relaxation time constants and is preferred
over chemical pretreatment since the crystal structure of the cellulose
can be modified during this pretreatment.

Extensive deconvolution is only possible on spectra with high
spectral detail. The spectral detail can be improved with stronger static
magnetic fields or magnetic fields with better homogeneity. However, a
proper determination of the crystallinity index of less-ordered cellulose
samples still remains quite difficult. Furthermore, this method is based
on assumptions regarding the shape and number of signals.

Park et al. suggested a new NMR technique to measure cellulose
crystallinity [164]. Analogous to the XRD subtraction method, the NMR
subtraction method is based on the subtraction of an amorphous cel-
lulose spectrum from the original spectrum. In this study, amorphous
cellulose produced by the method of Atalla and Schroeder [165] was
used as an amorphous standard. To avoid negative signals, the authors
applied a scale factor to the spectrum of the amorphous standard. The
main advantage of this method comprises the relative simplicity of
implementation compared to the aforementioned fitting methods with
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Fig. 11. A typical spectral fitting for the C4-region of the *C CP MAS NMR spectrum of native Buddleja davidii cellulose. Adapted from Hallac et al. [155].

deconvolution. Moreover, the NMR subtraction method evaluates the
crystallinity index with respect to the entire spectrum instead of only
the C4-region and can be applied to cellulose with any level of crys-
tallinity.

A short, tentative summary of the performance of the discussed
methods regarding several key crystallinity index determination para-
meters is provided in Table 1. Good performances are indicated with a
(+), bad performances with a (-). (-/+) is used in the case of un-
certainty as to whether the parameter is applicable to the method and
for methods which are of intermediate proficiency compared to other
methods. For all NMR methods, efficient separation of cellulosic from
non-cellulosic components in lignocellulosic biomass using the PSRE
method was assumed. Although the XRD peak height method appears to
be the least interesting method for the determination of the crystallinity
index of cellulose, it is still very practical and can be used for relatively
comparing cellulose samples with different crystallinities.

Generally, it can be concluded that the '*C CP MAS NMR subtrac-
tion method overshadows the other methods due to its practicability,
applicability and accuracy.

3.1.2.2. Degree of polymerization. Together with the crystallinity,
cellulose degree of polymerization (often denoted as DP, ie. the
average amount of f-1,4 linked anhydroglucose units in a polymer)
defines the micro-accessibility of cellulose to enzymes (viz.
exoglucanases) [94]. Exoglucanases — cellulose enzymes (cellulases)
which release cellobiose units — work at the (non)reducing ends of
cellulose chains [166]. Cellulose degree of polymerization also
determines the solubility: cellulose oligomers with DP of 2-6 are
soluble in water, while cellulose oligomers with DP of 7-13 are
merely partially soluble in hot water [167]. Cellulose oligomers with
a DP larger than 30 already exhibit structural similarities with cellulose
and are insoluble in water [168]. Cellulose hydrolysis in dissolved
conditions is known to be more straightforward than in undissolved
conditions [44]. Finally, the amount of glucosidic bonds that have to be
broken to fully convert the polymer into its individual glucose units
equals the DP minus one. Hence, cellulose samples with a high average
DP are expected to be hydrolyzed more slowly to glucose than cellulose
with a low average DP. At least, this statement holds true for the
hydrolysis of (crystalline) cellulose using enzymes, which sequentially
‘digest’ the chain. However, not per se for non-selective catalysts: they
can cut the polymers randomly, such as in the middle of the chain. This
non-selective effect will be more pronounced when starting from
amorphous cellulose and/or using solubilized acids. However, within
the class of soluble acids, heteropoly acids such as H3PW;,040 and
H,4SiW;,049 seem to mimic the progressive hydrolysis, since high
selectivity to glucose was obtained already at low cellulose
conversions, while mineral acids like H,SO, initially form high
contents of solubilized cellulose oligomers, which are subsequently
gradually converted to glucose [19]. Although the origin of this
biomimicry was not explained, the role of the heteropolyanion is

probably a decisive factor. Such unexpected observations are
worthwhile to investigate in more details.

Cellulose degree of polymerization can be defined in terms of
weight average (DPy), number average (DPy), or viscosity average
(DPy) [166,169]. Generally, determination of DP faces some difficulties
as, depending on the used method, cellulose needs to be isolated since
hemicelluloses and lignin interfere with the DP determination [169].
Furthermore, cellulose is insoluble in all common solvents and should,
therefore, be dissolved in metal complex solutions (e.g cuprammonium
hydroxide or Cuoxam), dipolar aprotic solvents/lithium chloride (e.g
N,N-dimethylacetamide/lithium chloride), ionic liquids (e.g. 1-bu-
tylmethylimidazolium chloride) [44], or derivatized, e.g. by tricarba-
nilation, to increase its solubility [170,171]. The right choice of pur-
ification and/or dissolution methods is important as these
pretreatments should not alter the chain length of cellulose, either by
degradation or aggregation, prior to DP analysis [167,171-173]. Vis-
cometry and size-exclusion chromatography (SEC), in the form of gel-
permeation chromatography, are the most commonly used methods.
Viscometry is a rapid and convenient method, but this technique only
provides a viscosity average DP (DPy) [174]. Furthermore, it provides
no absolute molar weight, as the method is solvent and temperature-
dependent [169,175]. SEC, on the other hand, provides information
concerning the molar mass distribution, and both molecular weight
average DP (DPy) and number average DP (DPy) can be determined
[169]. Accuracy of DP data obtained with SEC will depend on the used
detection method and standards [176]. Detection of cellulose com-
pounds is often done using a refractive index (RI), ultraviolet (UV), or
light scattering (e.g. multi-angle laser light scattering) detector. A
combination of light scattering detectors with RI or UV detectors makes
it possible to determine the actual molar mass distribution [175,176].
Commercially available pullulan standards are the most commonly
used standards for DP and molar mass distribution of cellulose. Pullulan
is a polymer consisting of a-1,6-linked maltotriose units [172]. Al-
though pullulan shows some structurally similarities with cellulose,
corrections should be made to determine the actual DP and molar mass
distribution based on calibration with pullulan [176]. An alternative
way to determine the DPy of cellulose is by analyzing the total
monomer glucose and reducing end glucose content of cellulose [177].

As mentioned before, cellulose polymers in native cellulose can
have a DP of more than 10000 anhydroglucose units. Some examples of
encountered values in literature: flax DP 8000, aspen (DP 2500), fir (DP
2500), a-cellulose isolated from wood fibers DP 800-1100), raw cotton
(DP 7000), and microcrystalline cellulose (DP < 350) [178,179].

3.2. Cellulose purity

Cellulose purity, defined by the presence of hemicellulose, lignin,
and other minor constituents, is known to be very important for cel-
lulose macro-accessibility, catalyst activity/stability, and product se-
lectivity. The composition of lignocellulosic biomass samples can be
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Summary of the performance of the discussed methods to determine the crystallinity index of cellulose.
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accurately determined through validated methods issued by the
Technical Association of the Pulp & Paper Industry (TAPPI) [180] or the
US National Renewable Energy Laboratory (NREL) [181].

Next to physical hindrance, cellulose impurities may cause a de-
crease in cellulose conversion due to catalyst neutralization, fouling, or
active site poisoning. For instance, wood can neutralize small amounts
of mineral acid catalysts due to an ion-exchange between the inorganic
cations associated with the bound and free anions in wood and the
protons in the reaction mixture [182]. This acid neutralization capacity
depends on the nature of the feedstock [183]. Cellulases are inhibited
by non-productive binding with lignin [184], but also by pretreatment-
released biomass degradation products such as xylose, xylose oligo-
mers, and phenolics [185]. Micro-organisms can be inhibited by pre-
treatment-released biomass degradation products like 5-hydro-
xymethylfurfural (HMF), furfural, and phenolics [53]. In chemo-
catalytic conversion routes, poisoning or contamination of metal cata-
lysts by waxes, fatty acids, proteins, tannins, pectins, and inorganic
impurities (e.g Cl™, S, Ca, Fe) might occur [186-190].

In contrast to cellulases, which are cellulose specific, absence of
cellulose specificity in chemo-catalytic conversion routes might lead to
a decrease in product selectivity and purity due to simultaneous con-
version of (hemi)cellulose and lignin. Partial solubilization of cellulose,
hemicellulose, and lignin from biomass is already possible under hy-
drothermal conditions at temperatures above 473 K [191]. Such con-
ditions are typically applied in chemo-catalytic reactions like hydrolytic
hydrogenation or hydrogenolysis of cellulose. Several authors con-
firmed lignin degradation during these type of biomass reactions due to
the hydrothermal conditions or non-selective action of the used catalyst
[110,111,188,192]. Soluble lignin fractions and insoluble condensation
products might inactivate catalysts through the covering or poisoning
of active sites, leading to low product yields [110,188].

In conclusion, an increased cellulose purity and macro-accessibility
in combination with a decreased crystallinity and degree of poly-
merization are expected to accelerate cellulose conversion in both
chemical and biological valorization processes. Pretreatments of the
(lingo)cellulose will consequently play a key role in future biorefinery
schemes, next to its original fractionation purpose. In addition, pre-
treatment of lignocellulosic biomass as a tool to improve cellulose re-
activity might be considered as long as the economics of the process
allows the extra costs.

4. Pretreatments to improve cellulose conversion

(Ligno)cellulosic biomass can be subjected to a wide range of phy-
sical, chemical, physicochemical, and biological treatments in order to
enhance the purity and accessibility of cellulose through a disruption of
the (ligno)cellulosic structure (Fig. 12) [53-60]. Physical pretreatments
typically increase the accessibility of cellulose, while chemical and
biological pretreatments can increase both the accessibility and purity
of cellulose. Contacting (ligno)cellulosic biomass with water, swelling
agents, or solvents can lead to swelling or dissolution of cellulose fibers,
resulting in a reduced internal cohesion and an increase in glycosidic
bond accessibility. Physicochemical pretreatments combine both phy-
sical and chemical pretreatment methods. The pros and cons of a wide
range of pretreatment methods are discussed in more details in the
following section, especially with regard to the subsequent chemo-
catalytic valorization of cellulose. These methods can be used either
separately or together to improve the reactivity of cellulose via altering
the accessibility and/or purity (vide infra).

4.1. Physical milling

Mechanical wood pulping is probably the oldest pretreatment
method and it has been used since the 1840s for the production of high-
quality cellulose fibers for paper manufacturing. Nowadays, there is a
worldwide annual production of around 35 million tons of mechanical
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pulp [193,194]. However, for chemical production in biorefineries, the
main purpose of milling is rather a reduction in particle size and
crystallinity. In addition, a disruption of the lignocellulose structure
and a decrease in the degree of polymerization is targeted as well. A
reduction in particle size entails an increase in specific surface area and
improves mass and heat transfer processes. Compared to mechanical
pulping, where the intention is to preserve the quality of cellulose fibers
as much as possible, more intense milling can be expected in bior-
efineries for chemicals. All the changes in (ligno)cellulosic structure
induced by milling lead to more efficient subsequent (ligno)cellulose
pretreatments and/or cellulose conversions.

Milling pretreatment (wet or dry) includes compression, ball, two-
roll, knife, attrition, hammer, colloid, vibro energy, disk, and freeze-
milling [54,195,196]. Ball milling is often used in research — especially
prior to chemo-catalytic processes with a solid catalyst — and leads to
profound improvements in cellulose reactivity. Dry ball milling prior to
chemo-catalytic processes is mostly performed until complete cellulose
amorphization is accomplished and demonstrated with analytical
techniques such as XRD and '3C-CP/MAS NMR. Wet ball milling can
induce a transformation of native cellulose I to the thermodynamically
more favorable cellulose II polymorph [197]. There is some disagree-
ment in literature whether cellulose II is less or more reactive than
cellulose I. This issue is addressed in more details in the alkaline pre-
treatment section.

As an example of the effect of ball milling on enzymatic cellulose
conversion, Sipponen et al. reported an increase in the enzymatic
conversion of maize cellulose to glucose from 33 % up to 89 % after
only 3 h of ball milling at 600 rpm [198]. They attributed this im-
provement to a combination of cell wall disruption, cellulose crystal-
linity reduction, and hemicellulose depolymerization. Significant im-
provements were also reported for the solid acid-catalyzed hydrolysis of
cellulose to glucose: After a 48 h ball milling pretreatment of micro-
crystalline cellulose, Benoit et al. observed a significant increase in
glucose yield from < 1 % to 13 % after 1 h of hydrolysis at 423 K with
ion-exchange resin Amberlyst 35 as solid acid catalyst [199]. Van de
Vyver et al. obtained 50 % glucose yield from 24 h ball milled micro-
crystalline Avicel PH-101 cellulose after 24 h of hydrolysis at 423 K
with sulfonated silica/carbon nanocomposites [16,200]. Similarly,
Pang et al. reported 94 % conversion of ball-milled cellulose (48 h) after
24 h of reaction at 423 K with a sulfonated CMK-3 solid acid catalyst
yielding 74.5 % glucose [201]. Fukuoka et al. demonstrated that mix-
milling microcrystalline cellulose with a solid acid catalyst, viz. acti-
vated carbon K26, could drastically improve the otherwise limited
downstream cellulose-catalyst interaction, enabling glucose yields up to
88 % with only 0.012 % of HCI [202]. Grisel and Smit reported the
beneficial impact of ball milling and mix-milling Avicel PH-101 cellu-
lose: after a 48 h ball milling pretreatment, cellulose conversion in-
creased from 11 % to 40 % (glucose yield: 5% to 22%) and from 23 % to
43 % (glucose yield: 8% to 28%) after 4 h of reaction at 453 K in the

presence of H-mordenite and Norit CAP Super (NCS) solid acid cata-
lysts, respectively. The highest glucose selectivity (95 %) was obtained
after mix-milling Avicel PH-101 cellulose with NCS, which the authors
attributed to the scavenging of by-products (such as HMF, levulinic
acid, and formic acid) by NCS, thus preventing the formation of humins
and reducing glucose losses [203].

Hydrolytic hydrogenation of cellulose to hexitols (sorbitol, man-
nitol, and sorbitan) improves also significantly after ball milling pre-
treatment. In this respect, Geboers et al. reported a quantitative one-pot
conversion of ball-milled Avicel PH-101 cellulose (24 h) to hexitols in
only one hour of reaction using soluble heteropoly acids for cellulose-
to-glucose hydrolysis and commercial Ru on carbon for subsequent
glucose-to-sorbitol hydrogenation at 463 K [19]. Conversion of unpre-
treated microcrystalline cellulose only yielded 56 % hexitols at 77 %
cellulose conversion in five hours of reaction, emphasizing the strong
impact of ball milling pretreatment. Van de Vyver et al. used an in-
soluble bifunctional 3 wt.% Ni/CNF catalyst for the hydrolytic hydro-
genation of cellulose and observed a significant improvement in sor-
bitol/mannitol yield from 35 to 57 % (cellulose conversion from 87 to
92 %) obtained at 483 and 463 K, respectively, after a ball milling
pretreatment of 24 h [204]. Fukuoka et al. observed improvement from
43 to 58 % in sorbitol/mannitol yield and from 66 to 82 % in cellulose
conversion using a bifunctional 2 wt% Pt/BP2000 catalyst at 463 K
after ball milling cellulose for 48 h [205]. Similarly, Ma et al. reported
that the sugar alcohol productivity is significantly improved by using
ball-milled cellulose compared to microcrystalline cellulose by hydro-
lytic hydrogenation over zirconium phosphate and Ru/C [206]. Ribeiro
et al. reported enhanced direct production of sorbitol after mix-milling
cellulose together with a Ru/AC catalyst in a laboratory ball mill for 4 h
at 20 Hz: after 5 h of reaction, cellulose conversion increased from 36 to
89 %, while the sorbitol yield increased from 15 to 69 %. These authors
also determined the crystallinity, degree of polymerization, and particle
size of microcrystalline cellulose in function of milling time and fre-
quency. Remarkably, while the crystallinity and degree of poly-
merization steadily decreased with milling time and frequency, no
further reduction in particle size could be observed after 4 h of milling
at 10 Hz. This observation possibly indicates aggregation of cellulose
particles during ball milling. Sels et al. comprehensively investigated
the impact of cellulose crystallinity, particle size, and degree of poly-
merization on the conversion rate of cellulose and sugar alcohols se-
lectivity over Ru/USY and a trace amount of HCI [207]. It is revealed
that the degree of polymerization has a large influence on the conver-
sion rate and selectivity when the average DP is higher than 200. After
that, the particle size and crystallinity play a dominant role. Moreover,
other crucial factors are lignin content and acid buffer capacity of
cellulose. Higher delignification efficiency and purification are there-
fore required to obtain higher conversion rate and selectivity.

Besides, ball milling facilitates the conversion of lignocellulose to
ethylene glycol. The ethylene glycol yield from ball-milled Miscanthus



(450 rpm, 3—6 h) achieves 52 %, which is comparable to the result of
pure cellulose [208]. Liu et al. demonstrated that the reactivity of
cellulose can be significantly improved by ball milling of 2 h in the
conversion of cellulose to n-hexane [209].

Ball milling has long been considered not likely to be industrially
feasible because of its high energy demands and requirement for large
unit dimensions [210,211]. Meine et al. described the existence of
large-scale industrial ball mills (volume of 112 m?, Cemtec, Austria) in
the cement industry [212]. The authors foresee a possible use of such
mills in lignocellulosic biomass pretreatment, entailing moderate en-
ergy requirements ( = 10 % of the energy content of bioethanol that
could be produced from this pretreated lignocellulosic biomass) and
costs (85 € per ton of bioethanol), provided that milling time can be
confined to two hours. It is interesting to validate the intensity of
milling power of large facilities and its impact on the structure of cel-
lulose. The type of milling and efficient transfer of forces is indeed very
important. Many authors therefore prefer to use a planetary ball mill,
which can significantly reduce milling time due to its exceptional in-
terplay between frictional and impact forces in this type of ball mill.
Nevertheless, planetary ball mills are limited to laboratory size [213].

Interestingly, several research groups have tried to improve the ball
milling pretreatment efficiency by adding acids in a so-called reactive
milling set-up (Fig. 13, I) [214]. Hick et al. were the first to report
acidic clays as efficient catalysts in solvent-free mechanocatalytic de-
polymerization of cellulose to water-soluble products in a shaker ball
mill [215]. The authors obtained 84 % solubilization of microcrystal-
line cellulose in only 3 h of milling in the presence of acidic delami-
nated kaolinite. Later, Meine et al. discovered that ball milling micro-
crystalline cellulose after impregnation with mineral acids reduces its
degree of polymerization profoundly, even to the extent that the cel-
lulose powder becomes completely soluble in water [212]. This ex-
tensive decrease in the degree of polymerization and solubilization
enables a faster downstream cellulose-to-glucose hydrolysis at lower
temperatures, which is interesting from an energetic point of view. The
authors obtained complete a-cellulose (which is purified wood holo-
cellulose) solubilization after H,SO4-impregnation and two hours of
planetary ball milling pretreatment, enabling a near-quantitative con-
version to glucose (91 %) and xylose (96 %) at 403 K in only one hour
of reaction [212]. Lignocellulosic substrates like sugarcane bagasse and
beech wood could also be solubilized completely after H,SO4 or HCIL
impregnation and two hours of ball milling pretreatment
[212,216,217]. This ‘water-soluble lignocellulose’ can be selectively
converted into sugars at 140 °C for 1 h, while lignin was precipitated as
sulfur-free lignin [218]. Combined with a hydrogenation catalyst, Ru on
carbon, this mechanocatalytic reactive ball milling technique enabled
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® cellulose
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the conversion of microcrystalline cellulose to 94 % hexitols at 423 K in
four hours of reaction [219]. Similarly, Shrotri et al. obtained a ~90 %
hexitol yield during hydrolytic hydrogenation of mechanically depo-
lymerized acidulated microcrystalline cellulose using a bimetallic Ni-
Pt/alumina catalyst at 473 K for one hour [220]. The authors used 0.25
mmol g~ ! H,SO, and a planetary ball milling pretreatment of 10 h to
produce a fully water-soluble cellulose powder. Dehydration of sorbitol
to sorbitan during hydrolytic hydrogenation was avoided through the
introduction of a preliminary H,SO4-neutralization step. The soluble
cellulose oligomers were found to have an average DPy of about 7 and
interestingly, milling induced the formation of a-1,6 bonds. This a-1,6
branching of cellulose oligomers increases the water-solubility above
DP of 6. Besides, Carrasquillo-Flores et al. demonstrated for the con-
version of a-cellulose, beech wood, and sugar cane bagasse poly-
saccharides to high yields of HMF (up to 79 %) and furfural (up to 87
%) at low temperatures (443 K) and remarkable short reaction times
(3—15 min) after reactive milling [221]. The ‘water-soluble lig-
nocellulose’ can be obtained with milling of 1—3 h after H,SO4 im-
pregnation even for 1 kg scale [222]. Thus, the energy consumption
significantly decreases with upscaling of the experiments from 1 g to 1
kg. Tomishige et al. reported that production of hexanols from cellulose
is benefited from mechanocatalytical depolymerization of cellulose by
adding H,SO4 or HCI during the ball milling [223]. Ball milling H>SO4
impregnated barley straw shows high saccharification efficiency. It is
revealed that not only the mechanical parameters such as grinding time
and pausing time but also the internal temperature as well as acid
concentration influence the conversion rate [224]. Higher internal
temperature and acid concentration facilitate the yield of reducing su-
gars.

Depolymerization of the solid cellulose over solid acids is restricted
to the weak interaction by collision between cellulose and catalysts. In
order to address this issue, Fukuoka et al. investigated mix ball-milling
cellulose with carbon materials to improve the interaction (Fig. 13, II)
[202,225-228]. Since the carbon materials contain low acidity, me-
chanocatalysis was not observed. The crystallinity indices determined
from '3C-CP/MAS NMR and XRD (via peak height method) are almost
the same for mix ball-milled cellulose and singularly milled ones. The
mix ball-milling gives 13 times higher rate constant of cellulose than
that of milling without catalysts as a result of enhanced interaction
[229]. This approach can also be applied to lignocellulosic biomass
such as Eucalyptus [230,231]. Although solid residue including lignin
after conversion of (hemi)cellulose inhibits the recycling of the carbon
materials, the carbon materials together with insoluble residue are
easily converted back to fresh carbon materials [231]. This mix-milling
mainly improves the solid-solid reaction to obtain soluble oligomers

Water soluble oligomers

Good contact
(between cellulose
and solid catalyst)

Fig. 13. Mechanical milling of cellulose with (homogeneous and heterogeneous) acid catalyst. For homogeneous acid, the cellulose is first impregented with acid

solution and dry it before mechanical milling.



from cellulose since soluble oligomers are major products (> 70 %).
While the main product is glucose when adding a trace amount of
homogeneous acid such as HCI [202]. Compared to milled cellulose
(milling time of 2 h), hydrolytic hydrogenation over commercial Ru/C
after mix-milling cellulose with a solid acid zirconium phosphate im-
proved the cellulose conversion from 77.6 % to 100 % and sugar al-
cohols yield from 65.1 % to 90.3 % at 463 K [232].

Although ball milling can reduce the crystallinity of cellulose,
heating the ball-milled cellulose in water can cause recrystallization of
cellulose. However, the recrystallization of ball-milled cellulose is much
lower if the heating is conducted in an organic solvent such as butanol
[233,234]. Hence, depolymerization of (ball-milled) cellulose could be
facilitated in alcohols comparable to hydrolysis [233]. Feng et al. re-
ported that cellulose properties like the crystallinity, degree of poly-
merization, and particle size have no significant influence on the con-
version of cellulose in alcohols with the presence of sulfonated
hyperbranched poly(arylene oxindole)s catalyst [235].

In summary, intense milling improves the reactivity of cellulose and
the concept of reactive milling and/or mix milling is a step forward in
the use of milling in cellulose conversion. Despite the fast, low energy
cellulose conversions and good product yields, ball milling on itself
remains energy-intensive and the first economic assessment has yet to
be validated on a larger scale. In addition, while milling is especially
beneficial for the activation of microcrystalline cellulose, the conver-
sion of cellulose in milled lignocellulosic materials is hindered in some
catalytic processes, since no lignin is removed upon milling [54]. Ad-
ditional delignification steps may, therefore, be required. It remains
questionable whether milling cellulose pulps after delignification pre-
treatment is really necessary.

4.2. Irradiation

Irradiation pretreatment includes gamma ray, electron beam, mi-
crowave (electromagnetic), and ultrasound (acoustic) irradiation, ap-
plied either alone or in combination with other pretreatment techni-
ques, and hydrolysis of biomass (Fig. 14). Electromagnetic radiation
can be subdivided in high-energy, ionizing (gamma and electron) and
lower-energy, non-ionizing (microwave) radiation. Ionizing radiation
ionizes atoms through the removal of electrons and induces profound
chemical changes, while non-ionizing radiation only excites molecular
rotational and vibrational modes [236].

Gamma rays [237] and electron beams [238] are reported to de-
polymerize and decompose lignocellulosic biomass, thus improving the

Gamma ray
irradiation

Electron
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irradiation

Combined
with other
techniques

Irradiation
pretreatment

Ultrasound

irradiation Microwave
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Fig. 14. Typical type of irradiation pretreatment.

reactivity of cellulose. Betiku et al. reported a more than threefold in-
crease in enzymatic softwood and hardwood cellulose digestibility after
an irradiation pretreatment with gamma rays at a dose of 40 kGy and
90 kGy, respectively [239]. Electron beam irradiation (EBI) of bagasse,
a by-product of the sugar cane industry, at a dose of 100 MR can lead to
a twofold or fourfold increase of the glucose yield during enzymatic or
hydrochloric acid hydrolysis, respectively [240]. Bak reported that
water soaking-based electron beam irradiation (WEBI) of rice straw at a
dose of 80 kGy prior to enzymatic hydrolysis could increase glucose
yields from 30 % to 70 % [241]. Without water soaking, EBI only af-
forded a glucose yield of 52 %. It is believed that swelling of rice straw
increases the interaction surface between electrons and the substrate.
With microwave irradiation, an efficient in situ generation of heat
throughout (ligno)cellulosic substrates and reaction media can be ac-
complished, leading to increased reaction rates compared to conven-
tional heating with an external source [242]. This irradiation technique
is therefore frequently used to assist other pretreatment techniques and
hydrolysis itself [243]. Lu et al. applied a microwave-assisted dilute
sulfuric acid pretreatment to rape straw prior to enzymatic conversion.
A glucose yield increase from 12 % to 58 % was achieved after 3 min of
microwave pretreatment at 900 W in 2% (v/v) H,SO4 [244]. The au-
thors suggest that microwave irradiation partially disrupts the lignin
structure, leading to increased cellulose accessibility. Microwave pre-
treatment (1300 W, 5 min) of sugarcane bagasse in glycerol removes
more hemicellulose and lignin than treatment in water [245]. This
leads to a much higher glucose concentration from enzymatic hydro-
lysis of a sample from microwave pretreatment in glycerol (237.5 mg/
g) than that of pretreatment in water (22.6 mg/g). Hydrolysis of mi-
crocrystalline cellulose to glucose with heterogeneous biomass char
sulfonic acid catalysts (BC-SOs3H) was efficiently accelerated under
microwave irradiation at 350 W, enabling a significant glucose yield
increase from 3% to 17 % after 1 h of reaction at 363 K [246]. Fan et al.
reported the mechanism behind the direct microwave-assisted hydro-
thermal depolymerization of microcrystalline cellulose to glucose at
elevated temperatures (453 —493 K). It was suggested that above 453
K, a weakening of the hydrogen bond network in amorphous cellulose
regions enables the microwave-induced rotation of free CH,OH groups
and the concomitant formation of levoglucosan, which is subsequently
hydrolyzed to glucose (Fig. 15) [247]. The ability to hydrolyze cellulose
in water-inaccessible regions makes microwave heating more efficient
than conventional heating. Microwave-assisted hydrothermal pretreat-
ment can selectively dissolve hemicellulose from lignocellulose without
adding any chemicals [248,249]. The dissolved hemicellulose has many
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Fig. 15. Scheme of the cellulose-microwave interaction as a function of tem-
perature: (A) mechanism of CH,OH group activation; (B) route of cellulose
degradation toward acids and aldehydes. Adapted from Fan et al. [247].



industrial applications such as food-applicable prebiotics or packing.

Ultrasound irradiation creates pressure differences in reaction
media and improves the accessibility of (ligno)cellulosic biomass
through microjet erosion, cell wall collapse, and enhanced mass
transfer/mixing processes [68]. Ultrasound can also enhance deligni-
fication through the creation of radicals. Zhang et al. reported improved
hydrolysis of microcrystalline cellulose with a sulfonated carbon solid
catalyst (AC-SO3H) after sonication pretreatment [98]. This improve-
ment was mainly attributed to a decrease in particle size, since no
significant decrease in crystallinity, as determined by the XRD peak
height method, or DP was observed. Glucose yields up to 42 % are at
par with those obtained after ball milling pretreatment, emphasizing
that particle size and accessible surface area can be more critical for an
efficient hydrolysis than cellulose crystallinity in some cases. The
quantity of alkali metals such as potassium, calcium, and magnesium in
eucalyptus can be reduced by ultrasound (300 W and 28 kHz) pre-
treatment [250]. Meanwhile, the crystallinity (XRD peak height
method) of cellulose increased from 31.8 % for the untreated sample to
35.5 % for the pretreated sample as a result of removal of hemi-
cellulose, lignin, and amorphous cellulose.

Although irradiation pretreatment constitutes a promising and
growing research area, they are generally considered energy-de-
manding, expensive, and difficult to apply on an industrial scale [54].
Nevertheless, microwave pretreatment is already being used on an in-
dustrial level, albeit limited [242].

4.3. (Physico-)Chemical hydrothermal pretreatment

During hydrothermal pretreatment, lignocellulose is contacted with
hot water or steam to enable the degradation and redistribution of
hemicellulose and lignin [251]. Water-soluble metal catalyst inhibitors
like minerals can also be removed through hydrothermal pretreatment
[187,252].

The severity of hydrothermal pretreatment can be expressed by the
severity factor log(R'{,) as follows [253]:

log(Rg) = log[texp(%;sloo)]ﬂpH - 71

where t is the time in minutes (mins) and T(t)is the temperature in
degrees Celsius (°C). This factor can be used to compare the severities of
different hydrothermal pretreatments. The equation implies that high
temperatures, long pretreatment times and extreme pH values increase
the severity of hydrothermal pretreatments. At high temperatures, in-
creased self-ionization of water lowers its pH and improves its acid-base
catalytic properties [254,255]. Nevertheless, acids or bases can be
added for enhancement of the severity [256-259]. During hydro-
thermal pretreatment, degradation of hemicellulose liberates organic
acids like acetic acid, which in turn assist in further hydrolysis reactions
[49]. Although lignin can be degraded and solubilized a well, it is
known to repolymerize e.g., through the formation of carbonium ions
after cleavage of lignin 3-O-4 ether bonds (Fig. 16) [71,260]. Melting of
hydrophobic lignin can also occur during hydrothermal pretreatment
and leads to droplet formation and lignin redistribution upon cooling
[261]. Removal and redistribution of hemicellulose and lignin lead to
an increase in pore volume and improves the accessibility of cellulose
[56]. Furthermore, cellulose accessibility can be improved through
amorphization of crystalline cellulose in water at high temperatures
and pressures (> 593 K, 25 MPa) in addition to a reduction in DP
[260,262,263]. However, cellulose aggregation might occur under the
hydrothermal pretreatment conditions to increase the lateral size of
crystallites [264].

Hydrothermal pretreatment includes liquid hot water (LHW) and
steam (explosion) pretreatment. LHW pretreatment at 473 —503 K so-
lubilizes up to 60 % of the lignocellulose, including 35-60 % of the
lignin and almost all of the hemicellulose [191]. Flow-through LHW

pretreatment systems are known to remove more lignin (up to 50 % of
the original lignin) than batch systems due to reduced lignin re-
polymerization reactions [256]. Pseudo-lignin was not observed by
time-of-flight secondary ion mass spectrometry imaging after hydro-
thermal flow-through pretreatment, while it was present after a hy-
drothermal pretreatment in a batch reactor [266]. The lignin movement
was mainly observed at the cell corner of the lignocellulose during the
flow-through hydrothermal pretreatment. Mosier et al. reported that
LHW pretreatment of corn stover leads to complete enzymatic hydro-
lysis of the remaining polysaccharides [267,268]. On the other hand,
Pang et al. reported no distinct improvement in glycol yield (3%-5%,
calculated as mol% carbon of total feedstock carbon) and a lower
conversion of corn stalk (83 % to 63 %) using a solid Ni-W,C/AC cat-
alyst after LHW pretreatment at 393 K (Fig. 17a; G) [110]. In this study,
the LHW removed practically all solubles, 25 % of hemicellulose and
only a negligible amount of lignin (1%), leading to increased holo-
cellulose and lignin contents and a decreased holocellulose to lignin
ratio in the pretreated corn stalk (Fig. 17b; G). The removal of soluble
compounds during pretreatment leads to the observed lower conver-
sion. Since both cellulose and hemicellulose yield glycols, no distinct
improvement in glycol yield can be expected when hemicellulose is
removed instead of lignin, which is the inhibitory. Hence, LHW pre-
treatments might lead to lignin redistribution and an increased (hemi)
cellulose accessibility, but also entail extensive (hemi)cellulose re-
moval. The substrate amount is hence lowered sometimes, while the
expected poisoning effect of lignin on the hydrogenation sites of the Ni-
W,C/AC catalyst can still limit the glycol yield and selectivity as well.

Since many catalytic reactions are performed in more or less the
same conditions as hydrothermal pretreatment processes, the same
chemistry and processes are expected to occur during these catalytic
reactions. Fukuoka et al. applied a hot water pretreatment (3 h at 373
K) to raw silver grass prior to its catalytic conversion to sugar alcohols
in the presence of a supported platinum catalyst at 463 K [252]. This
pretreatment reduced the amounts of metal cations (and their counter
anions), P, and S in silver grass, leading to an increase of the pentitol
yield from 51 % to 72 % (based on hemicellulose content) and decrease
of glycol byproducts from 6.0 % to 3.4 %. While P and S are known
poisons for metal catalysts, certain anions in the mineral fraction of
silver grass could decelerate the conversion of cellulose (e.g. SO42~,
CO5>~ and HCOs-) or even perform base-catalyzed side-reactions,
leading to the formation of glycol byproducts and reduced sugar alcohol
yields (e.g. CO5%~, and HCO3-). The negligible increase in sorbitol yield
(7.4%-8.6%) after this pretreatment is ascribed to the presence of
lignin, which should be removed to increase the accessibility of cellu-
lose.

During steam explosion, lignocellulose is contacted with steam at
high temperature (433 —533 K) and pressure (0.69-4.83 MPa) for a
short contact time, followed by a sudden explosive decompression
[55,56]. Water inside biomass expands and disrupts the lignocellulosic
structure upon depressurization, thus increasing the accessibility of
cellulose to reactants and catalysts. Wyman et al. reported 83.7 % xy-
lose and 100 % glucose yield after acidic steam pretreatment (3% SO,/
463 K/5 min) of poplar wood and subsequent enzymatic hydrolysis
[269]. Sun et al. applied a combination of steam pretreatment and al-
kali on corn stalk to improve its conversion to ethylene glycol and
glycerol in the presence of a Ni-W,C/CSAC (coconut shell activated
carbon) heterogeneous catalyst at 518 K [270]. After a steam explosion
pretreatment for 1 h at 0.4 MPa and a subsequent 5% NaOH pretreat-
ment for 24 h at 333 K, corn stalk hemicellulose and lignin were effi-
ciently removed up to 84 % and 72 %, respectively, affording an
ethylene glycol yield of 20 wt.% and a glycerol yield of 52 wt.%. It was
suggested that the initial steam explosion step accomplishes hemi-
cellulose hydrolysis, lignin decomposition, and a disruption of the lig-
nocellulosic structure, thus significantly increasing the accessibility of
cellulose to the catalyst.

Drawbacks of hydrothermal pretreatment are the possible formation
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Fig. 18. Process flow scheme of acid and alkaline treatment.

of furfural, HMF, and phenolics, which might inhibit downstream
conversion processes. However, a high industrial potential of steam and
LHW pretreatments in enzymatic biomass valorization has been sug-
gested on account of their adequate performance and economic

effectiveness [53]. Besides, the transformation of native lignin into
more recalcitrant lignin makes its further valosation difficult. The de-
grartion of hemicellulose also reduces its value.

4.4. Acid

Sulfite pulping was already practised in the 19" century [271].
During this pulping process, mixtures of sulfurous acid and/or its alkali
salts are employed to cleave and sulfonate lignin to water-soluble lig-
nosulfonates. During acid sulfite pulping, formed lignin carbonium ions
(Fig. 16) are sulfonated [193], preventing cleavage of B-aryl ether
bonds and lignin recondensation.

Acid pretreatment can be applied for hemicellulose removal prior to
enzymatic hydrolysis as well as for direct production of monomeric
sugars from both cellulose and hemicellulose depending on the severity
of the process (see process scheme in Fig. 18) [272,273]. This severity
may also be expressed by the severity factor Ry (vide supra) of the
pretreatment. Shorter reaction times and lower temperatures can be
applied to obtain the same severity factor compared to aqueous



pretreatment due to the lower pH values in acid pretreatment [254].
Acid pretreatment of (ligno)cellulose is generally performed with dilute
or concentrated acid solutions at elevated and low temperatures, re-
spectively [54]. HCl [274] and H»SO, [275] are historically used, but
there are several reports on the use of other acids like HF [276], HNO3
[2771, H3PO4 [278], SO, (in combination with steam pretreatment, vide
supra) [272], organic acids (e.g. maleic acid [279], fumaric acid [280],
oxalic acid [281], formic acid [282], and acetic acid [283]), and het-
eropoly acids [284]. Dicarboxylic acids, like oxalic acid, are known to
hydrolyze B-1,4 glycosidic bonds more selectively than H,SO4
[285,286]. In the case of oxalic acid, this might be attributed to the
lower acid dissociation constant (pK, = 1.25, 4.14 vs. -3, 1.99 for
H»S04), which leads to less severe dehydration reactions. Furthermore,
oxalic acid with its two distinct carboxylic acid groups shows simila-
rities with the efficient and selective acid-base active site of (hemi)
cellulolytic enzymes, which involves two carboxylic acid groups as well
[281]. Concentrated acid solutions can swell or dissolve cellulose and
can be used at low temperatures, which is energetically more favour-
able than using dilute acids at elevated temperatures. However, soluble
acids (espcailly at higher concentrations) are hard to recycle, very
corrosive, and they lead to the production of large amounts of neu-
tralization waste. Some concentrated organic acids, like formic acid and
acetic acid, even dissolve lignin [57]. In case of heteropoly acids,
especially the partial Cs salts can be removed upon precipitation [34].

Severe acid treatments (low pH, high temperatures and/or long
residence times) lead to the degradation of liberated sugars to furans
(like HMF and furfural), carboxylic acids (such as levulinic and formic
acid), and insoluble humic substances [272,287,288]. Although sugar
degradation products imply sugar losses and can be inhibitory to micro-
organisms, furans and levulinic acid are interesting platform molecules
for the production of fuels, chemicals, and polymers [289-291]. The
large scale acid-catalyzed conversion of (ligno)cellulose to levulinic
acid (up to 70 % yield) is established in the Biofine Process, which
proceeds in two stages [292]. Less severe acid treatments prevent sugar
degradation but they are less efficient in (hemi)cellulose hydrolysis.
Many different acid types, both soluble and insoluble, have been used to
directly convert various cellulose sources into chemicals, with levulinic
acid, HMF, and lactic acid being the most favourable ones
[12,291,293]. The use of biphasic conditions enables high HMF yields
through the extraction of this reactive chemical from the aqueous phase
into an organic phase, which avoids further converting to levulinic or
formic acid [93]. There is a vast literature now studying the best cir-
cumstances of kinetics (true conditions and catalysis) and extraction
ability (through solvent choices and additives) to improve HMF yields
[93,294-296].

Acid conversion of (hemi)cellulose is also performed in alcohols
instead of water since it can yield alkylglucosides, xylosides, and alkyl
levulinate [45,297-300]. Compared to hydrolysis in water, conversion
of (hemi)cellulose in alcohols has some advantages, such as improve-
ment of reaction rate and product yield, inhibition of humins and chars.
For instance, conversion of cellulose to alkyl levulinate in alcohol gives
a higher yield than levulinic acid obtained in water [235,301]. The
presence of Brgnsted acid sites promotes the formation of alkyl leuve-
ninate, while the strong Lewis acid sites facilitate the formation of le-
vulinic acid in water [301-303]. Similarly, conversion of cellulose in
alcohol gives higher yield to alkylglucosides than that to produce glu-
cose in water at similar conditions [304]. In addition to methyl levu-
linate, Sn™-triflate can transform cellulose to a mixture of useful-hy-
droxyesters such as methyl lactate, methyl vinyl glycolate, and methyl-
4-methoxy-2-hydroxybutanoate in methanol [305].

Another way to stabilize products is foreseen in the bifunctional
approach. For example, hydrolytic hydrogenation at elevated tem-
peratures constitutes an interesting option for cellulose valorization
[6,10,11,19,34,35,187,204,306-312]. In hydrolytic hydrogenation,
liberated monomeric sugars are immediately hydrogenated to more
thermo-stabile sugar alcohols (mainly sorbitol) using metal catalysts.

Similarly to sugars, further acid-catalyzed dehydration of these sugar
alcohols can occur, forming polyols like sorbitan and isosorbide, but
other degradation stays limited [6,10,28]. Sugar alcohols and their
dehydration products are key molecules for the production of fuels
(such as H, and alkanes), chemicals, and polymers [28,313-315]. The
hydrolytic hydrogenation of cellulose to hexitols (mainly sorbitol, sor-
bitan, and isosorbide) has been the subject of research for decades. In
this respect, Sharkov emphasized the importance of lignocellulose
pretreatment for the chemo-catalytic conversion of lignocellulose
polysaccharides to polyols: impurities like proteins, tannins, pectins,
and minerals were found to deactivate hydrogenation catalysts quite
rapidly [187]. In addition to sugar alcohol production, cellulose can be
converted to other alcohols such as ethylene glycol, acetol, or propylene
glycol [112,316-320]. One-pot conversion of cellulose to gasoline also
follows a bifunctional approach. It can be achieved by hydrogenation of
sugar obtained from hydrolysis of cellulose via acid to sugar alcohols,
followed by hydrodeoxygenation of sugar alcohols to gasoline in the
aqueous phase [209,321,322]. It was found that the presence of bio-
genic impurities such as amino acids with sulfur deactivates the Ru/C
catalysts [321]. Gasoline precursors from cellulose can also be realized
directly, combining bifunctional catalysis with biphasic conditions.
Mechanistically, it involves dehydration of sugars to HMF in the aqu-
eous phase, followed by hydrodeoxygenation of HMF to gasoline in an
organic phase [323-325]. In this biphasic system, the hydro-
deoxygenation catalyst is kept in the organic phase to avoid the hy-
drogenation of sugars to sugar alcohols in the aqueous phase, and allow
HMF to diffuse in the organic phase where it is converted into alkanes,
using modified Ru/C catalyst. Since HMF and sugar are unstable under
acidic condition at high temperature, lower concentration of sugar and
HMF is preferred to avoid their side reactions. Therefore, cellulose with
large particles or low surface area can give higher gasoline yield due to
its low conversion rate [325].

4.5. Alkaline

Kraft pulping is the dominant wood pulping process since the 1940s
[271]. In the Kraft process, high-quality cellulose fibers for the paper
industry are produced from wood, using a combination of NaOH and
Na,S for delignification. Alkaline pretreatment removes lignin through
cleavage of lignin ether bonds and solubilizes hemicellulose through
saponification of the intermolecular ester bonds between hemicellulose
and lignin, increasing porosity and overall cellulose accessibility (see
process scheme in Fig. 18) [55,326]. Alkaline pretreatment chemicals
include NaOH [327], Ca(OH), (lime) [328], and ammonia [329] and
they can be used in combination with oxidative agents like O, and H,0,
for delignification improvement [326].

Degradation of cellulose under alkaline conditions may also occur,
but cellulose is much more resistant to basic attack compared to
hemicellulose [326]. Nevertheless, alkaline solutions can increase the
accessibility of cellulose to exoglucanases through its depolymerization.
For example, Bali et al. reported a reduction of poplar cellulose DP,
from 342 to 77 after 1 h of pretreatment in a 2% NaOH solution at 393
K [330]. Alkaline cellulose degradation takes place through peeling of
reducing end-groups or random scission of cellulose chains, ultimately
resulting in the formation of organic acids such as lactic acid (through
retro-aldol reactions and H-shifts) and concomitant neutralization of
the alkaline solution [293,331].

Due to the substantial amount of delignification during alkaline
pretreatment, higher cellulose conversions are often reported after an
alkaline pretreatment compared to acid pretreatment [327,332]. Sil-
verstein et al. reported enzymatic cotton stalk glucan conversions of 61
% and 24 % after NaOH pretreatment and H,SO, pretreatment, re-
spectively [327]. Zhao et al. reported enzymatic Crofton weed stem
cellulose conversion ratios of 7.40 % and 2.61 % (w/w, based on the
cellulose in the pretreated samples) after NaOH pretreatment and
H,SO, pretreatment, respectively [332].



More concentrated aqueous solutions of NaOH (> 8%) are reported
to induce swelling and dissolving o the native cellulose I
Recrystallization to the thermodynamically more favorable cellulose II
polymorph occurs after neutralization of NaOH or washing
[81,333-335]. This transformation is called ‘mercerization’. Disruption
of hydrogen bonds during fiber swelling decreases the crystallinity of
cellulose and increases its accessibility and reactivity, despite the par-
tial recrystallization to cellulose II [336,337]. There is some disagree-
ment in literature about the reactivity of cellulose II. Some authors
report a decreased reactivity compared to cellulose I [75,338], while
others report an increased reactivity [339,340]. Wada et al. tentatively
suggested that an increase in reactivity is ascribed to the difference of
hydrophobic forces between the cellulose sheets in cellulose I and II,
with cellulose I displaying the strongest hydrophobic interaction [340].
Nevertheless, a beneficial influence of the lower crystallinity of cellu-
lose II after mercerization on its reactivity cannot be ruled out.

Liquid ammonia is able to swell cellulose I and II fibers through the
disruption of cellulosic hydrogen bonds and the formation of a cellu-
lose-ammonia complex [341-343]. Recrystallization to polymorphs
cellulose III; and III; occurs after evaporation of ammonia, depending
on the extent of recrystallization proportional to the temperature ap-
plied during pretreatment (Table 2) [337,343,344]. Cellulose III; is
believed to be more readily degradable than cellulose I due to its larger
unit cell dimensions [345]. Igarashi et al. discovered that ammonia
treatment of cellulose I to obtain cellulose III; also results in an in-
creased number of cellulase-accessible lanes on the cellulose surface,
which avoids the occurrence of cellulase traffic jams and hence sig-
nificantly enhances the number of moving cellulase molecules and
enzymatic hydrolysis rates [346].

Mittal et al. reported a significant decrease and alteration of crys-
tallinity and a concomitant increase in enzymatic digestibility of Avicel
PH-101 (Table 2), a-cellulose, cotton linters, and corn stover cellulose
after pretreatment with aqueous NaOH and liquid ammonia [337].
These cellulose pretreatment methods could also be interesting for
chemo-catalytic cellulose conversion.

Alkaline pretreatment has been applied to improve chemo-catalytic
biomass conversions suffering from lignin inhibition. Pang et al. re-
ported significant increases in corn stalk conversion and glycol yield
with a solid Ni-W,C/AC catalyst after pretreatment with hot limewater
(Ca(OH),), NaOH, ammonia, or a subsequent combination of ammonia
and H,0, pretreatment (Fig. 17a; A, C, E, and H) [110]. During FTIR
analysis, a reduction was observed in absorbance at 3348 cm™! at-
tributed to the OH stretching vibration of cellulose after some of these
pretreatments, which they attributed to a disruption of cellulose hy-
drogen bonds. This reduction probably partially compensates the low
level of delignification (3%) during hot limewater pretreatment
(Fig. 17b; H). The most extensive delignification was achieved with
ammonia and H,05 (75 %), leading to a distinct increase in glycol yield

Table 2

Crystallinity and enzymatic conversion data of Avicel PH-101 cellulose before
and after selected NaOH and ammonia pretreatments. Data from Mittal et al.
[3371.

Treatment conditions

None NaOH (298 NH; (298 NHj; (403

K) K) K)

Amorphous content (%) 26 47 46 26
Crystalline cellulose content I 74 - - -
(CrI, %) I - 53 - -

1L - - 54 74

Crystallite size (A) 46 37 38 55

Cellulose conversion (%) 16h 39 66 49 36

24h 46 76 59 49

Crl: crystallinity index, determined using the XRD amorphous subtraction
method.

(from 3 % to 48 %) and cellulose conversion (from 83 % to 99 %).
Besides, pretreatment of miscanthus with ammonia improves its con-
version to ethylene glycol in the presence of tungstic acid and Raney Ni
[188]. The ammonia pretreatment afforded a thorough delignification
and removal of epidermal tissue components, such as waxes, pectins,
and fatty acids, which led to a significant ethylene glycol yield increase
from + 13 % to = 40 % after 2 h of reaction at 518 K at 10 wt%
feedstock concentration. The low ethylene glycol yield from raw mis-
canthus at these high feedstock concentrations is attributed to the
profound deactivation of Raney Ni by compounds originating from both
epidermal tissues and lignin. Fukuoka et al. applied an alkali-explosion
and neutralization pretreatment (1.4 % NaOH, 24 h at 298 K and 2 min
at 463 K, followed by explosion and neutralization with HCI) to silver
grass to improve its conversion into sugar alcohols in the presence of a
supported Pt catalyst through the removal of lignin, salts, and metal
catalyst poisons like P and S [252]. Similar to the hydrothermal pre-
treatment of silver grass (vide supra), the removal of salts and metal
catalyst poisons enabled an increased pentitol yield and reduced glycol
byproduct yield. A significant hexitol yield increase from < 1 % to 20 %
(based on cellulose content) was obtained after 24 h of reaction at 463
K as a result of the extensive delignification (the Klason lignin content
decreased from 21 % to 11 %) during pretreatment. This pretreatment
was also successfully applied to Amur silver grass (29 % hexitol yield)
and wheat straw (23 % hexitol yield). Goswami et al. also used an al-
kaline pretreatment (4% NaOH, 393 K, 1 h) to improve sugar yields
from rice straw. The pretreatment removed up to 50 % of the original
lignin, enabling sugar yields as high as 26 % after 4 h of reaction at 410
K in the presence of a glycerol-based solid carbon acid catalyst [347].
Recently, chemo-catalytic conversion of cellulose into ethanol has been
demonstrated with high yield over Ru-WO,/HZSM-5 [348], Mo/Pt/
WOy [349], HoWO,4-Pt/ZrO, combination catalyst [350], and H3PO4
and Ni@C combination catalyst [351]. Ethylene glycol is an inter-
mediate of cellulose to ethanol in this chemo-catalytic pathway
[348-350]. The yield of ethanol reaches 26.3 % (carbon yield based on
the input carbon in the lignocellulose) in conversion of raw miscanthus
over Mo/Pt/WO,. After alkaline pretreatment to remove lignin, the
ethanol yield is improved to 43.1 %, which is similar to that obtained
from pure cellulose [349].

4.6. Ammonia fiber expansion (AFEX) and extractive ammonia (EA)

Ammonia fiber expansion (AFEX), sometimes referred to as am-
monia fiber explosion, is based on the same concept as steam explosion,
except that liquid ammonia is used instead of steam and no mass loss
occurs during the pretreatment (dry-to-dry process) [55,64,352].

AFEX pretreatment is typically performed by contacting liquid
ammonia (0.3-2.0 g NH3/g dry biomass) with moist biomass (0.1-2 g
H,0/g dry biomass) and heating (313—453 K) for 5-60 min before
depressurization (see process scheme in Fig. 19) [352]. Ammonolytic
and hydrolytic cleavage of intermolecular ester bonds between hemi-
cellulose and lignin occurs during the AFEX process due to the action of
ammonia [64,353]. Fermentation inhibitory compounds like furans
found after acid pretreatment are hardly formed here [64]. After de-
pressurization, migration of solubilized hemicellulose, lignin, and cell-
wall extracts to the outer cell wall surfaces and corners creates pores
with diameters ranging from 10 to 1000 nm, enhancing the cellulose
accessibility to cellulases [354]. In contrast to liquid anhydrous am-
monia, conventional AFEX pretreatment does not significantly alter
cellulose crystallinity due to the high concentration of water in the
employed ammonia solution [354]. Presence of water prevents the in-
sertion of ammonia in the cellulose crystal structure.

Holtzapple et al. reported nearly quantitative sugar yields in the
enzymatic hydrolysis of AFEX pretreated Bermuda grass and bagasse
using very low enzyme loadings (5 IU/g) [355]. Disadvantages of AFEX
pretreatment include its poor performance on high lignin content
samples and the need for ammonia recycling [55]. Also, pore diameters
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in the nm range are expected to be insufficient for many conventional
solid chemo-catalysts. For instance, solid hydrotalcite nanoparticles,
used for cellulose hydrolysis, already have particle diameters in the pm
range [356]. However, hydrolysis in hot (acidic) water, often the rate-
determining step to produce valuable chemicals from cellulose, will
undoubtedly benefit from the improved cellulose accessibility. We
therefore expect AFEX pretreatment to be a promising tool to activate
cellulose for chemical processing.

Transformation of cellulose I to cellulose III through liquid am-
monia can increase the enzymatic hydrolysis rate up to 5 folds
[357,358]. Therefore, a pretreatment method termed ‘Extractive Am-
monia (EA) was developed to simultaneously extract lignin and
transform cellulose I to highly digestible cellulose III via liquid am-
monia (around 10 % water) at 393 K (see process scheme in Fig. 19)
[359,360]. In the case of AFEX, the moisture is higher (ca. 60 %), which
impedes the formation of cellulose III. Nearly all polysaccharides can be
maintained through EA with lignin removal of 45 %. Although AFEX
also keeps most of the sugars, the dissolved lignin is deposited on the
pretreated cell wall after the evaporation of ammonia. Therefore, EA
pretreated corn stover generates a higher sugar yield compared to the
traditional AFEX with using 60 % less enzyme. Besides, the EA con-
sumes much less ammonia (0.022 g per 100 g biomass) than AFEX (0.02
g per g biomass). The disadvantage of EA is the high operation pressure,
which will increase the capital cost of the pretreatment unit. It should
be noted as well that the incorporation of nitrogen into biomass
through ammonia pretreatment could lead to the generation of NOy
during incineration of related compounds or an additional hydro-
denitrogenation before burning [361]. In addition, the presence of ni-
trogen might deactivate the catalysts of a chemo-catalytic process. In
summary, although ammonia-based pretreatment technology has
shown advantages for biochemical process [362], the impact on chemo-
chemical process is uncharted terrain.

4.7. Oxidative pretreatment

Oxidizing agents are since long used to bleach paper pulps for the
production of white paper, which can serve as a value-added end pro-
duct in biorefineries. Oxidizing agents like H>O, [363], O3 [364], O,
[365], air [365], peracids [366], hypochlorite [367], and chlorite [368]
can be used for biomass delignification to improve the accessibility of
cellulose. However, the formation of inhibitory phenolic compounds
can compromise further downstream processing by enzymes and micro-
organisms [53]. Oxygen and H,O, act as highly reactive free radicals in
alkaline solutions and they are therefore frequently used to improve
delignification during alkaline pretreatment [326]. In addition, wet
oxidation pretreatments are known to open the crystalline structure of
cellulose [369]. Degradation of hemicellulose and cellulose can also

occur during oxidative pretreatment due to the mostly unselective ac-
tion of the oxidizing agents [53,370]. In this respect, peracetic acid is
reported to selectively degrade lignin [366]. Teixeira et al. reported an
impressive increase in enzymatic cellulose hydrolysis from 6.8 % to 98
% after hybrid poplar and sugar cane bagasse delignification with 21 %
peracetic acid at ambient temperatures [366]. An enzyme mix of xy-
lanase/[3-glucosidase was proven more effective than cellulase pre-
parations due to the presence of undegraded xylan in pretreated sam-
ples. In addition, Xu et al. reported that part of the hydroxymethyl
groups on glucose units could be oxidized to carboxyl groups during the
oxidation pretreatment [371]. These acid sites can act as the active sites
for the catalytic depolymerization of cellulose. The yield of glucose is
significantly enhanced after oxidation pretreatment compared to non-
pretreated or ball-milled a-cellulose.

Successful application of oxidative pretreatment for chemo-catalytic
conversion of lignocellulose has been reported very recently. Pang et al.
have shown significant increases in corn stalk to glycol conversion in
the presence of a solid Ni-W,C/AC catalyst after delignification with
H,0, (43 % lignin removal). Thanks to this pretreatment, the glycol
yield and conversion increased from 3% to 36 % and from 83 % to 95
%, respectively (Fig. 17a and b; D). The authors also tested a combi-
nation of ammonia and H,O, pretreatment, removing 75 % of lignin
showing a glycol yield increase from 3 % to 48 % and a conversion
increase from 83 % to 99 % (Fig. 17a and b; A) [110]. Interestingly, the
glycol yield correlates well with the amount of delignification and corn
stalk conversion was near complete after both pretreatments.

4.8. Organosolv fractionation

Organosolv pretreatment of lignocellulosic biomass relies on de-
gradation and solubilization of hemicellulose and lignin in non-aqueous
or aqueous organic solvents, improving cellulose purity, accessibility
and degradability (Fig. 20) [57,166]. Water and organic solvents can
also induce significant swelling of cellulose through a disruption of the
internal cohesion, mainly in the intercrystalline, amorphous regions
[372-376].

Different organic solvents have been used in organosolv pretreat-
ment [57,166], including alcohols (e.g. ethanol) [377], ketones (e.g.
acetone [378] and methyl isobutyl ketone) [379], organic acids (e.g.
formic acid [380] and acetic acid) [381], organic peracids (e.g per-
formic acid) [382], and esters (e.g. y-valerolactone, GVL) [383]. The
ability of organic solvents to solubilize lignin depends on the Hildeb-
rand solubility parameter or 8-value of the solvent, which is ide-
ally + 11 cal’?/cm®?for adequate lignin solubility [384]. Examples of
good lignin solvents are acetic acid (§ = 10.1 cal'/?/cm®'?), formic acid
(& = 12.1 cal”?/cm®/?), ethanol (8 = 12.9 cal'’?/cm>?), acetone (§ =
9.7 cal”?/cm®?), and y-valerolactone (8 = 11.3 cal'?/cm®?)
[166,385].

Most organosolv pretreatments are carried out auto-catalytically at
high process temperature (458 — 483 K), but acid catalysts can be added
to increase process severity and hence the rate of delignification and
hemicellulose degradation [57,166]. Additionally, acid catalysts are
able to lower the degree of polymerization of cellulose during orga-
nosolv pretreatment, making cellulose more amenable for subsequent
degradation by e.g., exoglucanase enzymes [166]. Other agents like
NaOH are added as well to improve the delignification.

The organic solvent induced cellulose swelling is attributed to the
amount of hydrogen bonding interactions between cellulose and the
solvent, correlated to acid-base/dispersive interactions and solvent
molar volume [374]. These hydrogen bonding interactions induce sol-
vent uptake in the amorphous cellulose structure, resulting in a reduced
cohesion within cellulose fibers. The swelling rate increases excessively
with temperature [373]. Boluk has emphasized the importance of high
electron-pair donor/acceptor number ratios (DN/AN) and high elec-
tron-pair donor/acceptor number differences (DN-AN) for the good
swelling behavior of organic solvents [374]. Hydrogen atoms in the
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hydroxyl groups of cellulose act as electron acceptors (acid), implying
that the organic solvent should possess a distinct electron donor (base)
capability for improved hydrogen bonding interactions with cellulose.
Note that the base strength should be stronger than that of the oxygen
atoms, contributing to the same hydrogen bonds. Basicity of the oxygen
and how it probably protects cellulose form acid-catalyzed degradation
has been recently investigated in a theoretical study by Loerbroks et al.
[386].

Organosolv treatment has been studied extensively for both paper
manufacturing, for which high cellulose purity, high fiber strength, and
crystallinity are essential, and as a pretreatment prior to (enzymatic)
hydrolysis, for which a high cellulose reactivity is important
[57,377,387-390]. Thorough removal of residual solvents from the
cellulose pulp is necessary for subsequent biochemical processing due
to their possible inhibitory effect on enzymatic hydrolysis and/or fer-
mentation [57]. Chemo-catalytic processes probably doesn’t require
that high purity. Organosolv pretreatments are especially of interest for
use in biorefineries on account of their ability to fractionate lig-
nocellulosic biomass into three separate, high-quality process streams: a
solid cellulose-enriched pulp, a solid, high-purity lignin precipitate, an
aqueous mixture of hemicellulose products (such as sugars, sugar de-
rivatives like furfural and organic acids), and extractives (such as mi-
nerals and proteins) [57,166]. In such an approach, the lignin stream
can be used as well for a wide variety of applications like adhesives,
resins, and the production of fuels and chemicals [69]. Several orga-
nosolv pretreatment processes have proven their efficiency and have
been up-scaled, such as the Organocell [391] (methanol/water/NaOH),
Alcell [392] (ethanol/water), and CIMV (Compagnie Industrielle de la
Matiere Végétale) [387] ((per)acetic acid/(per)formic acid/water)
processes. Particularly, ethanol as a solvent is of interest due to its low
price, low boiling point, good lignin solubility, and excellent compat-
ibility with bioethanol production, but the other processes have proven
their viability and efficiency as well [57,166].

Although organosolv processes are classically evaluated in terms of
enzymatic hydrolysis efficiency, they are also investigated for enhanced
chemo-catalytic conversion. Pang et al. demonstrated the efficiency of
organosolv pretreatment in the chemo-catalytic conversion of corn stalk
[110] and miscanthus [188]. An increase in corn stalk conversion and
glycol yield was reported using a solid Ni-W,C/AC catalyst after orga-
nosolv pretreatment with 1,4-butanediol at 473 K. This pretreatment,
removing 53 % of the lignin, enabled a yield increase from 3% to 28 %
and a conversion increase from 83 % to 94 %. Pretreatment with
ethanol/water (50:50) at 393 K removes less lignin (22 %), and this is

reflected in the smaller yield (from 3% to 13 %) and conversion (from
83 % to 88 %) increase (Fig. 17a and b; B and F) [110]. The modest
delignification obtained by the ethanol organosolv pretreatment thus
explains the minor improvement in glycol yield. Miscanthus was pre-
treated in methanol, ethanol, acetone, and ammonia for 2 h at 423 K to
improve its conversion to ethylene glycol through delignification and
removal of inhibitory epidermal tissue components. Ethanol pretreat-
ment was also carried out with the addition of ammonia or NaOH to
improve delignification. The largest extent of delignification was
achieved with alkali-based organosolv pretreatments (ethanol/am-
monia, ethanol/NaOH, and ammonia), resulting in an ethylene glycol
yield increase from * 13 % for raw miscanthus to + 40 % for all three
pretreated samples after 2 h of reaction at 518 K in the presence of
tungstic acid and Raney Ni at 10 % feedstock concentration.

Recently, there are some new and interesting approaches for bio-
mass fractionation. In the OrganoCat process, lignocellulosic biomass
such as beech wood, mate tea, and reed can be fractionated into cel-
lulose, hemicellulose, and lignin using a biphasic system consisting of
an aqueous phase oxalic acid catalyst and an organic 2-methylte-
trahydrofuran (2-MeTHF) phase [393-396]. Mild processing at 413 K
induces an effective fractionation and prevents the degradation of lib-
erated sugars to by-products like furfural. Lignin fragments are ex-
tracted with 2-MeTHF, hemicellulose sugars accumulate in the aqueous
phase, and cellulose is obtained as a solid pulp. After recovery of the
cellulose pulp through filtration, the system can be reused several times
in repetitive-batch mode, which significantly improves process eco-
nomics and enables processing of up to 400 g L ™! of beech wood [393].
This pretreatment can cause a significant enhancement in enzymatic
hydrolysis rate of the cellulosic phase (such as 6.7 fold for bamboo)
compared to unpretreated lignocellulose [394,396]. Since oxalic acid
can be crystallized from the aqueous phase, an aqueous solution of
hemicellulose sugars can be obtained as well, while lignin can be re-
covered through the distillation of 2-MeTHF from the organic phase.
Although oxalic acid can be crystallized from the aqueous stream,
several hurdles appear, such as the removal of water and the thermal
degradation of oxalic acid. Therefore, another biogenic catalyst, 2,5-
furandicarboxylic acid (FDCA), was evaluated in the OrganoCat process
[397]. FDCA can efficiently fractionate the three main components of
lignocellulose. Moreover, more than 97 % of FDCA can be recovered by
using a simple precipitation method.

GVL has been identified as a solvent with excellent properties for
biomass conversion [398]. Since the 8-value of GVL (§ = 11.3 cal'/?/
em®?) is close to the ideal value ( = 11 cal’?/ecm®?) for adequate



lignin solubility, it is also used to pretreat lignocellulose for selective
lignin dissolution [399]. Although the &-value decreases through
adding water, GVL mixtures with water can still dissolve lignin [385].
Up to 80 % of lignin is removed from beech wood by using 80 % GVL
and 20 % water at 393 K with 75 mM H,SO4 [399]. More than 96 % of
cellulose is left as a solid residue, which can undergo enzymatic hy-
drolysis to sugar. The solubilized hemicellulose (including oligomeric
and monomeric sugars) stays in the aqueous phase after GVL recovery
through liquid CO, extraction. The convertibility of GVL-based cellu-
lose is three times higher than that of other organic solvents such as
tetrahydrofuran or ethanol and 20 times than that of hot water pre-
treatment.

Recently, Wyman et al. developed a co-solvent-enhanced lig-
nocellulosic fractionation (CELF) method, which is realized by adding
tetrahydrofuran (THF) as organic solvent in the dilute acid pretreat-
ment. The sugars and ethanol yields are significantly improved as a
result of a very high lignin removal with CELF pretreatment compared
to the dilute acid pretreatment [400-402]. Up to 95 % of theoretical
yield of sugar can be obtained from CELF-pretreated corn stover after
enzymatic hydrolysis with very low enzyme loading (2 mgenzyme
gglucanfl) [400]. Unprecedented ethanol titers of 79.2, 81.3, and 85.6
g-L ™! in batch shake flask, corresponding to ethanol yields of 90.5 %,
86.1 %, and 80.8 % at solids loadings of 20.0 wt.%, 21.5 wt.%, and 23.0
wt.%, respectively, are achieved by optimizing simultaneous sacchar-
ification and fermentation of CELF-pretreated corn stover [403]. Be-
sides, lower enzyme loadings are required for CELF-pretreated corn
stover compared to diluted acid pretreated corn stover [401,403]. The
role of water and THF on different polymers (i.e. cellulose and lignin) is
investigated by molecular simulation. Since cellulose has many hy-
droxyl groups, water will stay at the hydrophilic cellulose faces due to
the formed hydrogen bond, while THF will stack on the hydrophobic
faces. Therefore, THF and water automatically separate on the local
surface of a cellulose fiber [404]. The stacking of THF to the hydro-
phobic sites of cellulose fibers may block the aggregation of lignin on
those surfaces. The THF-water can coordinate with and expand native
lignin interunit linkages to promote their acid-catalyzed cleavage
[405].

Although those new pretreatment technologies have significantly
improved the efficiency of bio-chemical process, the influence on the
chemo-catalytic conversion of cellulose is still unclear as they are
hardly investigated.

4.9. Cellulose solvents

Lindman et al. theorized that the low solubility of cellulose in water
is due to both hydrogen bonding and hydrophobic interactions within
cellulose [406]. Cellulose solvents that overcome this internal cohesion
are generally divided into two categories: non-derivatizing and deri-
vatizing solvents. Non-derivatizing solvents physically dissolve cellu-
lose merely through intermolecular interactions, while derivatizing
solvents dissolve cellulose in combination with the formation of un-
stable ether, ester, or acetal derivatives of the cellulose hydroxyl groups
[407,408]. Cellulose solvents include aqueous inorganic complexes (e.g.
copper(Il) ethylenediamine (Cuen)), aqueous bases (e.g. 10 % NaOH),
mineral acids (e.g. H3PO,), ionic liquids (e.g 1-ethyl-3-methylimida-
zolium acetate ([emim]OAc)), molten salt hydrates (e.g ZnCly4H,0),
dipolar aprotic solvent/LiCl solvents (e.g. DMAc/LiCl), DMSO-based
solvents (e.g. DMSO/methylamine), tricomponent solvents (e.g. DMSO/
triethylamine/SO,), NHs-based solvents (e.g. NH3/NH4SCN), tertiary
amine oxides (e.g N-methyl-morpholine-N-oxide (NMMO)), and alkali
hydroxide/urea solvents (e.g LiOH/urea) [407,409,410]. Derivatizing
cellulose solvents include trifluoroacetic acid, formic acid, DMF/N,O4
and DMSO/paraformaldehyde [407]. Ionic liquids and molten salt hy-
drates can be applied both as reaction solvents and as catalysts in
(ligno)cellulose conversion [411-416]. Certain ionic liquids such as
[emim]OAc are also able to solubilize lignin simultaneously [417].

Ionic liquids [410,411,418-420], concentrated acids (e.g H3PO,)
[421,422], trifluoroacetic acid [423]) and bases (e.g NaOH, ammonia)
[337] have been used for the activation of cellulose prior to enzymatic
or chemo-catalytic conversion. With an H3PO,-pretreatment, Deng
et al. reported an increase in sorbitol/mannitol yield from 13 % to 73 %
during hydrolytic hydrogenation of cellulose with 1 wt% Ru/CNT, a
carbon nanotube-supported ruthenium catalyst, at 458 K [422]. Best
results were obtained after 40 min of H3PO4-pretreatment with 85 %
H3PO,4 at 323 K followed by regeneration through recovering with
water, filtration, washing, and drying. This H3;PO4-pretreatment effi-
ciently decreased the cellulose crystallinity index from 85 % to 33 %
(XRD, using the peak height method) through cellulose swelling and
also decreased the cellulose DP,, from 221 to 106 through mild cellulose
hydrolysis. Both pretreatment effects are expected to have a beneficial
influence on the rate-determining cellulose-to-glucose hydrolysis.

During (ligno)cellulose pretreatment with ionic liquids, cellulose is
generally recovered and isolated through precipitation after (ligno)
cellulose dissolution via the addition of an anti-solvent like water or
alcohol [424]. Cellulose regenerated from ionic liquids exhibits a re-
duced or altered (cellulose II) crystallinity, leading to increased acces-
sibility and reactivity [425]. Combined with an acid catalyst, like p-
toluenesulfonic acid or Amberlyst™ 15Dry, ionic liquid pretreatment
can even achieve concomitant depolymerization of cellulose. Cellulose
oligomers with DP of 10 were isolated after 5 h of reaction, something
which is impossible to achieve in dilute acid hydrolysis due to the
persistency of crystalline cellulose in aqueous slurries [414,415]. Al-
ternatively, cellulose can also be purified from lignocellulosic biomass
through ionic liquid-mediated selective lignin dissolution, followed by
filtration. This so-called Ionosolv Process does not significantly alter the
crystallinity of cellulose [410]. [emim]OAc and [bmim]Cl (1-butyl-3-
methylimidazolium chloride) are commonly used ionic liquids in
(ligno)cellulose pretreatment prior to enzymatic and chemo-catalytic
cellulose conversion, respectively. After a thorough screening of
twenty-one ionic liquids for cellulose and wood chip dissolution, Zavrel
et al. have demonstrated [emim]OAc to be the most efficient ionic li-
quid for cellulose dissolution and the second most efficient for wood
chip dissolution [426]. Li et al. reported a 54.4-fold increase in the
initial enzymatic hydrolysis rate of the cellulose component of
switchgrass after a short [emim]OAc pretreatment (3 h, 433 K), re-
sulting in 96 % cellulose digestibility in only 24 h [427]. Without this
pretreatment, only 2.7 % of cellulose digestibility was obtained in 24 h.
The initial rate after [emim]OAc pretreatment was also found to be
16.7 times higher than the initial rate after dilute H,SO, pretreatment.
The successful pretreatment with [emim]OAc was attributed to its
amorphization and delignification action. Shi et al. demonstrated that
using 50-80 % [C2mim][OAc] in water can also achieve an efficient
dissolution of cellulose [428]. [bmim]Cl pretreatment has been used
prior to hydrolysis of pure cellulose with solid acid chemo-catalysts like
cation-exchange resins, such as Nafion NR50 and Amberlyst 35,
sulphated zirconia, and phosphoric acid-activated carbon
[199,418,419,429]. Kim et al. reported a remarkable increase in glu-
cose yield from 2.1 % to 35 % using Nafion NR50 after a 2 h [bmim]Cl
pretreatment of microcrystalline cellulose at 403 K [418]. Benoit et al.
observed an increase in glucose yield from < 1 % to 14 % using Am-
berlyst 35 after a 3 h [bmim]Cl pretreatment of microcrystalline cel-
lulose at 353 K [199]. Grisel and Smit applied a [bmim]Cl-pretreatment
to Avicel PH-101 microcrystalline cellulose, resulting in an increase in
cellulose conversion from 11 % to 37 % (glucose yield: 5% to 26%) and
from 23 % to 83 % (glucose yield: 8 % to 54 %) after 4 h of reaction at
453 K in the presence of H-mordenite (Si/Al=45) and Norit CAP Super
(NCS) solid acid catalysts, respectively [429]. Keasling et al. demon-
strated that the addition of Amberlyst 15, a protic acid resin, to the
[C4mim]Cl pretreatment of switchgrass increases the sugar yield ten-
fold [430], which means that less cellulase is required for effective
saccharification. The XRD characterization shows that pretreatment of
cellulose via 1-N-butyl-3-methylimidazolium chloride or 1-allyl-3-



methylimidazolium chloride can convert cellulose I to cellulose II
[418,431]. Hydrolysis of 1-N-butyl-3-methylimidazolium chloride pre-
treated cellulose can facilitate the cellulose conversion to glucose
[418]. Alcoholysis of 1-allyl-3-methylimidazolium chloride pretreated
cellulose in methanol over H3PW;,040 can produce methyl glucosides
with yield of 70.2 wt%, which is higher than that of untreated cellulose
(46.1 wt%) [431].

Main bottlenecks for implementation of ionic liquids as a pretreat-
ment prior to cellulose conversion processes include their high price
and the need for near-complete solvent recovery and recycling due to
these high costs, build-up of impurities, and downstream deactivation
of certain catalysts like enzymes [432-440]. George et al. designed
some low-cost ionic liquids by using inexpensive feedstock such as
H,SO, and simple amines [441]. The designed hydrous ammonium
hydrogen sulfate ionic liquids are still 75 % as effective as [Emim]OAc.
Since the best performing ionic liquids are derived from non-renewable
feedstocks, Socha et al. synthesized a series of tertiary amine-based
ionic liquids from lignin and hemicellulose derived aldehydes such as
vanillin and furfural, to overcome this issue [442]. With respect to
enzymatic hydrolysis of ionic liquid pretreated switch grass to sugar,
this pretreatment performs equally efficient in terms of overall sugar
yield, although the hydrolysis rate is slower than for pretreatments with
the traditional ionic liquid [Emim]OAc. This proved concept shows the
potential to realize a ‘closed-loop’ biorefinery (Fig. 21).

In addition to low-cost ionic liquids, efforts in the development of
ionic liquid tolerant enzymes or enzyme compatible ionic liquids look
promising. Shi et al. were able to obtain a one-pot [emim]OAc pre-
treatment and enzymatic saccharification of switchgrass to 81.2 %
glucose and 87.4 % xylose (monomers and oligomers) in 72 h at 343 K
using a thermophilic and ionic liquid tolerant enzyme cocktail [443].
By combination of low toxicity of bio-derived ionic liquid such as
cholinium lysinate, Xu et al. achieved one-pot pretreatment, sacchar-
ification and fermentation to yield concentrated sugars and high titer
bio-ethanol (41.1 g L™ Y with high gravity biomass (> 30 wt.%) [444].
Although one-pot integrated biomass-to-bioethanol was achieved with
bio-derived ionic liquids, it is challenging due to pH adjustment. In
order to solve this, Sun et al. used CO, to control the pH [445]. Ad-
ditionally, Sun et al. developed a low cost biocompatible protonic ionic
liquid, ethanolamine acetate, which realizes the one-pot integrated
biomass-biofuel (bioethanol) conversion without pH adjustment [446].

Moreover, a new class of green ionic solvents called deep eutectic
solvents (DESs, a subgroup of low-transition-temperature mixtures
(LTTMs)) such as choline chloride/urea (ChCl/urea (1:2)), may

Lignocellulose

constitute a potential alternative for ionic liquids. They tackle the high
costs and hazards of ionic liquid, while still exhibiting comparable
physicochemical properties [447-450]. Although ChCl/urea (1:2) does
not significantly dissolve Avicel PH-105 microcrystalline cellulose
(< 0.2 wt% solubility in 12 h at 383 K), an exchange of Cl~ by OAc™
and addition of 15 % tributylmethylammonium chloride to the DES,
yielded a green and inexpensive ionic fluid ([Ch]OAc/[TBMA]CI)
capable of dissolving 6 wt% of Avicel PH-105 in just 10 min at 383 K
[450]. On the other hand, [bmim]Cl, a commonly used ionic liquid for
cellulose activation, was only capable of dissolving 4 wt% of Avicel PH-
105 in 8 h at 383 K. After complete dissolution in [Ch]OAc/[TBMA]C],
Avicel PH-105 can be easily regenerated in a fully amorphous form
upon addition of ethanol. The ionic fluid can easily be recycled without
contamination of the regenerated cellulose, which is interesting in light
of subsequent enzymatic conversion processes. Kim et al. synthesized a
renewable and new class of DES from lignin-derived phenolic com-
pounds such as 4-hydroxybenzyl alcohol, catechol, vanillin or p-cou-
maric acid [451]. These DESs can achieve high lignin removal for
switchgrass: 61 % of lignin is removed by choline chloride/ p-coumaric
acid, which facilitates high sugar release during the saccharification.
Similar to the closed-loop process of ionic liquid synthesized from lignin
and hemicellulose derived aldehydes, the use of lignin-derived phenols
to synthesize DES for lignocellulose pretreatment will provide a ‘closed-
loop’ for future biorefinery [452].

4.10. Non-thermal atmospheric plasma (NTAP)

Non-thermal atmospheric plasma (NTAP) pretreatment of cellulose
is a relatively new and innovative way of improving cellulose degrad-
ability by reducing cellulose DP. The work of Benoit et al. highlights the
potential of this pretreatment in cellulose conversion. For instance,
microcrystalline Avicel PH-105 cellulose was partially depolymerized
via NTAP pretreatment (11 kV, 2 kHz, 3 h), which reduced the DP, from
200 to 120, leading to a glucose yield improvement from < 1 to 22 %
after hydrolysis with solid acid Amberlyst 35 at 423 K for 1 h [199].
Interestingly, glucose yields after NTAP pretreatment were higher
compared to ball milling and ionic liquid (such as [bmim]Cl, [bmim]
Et,PO4, and [bmim]OAc) pretreatments, validating NTAP as a pro-
mising pretreatment for cellulose valorization. Furthermore, this re-
search underlines the importance of cellulose DP reduction for efficient
aqueous cellulose dissolution and valorization. Glucose yield could be
further improved to 58 % by using ball milling pretreatment prior to
NTAP pretreatment to reduce cellulose crystallinity [453]. Since NTAP
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pretreatment mainly affects the degree of polymerization of the amor-
phous cellulose areas, decrystallization through ball milling sig-
nificantly influenced cellulose reactivity towards NTAP, leading to
more efficient depolymerization of cellulose to low molecular weight
oligomers (DP 36 measured with H NMR, DP, 40) after only 1 h of
NTAP pretreatment. NTAP-induced depolymerization of ball-milled
cellulose was confirmed through a reduction in measured DPy and an
improved solubility in DMSO (solubility up to 85 %, Fig. 22). Although
very promising, the true working mechanism of NTAP in cellulose de-
polymerization requires more fundamental researches. Benoit et al.
tentatively suggested that the observed depolymerization can be at-
tributed to the hydrolytic activation of water contained in cellulose by
NO,, formed through NTAP-induced air activation. The authors also
reported that NTAP did not result in cellulose oxidation. Delaux et al.
reported that NTAP not only induces partial depolymerization but also
causes polymerization of carbohydrate through a- and B-1,6 linkages
[454].

Advantages of the NTAP process include its efficiency at low tem-
perature, the absence of a solvent or catalyst, and an excellent se-
lectivity since no significant amount of degradation or oxidation pro-
ducts were observed after NTAP pretreatment. However, the need for a
preliminary, energy-intensive ball milling pretreatment to obtain high,
industrial yields might limit its economic viability. Moreover, the up-
scaling of NTAP has yet to be demonstrated. More discussions about
pretreatment of lignocellulose using other plasma technologies (such as
nitrogen/air plasma with water, ozone plasma treatment) can be found
in a recent review [66].

4.11. CO,

Supercritical CO, is becoming an interesting extraction solvent in
industrial applications due to its non-toxicity, recyclability, and low
environmental impact. Its potential applicability in lignocellulose bio-
mass pretreatment is demonstrated as well [455-466]. Degradation of
hemicellulose readily occurs when supercritical CO» is used in the
presence of water or steam. This is caused by an increased acidity after
dissolution of CO, in water [456,457,460,461]. Delignification can be
improved through the use of additional solvents like ethanol or acetic
acid [458]. Besides, the supercritical CO, pretreatment can also extract
waxes, which results in a 20 % increase of total sugars released after
saccharification compared to untreated Miscanthus [467].

During CO, explosive pretreatments, pressure is released after im-
pregnation, causing a rupture of the lignocellulosic structure like with
steam and ammonia explosion. Since CO, at supercritical conditions is
able to penetrate the lignocellulose structure much deeper compared to
CO, at subcritical conditions, cellulose degradation is much more ef-
fective using supercritical CO, for the explosion [456].

Despite the reported structural effects on lignocellulose, Pang et al.
reported an unexpected decrease in corn stalk conversion (83 % to 74
%) and only a modest increase in glycol yield (3%-8%) using a solid Ni-
W,C/AC catalyst after supercritical CO, pretreatment, which they at-
tributed to the removal of only soluble compounds and hemicellulose
(72 %) during the CO, pretreatment (Fig. 17a and b; I) [110]. Fur-
thermore, use of supercritical CO, as a method for lignocellulose bio-
mass pretreatment is currently too expensive for industrial application
due to high capital equipment costs and low pretreatment efficiencies
[457].

4.12. Biological

Biological pretreatment of lignocellulose includes treatment with
fungi (mainly brown-, white-, and soft-rot fungi), bacteria or enzymes
(such as laccases) to remove hemicellulose, lignin, or antimicrobial
substances in lignocellulose through oxidation. White-rot fungi are the
most effective basidiomycetes for biological pretreatment due to their
lignin selectivity [468-472]. Lignin degradation is achieved through
the action of oxidative, lignin-degrading enzymes like lignin perox-
idases, polyphenol oxidases, and laccases [473].

Taniguchi et al. reported that rice straw pretreatment with Pleurotus
ostreatus, a white-rot fungus, for 60 days effected a significant glucose
yield increase from 13 % to 32 % (based on the cellulose content of
unpretreated rice straw) after 48 h of enzymatic hydrolysis [474]. 41 %
of Klason lignin, 53 % of hemicellulose, and 28 % of cellulose were
removed during pretreatment. Sugar yields were comparable to those
obtained after rice straw pretreatment with NaOH, peracetic acid, and
sodium chlorite (32-42 %) [475]. Saha et al. demonstrated that white-
rot fungal pretreatment of corn stover can cause not only lignin removal
but also the removal of hemicellulose and cellulose [476]. The enzy-
matic hydrolysis of corn stover is increased with this pretreatment.

Although biological pretreatments are performed in mild reaction
conditions (ambient temperature, no added chemicals), industrial via-
bility of biological pretreatment is hampered due to long pretreatment
times (weeks to months) and significant loss of cellulose [55,470].

4.13. Lignin first biorefinery

Several pretreatments approaches such as alkaline pretreatment and
organosolv fractionation dissolve the lignin. The dissolved lignin can be
precipitated to obtain a solid residue, which is usually treated as a
waste stream and used for energy production [1,71]. Although it may
be possible to valorize those isolated lignins into chemicals and fuels,
their conversion is strongly restricted by the recalcitrant C—C bonds,
which are abundantly present, largely caused by various recondensa-
tion (such as condensation, alkylation, ...) reactions during the pre-
treatment. Hence, when this hurdle can be overcome, lignin can be used
as an abundant renewable carbon source in the production of chemicals
and fuels, preferably aromatics. It has been shown that upgrading the
lignin stream can improve economic viability and environmental sus-
tainability [2, 477]. In order to achieve both delignification and lignin
valorization, a ‘lignin first biorefinery’ was recently proposed and de-
monstrated by several research groups [5,71,478-480]. In this bior-
efinery, the in planta lignin (lignin in lignocellulose) is selectively de-
polymerized to a high yield (ie. close to the [(-O-4 bond based
theoretical yield) of monomers, next to oligomers (Fig. 23). The (hemi)
cellulose is left as a solid residue, which can be further valorized via
already developed bio- and chemo-catalysis methods [478]. The high
yield of monomers is achieved by stabilization of reactive lignin-de-
rived intermediates through catalytic methods to inhibit the undesired
recondensation reactions. Since no C—C bonds are broken during lignin
first processing, the obtained oligomers originate from the C—C bonds
in the native lignin.

Reductive catalytic fractionation (RCF) is one of the most promising
approaches, which uses hydrogenation or hydrogenolysis to
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depolymerize and stabilize the reactive intermediates in aqueous or
non-aqueous organic solvents such as methanol, ethanol, and butanol in
presence of hydrogen or hydrogen transfer reagents [481-485]. Sels
et al. reported that reductive catalytic fractionation of birch wood in
methanol with the presence of commercial Ru/C catalyst and external
hydrogen at 523 K can remove more than 80 % of lignin and yield 50 %
of monomers (based on Kraft lignin content) [481]. The main mono-
mers are 4-propylsyringol and 4-propylguaiacol. More than 90 % of
cellulose and 55 % of hemicellulose are kept in the solid pulp. The type
of lignin-derived products depends on the catalyst, solvent, and process
conditions [484,486-490]. For instance, the main monomers are 4-
propanolguaiacol and 4-propanolsyringol by using Pd/C as catalyst or
using butanol/H,0 as the solvent (with Ru/C catalyst).

In addition to the lignin fractionation, the remained (hemi)cellulose
can be valorized and characterized. Enzymatic hydrolysis of RCF-pre-
treated pulp gives 95 % of the theoretical glucose yield, while only 11
% of theoretical glucose yield is obtained from untreated poplar wood
under similar conditions [491]. Similarly, enzymatic hydrolysis of RCF-
pretreated corn stover pulp shows higher glucan and xylan conversion
rates, compared to untreated corn stover [492]. This result is consistent
with reported results that removal of lignin facilitates enzymatic hy-
drolysis of cellulose. The poplar pulp obtained from RCF in 2-propanol/
H,0 with Raney Ni catalyst gives similar glucose yields via enzymatic
hydrolysis as an organosolv pulp [482]. Since most of the (hemi)cel-
lulose is kept in the solid reside, the crystallinity (XRD, peak height
method) of Eucalyptus cellulose after RCF-pretreatment is only slightly
altered compared to untreated Eucalyptus [493]. However, the surface
area is significantly improved from 1.3 m?/g to 18.8 m?/g, as measured
by N, physisorption, with the RCF pretreatment. The enzymatic hy-
drolysis rate of RCF-pretreated Eucalyptus is therefore much higher
than that of the intact Eucalyptus. The solvent of RCF influences the
microstructure of the obtained pulp [494]. For instance, particles of
aggregated fiber cells (diameters of around 100 — 200 um and lengths of
about 1 mm) are obtained in the birch wood pulp using RCF in me-
thanol, whereas separated fibers with smaller diameters (about 10 —20
um) and lengths up to 1 mm are observed when the RCF is performed in
ethylene glycol. Yet, the birch wood pulp obtained from RCF in me-
thanol shows similar crystallinity, as determined by the XRD (peak
height method) and 13C CP MAS NMR, and similar DPv value to that in
ethylene glycol. However, the impact of RCF solvent on the reactivity of
cellulose was not investigated. The presence of acid or base in the RCF
also influences the properties of cellulose [495]. RCF of poplar wood in
the presence of NaOH causes more cellulose removal (18 %) due to
partial cellulose amorphization and/or biomass swelling, whereas in
the presence of acid only 9% of cellulose is removed. Hemicellulose, in
contrary, is dissolving more in the presence of an acid. The crystallinity

(XRD, peak height method) of the cellulose decreases with increasing
the basicity, whereas the crystallinity is not influenced by the presence
of acid. However, the impact of acid and base on the reactivity of cel-
lulose was however not revealed.

Although RCF pretreatment can selectively remove lignin from the
lignocellulose matrix, the insoluble carbohydrate pulp might be con-
taminated by catalyst or solvent rests. Sels et al. unambiguously de-
monstrated that the direct contact between the lignocellulose and cat-
alysts is not necessary to enable the extraction and depolymerisation of
the native lignin [487]. In their proof, they have separated the catalyst
pellets from the lignocellulose by using a metal basket which contains
the solid catalyst pellets. Given similar depolymerisation results were
obtained, the catalyst is considered to act on the solubilized fragments
while the solvent is responsible through solvolysis of lignin to detact it
from the lignocellulosic matrix. The solvent is also capable to assist in
breakage of specific ether linkages in the lignin structure. Semi-si-
multaneous saccharification-fermentation of the non-contaminated
birch wood pulp (containing both cellulose and hemicellulose) obtained
from RCF in methanol using Ni/Al,O5; catalyst pellets yielded an
ethanol titer of 36 g/L at 73 % ethanol yield. In contrast, only trace
amounts of ethanol (< 2 g/L) were obtained from untreated birch wood
[487].

In addition to the use of baskets in a batch reactor system, flow-
through systems were recently proposed to avoid contamination of
lignocellulose with catalyst. The systems comprises of two reactor units,
one containing a solid bed of lignocellulose (extracting lignin) and the
other containing a catalyst bed (to stabilize the lignin fragments
through hydrogenation/hydrogenolysis) [496,497]. The birch pulp
from such flow-through RCF can also be selectivity hydrolyzed to glu-
cose with 95 % yield on pulp basis (corresponding to 87 % on original
woody cellulose basis) through mild enzymatic hydrolysis [497]. In
terms of chemo-catalysis, the RCF-pretreated Miscanthus pulp gen-
erates higher yields of furfural and levulinic acid compared to untreated
ones over FeCl; in H,O and 2-methyltetrahydrofuran [498]. The birch
wood pulp from RCF in ethylene glycol can be converted into ethylene
glycol in the presence of Pd/C and H,WO, [486]. Hydrolytic hydro-
genation of RCF birch wood pulp with tungstosilicic acid and Ru/C can
selectivity produce sugar alcohol with 74 % and 82 % yield at low and
high concentration, respectively [481]. Direct hydrodeoxygenation of
birch wood pulp obtained from RCF in methanol while keeping the Ni/
Al,O3 catalyst in a basket gave the same alkanes yield as the direct
hydrodeoxygenation of intact birch wood [324]. These examples de-
monstrate that the RCF carbohydrate pulp can be selectively converted
to chemicals via chemo-catalytic processes.

Lignin can be selectively extracted from lignocellulosic biomass in
1,4-dioxane with the presence of HCl as well. However, the extracted



lignin is as recalcitrant to valorization as the Organosolv lignin due to
its dense structure resulting from recondensation chemistry during its
separation [499]. Recondensation of the lignin-derived reactive inter-
mediates can be inhibited by adding aldehydes such as formaldehyde,
acetaldehyde and propionaldehyde since they form a 1,3-dioxane
structure [500]. The aldehyde-stabilized lignin can be selectively hy-
drogenolyzed into a few phenolic monomers with close to theoretical
yields (based on the 3-O-4 bond content in the original lignin), while
cellulose is left as a solid residue, which can be hydrolyzed to sugars.
However, the binding of aldehyde to the cellulose might reduce the
enzymatic digestibility of the cellulose.

RCF processes are usually conducted at severe conditions, e.g at
high temperature and pressure. To overcome such process severity, it
might be interesting to perform the ‘Oxidative Catalytic Fractionation
(OCF)’, which is usually conducted at milder reaction conditions. In this
method, lignin is selectively oxidized toward aldehydes like vanillin
and syringaldehyde or various oligomers in alkaline solution in the
presence of oxygen or air. The cellulose remains as a solid residue [501,
502]. For example, Wang et al. reported a 21.1 % vanillin yield (on
Kraft lignin basis) by processing pine wood in aqueous NaOH in pre-
sence of O,, while 45 % of the cellulose remained as a solid residue. The
hemicellulose is completely converted towards different acids and
diacids. The amorphous part of cellulose has also reacted, whereas a
large part of the crystalline cellulose remains unchanged. The process
conditions, and especially the stirring rate, should be well controlled to
maintain such high cellulose content, along with the high vanillin yield,
since full degradation of cellulose was shown in conditions of strong
agitation [502, 503]. Tarabanko et al. conducted OCF on pine in the
presence of Copper (II) sulfate pentahydrate in aqueous NaOH [501].
By changing reaction conditions, the vanillin yield can reach 15.5 %
and 18.6 %, while 93 % and 64 % of cellulose are kept, respectively.
The obtained OCF cellulose performs better in enzymatic hydrolysis
towards reduced sugars when compared to a Kraft cellulose. The re-
duced sugar yield increases with decreasing lignin content in the re-
sidue.

In addition to thermal catalysis, photocatalysis was demonstrated to
remove lignin from lignocellulose and depolymerize it further to ke-
tones[504]. The results show that 90 % of hemicellulose and 98 % of
cellulose are left in the solid residue, while 27 wt.% of birch wood
lignin is converted to ketones. In a first treatment of pulp, hemicellulose
can be hydrolyzed with sulfuric acid to xylose with a yield of 84 %. A
glucose yield of 85 % is subsequently obtained via enzymatic hydrolysis
of the acid hydrolyzed residue.

In summary, the recent ‘lignin first’ approaches can selectively re-
move high levels of lignin from the lignocellulosic matrix, and leave
solid cellulose and optionally also large parts of the hemicellulose
fraction (depending on solvents, process conditions, etc.) behind. The
beneficial influence of delignification on the biochemical transforma-
tion of (hemi)cellulose has been proven, as discussed in this section.
However, the impact of delignification or even hemicellulose removal
on cellulose conversion via chemo-catalytic processes is only scarcely
investigated and deserves more research efforts.

5. Selection of pretreatment methods for cellulose valorsation

Like in case of enzymatic cellulose hydrolysis, pretreatment of lig-
nocellulosic biomass substantially improves chemo-catalytic conversion
processes through an increase in the reactivity of cellulose after a dis-
assembly of the protective (ligno)cellulosic structure. This disassembly
entails an increase in cellulose accessibility (through changes in e.g
particle size, porosity, crystallinity, and degree of polymerization) and/
or purity (through the removal of hemicellulose, lignin, minerals, and
other constituents such as waxes). The relative importance of each
(ligno)cellulosic characteristic for predicting the cellulose reactivity is
hard to determine and is largely case-dependent.

The degree of cellulose crystallinity can be determined with

analytical techniques such as X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), solid state '3C cross-polarization magic
angle spinning nuclear magnetic resonance spectroscopy (}>C-CP/MAS
NMR), Raman, and vibrational sum frequency generation spectroscopy
(SFG). Unfortunately, the presence of hemicellulose and lignin in lig-
nocellulosic biomass often impedes an accurate determination of the
crystallinity using the aforementioned methods. Of course, this is not an
issue when pure cellulose (such as microcrystalline cellulose, nano-
cellulose) samples are concerned in the study. The most popular and
straightforward analytical method is the XRD peak height method.
Although this is not the most accurate method, it is simple and fast
option to relatively compare the degree of crystallinity of different
cellulose samples. Solid-state *C CP MAS NMR methods are generally
more accurate and should, therefore, be preferred, if possible. If
available, Raman and SFG can be executed to validate the X-ray or NMR
results.

The degree of polymerization (DP) of cellulose can be defined in
terms of weight average (DPy), number average (DPy), or viscosity
average (DPy). The main challenge of cellulose DP determination is the
solubilization of cellulose without degradation or aggregation. Since
cellulose is insoluble in almost all conventional solvents, special sol-
vents like metal complex solutions (e.g. Cuam) are often applied.
Viscometry and size-exclusion chromatography (SEC) are the most
commonly used methods for cellulose DP determination. Viscometry is
a popular method for DP determination due to its fast and convenient
implementation, but only provides a viscosity average DP (DPy) and
supplies no information concerning the molar mass distribution in
contrast to SEC. Using SEC, both weight (DPy) and number average
(DPy) DPs can be determined, making this in our opinion the most
preferable method.

In addition to an improvement in cellulose reactivity, pretreatment
is useful for fractionation of lignocellulose into more or less pure
streams of its three main constituents, viz. cellulose, hemicellulose, and
lignin. This fractionation enables selective downstream conversions of
each fraction in a biorefinery. Ideally, pretreatments simultaneously
produce a high-quality cellulose pulp (with high reactivity in the
biorefinery), together with a high-quality hemicellulose stream, and
useful lignin degradation products, ensuring optimal use of the biolo-
gically sequestered carbon. While classic biorefineries have a carbo-
hydrate focus, currently developed ‘lignin first’ biorefineries include
such a kind of pretreatment method that enable value from lignin by
generating separable mono- and oligomeric phenolics next to a de-
lignified pulp fraction. Since an organic solvent is used, preferably
without any acid or base, only little structural damage on the fibrous
cellulose is reported besides an enhanced cellulose purity. The choice of
lignocellulose pretreatment depends on the targeted product, down-
stream processing technology, and the economics of the pretreatment
process.

Physical pretreatments like milling induce a severe improvement in
cellulose accessibility, mainly through a disruption of the lig-
nocellulosic structure and a decrease in particle size and/or crystal-
linity. Nevertheless, the mechanical process remains fairly energy-in-
tensive and does not purify cellulose. Certain downstream catalytic
upgrading processes, such as hydrolysis (including enzymatic) or hy-
drolytic hydrogenation, can therefore still be impaired by (lingo)cel-
lulosic impurities, such as lignin and/or contaminants like sulfur.
However, the conversion of cellulose to target platform molecules was
demonstrated to be significantly improved in specific cases through ball
milling pretreatment, whether or not in combination with acids or other
pretreatments (Table 3, entries 1, 2, and 11). Nowadays, (reactive) ball
milling and mixed balling of cellulose and heterogeneous catalysts are
the most popular pretreatments of pure cellulose in chemo-catalytic
conversion routes, studied at laboratory scale. Next to mechanical
milling, other physical pretreatments : irradiation pretreatments such as
microwave pretreatment, electron bombardment or sonification are
used, but less frequently. Numerous positive effects on cellulose
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accessibility have been reported for microwave and sonification pre-
treatment, but these treatments are rather expensive, high-energy-de-
manding, and difficult to apply on an industrial level.

Chemical pretreatment methods typically remove hemicellulose,
lignin, and other impurities such as proteins and minerals. In addition,
amorphization and even dissolution of cellulose can be achieved
through chemical pretreatment with cellulose intracrystalline swelling
agents and solvents. In contrast to physical methods, there is a bene-
ficial increase in cellulose purity via selective removal of the protective
hemicellulose and lignin during a chemical pretreatment making it a
more favorable pretreatment to increase the accessibility of cellulose
microfibrils in lignocellulosic material.

Hydrothermal pretreatment mainly removes hemicellulose and ex-
tractives and redistributes lignin in batch pretreatment reactor systems.
In flow-through reactor systems, this method partially removes lignin as
well. In order to make the cellulose accessible to bulky heterogeneous
catalysts, large parts of the protective lignin matrix have to be removed.
Since homogeneous acids can penetrate the lignocellulose matrix more
easily, removal of this hemicellulose and lignin matrix is less important
for acid hydrolysis. However, these conversion processes might benefit
from an increase in cellulose purity accomplished through pretreat-
ment, since product purity will increase and downstream sugar valor-
ization with metal-based catalysts will be less influenced by potential
poisons in the hydrolyzate.

Homogeneous acids can also be applied in lignocellulose pretreat-
ment to selectively degrade hemicellulose in less severe conditions or to
directly hydrolyze the holocellulose fraction to sugars. Sugar degrada-
tion products such as HMF and levulinic acid can also be targeted in
more severe conditions, but the latter is not considered as a pretreat-
ment per definition. HMF and furfural are known inhibitors to inhibit
biochemical conversion of cellulose and their formation should thus be
avoided. However, chemo-catalysts are less inhibited by these com-
pounds. As with batch-wise aqueous pretreatment, batch-wise acid
pretreatment is not considered as a useful pretreatment prior to het-
erogeneous chemo-catalytic processes, since practically no lignin is
removed during such pretreatment. Nevertheless, both pretreatments
are interesting to apply on pure microcrystalline cellulose, since they
decrease the crystallinity and DP in hot compressed water and con-
centrated acid solutions (e.g 85 % H3PO,4: Table 3, entry 8).

On the other hand, alkaline and oxidative methods are excellent
delignification pretreatments and are often combined due to the for-
mation of highly active free oxygen radicals in basic medium. Oxidative
pretreatment is also frequently employed after another pretreatment to
effect a more thorough delignification of the feedstock (Table 3, entries
5 and 7). Some alkaline pretreatments such as pretreatment with aqu-
eous NaOH solutions or liquid ammonia have been demonstrated to
alter and reduce the crystallinity of native cellulose as well. Hence,
alkaline and oxidative pretreatments seem an excellent choice for lig-
nocellulose pretreatment prior to heterogeneous chemocatalytic con-
version routes (Table 3, entries 5-7).

Another pretreatment of delignification is organosolv pretreatment,
where (aqueous) organic solvents are employed to solubilize the de-
grading lignin fraction (e.g. with formic/acetic acid: Table 3, entry 7).
The main advantage of organosolv methods over alkaline and oxidative
pretreatments is the production of three separate, high-quality product
streams. These are consisting of a relatively pure solid cellulose pulp, a
partially saccharified aqueous hemicellulose solution and a solid lignin
fraction. Therefore, in our opinion, organosolv pretreatment constitutes
one of the best lignocellulosic biomass pretreatment options, especially
due to its excellent applicability as an entry point in future bior-
efineries. The main drawback is its generation of unreactive and con-
dense lignin streams, which have lost considerable amounts of their
initial chemical functionality.

Pretreatment with cellulose solvents such as ionic liquids instead of
organic solvents can also effect the fractionation of lignocellulose into
separate holocellulose and lignin fractions, in addition to a decrease

and alteration of crystallinity. However, complete solvent recovery is
even more crucial for these pretreatments than during organosolv
pretreatment, in order to avoid downstream catalyst deactivation and
high process costs (Table 3, entry 9).

Although its efficiency is not yet demonstrated on lignocellulosic
substrates, non-thermal atmospheric plasma (NTAP) pretreatment
constitutes an interesting pretreatment option to efficiently reduce the
degree of polymerization of cellulose, which is an important parameter
for the aqueous catalytic valorization of cellulose. However, pre-milling
cellulose to reduce its crystallinity appears to be a requisite for efficient
depolymerization (Table 3, entries 10 and 11).

Sub- and supercritical CO, pretreatment in the presence of water or
steam can be applied to selectively remove hemicellulose, while de-
lignification can be effected through the addition of organic solvents.
Similar to batch-wise aqueous and acid pretreatment, prior removal of
hemicellulose instead of lignin is not expected to significantly improve
downstream cellulose conversion under heterogeneous catalysis.

Physicochemical pretreatment methods combine both physical and
chemical pretreatment and therefore effect both a physical and che-
mical disruption of the lignocellulosic structure. Physicochemical pre-
treatment includes mechanocatalytic pretreatment, viz. ball milling
after acid impregnation of the feedstock (Table 3, entry 2), steam ex-
plosion, ammonia fiber expansion (AFEX), and CO explosion.

Biological pretreatments, even though they are performed under
mild conditions, are less of interest due to the long pretreatment times
and certain cellulose loss. However, this strategy might be feasible
when combined controllably with wood storage nearby the biorefinery.

The current developed lignin first biorefinery is one of the ideal
pretreatment methods, which simultaneously produce high-quality
pulp and valuable lignin degradation products. This approach ensures
an optimal use of the sequestered carbon. Although the organsolv
pretreatment can be used to obtain solid lignin, it is quite recalcitrant
for depolymerisation due to newly formed strong C—C bonds during the
pretreatment. Compared to the organosolv pretreatment, lignin first
biorefinery, especially the RCF approach, selectively converts lignin
into a liquid lignin oil product, which contains high yields of mono-
mers, besides oligomers. The lignin monomers fraction can be cataly-
tically converted into phenol and propylene, while oligomers can re-
place nonylphenol in printing ink production [2, 505-507]. Therefore,
the value of lignin is improved without losing the value of hemi-
cellulose and cellulose (Table 3, entries 12 and 13). The economic
feasibility and environmental sustainability of RCF has also been pre-
liminarily proved with modelling results [2]. Nevertheless, some en-
gineering points need to be solved for upscaling such as solvent and
metal catalyst recuperation, and stiring regime design for large batch
reactor and high biomass loading.

Indeed, in addition to pretreatment effects, economic factors such as
process time, energy consumption, and costs determine the ultimate
pretreatment efficiency. For instance, some lignocellulose pretreat-
ments might be too expensive for industrial application (e.g. CO, ex-
plosion, irradiation pretreatment), require solvent recycling (e.g. orga-
nosolv, ionic liquid pretreatment), are corrosive and require
neutralization (e.g. acid pretreatment), limiting their industrial viabi-
lity. These factors have to be taken into account when selecting an
appropriate pretreatment for cellulose valorization. Besides, since lig-
nocellulose contains hemicellulose and lignin, their valorization and
value should take into account for the integrated biorefinery. It is
therefore advisable to first select the desired pretreatment effect (e.g.
extensive lignin removal) with regard to the type of catalyst used in
further downstream processing of the cellulosic feedstock and the de-
sired properties of the resulting product mixture (e.g product purity),
before selecting the most cost-efficient pretreatment. In addition to
economic feasibility, the sustainability of pretreatment method is im-
portant when selecting the appropriate method. For example, the
consumption of NH; in AFEX is not good for the environment as it will
end with NOx. Therefore, life cycle assessments from plant growth to



end products using detailed techno-economic analysis are required to
really understand the CO, footprint of biorefineries.

6. Conclusions

Lignocellulose - cellulose in particular - represents a promising al-
ternative feedstock for the production of fuels and chemicals in addition
to petroleum, classically used to date. This review has clearly shown
that pretreatment of lignocellulosic biomass is a prerequisite not only
for efficient biological, but also for chemo-catalytic conversion pro-
cesses to bio-based chemicals and fuels. Since the latter is still in its
infancy, we advise to include more systematically the potential bene-
ficial effects of lignocellulosic pretreatments in chemo-catalytic studies.
In addition to technical feasibility, the profitability and sustainability of
pretreatment method should be considered before chosen it for future
biofinery.
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