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11.1 Introduction

Fractionation of lignocellulosic materials into their major macromolecular
fractions—cellulose, hemicelluloses and lignin, is a challenging work that
attracted increased attention in recent years. As a matter of fact, in addition to
chemical pulping, an existing fractionation process used worldwide, numerous
approaches for the separation of lignocelluloses have been studied lastingly for
more than a century. These approaches are generally categorized into physical,
physico-chemical, chemical and biological processes. Among these approaches,
one of the most promising processes is organosolv fractionation, which degrades
the lignocellulosic feedstocks by using organic solvents under mild conditions in
an environmentally friendly manner to mainly produce cellulose for energy or
materials usage. In addition, the dissolved sugars and lignin are easy to be
recovered and are valuable feedstocks for chemicals and materials applications.

This chapter updates and extends the previous reviews on organic solvents
fractionation of lignocelluloses for pulping [1–6], lignin extraction [7] and bio-
ethanol production [8], focusing particularly on new research on the fractionation
process and product utilization for fuels, chemicals and materials via organic
solvents in a biorefinery manner. After a brief introduction of the development of
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organosolv fractionation, this chapter will focus on the recent achievements in
organosolv fractionation of cellulose, hemicelluloses and lignin from traditional
and novel feedstocks including wood, grasses, forestry residues and so on. Etha-
nol-based fractionation process, the main organosolv fractionation process used for
ethanol production especially in the past decade, is discussed extensively. Formic
acid and acetic acid fractionations, two useful processes used for fractionation of
lignin under mild conditions, are also discussed in detail. The fractionation
mechanism and technical flow involved in the fractionation process are elaborated,
and the potential applications of the fraction products (mainly cellulose-rich
fraction, degraded sugars and soluble lignin) are discussed. Other types of organic
solvents for fractionations attracted current attention are also covered in this
chapter.

11.2 Overview of Organosolv Fractionation

Organosolv fractionation of lignocelluloses has a long history, which undergoes a
change from structure study to pulping, and currently to energy usage. The earliest
study applying organic solvents to treat lignocellulosic material was back in 1893,
when Klason [9, 10] used ethanol and hydrochloric acid to separate wood into its
components to study the structure of lignin and carbohydrates. After that, Pauly
et al. [11, 12] applied formic and acetic acids to delignify wood for the purpose of
characterization of the main components of wood in 1918. Subsequently, a wide
variety of other organic solvents, e.g., various alcohols, phenol, acetone, propionic
acid, dioxane, various amines, esters, formaldehyde, chloroethanol, whether pure
or in aqueous solutions, and in the presence or absence of acids, bases or salts as
catalysts, were used to delignify lignocellulosic materials [3]. Since 1980s, a
number of pulping processes involving the aforementioned solvents have been
investigated as alternatives to the classic pulping process in the field of pulp and
paper industry [13]. The main advantage of the so-called organosolv pulping
process was a higher efficient use of the raw materials in an environmentally
friendly way, as compared to the drawbacks of the classic pulping process
(e.g., odors, low yields, high pollution, poor bleachability of pulp and high
investment cost). In 1992, two organosolv pulping processes based on methanol—
Orgnaocell and alkaline sulfite–antraquinone–methanol (ASAM) were first oper-
ated at a full scale. Meanwhile, the organic acid pulping processes, Acetosolv
(based on acetic acid) and Milox (based on formic acid with the addition of
hydrogen peroxide) were at a pilot scale [14]. Many such processes were employed
to obtain multiple products, i.e., hydrolyzable cellulose, sugars and high quality
lignin other than pulp, aimed at exploiting the full potential of the feedstocks.
More recently, ethanol pulping process is modified from a pulping process to a
pretreatment process integrated with biofuel production, mainly aimed at obtaining
hydrolyzable cellulose fraction for the production of ethanol [15].
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11.3 Ethanol Fractionation

Ethanol has been used to split lignocelluloses into their components to study the
structure of lignin, and used as a pulping agent in organosolv pulping. Recently,
ethanol fractionation is becoming a major fractionation process among the
organosolv fractionation processes for pretreatment lignocellulosic material to
produce bioethanol. Generally, ethanol fractionation process is carried out under
elevated temperatures without or with the addition of acidic or alkaline catalyst,
and some organosolv fraction processes with ethanol are illustrated in
Table 11.1 [16–26].

11.3.1 Effect of Treatment on the Structure of Lignocellulosic
Material

11.3.1.1 Severity Parameter

Under given conditions in ethanol fractionation (auto- and acid- catalyzed frac-
tionation processes), reaction temperature, reaction time and the concentration of
H+ are the major contributed parameters to the severity of fractionation. A pro-
posed parameter to describe the severity for ethanol fractionation is defined as a
severity parameter:

R ¼ ½Hþ�t exp½ðT � 100Þ
14:75

�;

where t is the reaction time (min), and T is the reaction temperature (�C), and [H+]
represents the pH of the cooking liquor at 20�C for the solutions.

The effects of severity parameter on the removal of lignin and hemicelluloses
are different. Cooking liquor rich in ethanol acts as an effective solubilizer of
lignin, but the elution of hemicelluloses is minor. It has been reported that under
the highest severity value, about 80% of the original lignin was dissolved into the
solution as compared with a low value of around 30% for hemicelluloses [22].

11.3.1.2 Reactions of Lignin

Ethanol fractionation can be operated under low and medium severity as a pre-
treatment process to obtain hydrolyzable cellulose. In this case, the hydrolysis
reaction mainly occurred at carbon position of the side chains of lignin. Cleavage
of a-aryl ether is a main reaction, which lead to the formation of a benzylic
carbocation in acidic medium. The benzylic carbocation can react with water or
ethanol, or form a bond with an electron-rich carbon atom in the aromatic ring of
another lignin unit [27]. This reaction mechanism is supported by lignin model
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compound study, in which a-aryl ether linkages are more easily degraded than
b-aryl ether linkages [28]. Under highly serious conditions, b-aryl ether linkages
are extensively cleaved, which is the controlling reaction in delignification. The
extensive cleavage of b-aryl ether linkages results in a substantial increase of
phenolic hydroxyl groups, which is confirmed by the low intensity of Cb and Cc
signals in the dissolved lignin as compared to MWL [27]. After acidolysis of the
ethanol dissolved lignin fraction, the contents of phenolic hydroxyl groups
increased significantly, suggesting the presence of intact b-O-4 bonds in the dis-
solved lignin [29]. The presence of b-O-4 structures in ethanol lignin was also
demonstrated by HMQC 2D NMR [30]. In addition, the presence of carbonyl
groups in the dissolved lignin indicated that the formation of Hibbert’s ketones
during the fractionation process [31].

During the cleavage of b-O-4 bonds, the homolytic cleavage occurs via methide
intermediate thus causes the formation of b-1 inter-linkage through radical cou-
pling, which then in turn degrades under the acidic medium to give stilbenes
through the loss of the c-methylol group of formaldehyde [28, 32]. In addition, b-5
units are also converted into stilbenes through the same degradation pathway [33].
With respect to cinnamyl alcohol, it is converted into ethyl ether structure [33]. In
a recent report, a marked decrease of aliphatic OH and a significant increase of
phenolic OH are found in ethanol dissolved lignin of Miscanthus with increase of
the severity of the treatment [27]. This observation can be attributed to two
simultaneous and opposite reactions: the production of p-hydroxyphenyl OH group
due to the scission of b-O-4 bonds involving H units and hydrolysis of a fraction of
p-coumaryl ester residues [34].

With respect to the activation energies for cleavages of the two major linkages
in lignin, the study of the lignin model compounds indicates that the activation
energies for cleavages of a-aryl ethers bonds range from 80 to 118 kJ/mol,
depending on substituent [35]. These values are slightly higher than those in both
auto-catalyzed and acid-catalyzed acetic acid fractionation processes, which are
78.8 and 69.7 kJ/mol, respectively [36]. However, the reported activation energy
for b-aryl ether hydrolysis is 150 kJ/mol [27]. Obviously, the high value was not
considered to be the controlling reaction in the ethanol fractionation process.

Lignin condensation is an important counterproductive reaction in an acidic or
alkaline ethanol fractionation process. The intermediates, i.e., reactive benzyl
carbocations or benzyl-linked oxygen atoms, can form a bond with an electron-
rich carbon atom in the aromatic ring of another lignin units resulting in the
production of condensed products. It has been reported that in a weak acid system,
protonation of a benzyl-linked O atom was a SN2 type reaction [37].

11.3.1.3 Carbohydrates Degradation

During the ethanol fractionation process, the effect of severity parameter on
crystallinity of lignocellulosic material is not fully defined. Under mild conditions,
the degradation of carbohydrates mainly occurred at the amorphous region,

346 M.-F. Li et al.



resulting in the removal of hemicelluloses and amorphous cellulose, but cellulose
in the crystalline region is resistant to degradation. This was supported by the
comparative analysis of solid state CP/MAS 13C NMR spectra of the treated and
the untreated Miscanthus x giganteus [18]. Pan et al. [19] reported that the crys-
tallinity of cellulose increased with increased severity of ethanol fractionation
pretreatment of Lodgepole pine, suggesting that cellulose in amorphous region was
more easily degraded than that in crystalline region. In another investigation on
Pine (Pinus radiata) fractionation by formic acid, a decrease of crystallinity after
the treatment was also shown [38]. However, a more serious severity was capable
of disrupting the crystallinity of cellulose, resulting in the decrease of CrI, as
reported in the ethanol fractionation of Buddleja davidii [39]. The degradation
results in cellulose with a decreased degree of polymerization (DP) and a narrow
molecular weight distribution. In addition, it has also been found that crystalline
cellulose dimorphs (Ia/Ib) are converted into para-crystalline and amorphous type.

Carbohydrates in lignocellulosic materials undergo decomposition under acidic
conditions during the auto- or acid-catalyzed ethanol fractionation process. Car-
bohydrates are first hydrolyzed into oligosaccharides and monosaccharides, and
the resulting monosaccharides further dehydrate to generate furfural (from pen-
toses) and hydroxymethylfurfural (HMF) (from hexoses). Furfural and HMF
undergo further degradation to form levulinic acid and formic acid, respectively.
In addition, the products, i.e., furfural, HMF and levulic acid, tend to condense and
form polymers such as humins [40]. The contents of furfural and HMF increase
with increased severity parameter. But the overall effect of severity is minor due to
the low yield of these products. At a high temperature and a high pressure, water
can act as an agent for the degradation of carbohydrates [41]. These effects con-
tribute a lot in the hot compressed water and dilute acid treatment of woody
biomass. However, they are reduced largely by ethanol fractionation because of
the elimination of strong acid and the high water content [40].

11.3.2 Process of Ethanol Fractionation and Lignin Recovery

A process that employs ethanol fractionation as a pretreatment approach to
separate cellulose, hemicelluloses, lignin and extractives from woody biomass has
been proposed by Lignol Innovation (Fig. 11.1) [42]. The obtained cellulose
fraction is claimed to be highly susceptible to enzymatic hydrolysis, and the
generated glucose of a high yield is readily converted into ethanol, or possibly
used as sugar platform chemicals via saccharification and fermentation. In addi-
tion, the liquor rich in lignin, furfural, xylose, acetic acid and lipophylic extrac-
tives, can be separated by well-established unit operations. The ethanol is
recovered and recycled back in the whole process. The recycled process water is of
high quality, low BOD5 and suitable for the overall system process closure. The
proposed steps for product separation are shown as follows: (1) After the cooking,
the cooking liquor is turned into a black liquor, which is further subjected to
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precipitation to recover lignin by diluting the black liquor with enormous process
steam and filtering, washing and drying the precipitated lignin. (2) The ethanol in
the black liquor is recovered and recycled by flashing the black liquor and com-
pensating the vapors. With respect to the filtrate and washing liquor, they are
distilled to achieve a higher concentration. (3) Acetic acid, furfural, xylose and
extractives are separated from the distillation column. (4) Oligosaccharides are
converted into sugars for fermentation to produce more ethanol using mild acid
hydrolysis. Based on the economic evaluation, it has been claimed that this process
can be operated in a plant as a small scale as 100 mt per day.

Ethanol fractionation process in combination with ultra-filtration has been
designed by Garcia et al. [43]. The main unit operations are cooking, flash oper-
ation, washing stage and ultra-filtration. The cooking operation is conducted in a
pressurized reactor. Flash operation is used to recover stream mixtures of ethanol
and water. In the washing stage, the obtained fibers are washed with mixtures of
ethanol and water under the same concentration of the cooking liquor. The lignin
dissolved in the black liquor is separated into homogeneous fractions by using
ultra-filtration and then is subjected to precipitation with water. To achieve fully
solvent recycle, liquor faction after lignin precipitation is sent to distillation unit to
recover the ethanol/water mixtures, whereas the residue composed of water and
co-products is treated by heating in a flash unit to recover a clean water stream for
lignin precipitation. By using the simulation software Aspen Plus, the energetic
and economical efficiencies of the ethanol fractionation are evaluated considering
several units, including reaction, solid fraction washing, products recovery and
liquid fraction processing. Mass and energy balances are evaluated in terms of
yield, solvents/reactants recovery and energy consumption. In addition, pinch
technology has been applied to improve the heat exchange network of the ethanol
fractionation process reducing the associated utilities requirements, making the
process more competitive as compared to the soda process.

In a recently proposed ethanol extraction process, a pre-hydrolysis step is
applied to remove the hemicelluloses of wood chips [44]. The open diagram in
Fig. 11.2 shows the steps required for recovering the hemicelluloses from the pre-
hydrolysis liquor (PHL) in a separate stream. In the pre-hydrolysis step,
hemicelluloses are extracted accompanying removal of a part of lignin.

Fig. 11.1 Operation process
of Lignol Innovation [42]
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Subsequently, the dissolved lignin is precipitated by decreasing the pH of the PHL
to 2 using sulfuric acid. Then the precipitated lignin is subjected to a filter washer.
The recovery of hemicelluloses is conducted by the addition of ethanol into the
acidified PHL and further separated from the ethanol/water solution in a filter
washer. The pre-hydrolyzed feedstock, with increased porosity, is subjected to the
ethanol fractionation for removing the remaining lignin, similar to the ethanol
pulping process. The dissolved lignin in the ethanol extraction step is recovered by
acidification and then separated in a filter washer. After the ethanol extraction,
cellulose is remained as a solid residue associated with a small amount of lignin,
which can be further removed in an elemental chlorine free (ECF) based bleaching
process.

Separation of lignin from spent liquor is generally based on the lignin insolu-
bility in acid water. The recovery of lignin in an acid process consists of the
following stages: precipitation of the lignin fraction with higher molecular weight;
separation of the precipitate by decantation, thickening, centrifugation or filtration;
washing with water to reduce impurities; further thickening to remove the water
retained in the washing stage; drying of lignin. However, lignin dissolved in
alkaline ethanol liquor is difficult to precipitate because the process decreasing the
spent liquor pH to around 2 requires a large amount of acid to neutralize.

Generally, there are two typical methods to recover lignin from acidic ethanol-
soluble liquor. One is dilution of spent liquors in water directly [20, 45], which is
characterized by low speeds and sometimes difficult to filtrate or centrifuge due to
the generation of a rather stable colloidal suspension. The other way consists of
recovery of the alcohol from spent liquor in recovery tower under reduced pres-
sure, then precipitation of lignin in water [46]. This procedure is usually ineffective
and difficult to control, because lignin tends to precipitate as a sticky tar in the
internal surfaces of the recovery tower, reducing the recovery of alcohol.
The modified method is the evaporation of 60–65% alcohol in a flash tank, cooling

Fig. 11.2 Process of pre-hydrolysis and ethanol fractionation [44]
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the spent liquor to a temperature above 70�C (to avoid the precipitation) and
diluting by injection of the liquor into water through a Venturi tube [47].

In a recent study, two feasible laboratory-scale ways are proposed to recover
lignin by precipitation [48]. The laboratory-scale representation of a system
involving the reduction of ethanol concentration in the spent liquors by evapora-
tion in a flash tank to 30% (v/v), dilution ratio of 1:1, at 40�C and centrifugation,
appeared as the best alternative for lignin recovery (45% of precipitate with a
purity of 94%, yielding 42% pure lignin). Another feasible procedure involved
lignin precipitation and recovery from the spent liquors by dilution with water
under a dilution ratio of 1:2. This method yielded 41% pure lignin, yet from a
precipitate of 48% with 87% purity (much more contaminated, mainly with car-
bohydrates). The temperature of the treatments affects the recovery process. In
both cases, the most suitable dilution conditions are at room temperature or 40�C.

In addition, ultra-filtration membrane allows to recover lignin with specific
molecular weight, but the cost is relatively high [49, 50]. For instance, ultra-
filtration has been used to fractionate the lignin dissolved in ethanol-soluble liquor.
The ultra-filtration module is a pilot unit equipped with a stainless steel tank with
water jacket for temperature control, a recirculation pump and a set of tubular
ceramic membranes of different cut-offs in the interval 5–15 kDa [51]. Four
different cutoff fractions are obtained: less than 5 kDa fraction; 5–10 kDa fraction;
10–15 kDa fraction and more than 15 kDa fraction. After the ultra-filtration, the
obtained lignin has a relatively homogeneous molecular weight distribution.

11.3.3 Applications of the Products

11.3.3.1 Cellulose/Pulp

The obtained cellulose has a high amount of cellulose, high proportion of
para-crystalline and amorphous cellulose and lower DP as compared to the native
material. Lower DP of the obtained material can improve the enzymatic hydrolysis
due to the two factors [52]: (1) increasing the amount of the reducing ends of
cellulose chain; and (2) making cellulose more amenable to enzymes. Cellulose
with short chains allows it to be attacked by enzymes more easily because they
form weaker networks rather than strong hydrogen bonding [19, 53]. This suggests
that the cellulose-rich residue is amenable to the enzymatic deconstruction for the
production of ethanol. Generally, high conversion of cellulose to glucose can be
achieved up to 90–100% for most softwood and hardwood after ethanol fractio-
nations [20, 45]. For instance, the ethanol/water treated B. davidii has been
subjected to enzymatic hydrolysis applying cellulose (Cellucast 1.5 l) and
b-glucosidase (Novozm 188). The data indicates that high conversion of cellulose
to glucose up to 98% was achieved under the optimal conditions [39].

Most studies show that lignin removal enhances the enzymatic deconstruction
of cellulose, since lignin inhabits cellulose activity [54–57]. While reducing the
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lignin content from 30 to 19%, the enzymatic hydrolysis was enhanced hugely,
whereas further reduction in the lignin content to 9%, only negligible increase of
enzymatic hydrolysis was observed [39]. An exception was the treatment of
B. davidii, decreasing the lignin content of the sample did not increase the
enzymatic hydrolysis. It seems that other factors influenced the enzymatic
hydrolysis in addition to lignin content [39].

It is generally believed that amorphous cellulose is more easily attacked than
crystalline cellulose [55]. A comparative study conducted by Jeoh et al. [58] showed
that amorphous cellulose exhibited high enzymatic hydrolysis as compared to
crystalline cellulose, due to formation of more extensive bonding between the
reducing ending groups of amorphous cellulose and cellulase (Trichoderma reesei).
With respect to enzymatic hydrolysis of the ethanol pretreated B. davidii, it was
considered that a low CrI value of 0.55 was already efficient for hydrolysis, and
further reduction of the value did not afford additional benefits for hydrolysis [39].

Compared to the conventional chemical pulping process, the obtained pulp
from ethanol fractionation has a higher yield, easier bleachability and comparable
pulp properties.

Poplar was subjected to ethanol pulping to optimize the process by varying the
ethanol concentration, pulping time, pulping temperature and usage of catalyst
(H2SO4). Even using 0.02% acid catalyst, the obtained pulp yield and viscosity
were lower than the acceptable level; therefore, acid catalyst should not be added.
This was due to the serious degradation of carbohydrates in an acid medium.
Under optimal conditions, i.e., cooking at 180�C for 90 min with 50% ethanol,
pulp was obtained with yield around 45%, viscosity 892 ml/g and kappa number
67 [59].

A significant feature of the ethanol/water produced pulp is that the pulp is easy
to be bleached even with rather high kappa number. It has been reported that
ethanol aspen pulp of a kappa number 30 was bleached to 81–86% ISO brightness
applying a chlorine bleaching sequence (CEH) and to an higher brightness of 90%
ISO via a chlorine dioxide bleaching (DED) sequence, whereas ethanol birch pulp
of a kappa number 40 was bleached to 83% ISO brightness with a CEH bleaching
sequence [60]. With respect to the ability of delignification in oxygen delignifi-
cation process, hardwood ethanol pulp showed more extensive delignification
extent than the corresponding kraft pulp. A delignification up to 75% was achieved
without a significant reduction of pulp viscosity, and pulp was bleached to a
brightness level greater than 92% ISO after either an ECF sequence or a totally
chlorine free (TCF) sequence [61]. On the contrary, delignification extent of kraft
pulp in oxygen delignification stage is below 50% to avoid the extensive degra-
dation of carbohydrates.

It has been reported that ethanol pulp was also suitable for alkaline extraction
and alkaline oxygen delignification [62]. Reduction of residual lignin prior to
bleaching by alkaline extraction can reduce the amount of bleaching chemicals
thus reducing the environmental impact of the bleaching process. After the wheat
straw ethanol pulp with kappa number around 60 was extracted with 1% NaOH
aqueous solution for 1 h, a large proportion of lignin was removed from the fiber [62].
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However, an increase of alkaline concentration resulted in an increase of the lignin
concentration on the fiber surface due to the enhanced adsorption of the dissolved
lignin back on the fiber surface, similar to the phenomenon observed in alkaline
extraction of kraft pulp.

Sugar bagasse pulps produced from ethanol/water organosolv process were
used to produce carboxymethyl cellulose [63]. In this process, the acid-catalyzed
ethanol pulp (prepared with 0.02 mol/l sulfuric acid at 160�C for 1 h) was
bleached with sodium chlorite, and then was used to prepare carboxymethyl cel-
lulose (CMC). The CMC yield was 35% (based on the pulp) with substitution up to
0.70 groups CH2COONa per unit of glucose residue.

Surface modification of cellulose fractionated from ethanol/water was conducted
by heterogeneous esterification with octadecanoyl and dodecanoyl chloride [64].
After esterification, the modified cellulose showed strong reduction in the values of
the polar parameter cp

s , i.e., 4.4 and 1.8 for dodecanoyl and octadecanoyl cellulose, as
compared to a high value of 35.7 for the original ethanol extracted cellulose. Since
the esterified cellulose had a good fiber/matrix interfacial compatibility and low
moisture uptake, it was a potential feedstock as reinforcing elements used in
composite materials.

Sisal (Agave sisalana) ethanol pulp prepared from cordage residues was used as
reinforcement to cement-based composites [65], and the prepared pulp/cement
composites could further combine with polypropylene (PP) fibers. Compared to
that added by kraft pulp, the composites with the addition of ethanol pulp showed
lower modulus of rupture (MOR), limit of proportionality (LOP) and toughness.
However, the performance of ethanol pulp reinforced composites was improved
through a further optimization of pulping process. After 100 aging cycles (without
fast carbonation), the ethanol pulp composites showed lower water absorption and
apparent voids volume than that combined with PP.

11.3.3.2 Lignin

The extracted lignin with ethanol fractionation is rich in phenolic aromatic rings,
suggesting that it is a potential feedstock for preparing phenolic resins in the
replacement of phenol presenting an environmental and economical process [66].
The synthesis of lignin-formaldehyde resins involves primarily a hydroxymethy-
lation step. Lignin extracted from sugarcane bagasse had a large amount of active
centers toward formaldehyde as compared to that from wood due to its higher
proportion of H unit which was easily attacked by electrophilic groups [67].

Lignin extracted from white pine with ethanol/water fractionation was used to
synthesize phenol–formaldehyde resol resins [68]. Under the optimal conditions,
i.e., ethanol concentration 50%, reaction temperature 180�C, reaction time 4 h,
lignin was extracted with a yield of 26% and a purity of around 83%. The obtained
lignin showed a wide molecular weight distribution: Mw 1150, Mn 537 and
polydispersity 2.14. The lignin fraction was used to replace phenol for the
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synthesis of bio-based phenol–formaldehyde resol resins. By substitution of phe-
nol with the pine lignins at various ratios ranging from 25 to 75%, a series of dark-
brown viscous resol-type phenolic resins were prepared. The solid concentrations
and viscosities of these bio-based resins could be adjusted readily by controlling
their water contents. The obtained lignin–phenol–formaldehyde resols solidified
upon heating with main exothermic peaks at 150–175�C, and secondary peaks at
135–145�C, depending on the lignin content in the resin formula. When the phenol
substitution ratio was lower than 50%, the thermal cure of lignin–phenol–formaldehyde
resols proceeded at lower temperatures than that of the corresponding phenol–
formaldehyde resol. The introduction of lignin in the resin formula decreased the
thermal stability, leading to a lowered decomposition temperature and a reduced
amount of carbon residue at elevated temperatures. However, the thermal stability
was improved by purifying the lignin feedstock (to remove aliphatic sugars and
increase aromatic structures) before the resin synthesis.

The ethanol lignin extracted from bagasse was subjected to purification including
cyclohexane/ethanol extraction and acid precipitation. Then the lignin fraction was
further hydroxymethylated and used to prepare lignin–phenol–formaldehyde resins
[69]. With increased lignin content from 10 to 40%, the Tg of the resins increased
from 120 to 150�C, and the rate of cure and the heat of reaction also increased. The
negative surface charges resulting from the interaction between the substrate and the
lignin–PF resins can reduce the contact angle; therefore, the film prepared from
lignin–PF resins was good water-barrier coatings and used as cardboard substrates.

Sugarcane lignin released from Dehini rapid hydrolysis (using ethanol cata-
lyzed with diluted sulfuric acid) was used to prepare lignin–formaldehyde resins
and lignocellulosic fiber-reinforced composites [70]. The presence of lignin in both
fiber and matrix greatly improved the adhesion at the fiber-matrix interface. The
increased affinity improved the load transference performance from the matrix to
the fiber, leading to good impact strength of the bio-based composites.

Antioxidant is a potential application of lignin. Research on lignin model
compounds indicates that ortho-disubstituted phenolic groups are essential for
antioxidant activity [71, 72]. The radical scavenging ability of lignin is decided by
the ability to form a phenoxyl radical (i.e., hydrogen atom abstraction) as well as
the stability of the phenoxyl radical. In lignin, ortho substituents such as methoxyl
groups can stabilize phenoxyl radicals by resonance as well as hindering them
from propagation. Conjugated double bonds can provide additional stabilization of
the phenoxyl radicals through extended delocalization. Lignin was extracted with
ethanol/water from hybrid poplar under various conditions, and the yield of the
extracted lignin and the antioxidant activity were evaluated [73]. In general, the
lignin prepared at elevated temperature, extended reaction time, increased catalyst
and diluted ethanol shows high antioxidation activity due to more phenolic
hydroxyl groups, low molecular weight and narrow polydispersity of the lignin.
Under the optimal conditions, i.e., 190�C, 70 min, 1.4% H2SO4 and 60% ethanol,
lignin yield was achieved at 20.1% with a high radical scavenging index of 56.4.
Ethanol/water lignin extracted from Miscanthus sinensis with specific molecular
weight was separated by ultra-filtration, and its antioxidant capacity was
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investigated [74]. The data indicated that even though phenolic content was the
major factor that determined the antioxidation activity, the molecular weight and
purity of the lignin were also contributors. Compared to the crude lignin, the
resulted ultra-filtrated lignin exhibited higher antioxidation capacity due to its
narrow molecular weight distribution and lower carbohydrate contamination.

Ethanol lignin has potential to sorb metals due to the richness in metal-binding
functional groups including carboxylic and phenolic groups [75]. Lignin extracted
with ethanol/water catalyzed by dilute sulfuric acid was used as an adsorbent for
removal of copper (II) from CuSO4 aqueous solution [76]. It was found that the
maximum removal of Cu (II) ions was achieved to *41% by using the organosolv
lignin in 10 min at 20�C when the initial concentration of CuSO4 was 3 9 10-4 M.
In addition, the absorbed lignin can be recovered using HCl in a contact time of
10 min. In a comparative study, the organosolv lignin and kraft lignin from both
softwood and hardwood were used to sorb Cu and Cd [77]. The conditions covered
a range of pH (2–6.5), ionic strength (0.0001–0.1 M) and initial metal concen-
tration (1–25 mg Me (II)/l). The results indicated all sorbents exhibited a prefer-
ence for Cu over Cd, and kraft lignins showed higher sorption capacity and faster
uptake rate. However, the absorption capacities of the lignin-based sorbents were
lower than those reported such as chitosan, green alga. Therefore, further modi-
fication of the organosolv lignin is necessary to achieve a higher metal sorption
capacity thus can be used commercially.

Ethanol lignin was used as filler in printing ink vehicles and paints [78]. The
lignin extracted by Alcell process with a lower molecular weight (Mn 700, Mw
1,700) can significantly improve the properties of the viscous media used for offset
inks and paints with respect to tack and misting reduction. The addition of the
lignin resulted in a brown coloration in these liquids, but did not bring about
fundamental modification of their other basic physical and chemical properties.
Therefore, no negative effects were produced for their most applications.

Selective hydrogenolysis is one effective way that can decrease the degree of
polymerization while increasing the H/C ratio and lowering the O/C ratio of lignin,
thus can convert it from a low grade fuel into potential fuel precursors or other
value-added chemicals [79]. In a typical reaction catalyzed with RuCl2(PPh3)3

[80], the solubility of ethanol lignin in DMSO increased from 59.1 to 96.4% with
increase in temperature from 50 to 175�C. The hydrogenolysis mechanism was
mainly selective cleavage of aryl-O-aryl and aryl-O-aliphatic linkages, which was
demonstrated by 31P NMR spectroscopy.

11.3.3.3 Other Products

As indicated before, under serious conditions (high temperature, high sulfuric acid
dosage and long reaction time), more degraded saccharine-derived chemicals, such
as furfural, levulinic acid and HMF, can be obtained in high amounts. Furfural has
a variety of applications for a broad spectrum of derivatives chemicals and
polymer products [81]. In addition, furfural is a good solvent widely used in
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lubricant, coatings, adhesives, furan resin and so on [82]. Levulinic acid is a key
platform compound for the synthesis of a series of value-added products, including
chiral reagents, biologically active materials, polyhydroxyalkanoates, antifouling
compounds, personal care products, lubricants adsorbents, printing inks, coatings
[83], etc. HMF is also a platform compound for the synthesis of many chemicals
derived from petroleum. For example, it can be converted into 2,5-furandicarb-
oxylic acid, 2,5-dihydroxymethylfuran and 2,5-bis(hydroxymethyl) tetrahydrofu-
ran [84]. In addition, it is a precursor in the synthesis of liquid alkanes used for
diesel fuel [85].

11.4 Organic Acid Fractionation

Formic and acetic acids are good solvents for lignin, and they can hydrolyze lignin
in lignocellulosic material under elevated temperature thus resulting in delignifi-
cation. At present, organic acids-based fractionations are preformed in formic or
acetic acid solutions without and with the addition of catalysts (Table 11.2) [86–103].
As can be seen, the catalysts mainly used are inorganic acid such as hydrochloric
acid, sulfuric acid and hydrogen peroxide.

11.4.1 Effect of Treatment on the Structure of Lignocellulosic
Material

11.4.1.1 Reactions of Lignin

The chemical modifications of lignin during organic acid fractionation are mainly
b-O-4 cleavage, lignin condensation, hydrolysis of LCC structures and the native
ester structures, and esterification of the hydroxyl groups. By analyzing the
dissolved lignin in a Milox pulping process with three stages, it was found that
b-aryl ether bonds were mainly cleaved in the second stage. The precipitated lignin
dissolved in the first stage contained a high amount of sugars, and its molecular
weight increased with increased stages [104]. Lignin model compounds were
investigated by reflux in 85% formic acid, and it was found that the compounds
were completely consumed in 1 h. Primary, secondary and phenolic hydroxyl
groups of the model compounds were partially converted into corresponding
formates [105]. Compared to MWL, the dissolved lignin from acetic acid frac-
tionation contained more acetyl groups in Ca and Cc, indicating that hydrolysis of
native esters and acetylation (esterification) occurred simultaneously during the
fractionation process. However, no acetylation was involved in the formic acid
fractionation [106]. In addition, the cleavage of LCC structures was confirmed by the
low contaminated sugars in the lignin fractionation precipitated from water [106].
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When hydrogen peroxide was added into the organic acid system, peroxyformic or
peracetic acid was generated in situ through an equilibrium reaction between organic
acid and hydrogen peroxide, and electrophilic HO+ ions were formed [107]. The HO+

ions reacted with lignin through ring hydroxylation, oxidative ring opening,
substitution of side chains, cleavage of b-aryl ether bonds and epoxidation [108].

11.4.1.2 Carbohydrates Degradation

Generally, organic acids resulted in only partial degradation of cellulose by
hydrolysis. When cellulose (cotton) was treated with 78% formic acid with the
addition of high amounts of HCl (4%), formic acid molecule penetrated to the
intermolecular hydrogen bonds of cellulose, leading to a strong swelling. As a
result, the rigid framework of crystalline lattice was crushed, resulting in hydro-
lysis of both crystalline and amorphous region of cellulose to generate glucose
[109].

In organic acid system, xylan can be degraded into xylose and further generate
furfural, whereas hexoses are converted into HMF, acetoxymethylfurfural (AMF)
and furfural. These conversions have been confirmed by model studies. Stability
studies indicated that furfural and HMF were stable in acetic acid/formic acid/
water system, which corresponded to a higher yield of furfural in the pulping
process [110]. It was confirmed that a long storage time of 275 days in acetic acid/
formic acid/water system resulted in negligible reductions of these compounds,
due to the fact that organic acids can suppress oxidative reactions.

11.4.2 Process of Organic Acid Fractionation and Lignin
Recovery

In organic acid fractionation process, the obtained pulp after cooking is generally
washed with fresh organic solvent to avoid the lignin precipitation on the pulp, and
then washed with water. After the solid is filtrated, the black liquors rich in lignins
can be diluted with water to obtain crude lignin. It was observed that a water to
liquor ratio of 6 in the lignin-precipitation step resulted in lignin recovery of 88.0
and 77.2% (based on the Klason lignin content in the original material) for formic
acid and acetic acid fractionation processes, respectively [99]. In another study,
most of the lignin was centrifuged with a water to liquor ratio of 7, and the solid
phase (lignin) was washed repeatedly with water to remove the maximum possible
amount of carbohydrates to recover a purified lignin [90].

The main operate cost in organic acid pulping, especially for formic acid
pulping, is the solvent-recovery section. The black liquor, together with washing
liquor, is evaporated to recover the solvent. The organic acid staying in the
evaporation residue is recovered by spray drying. Then the organic acid is con-
centrated for further use in cycle. Distillation, azeotropic distillation, extractive
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distillation, extraction, membrane and adsorption are potential methods for con-
densation of organic acid [111]. By using pinch technology for heat integration of
the Milox process, the needs for external heating and cooling were reduced by
about 40 and 50%, respectively.

A simplified process for simulation of material balance of acetosolv fraction-
ation has been proposed [112, 113] (Fig. 11.3). In this process, wood is mixed with
the cooking reagents and recycle streams and reacts in the reactor. After cooking,
the resulting suspension is subjected to separation by filtration, and the resulting
pulp is washed with water in a percolation unit. In the solvent- and HCl-recovery
section, liquors and a recycle stream from the secondary recovery section are
processed by flash evaporation, stripping and distillation to recover HCl, formic
acid and water. In the by-products recovery section, the concentrated liquors are
mixed with water to precipitate hydrophobic materials, and the precipitations are
recovered by centrifugal filtration. The liquors from the lignin-precipitation unit
are sent to heteroazeotropic distillation unit to give a head stream that is rectified
to obtain furfural and a bottom stream. In the secondary solvent-recovery section,
the above liquors are evaporated to separate the non-volatile solutes as a con-
centrated solution, whereas the vapor is recycled. According to the computer
simulation [112], the proposed process allowed recovery of 97.6% of acetic acid
and 91.7% of HCl, whereas furfural with a high purity of 99.5% was obtained as a
valuable by-product.

Simulation of solvent recovery in peroxyacid pulping has been carried out by
shortcut simulations and pinch technology [2]. It was found that simple distillation
seems to be the preferable solution for recovering the solvents. The presence of a

Fig. 11.3 Process simulation of acetosolv fractionation [112, 113]
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low percentage of acetic acid in formic acid/water system was not favorable to the
distillation. However, this can be avoided by using a high percentage of acetic acid
in the pulping process since pulping with formic acid/acetic acid/water was also
feasible. By using pinch technology, up to 40% energy savings were achieved
during the separation of formic acid/acetic acid/water mixture.

11.4.3 Applications of the Products

11.4.3.1 Cellulose/Pulp

A study conducted by Sindhu [114] indicated that it was possible to convert
sugarcane bagasse into ethanol with a formic acid pretreatment. The highest
reducing sugar yield of 79.1% can be obtained after the enzymatic substance
(sugarcane bagasse) was pretreated with formic acid under such conditions, i.e.,
60% (v/v) concentration of formic acid, 0.6% concentration of H2SO4 as a catalyst.
The enzymatic hydrolyzate was further used as a substrate for fermentation to
produce ethanol. A maximum ethanol concentration (18.45 g of ethanol) was
obtained after 24 h with an overall efficiency of nearly 48%.

Broom fiber obtained by Milox process was used as a reinforcing agent for
biocomposites [115]. In this case, PLA-based composites were reinforced by
replacement of 20% pulp obtained from a two-stage pulping of broom. By the
addition of the pulp as a reinforcement agent, the material showed stiffer property
with a decrease of tensile strength and negligible variations of impact strength and
thermal stability. In addition, the composites containing the pulp showed lower
amounts of retained water than that containing the original fiber, mainly related to
the presence of formyl groups, relatively low amounts of hydroxyl groups and the
lignin in the pulp surface.

Acetosolv pulp from Populus was subjected to TCF bleaching to prepare dis-
solving pulp [116]. Under the best conditions of an EOZQPP sequence, the
obtained bleached pulp (brightness near 90% ISO, intrinsic viscosity above
600 mL/g, R18 alkaline resistance of 95% and 5% residual xylan) met the
requirements for preparation of cellulose derivatives such as cellulose nitrate or
viscose. Dissolving pulps produced with Acetosolv, Formacell and Milox methods
from Eucalyptus and the TCF-bleached pulps were tested for their applicability in
viscose fiber production [103]. The acid organosolv fraction process showed
superior potential in fractionation selectivity and specific investment costs, as
compared to the conventional acidic magnesium sulfite technology. The produced
pulp with low pentosan level and high molecular weight can be achieved by using
the Milox process or Formacell process. These organosolv pulps contained a lower
proportion of low molecular weight fractions with DP below 50. The subsequent
alkaline treatments involved steeping and aging, suggesting that the processability
of the organosolv pulps was comparable to that of the conventional sulfite dis-
solving pulp. The qualities of viscose made from Milox and Acetosolv dissolving
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pulps were poor for viscose production, whereas Formacell pulps were good.
However, the strength properties of the pulps in the conditioned state, calculated as
tenacity multiplied by elongation increased in the order: Sulfite pulp \ Acetosolv
pulp \ Formacell pulp \ Milox pulp.

The organic acid pulps were used to prepare fibers and films by dissolution in
NMMO [117]. The dissolution behavior in NMMO and the processability of the
bleached organosolv pulps were satisfactory. Fibers and films could be produced
with structural and mechanical properties comparable to the conventional sulfite
and standard commercial dissolving pulp products. TEM observation showed no
different features between commercial pulps and organosolv pulps could be
detected in the products.

The cellulose fraction prepared from formic acid/peroxyformic acid process
was further bleached with alkaline hydrogen peroxide, and then subjected to acid
hydrolysis to obtain microcrystalline cellulose (MCC) [118]. The MCC samples
were obtained under two different conditions, one (MCC1) was at a high con-
centrated acid and the other (MCC2) was at a low concentrated acid. The yields of
the samples ranged from 48.0 to 52.8% on jute. The prepared MCC2 showed
diameters of 15–40 nm, and the MCC samples exhibited good thermal stability.
In addition, the Ib (monoclinic cellulose) proportion in the samples followed
the decrease order: MCC2, MCC1 and cellulose. It was claimed that the
prepared MCC could be applied to prepare the high-strength and low-abrasive
products [119].

Acetosolv pulp from beech wood was subjected to TCF bleaching with
EOQPaaP sequences, resulting in a fully bleached pulp with a SCAN viscosity of
604 cm3/g. Then the bleached pulp was used to synthesis carboxymethyl cellulose
(CMC) under heterogeneous conditions in isopropanol [120]. The CMC with a
degree of substitution of 1.16 was obtained, which was comparable to those pre-
pared from viscose staple fiber and cotton linter.

11.4.3.2 Hemicelluloses

The composition of degraded hemicelluloses liquor obtained from organic acid
fraction of the raw material is very complex and various pretreatments are needed
for further fermentation. Especially many components that are inhibitory to
microorganism should be removed. The hemicelluloses liquor from Milox pulping
of reed was pretreated with powered activated carbon aimed at lowering the
content of formic acid, and the remaining sugar fraction was subjected to lactic
acid fermentation by Lactobacillus pentosus. Nearly complete conversion of
sugars was achieved, i.e., the product contained 33 g/l lactic acid and 17 g/l acetic
acid with volumetric productivity of 0.6 g/(l h) [121] .

Xylose can be produced by hydrolysis of straw with formic acid containing
hydrochloric acid. In a previous study, the straw was hydrolyzed with saturated
formic acid containing 10% HCl with a liquor solid ratio of 24 in 0.5 h at 65�C, to
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obtain xylose with yield of 23.62% [122]. The hydrolyzate was purified with D311
and activated carbon for decoloration and then crystallized, resulting in a pure
xylose fraction with a yield of 15.87%.

11.4.3.3 Lignin

Acetosolv lignin from sugarcane bagasse was catalytic oxidation with Co2+/Mn2+/
HBr yielding an oxidized lignin with carbonyl groups higher than 21% [123]. The
kinetic mechanism study indicated that the reaction involved a two-step reaction:
cleavage of C–O linkages followed by the formation of C=O after 2 h. The oxi-
dation process can be promoted by the addition of paraldehyde with a small
amount of dosage.

By oxidation with polyphenoloxidase (PPO), the number of carbonyls and
hydroxyls of Acetosolv lignin from sugarcane bagasse increases, leading to the
increase of the chelating capacity of lignin. In addition, the products obtained can
be used as oxidized phenols and controlled-release matrices [124]. The chelating
capacity of the original lignin was 351 mg Cu2+/g lignin. After oxidation with
PPO/O2 and PPO/O2/glycerol, the modified lignin showed increasing chelating
capacities of 73% and 110%, respectively. The oxidized lignins showed lower
molecular weights and less quinone structures than the original lignin. Due to the
increasing amount of vicinal hydroxyl groups, the chelating capacity was
increased. While Acetosolv lignin from sugarcane bagasse was oxidized with two
phenol oxidases: tyrosinase (TYR) and laccase (LAC), the chelating capacity was
improved significantly. With respect to the chelating capacity of Cu2+ the lignins
oxidized with TYR and LAC were 16.8% and 21% higher than that of the original
lignin, respectively [125].

When hydroxymethylation of Acetosolv lignin from sugarcane bagasse was
conducted at 40�C, the main reaction, i.e., addition of formaldehyde to the lignin
fragments, finished within 4 h. Subsequently, condensation of the fragments only
led to form a resol-type cross-linked resin [126]. Acetosolv lignins obtained from
pine reacted with formaldehyde under such conditions: temperature 50�C, sodium
hydroxide/lignin ratio 0.3, formaldehyde/lignin ratio 0.36, solids content 21.5%
and reaction time 7 h [127]. The incorporation of methyl groups was evidenced by
FT-IR and NMR spectroscopies, suggesting that the reaction with formaldehyde
brought about sufficient methylolation for the subsequent application in the for-
mulation of adhesives.

Methylated Acetosolv lignin can be used to prepare plywood boards. The resins
were obtained by copolymerization of phenol, formaldehyde and pre-methylated
Acetosolv pine lignin. The overall properties of the plywood boards prepared with
Acetosolv lignins were better than those obtained with a commercial phenol–
formaldehyde resin [128]. In this case, Acetosolv and Formacell lignins from
Eucalyptus grandis chips were reacted with formaldehyde in alkaline medium to
obtain hydroxymethylated lignins. Up to 50% of the phenol in the PF-resol can be
replaced by Acetosolv or Formacell lignin, and the synthesis with lignin allowed a
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significant decrease of the reaction time. Thermal analysis indicated that the
hydroxylmethylated lignins decomposed at a high temperature of 250�C as com-
pared to 200�C for the original lignin. Both Acetosolv and Formacell lignins from
Eucalyptus showed high heterogeneity with respect to the molecular weight, but
the reactivity with formaldehyde did not improve significantly after fractionated
with organic solvents [124].

High density polyethylene (HDPE)/lignin composites were prepared by melt
blending of HDPE with formic acid lignin or hydroxymethylated formic acid
lignin, respectively [129]. Elongation at break of the composites increased with
increased content of lignin or hydroxymethylated lignin, and the bending modulus
and bending strength increased with dosage of hydroxymethylated lignin. Under
the conditions given, the tensile strength of the composite HDPE/lignin and
HDPE/hydroxymethylated lignin increased by 8.0% and 16.2% as compared to the
native HDP, respectively.

Formic acid lignin from sugarcane bagasse was blended with polyvinylpyr-
rolidone (PVP) via casting from DMSO and formic acid solutions [130]. A great
interaction between PVP and formic acid lignin was achieved when casted from
DMSO PVP/SCBL in the ration of 95/5 and casted from formic acid in the ration
of 95/5 and 90/10. The presence of lignin up to 15% in PVP decreased the thermal
stability of PVP accompanying increasing its photostability.

A polymeric amphiphile PE-AL was prepared by reaction of acetic acid lignin
(AL) from birch with polyethylene glycol diglycidyl ether (PE) [131]. The pre-
pared PE-AL in aqueous solution showed a low viscosity (\0.3 dl/g). The
amphiphile molecules can form a complex with bovine serum albumin (BSA) at
4�C within 1 week. After the formation of complex with cellulase for 1 week, the
activity of cellulase was enhanced remarkably and still preserved on a higher level
after recycling the complex for several times.

Activated carbon sheets were prepared from acetic acid lignin by lamination
[132]. Powered acetic acid lignin from fir (Abies sachalinensis Masters) was
molded by thermal pressing to obtain sheets, and the sheets were carbonized at
1,000�C under nitrogen atmosphere. The obtained carbon sheet showed good
absorption properties, for example, the iodine adsorption was comparable to those
from commercial activated carbon or granules. In addition, the activated carbons
showed a higher adsorption capacity for methanol than the commercial activated
carbon power. Overall, the prepared activated carbon was a promising adsorbent
for the removal of water and air pollutants.

Acetic acid lignin from softwood was further fractionated to obtain low
molecular weight fraction, and further subjected to thermal treatment to remove
the volatile materials. The obtained fraction was spun by fusion spinning to pre-
pare carbon fibers without thermostabilization, accompanying a reduction in
production costs [133]. The carbon fibers had a large surface due to porous
structure, and their tensile strength increased with decreasing diameter.
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11.5 Other Fractionation Processes Using Organic Solvents

In addition to the aforementioned fractionation process, other organic solvents,
such as methanol, ethylene glycol, ethanolamine, acetone and dimethyl formam-
ide, also attract much attention in fractionation lignocellulosic material in recent
years. The typical processes are listed in Table 11.3 [134–145].

11.5.1 Methanol

Methanol fractionation of lignocellulosic material can be carried out without or
with the addition of catalysts. In non-catalyzed (auto-catalyzed) methanol frac-
tionation of lignocellulosic material, the cooking liquor becomes acidified due to
the acetic acid released from the feedstock. In catalyzed processes, the liquor can
be acidic, neutral or alkaline depending on the nature of the additives employed.
During acid ethanol fractionation process, lignin is mainly dissolved by
cleavage of a-aryl ether and arylglycerol-b-aryl ether bonds in the lignin macro-
molecule [146]. Whereas the cleavage of b-aryl ether bonds occurs to a lower
extent [147]. The cleavage of ether bonds gives rise to new phenolic hydroxyl
groups in lignin.

Some lignocellulosic materials, such as wheat straw [148], Eucalyptus globulus
[134, 135] and poplar [149] can be delignified by methanol/water without the
addition of catalyst. The optimum conditions result in pulps with a high yield and a
low kappa number and an acceptable viscosity. By the addition of sulfuric acid as a
catalyst, black cottonwood can be delignified in 70% methanol at temperatures
ranging from 130 to 210�C. In a typical reaction, pulp with a high yield of 47%
and a low kappa number of 8 was obtained in 3 h. The recovered lignin had a high
molecular weight, indicating it was a potential chemical feedstock [150]. Aspen
(Populus tremuloides) and black cottonwood (Populus trichocarpa) have been
fractionated in 30–70% methanol catalyzed with H2SO4 and H3PO4 at pH lower
than 3 [151]. After the pretreatment, glucomannan and arablnogalactan were
dissolved into liquor and were easily digested by enzymes. The total yields of
hydrolysis residues ranged from 40 to 60%, which generated 70–88% of the
original six-carbon sugars contained in the wood by further enzyme hydrolysis.

Miscanthus x giganteus was pulped in the alkaline-methanol-anthraquinone
process to prepare pulp for thermoplastic composite reinforcement [136]. Under
the optimum conditions, methanol concentration 10% (v/v), alkaline concentration
15%, pulping time 25 min, pulping temperature 170�C, the produced pulp had a
high thermally stable temperature of 255�C and an aspect ratio of 40, a straightness
of 95% and high tensile strength of 890 MPa. The obtained pulp with good
strength and thermal properties was an attractive low-weight and low-cost sub-
stitute for short glass fiber.
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11.5.2 Ethylene Glycol

Ethylene glycol solution allows to fractionation of agricultural crop residues into
pulps and valuable by-products. Many no-wood materials, such as vine shoots,
cotton stalks, leucaena (Leucaena leucocephala) and tagasaste (Chamaecytisus
proliferus) [152, 153], palm oil tree residues [140] as well as waste newspaper
[154], were subjected to ethylene glycol fractionation or pulping to obtain pulp or
cellulose-rich fraction for the production of ethanol. In addition, ethylene glycol
was used as modifying agents in soda [141] and kraft puilping [155], aimed at
improving physical and mechanical properties of the paper sheets.

A new process has been designed to fractionation of agricultural crop residues
(palm oil empty fruit bunches—EFB) for the production of pulp, lignin and he-
micelluloses [140]. The obtained EFB organosolv pulp was used to produce paper,
and the final properties of the resulting paper sheets were improved after refining.
The black liquor showed a pH of 5.8 and a lower ash content, indicating that this
liquor was easy to be treated in the subsequent stage to recover the by-products
and energy. The obtained lignin with high proportion of low molecular weight
lignin was claimed to be applicable as an extender or as a feedstock for the
synthesis of phenol–formaldehyde resins. The solvent and by-products recovery
was simulated based on 1,000 kg/h of dry raw material and solvent input flow rate
7,000 kg/h with a liquid/solid ratio of 7 (Fig. 11.4). Lignin was precipitated by
adjusting pH to 2 with acidified water, and ethylene glycol was recovered by
multiple distillations. By simulation with commercial software (Aspen Plus), 91%
of the ethylene glycol exiting in the digester was recovered, and 88% water was
obtained and recycled. In a proposed recovering scheme, lignin and sugar
recoveries accounted for 22% and 35% of the original lignin and sugar in the
feedstock were achieved, respectively.

11.5.3 Ethanolamine

With the addition of ethanolamine into alkaline pulping liquor, delignification was
improved due to the increase of cleavage of b-O-4 ether linkages and decrease of
condensation of lignin [156]. This ideal has been realized in pulping of olive wood
trimmings [157]. Under the optimal conditions, i.e., 15% ethanolamine concen-
tration, 7.5% soda concentration and liquid to solid ratio of 4 at 195�C for 30 min,
pulp was produced with acceptable yield and viscosity.

In addition, ethanolamine can be used as a cooking agent at a high concen-
tration without the addition of alkali, and this pulping process was applied to oil
palm EFB, rice straw [158–160] and hesperaloe funifera [161]. A comparison of
pulping of EFB with ethyleneglycol, diethyleneglycol, ethanolamine and dietha-
nolamine suggested that pulp obtained by using ethanolamine exhibited the best
properties [158]. With regard to yield, kappa number and brightness, the properties
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of EFB ethanolamine pulp were comparable to those of kraft pulp from holm oak
or eucalyptus wood. In addition, this process can be operated under a lower solvent
concentration, temperature and time, with reduced energy and immobilized capital
costs.

11.5.4 Acetone

Cellulosic materials can be partially or totally hydrolyzed in acetone solution with
the addition of small amounts of acidic catalysts. The hydrolysis process can be
operated at 145–228�C with 70–100% acetone [162]. In a high concentration
acetone solution, the formation of stable complexes with sugars can prevent the
degradation of the material. The produced lignin and sugars were claimed to be
commercially useful products. By using acetone fractionation process, wood or
delignified pulps can be converted into saccharified feedstock to produce pento-
sans and hexosans followed by sugars. It has been patented that lignocellulosic
material can be cooked at 180–200�C with 60–70% (v/v) acetone containing
0.02–0.25% phosphoric, sulfuric or hydrochloric acids as a catalyst [163]. After
the fractionation, a high purity of glucose fraction was obtained with the pre-
dominately cellulosic material, whereas mixed pentose and hexoses were produced
when applying the whole wood as a feedstock.

Acetone pulping of wheat straw [164–166] and Eucalyptus [167] has also been
reported. For instance, a treatment using a temperature of 180�C, an acetone
concentration of 40%, a cooking time of 60 min and 1,750 beating revolutions,

Fig. 11.4 Process of solvents and by-products recovery stages of ethylene glycol fractionation [140]
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resulted in pulp with similar or even better properties than those for soda pulp. It
was claimed that the advantages that the process was less contaminating since the
acetone was easy to be recovered and that the dissolved liquor rich in lignin had
great potential use in the production of new materials. In addition, acetone has
been used in mixtures with formic acid [168], ethanol [169] and the mixtures of
them [170]. Furthermore, oxygen delignification can be modified to oxygen–
acetone delignification process. For instance, oxygen delignification of cotton-
wood in acetone/water solutions (60/40, v/v) was evaluated with respect to pulping
conditions as well as delignification kinetics [171, 172].

Recently, acetone organosolv fractionation of wheat straw has been studied to
produce sugars and lignin [139]. The optimal conditions, i.e., 50% acetone for 1 h
at 205�C, resulted in 82% hemicelluloses degradation, 79% delignification and
93% cellulose recovery. It has been shown that the acetone process improves the
enzymatic hydroablity. After the fractionation pretreatment, a high glucose con-
version yield up to 87% was achieved as compared to 16% for the untreated wheat
straw. In another report, Pinus radiata D. Don was subjected to acetone pre-
treatment. A higher ethanol yield of 99.5% was achieved under the pretreatment
conditions below: 50% acetone, pH 2.0, 195�C and 5 min [138].

11.5.5 Dimethyl Formamide

Dimethyl formamide (DMF), with a high selectivity to delignification, was used as
a solvent for pulping. Many lignocellulosic materials, such as bagasse [144, 173],
wheat straw [143], rich straw [174] and canola stalks [175], have been subjected to
pulping in this context and the main operation parameters (time, temperature
concentration, liquid to wood ratio, etc.) were optimized.

DMF pulping has many advantages such as obtained pulp with more hemi-
celluloses, less cellulose degradation, high yield, low residual lignin content, high
brightness and good strength. The pulp produced was easy to be bleached and the
yield after bleaching was higher than the yield of kraft pulp [173]. For example,
pulps with high mechanical properties comparable to kraft pulp were produced
under such conditions, i.e., at 210�C for 150 min with 50% DMF [143].

The relatively high selectivity of acetone fractionation process is ascribed to the
unique chemical mechanism. In most organosolv fractionation processes, protic
solvents (such as alcohols with the addition of acids or bases) result in the main
delignification and degradation of carbohydrate under certain conditions.
However, in an aprotic DMF solvent, the main and only reaction during frac-
tionation process is delignification. The reaction results in the cleavage of car-
bohydrate-lignin ether linkage and hydrolysis of b-O-4 and a-O-4 bonds of lignin
to form small fragments of lignin. In addition, DMF plays an important role in
protecting carbohydrates [173, 176].

It should be noted that other than the organic solvents mentioned above, phenols,
esters, ammonia, amines, formamide, dioxane, etc., have also been used to
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fractionation of a variety of lignocellulosic materials, but these processes are mainly
investigated to production of pulps in a laboratory scale presently [2, 4, 13].

11.6 Concluding Remarks

Organosolv fractionation is considered to be an environmentally friendly process
to afford substantially cellulose, hemicelluloses/degraded sugars and lignin for
further process that is specific to each component. After organosolv fractionation,
the recalcitrance of lignocellulosic material is destroyed to some extent regarding
cellulose crystallinity, degree of polymerization, lignin structure, lignin removal,
hemicelluloses solubilization, etc. The obtained cellulosic residue is an enzyme
hydrolyzable substance for the production of biofuels. In addition, it can also be
converted into pulp for the production of paper, silk and other modified products
through further process. The efficient degradation and dissolution of lignin in
organic solvents allow the highly selective delignification of lignocellulosic
material without the addition of large amounts of inorganic catalyst. Due to the
mild conditions in the extraction process, the lignin dissolved in the liquor is easy
to be recovered without complicated purification schemes. The obtained sulfur-
free organosolv lignin is an ideal renewable and alternative feedstock for a variety
of petrochemical-based chemicals and materials, which have great potential
markets as well as high value applications. The dissolved carbohydrates, furfural
and HMF, can also be served as feedstocks for some chemicals and polymers.
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