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Abstract: The combined production of the most abundant agricultural residues in Spain (viz. cereal straw, sunflower 
stalks, vine shoots, cotton stalks, olive, orange and peach tree prunings, and horticultural and related residues) amounts to 
over 50 million tons per year, more than 20% of which is generated by Andalusia alone. 

Agricultural residues must be disposed of for various reasons including the facts that they promote contamination and pest 
growth, occupy large expanses of land and hinder agricultural work. Ideally, the disposal method used should allow their 
major components (cellulose, hemicellulose and lignin) or their chemical potential energy to be exploited.  

Agricultural residues can be valorized by converting their components jointly (combustion, pyrolysis, gasification, lique-
faction) or separately (fractionation).  

The most useful method for exploiting such components separately involves isolating cellulose fibres for papermaking 
purposes. In recent times, this valorization method has led to the development of the biorefining concept. Biorefining in-
volves the fractionation or separation of the different lignocellulosic components of agricultural residues with a view to 
their integral exploitation rather than the mere use of cellulose fibre to obtain paper products. 

Biorefining replaces the classical pulping methods based on Kraft, sulphite and soda reagents with a hydrothermal treat-
ment followed by organosolv pulping. The hydrothermal treatment provides a liquid phase containing hemicellulose de-
composition products [both oligomers and monomers (glucose, xylose, arabinose)] and a solid phase rich in cellulose and 
lignin. By contrast, the organosolv process gives a solid fraction (pulp) and a residual liquid fraction containing lignin and 
other useful substances for various purposes. 
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INTRODUCTION 

 Agricultural residues are highly abundant in Spain (par-
ticularly in the Andalusian region). The annual production of 
the major residues in the country (viz. cereal straw, sun-
flower stalks, vine shoots, cotton stalks, olive, orange and 
peach tree prunings, and horticultural and related residues) is 
estimated to exceed 50 million tons of which more than 20% 
is generated in Andalusia [1]. 

 Agricultural residues consist mainly of cellulose and lig-
nin, which jointly account for 85–90% of their dry matter 
content; the remaining 15–10% includes fat, wax, ash, sim-
ple sugars, starch, essential oils, pectins, gums and tannins, 
among other substances [2]. The body of cellulose materials 
present in these residues is known as “holocellulose” and 
includes three fractions ( -cellulose, -cellulose and -
cellulose, the combination of the latter two being referred to 
as “hemicellulose”). 

 Table 1 shows the production of various agricultural 
products in Spain and Andalusia over the period 2005–2007  
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[1]. If the production figure for each product is assumed to 
be similar to the amount of residues it generates, then the 
combined production of residues of the major crops in Spain 
can be estimated to be in the region of 50 million ton each 
year and that in the Andalusian region alone about 10 mil-
lion. 

VALORIZATION OF AGRICULTURAL RESIDUES 

 Agricultural residues must inevitably be disposed of in 
order to avoid contamination, pest growth, occupying large 
expanses of land and hindering agricultural work. Residues 
can simply be eliminated to avoid these problems or ex-
ploited for specific components or their chemical potential 
energy. Obviously, the latter choice is to be preferred since, 
at the very least, it can reduce disposal costs or even yield 
some profit. 

 Agricultural residues can be exploited by separating their 
components in order to obtain cellulose fibre for making 
pulp and paper. Also, they can be used to extract other com-
ponents such as sugars or starch, which have a much lesser 
economic significance. Recently, however, a new trend to 
the integral exploitation of lignocellulosic materials (agricul-
tural residues included) has developed and led to their 
“biorefining”, which involves the fractionation or separation 
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into their components with a view to their individual exploi-
tation rather than the mere use of part of their cellulose to 
obtain paper with a classical (Kraft, sulphite, soda) pulping 
method. The fractionation of lignocellulosic materials by 
thermal treatment in an aqueous medium (a hydrothermal 
treatment) and their processing in an organic solvent (an 
organosolv process) have been the subject of some study [3]. 

 Fig. (1) depicts various procedures for valorizing agricul-
tural residues by transforming their components without a 
prior separation [4]. This requires subjecting the residues to a 
series of physical operations (downsizing, classification, 
drying, agglomeration) intended to facilitate subsequent 
processing. Once conditioned, the lignocellulosic materials 
in agricultural residues can in fact be efficiently subjected to 

physico–chemical and biochemical valorization treatments. 
The former, also known as “thermal” or “dry” treatments, 
involve high temperatures and require the use of sophisti-
cated equipment operating during short processing times. On 
the other hand, biochemical (wet) processes use low tem-
peratures, simple equipment and long processing times. The 
physico–chemical processes used in this context include 
combustion to generate heat; gasification to obtain synthetic 
or combustion gases; pyrolysis to obtain gases, liquids, sol-
ids and various chemicals; and liquefaction to produce liquid 
fuels. The biochemical processes give bioalcohol (as fuel), 
biogas (burning gas) and single-cell protein (animal feed-
stuff). 

Table 1. Annual Production of Various Agricultural Products in Spain and Andalusia (in Thousands of Tons/Year) 

Agricultural product Area Year 2005 Year 2006 Year 2007 

Wheat Andalusia 

Spain 

708.1 

4026.7 

1732.5 

5575.8 

1530.1 

6376.9 

Barley Andalusia 

Spain 

50.2 

4626.0 

265.0 

8318.4 

323.6 

11684.0 

Oats Andalusia 

Spain 

36.8 

542.1 

146.2 

922.6 

175.2 

1274.2 

Maize Andalusia 

Spain 

582.6 

8025.3 

330.9 

7501.0 

262.8 

3647.9 

Rice Andalusia 

Spain 

326.8 

824.1 

210.1 

746.1 

172.4 

701.3 

Potato Andalusia 

Spain 

249.2 

2100.1 

175.0 

2054.6 

172.2 

2049.4 

Cotton Andalusia 

Spain 

338.0 

343.8 

139.7 

141.2 

123.7 

125.2 

Sunflower Andalusia 

Spain 

155.0 

381.3 

248.7 

606.8 

367.3 

743.4 

Tomato Andalusia 

Spain 

1439.5 

6524.8 

749.2 

4389.3 

618.5 

3696.0 

Strawberry Andalusia 

Spain 

307.0 

320.8 

321.3 

333.5 

253.0 

263.9 

Onion Andalusia 

Spain 

121.1 

1006.0 

148.2 

1115.2 

169.4 

1176.5 

Orange Andalusia 

Spain 

1180.3 

5107.3 

1432.4 

6554.2 

1282.3 

5444.5 

Peach Andalusia 

Spain 

133.3 

1260.9 

173.2 

1255.6 

150.0 

1149.7 

Grape Andalusia 

Spain 

235.6 

6053.0 

244.5 

6401.5 

258.5 

6013.0 

Olives Andalusia 

Spain 

3116.2 

4021.7 

4544.6 

5472.5 

4790.7 

5787.6 
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FRACTIONATION OF AGRICULTURAL RESIDUES 

 The processes currently used to valorize agricultural resi-
dues fractionate their individual components in order to re-
cover those with the highest interest. This is made difficult 
by the inability to efficiently isolate cellulose, hemicellulose 
and lignin without degrading their chemical structure. The 
most widely used fractionation methods are based on the 
following principles: 

(a) Conventional pulping, which isolates the cellulose frac-
tion to obtain pulp for papermaking purposes or as the 
source of various chemicals. 

(b) Dissolution of lignin in an organic solvent (an organosolv 
process) in order to obtain a lignin-rich liquid fraction 
and a cellulose-rich solid fraction that are used to pro-
duce lignin and cellulose pulp, respectively. 

(c) Hydrothermal treatment, which provides a liquid fraction 
rich in hemicellulose degradation products mainly and a 
solid fraction essentially consisting of -cellulose and 
lignin. 

Conventional Pulping 

 Fig. (2) shows a simple, general flow chart for the pulp-
ing process [3, 5]. The chart includes some operations that 
are not always needed (debarking and/or demarrowing of the 
raw material) or used (purifying, cleaning and/or bleaching 
of the pulp). Also, cooking, disintegration and washing can 
usually be done with the same equipment as impregnation of 
the raw material and drainage of spent or residual cooking 
liquor. 

 By contrast, storage of the raw material is unavoidable 
since residues are usually collected over short periods (par-
ticularly in the case of agricultural residues) and processed 
over much longer ones in order to exploit the processing 
facilities throughout the year. Residual moisture is the most 
influential among storage-related variables and should in 
theory be as low as possible in order to facilitate conserva-
tion of the raw material; however, this requires a substantial 
energy investment, so an acceptable compromise between 
storage at a low and a high moisture level must usually be 
made. Deterioration of agricultural residues by effect of 
moisture usually takes the form of fungal, bacterial and yeast 
growth above some moisture levels and leads to the forma-
tion of acid enzymes capable of attacking lignocellulosic 
materials and causing hydrolysis of their carbohydrates and, 
to a lesser extent, oxidation of lignin [2]. This entails keep-
ing the moisture content of stored agricultural residues below 
specific levels in order to minimize development of mi-
crobes. There is practical evidence that agricultural residues 
should be stored at a relative humidity not exceeding 45–
55% [6]; however, wetting the raw material has proved effi-
cient in blocking access to active sites available for oxygen 
to interact with microbes, which occurs at temperatures from 
20 to 40 °C [2]. The raw material can be stored in various 
formats including long and short wood pieces, chips or even 
sawdust. Storing large amounts of raw material can require 
substantial investments in circulating capital; also, the need 
to maintain the storage facilities can raise labour costs and 
both factors in combination can detract from profitability. 

 The cutting operation is required when the raw material 
reaches the factory as logs. Debarking is needed for ligneous 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (1). Valorization of agricultural residues without separation of their components. 
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plants since bark consumes large amounts of cooking rea-
gents and contains impurities that can pass into pulp and 
hinder efficient purification, ultimately leading to paper of 
poor quality. Many agricultural residues come from marrow 
plants and require demarrowing for the same reason as oth-
ers require debarking. Both operations are usually cumber-
some and expensive as they use friction machines and hy-
draulic treatments based on cutting blades and chemicals [2]. 

 The milling or chipping, classification or sieving and 
cleaning or purifying operations give chips of appropriate 
size and containing none of the extraneous substances fre-
quently accompanying the raw material (e.g. wires, strings, 
plastic, grains, sand, dust) [5,7]. 

 Impregnation of the raw material involves soaking it in 
the pulping reagents in order to facilitate access to chip sur-
faces. The need for impregnation increases with increasing 
chip size and compaction of the raw material. The operation 
is completely unnecessary for properly chipped materials 
and some agricultural residues [5]. When needed, it is per-
formed in appropriate vessels�occasionally, in the cooking 
reactor itself. 

 Cooking the raw material involves isolating cellulose 
fibres from the lignin fibres to which they are bound by us-
ing a mechanical or chemical procedure, or a combination 

thereof. This produces mechanical, chemical and semi-
chemical pulp, respectively. Mechanical procedures use the 
mechanical energy of a mill or refiner to release cellulose 
fibres without the need for any chemicals; although the pulp 
is typically obtained in a high yield, it contains some lignin 
by effect of fibre release being incomplete. In some cases, 
the use of steam or a highly diluted reagent facilitates soften-
ing of the lignin, but never its complete removal. The result-
ing pulp is termed stone-mill, refiner, thermomechanical, 
chemomechanical or chemothermomechanical pulp [3]. 
Chemical cooking procedures use chemicals to dissolve or 
degrade lignin to an extent allowing the release of cellulose 
fibres by using very little mechanical energy. Pulp yield is 
low and the raw material inefficiently exploited as a result. 
In fact, after the chemical action of the reagent is exhausted, 
the material chips may require disintegration in a mill or 
refiner in order to release individual cellulose fibres �in 
some cases, however, simply lowering the pressure to atmos-
pheric level can suffice for this purpose. Specially prominent 
among chemical cooking processes are those based on sul-
phate (Kraft), sulphite and soda reagents, and those using an 
organic solvent [8, 9]. 

 A pulp yield in between those of mechanical and chemi-
cal pulp can be achieved by using milder conditions than in 
chemical pulping processes in order to lessen lignin degrada-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (2). Pulping of lignocellulosic materials. 
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tion; an additional, mechanical treatment is usually needed to 
obtain semi-chemical pulp. The chemical treatment used in 
semi-chemical pulping processes differs from the chemical 
pretreatment employed in mechanical processes; thus, the 
latter is intended simply to soften the lignin, whereas the 
former is additionally intended to remove it in part. A num-
ber of semi-chemical pulping processes now exist that use 
various reagents including sulphate, sulphite and sulphur-
free chemicals [2, 7]. 

 Residual cooking liquor is separated by filtration prior to 
washing of cellulose fibre with water or, occasionally, fresh 
liquor. Some types of pulp require additional filtration or 
draining in order to remove as much washing liquid as pos-
sible [5]. 

 Pulp purification removes impurities, whether heavier or 
bulkier than the fibres, by using a cyclone, centrifuge, sieve 
or screen [2]. 

 Finally, bleaching the pulp removes some of its compo-
nents and/or alters others by using one or more chemical 
reagents in one or several steps. High-yield pulp (mechanical 
and semi-chemical pulp, mainly) should only be altered as 
regards chromophoric groups in lignin in order to avoid yield 
losses. The use of peroxides, hydrosulphites or ozone in a 
single step results in fairly low pulp brightness. All types of 
chemical pulp, and some of semi-chemical pulp, require 
higher brightness that can only be achieved by using multi-
step bleaching sequences. The increasing pressure to reduce 
pollution that has developed over the last few decades has 
fostered the development of new, totally chlorine-free (TCF) 
bleaching sequences using oxygen, ozone or hydrogen per-
oxide for this purpose [2, 3]. 

Organosolv Pulping 

 The steady growth of environmental concern in devel-
oped countries must be reconciled with their increasing de-
mand for pulp. This need has led researchers to find alterna-
tive raw materials such as agricultural residues and also to 
develop new, organosolv pulping processes. Organosolv 
processes use sulphur-free reagents and low-output facilities 
to obtain high-quality pulp and paper products in high yields 
at a low cost. In addition, they are highly efficient in using 
raw materials and afford the obtainment of a number of by-
products as a result [8-12]. 

 Organosolv processes only started to challenge the su-
premacy of traditional chemical pulping processes after the 
1970s, when they emerged as effective choices for overcom-
ing some of their traditional problems (e.g. off odours, low 
yields, high pollution, large investments, and high water, 
energy, raw material and reagent consumption). The earliest 
organosolv processes were simply modified versions of pre-
vious classical processes but soon gave way to new, sulphur-
free treatments. These processes posed new problems such 
as the difficulty of recovering the reagents and the polluting 
nature of the effluents. The actual usefulness of organosolv 
processes as alternatives to the classical processes was as-
sessed and the former found to ensure integral exploitation 
of the raw material, so much so that they were regarded as 
the means to obtain hydrolysable cellulose, lignin phenol 
polymers and sugars rather than as pulping processes proper. 
In the 1990s, the Kraft process still defied competition from 

all others; however, its environmental unfriendliness, high 
investment costs and low profitability on the small and me-
dium scales fostered a search for new pulping processes not 
only avoiding their problems but also allowing integral use 
of the raw materials in order to obtain various substances of 
interest in addition to cellulose pulp. This is how so-called 
biorefining of lignocellulosic materials was born. Finally, a 
new line of research was started in the mid-1990s towards 
the efficient delignification of alternative raw materials such 
as agricultural residues by organosolv pulping [8, 9]. 

 Fig. (3) depicts a typical organosolv process. As can be 
seen, the raw material is added jointly with recycled organic 
solvent and the fresh solvent�which is intended to replenish 
any solvent lost during the recovery operation�and additives 
to the cooking reactor. After a preset processing time, the 
reactor contents are unloaded into a washer in order to sepa-
rate a solid fraction (the pulp) and a liquid fraction contain-
ing the black liquor [viz. solvent plus dissolved products 
(lignin, mainly)] and the washing agent. Then, the liquid 
fraction is used to isolate lignin, sugars and the solvent, the 
last being recycled to the cooking reactor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (3). Fractionation of lignocellulosic materials with organic 
solvents. 
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sole organosolv reagents employed on the pilot plant and 
industrial scales. Also in wide use at present are the ASAE, 
Organocell, ASAM, ASAE, NAEM and IDE processes [8]. 

 The greatest shortcoming of organosolv processes are 
their poor performance in the production of quality paper 
from softwood materials�in fact, they can only compete with 
the Kraft process in this respect for the production of low-
grade paper and board�and the potential problems encoun-
tered in pulping hardwood, according to the considered spe-
cies�some plant species can result in a high reject rate and 
poor yield, and require a large amount of refining energy or 
drastic bleaching. 

 The Alcell process, which uses ethanol in a 50 vol% pro-
portion, is one of the best known among those using an alco-
hol and no catalyst [8, 13]. Its operating conditions are a 
temperature in the region of 195 °C, a processing time of 60 
min and a liquid/solid ratio of 6:1 to 7:1. The process is es-
pecially suitable for hardwood but has provided also good 
results with alternative raw materials such as bagasse and 
cereal straw albeit with some problems arising from the 
presence of large amounts of silica in both. Alcell pulp con-
tains more -cellulose and less hemicellulose than does Kraft 
pulp; by contrast, it is obtained in higher yields and loses less 
hemicellulose during refining. In addition, it has a lower 
reject rate as the likely result of the low viscosity of the 
mixed ethanol–water solvent facilitating access to chip fi-
bres. The Alcell process is more economical than the Kraft 
process. Also, Alcell pulp is easily delignified with oxygen 
(the Kappa number is reduced by up to 70%) with little loss 
of viscosity �Kraft pulp can lose up to 50% under identical 
conditions. The brightness of Alcell pulp is competitive with 
that of conventional pulp. Also, the Alcell process gives no 
off-odours; produces reduced amounts of effluents and pol-
lutants; yields byproducts of a higher quality and in greater 
amounts; is more efficient in using raw materials; can be 
more readily applied to smaller amounts of raw material and 
implemented on a smaller scale than the Kraft process; and 
uses less energy than the classical process. However, it has 
some disadvantages. Thus, it is inapplicable to softwood, 
subject to increased production costs by effect of the high 
price of ethanol and the reagents needed to recover the target 
byproducts, and uses more energy than the Kraft process. 
Some of these disadvantages, however, are offset by the ad-
ditional profit resulting from byproduct sales. 

 Hardwood can be pulped without a catalyst. Some plant 
species, however, require a physico–chemical pretreatment 
and several cooking steps in order to ensure efficient delig-
nification and a high yield. On the other hand, pulping soft-
wood invariably requires using a catalyst. Thus, the patented 
process of Paszner and Cho uses a magnesium salt in addi-
tion to the alcohol [14]. One other pulping process involving 
a catalyst is that based on the sodium–bicarbonate–water 
system and methylanthraquinone as catalyst, which have 
been applied to some poplar varieties. With softwood, the 
yield and lignin content of the pulp can be increased relative 
to leafy wood by replacing the bicarbonate with oxalic acid; 
however, using propanol instead of ethanol leads to poorer 
results [8]. 

 The MD Organocell process, which uses ethanol and 
soda, is a complement, but not a competitor, for the Kraft 
process, which it can replace in countries having no Kraft 

pulping facilities [15]. Unlike the Alcell process, the MD 
Organocell process is applicable to softwood, the resulting 
pulp having better strength-related properties than Kraft 
pulp. Also, it can be applied to mixtures of softwood and 
hardwood, but this requires recovering the soda in addition 
to the alcohol. 

 The Organocell process involves a second step with an-
thraquinone in addition to the first (methanol and soda). 
Typically, the operation conditions are 17–20% sodium hy-
droxide, 0.1% anthraquinone, 5–30 vol% methanol, a liq-
uid/solid ratio of about 4:1, a temperature of 155–170 °C and 
a processing time of 60–120 min [13]. This process has also 
been applied to alternative raw materials including wheat 
straw and amaranth [16]. 

 One other widely used organosolv process is ASAM 
(alkaline sulphite–anthraquinone–methanol), which 
combines the action of soda, sulphite, anthraquinone and an 
alcohol. The process uses a chemical load of 15–25% 
sodium hydroxide, an alkali (Na2SO3/NaOH/Na2CO3) 
proportion of 85:15–70:30, 0.05–0.1% anthraquinone, 15–30 
vol% methanol, a liquid/solid ratio of 3:1 to 5:1, 
temperatures of 170–180 °C and processing times of 60–150 
min [13]. The results are similar to those of the Kraft process 
in terms of paper strength and to those of the sulphite 
process as regards brightness. The ASAM process has some 
advantages over the Alcell and Organocell processes (e.g. 
Alcell paper has better breaking length, however). Also, 
Alcell pulp is comparable to Kraft pulp in many respects, 
uses the same types of facilities and reagents as the sulphite 
process�in addition to dedicated equipment to recover 
methanol, and provides cleaner, brighter raw pulp [17]. 
However, it has some disadvantages such as the need for 
high pressures and temperatures, larger capital investments 
and greater amounts of sodium sulphite; and more 
complicated reagent recovery, which requires a methanol 
recovery system and an appropriate unit to convert sulphides 
into sulphites [8].  The ASAE process is a variant of the ASAM process 
which replaces methanol with ethanol. Its optimum operating 
conditions for pulping pine wood, for example, are 20% sul-
phite, 50% ethanol and a processing time of 150 min at a 
high temperature. The resulting yield, viscosity, brightness 
and mechanical properties are all better�breaking length ex-
cepted� than those of Kraft pulp [18]. This process has been 
applied to cotton stalks [19]. 

 Although the ASAM, ASAE and Organocell processes 
are efficient in delignifying both hardwood and softwood, 
they are confronted with the difficulty of recovering the rea-
gents, which is as complex as in the Kraft process and even 
more so than in the Alcell process. On the other hand, these 
processes release no sulphur compounds and are thus more 
environmentally benign than the Kraft process. Finally, the 
resulting pulp is brighter and amenable to bleaching with a 
totally chlorine-free (TCF) sequence. 

 The NAEM process is suitable for both softwood and 
hardwood, as well as for sugarcane bagasse. It uses methanol 
as solvent and an alkaline-earth salt as catalyst, and produces 
pulp with a small Kappa number and moderate viscosity. An 
appropriate post-cooking treatment, however, allows yield, 
viscosity and various other properties to be improved in rela-
tion to Kraft pulp. In fact, the outcome of the NAEM process 
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clearly surpasses those of various others (ethanol, soda–
ethanol, phenol–hydrochloric acid, cresol, ester, ASAM) [8]. 
There have been some NAEM trials at high pressures [20]. 

 The IDE process involves three consecutive steps (im-
pregnation with concentrated sodium carbonate, cooking 
with ethanol and extraction with an ethanol–water mixture) 
and has so far been applied to both hardwood and softwood, 
as well as to cereal straw and other alternative raw materials 
[8, 21, 22]. 

 Other organic solvents widely used for cooking purposes 
include low-molecular weight organic acids, which are the 
basis for the Acetocell, Milox and Formacell processes. 

 The Acetocell process uses acetic acid in combination 
with hydrochloric or sulphuric acid as catalyst [23]. It is 
suitable for both hardwood and softwood, and also for ba-
gasse and annual plants. Some variants use acetic acid–
water, acetic acid–carbon dioxide or acetic acid–water–
carbon dioxide mixtures under supercritical conditions [24]. 
The process has also been applied to alternative raw material 
such as rice straw at atmospheric pressure [25]. 

 Pulping hardwood with formic acid has the advantage of 
a low solvent cost and the ability to use of low pressures and 
temperatures [26]. The acid has been used to cook various 
alternative raw materials [27, 28]. The Milox process uses 
peroxyformic acid, which forms spontaneously upon mixing 
formic acid in a 80% proportion with hydrogen peroxide 
[28]. This process is especially effective for delignifying 
birch wood in three steps: treatment with peroxyformic acid 
at 80 °C, treatment with formic acid at 100 °C and bleaching 
with hydrogen peroxide to achieve 90% ISO brightness [29]. 
The mechanical properties of the resulting pulp are essen-
tially identical with those of Kraft pulp; softwood, however, 
provides poorer results with the Milox process. The greatest 
shortcoming of this process is that distilling the reaction 
mixture to recover the solvent provides an azeotrope contain-
ing a 78% concentration of formic acid, which is inadequate 
for recycling. The Milox process has been applied to ba-
gasse, rice straw and other alternative plants [30-33] in addi-
tion to wood raw materials. 

 The Formacell process uses a mixture of acetic acid, wa-
ter and formic acid [34]. Its application to beech, pine and 
poplar wood provides pulp with a small Kappa number. The 
process has been used with alternative raw materials [32, 
33]. Acetic acid containing sulphuric acid and a phenol has 
provided good results with birch wood [35]. Finally, the 
Formacell process has also been implemented with super-
critical mixtures of acetic acid, carbon dioxide and water 
[24]. 

 Dimethylformamide has been increasingly used since 
recently in the pulping of alternative raw materials [36-38]. 

 Some high-boiling organic solvents such as ethanola-
mines and ethyleneglycols [9] are especially interesting in 
this context as they can be used under milder (Kraft-like) 
conditions than the previous alcohols and organic acids. 
These cooking solvents have so far been applied to empty 
fruit bunches (EFB) [39, 40], rice straw [41], olive prunings 
[42, 43], vine shoots [44-46] and cotton stalks [45]. 

 Other organic solvents including phenols, glycols, esters, 
acetone, ammonia, amines, formamide, dimethylformamide 

and dioxane have also been used in organosolv processes. 
For example, rice straw has been cooked with phenol, acetic 
acid, formic acid, formaldehyde and acetone [9]. 

Hydrothermal Treatment 

 One of the ways of fractionating lignocellulosic materials 
is by hydrothermal treatment or autohydrolysis, both of 
which facilitate depolymerization of hemicellulose (see Fig. 
4). These treatments provide an aqueous fraction of hemicel-
lulose containing xylo-oligosaccharides and monosaccha-
rides (xylose, glucose, arabinose) [47–49], and a solid resi-
due consisting largely of cellulose and lignin amenable to 
pulping. The solid reside can be pulped with a classical or 
organosolv procedures. The latter have the advantage that 
they additionally facilitate the isolation of lignin and its use 
as a source for a wide variety of chemicals, some with a high 
added value [3, 50–52]. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig. (4). Fractionation of lignocellulosic materials by hydrothermal 
treatment. 

 Hydrothermal treatments can be implemented in various 
ways. One specially interesting method is steam explosion: 
following autohydrolysis, the raw material is subject to 
abrupt depressurization in order to evaporate water contained 
in its fibres and facilitate disaggregation of the lignocellulose 
matrix [50]. 
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 Hemicellulose undergoes autohydrolysis at temperatures 
above 150–250 °C in an aqueous medium. Under these con-
ditions, the autoionization of water produces protons that act 
as catalysts for the autohydrolysis process by attacking ace-
tyl groups present in ester form in hemicellulose hetero-
polymers and causing the release of acetic acid as a result. 
The acid provides up to one million times more protons than 
water; therefore, water protons contribute very little to the 
hydrothermal treatment once the acid is formed. In addition 
to completely or partially dissolving hemicellulose, the proc-
ess causes its efficient transformation into oligosaccharides 
and monosaccharides with a variety of potential uses. 

 Other less significant reactions occurring during the 
treatment include the formation of compounds such as fur-
fural from pentoses and 5-hydroxymethyl-2-furfural (HMF) 
from hexoses; production of carbon dioxide by decomposi-
tion of carboxyl groups in uronic acids; condensation of un-
stable molecules acting as reaction intermediates; decompo-
sition, under drastic conditions, of acid-sensitive products 
such as furfural or HMF into formic and levulinic acids; and 
condensation of various substances with lignin [53-55]. 

 An autohydrolysis treatment has some advantages over 
acid hydrolysis, namely: greater operational simplicity; a 
reduced environmental impact as a result of the absence of 
acid neutralization sludge; and the ability to subject the re-
sulting suspension to abrupt depressurization (steam explo-
sion) in order to disaggregate the lignocellulose matrix and 
facilitate subsequent processing with a view to the obtain-
ment of cellulose pulp [50]. 

 Hydrothermal treatments can be performed over a wide 
temperature range. The outcome is influenced by tempera-
ture, time, solid concentration and particle size. The tempera-
ture is always higher than 100 °C, below which no autohy-
drolysis occurs. Favouring depolymerization of hemicellu-
lose requires establishing an appropriate upper limit for this 
variable. Thus, in an weakly acidic medium, ether bonds in 
lignin start to break at 160–180 °C, whereas -cellulose de-
polymerization starts above 210 °C. The operating time can 
range from a few seconds to several hours. When using a 
relatively high temperature, the heating time (heating ramp) 
used to reach the target operating temperature can be very 
important. In some cases, the heating time can be much 
longer than the operating or reaction time; by contrast, the 
cooling time is comparatively short (the cooling rate is in the 
region of 30 °C/min) and has little influence on the results. 
The solid concentration (or solid–liquid ratio) typically 
ranges from 2 to 40 g water/g lignocellulosic material, but is 
usually set at about 10 g/g. A high solid–liquid ratio facili-
tates extraction of hemicellulose but is costly; on the other 
hand, a low ratio can initially be economical but subse-
quently result in impaired diffusion and transfer of the reac-
tion products. Also, a small particle size facilitates hydro-
thermal treatment but requires milling, which raises energy 
expenses. Typically, laboratory treatments use particles 0.5–
1.0 cm in size, and industrial and pilot-plant treatments chips 
of several centimetres. The study of the influence of particle 
size on the process has been considered by some authors [53-
55]. 

 The use of drastic operating conditions causes lignocellu-
lose to be dissolved to a large extent and hence unwanted 

products (furfural, HMF) to be produced in high proportions. 
This requires controlling a number of operating variables in 
order to maximize the content in hemicelluloses of the liquid 
fraction with a view to producing monosaccharides (xylose, 
glucose, arabinose) or oligosaccharides�both of which are 
desirable products� while minimizing the formation of deg-
radation products. The use of appropriate conditions allows 
60–85% of the total amount of hemicellulose in the raw ma-
terial to be recovered as oligosaccharides and monosaccha-
rides. The proportion of oligosaccharides invariably sur-
passes that of monosaccharides and often accounts for more 
than one half of the initial hemicellulose content. The inabil-
ity to quantitatively recover sugar oligomers and monomers 
in the liquid fraction is a result of the presence of degrada-
tion reactions (e.g. the formation of furfural and HMF), 
which develop to an extent dependent on the particular oper-
ating conditions and varying widely for the same raw mate-
rial [56-58]. 

 The ability of hydrothermal treatments to provide delig-
nifiable solid residues in addition to the liquid fraction af-
fords the additional production of cellulose pulp by integrat-
ing the recovery of sugar byproducts with pulping �as well 
as with lignin recovery if an organosolv process is used [53–
57]. 

 The liquor remaining after the autohydrolysis of lignocel-
lulosic materials consists largely of oligosaccharides and 
monosaccharides; by appropriate transformation, separation 
and purification, these sugars can be used in various fields, 
namely: agriculture (growth boosters and accelerators); ani-
mal (pet, fish) feeding; medicine (prevention and treatment 
of gastrointestinal diseases, and treatment of osteoporosis, 
otitis and hair and skin problems); human nutrition (rein-
forced foodstuffs, special food for antiobesity diets, symbi-
otic foods containing microorganisms in addition to nutri-
tional principles with healthy effects) [50]. 

 Hydrothermal treatments have been applied to various 
types of agricultural residues including vine shoots [56], 
sunflower stalks [54], rice straw [59] and legumes [57, 58]. 
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