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Biomass pretreatment (BP) plays a crucial role in a lignocellulose feedstock-based biorefinery (LCFBR) for processing of

three major output streams (cellulose, hemicelluloses and lignin) into chemicals and biofuels. BP includes processing of

lignocellulosic material (LCM) under aqueous, dilute acid or alkaline media to obtain a cellulosic fraction, which is then

fermented to produce bioethanol. Hemicellulose is usually treated as a secondary stream due to lack of efficient fermentation of

hemicellulosic sugars to ethanol. This review provides BPs assuming that hemicellulose stream should be integrated in LCFBR

as a primary fraction for converting into value-added compounds other than bioethanol. Different LCM treatments are

analyzed foreseeing bio-based products possible to obtain from hemicellulose path.
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Introduction

Biomass pretreatments (BPs) technologies1-4

(chemical, physical or biological) change/remove

structural and compositional constraints to improve

hydrolysis rate and increase yields of fermentable sugars

from cellulose. Therefore, BPs can be divided in two

groups: i) Those related to chemical and biochemical

constrains such as cellulose recovery, digestibility, by-

product/inhibitor formation; and ii) Those related to

bioprocess costs, such as, water usage and energy

efficiency. This paper reviews main advantages and

bottlenecks of currently available BP technologies,

Ne:foreseeing potential added-value products possible

to be obtained and most relevant factors, which influence

both product yield and consistency.

Biorefinery Concept

Biorefinery is an overall concept of an integrated and

diversified processing plant where biomass feedstocks

are converted into a wide range of valuable products,

much likewise to petroleum refineries. Integrated

biorefinery is a processing facility that extracts

carbohydrates, oils, lignin, and other materials from

biomass, converts them into fuels, high value chemicals

and other materials, with a zero waste approach5-10

(Fig. 1). Pulp and paper mills, corn wet and dry mills that

produce multiple products from biomass can be

categorized as biorefineries. At Mediterranean countries,

including Portugal, olive-pomace oil extraction facilities

and wine distilleries are examples of proto-biorefineries

since they produce a wide combination of food, feed and

power11.

In comparison to petroleum refineries, biorefineries

utilize a variety of feedstocks and a larger range of

processing technologies. Biomass feedstock is bulkier than

fossil fuels12. By integrating production of higher value

bioproducts into biorefinery’s fuel and power output,

overall profitability and productivity of all energy related

products are potentially improved. Increased productivity

and efficiency can also be achieved through operations

that decrease overall energy intensity of biorefinery’s unit

operations, maximizing use of all feedstock components,

byproducts and waste streams, and using scale-up

economies, common processing operations, materials, and

equipment to drive down all production costs5,7.

Biorefinery can be considered as an evolution of concepts

like “Green Chemistry” or Chemurgy6,13.
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Biorefinery Platforms

Depending on raw materials, technological processes,

and products obtained, biorefinery platforms can be

distinguished (Table 1) based on sugar (biochemical),

syngas (thermochemical), biogas, or carbon-rich chains

platforms7. Biorefinery platforms may incorporate other

processes from other platforms14 (anaerobic digestion

of fermentation effluents15, or thermochemical

transformation of lignin in sugar platform biorefinery).

Biorefinery platforms, based only on main raw

materials6,8,16 used, are: i) Lignocellulose feedstock-

based biorefinery (LCFBR) that uses nature-dry raw

material (wood, straw etc.); ii) Whole crop biorefinery

that uses cereals; and iii) Green biorefineries that use

nature-wet biomasses such as green grass, alfalfa,

immature cereal etc.

Biochemical and Thermochemical Biorefineries

Most promising emerging biorefinery platforms are

sugar (biochemical) and syngas (thermochemical)

platforms7. Biochemical platform focuses on

fermentation of sugars extracted from lignocellulosic

feedstocks. After feedstock preparation (size

reduction), conversion technologies involve three basic

steps: i) Convert biomass to sugar or other fermentation

feedstock; ii) Bioconversion of these biomass

intermediates using biocatalysts; and iii) Process

products to yield added value chemicals, fuel-grade

ethanol and other fuels, heat and/or electricity. Top value

added chemicals that can be produced in a biochemical

platform biorefinery have been identified5 (Table 2).

Economic viability of a biochemical biorefinery is highly

sensitive to feedstock cost, operating scale and

macromolecular biomass composition.

Thermochemical biorefineries focuses on gasification

(heating biomass with about one-third of oxygen

necessary for complete combustion, producing syngas),

and/or pyrolysis (heating biomass in absence of oxygen,

producing a pyrolysis oil). Both syngas and pyrolysis oil

can be used as cleaner and more efficient fuels than solid

biomass, but can also be chemically converted to other

valuable fuels and chemicals. After feedstock preparation

(drying, size reduction), conversion technologies include

feeding, conversion (gasification, pyrolysis), and product

clean up and conditioning. Hydrogen and methanol are

probably the best short-term options for several biobased

commodity chemical production since obtaining simple

alcohols, aldehydes, mixed alcohols and Fischer-Tropsch

liquids from biomass are not economically viable. Gas

cleanliness is key barrier to economic production of syngas

from biomass5. Economic viability of this type of biorefinery

is also highly sensitive to feedstock cost and operating

scale, but conversely to biochemical platform,

macromolecular biomass composition does not play such

an important role2.

Although biochemical platforms costs can be lower than

thermochemical platforms, at least in short to mid-term,

there is not yet a clear definition of what is the most

appropriate capacity for a biochemical biorefinery. Some

studies pointed out to values close to or higher than

350,000 t/y dry feedstock for ethanol-based

biorefineries15,17,18 and a supply region up to 150 km

radius19. But, if whole material could be upgraded for
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Table 1—Most common biorefinery platforms and their major characteristics

Platform Raw materials Main processes Products Development stage

Sugar (Biochemical) Lignocellulosic and Chemical and Added value chemicals Laboratory,

starch biomass enzymatic hydrolysis, (both from sugar and lignin) large scale

Fermentation, Building block chemicals pilot plant

Biotransformation, Materials (from lignin or and

Chemical and lignocellulose) commercial

catalytical processes Fuel ethanol. (sugarcane

Heat and electricity (from and starch

lignin) based)

Syngas Lignocellulosic Thermochemical Syngas Laboratory,

(Thermochemical) biomass but also processes : Pyrolysis oil large scale

plastics, rubber etc. - Gasification Added value chemicals pilot plant

- Pyrolysis Gaseous or liquid fuels

Biogas Liquid effluents Anaerobic digestion Methane and carbon dioxide Large scale

Manure (biogas) pilot plant,

Added value chemicals commercial

Carbon-rich chains Plant oils such as Transesterification Fatty acid methyl ester Commercial

(Oil) soybean, rapeseed (biodiesel),

corn, palm, and Glycerin and fatty acids as

canola oils. Animal fat platform chemicals

Table 2—Top value added chemicals derived from sugars in a biochemical biorefinery platform5
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several high value co-products (hemicellulose and lignin

fractions), total capacity to ensure economic viability can

decreases to 33,000 t/y20, which opens very interesting

opportunities to upgrade local agro-industrial

byproducts11,21. Although biochemical platform is in a

more advanced stage as compared to other biorefinery

platforms, many improvements22-27 are still needed.

Pretreatment Processes

Depending on the process and conditions used, during

pretreatment, hemicellulose sugars may be degraded to

weak acids, furan derivates and phenolics28. These

compounds may inhibit the later fermentation processes,

leading to lower yields and productivities.

Acid Hydrolysis

Acid catalyzed hydrolysis have been described as early

as 19th-century, with commercial applications from

beginning of 20th century6,29. Acid hydrolysis can be

divided in two general approaches, based on concentrated

acid/low temperature, or dilute acid/high temperature.

Concentrated Acid

Concentrated acid-based processes are very

expensive2 and cause significant operational problems4,29.

As a catalyst, sulphuric acid (H
2
SO

4
) is most commonly

used although other mineral acids [hydrochloric (HCl),

nitric (HNO
3
) and trifluoracetic acid (TFA)] have also

been assayed. Concentrated acids remove mostly

cellulose and hemicellulose, resulting in a lignin-enriched

solid phase. Polysaccharide solubilization (soluble phase)

is reached using different acid concentrations, like 72%

H
2
SO

4
, 41% HCl or 100% TFA30. HCl and TFA are

easier to recover than H
2
SO

4
. Concentrated acids allow

to operate at low/medium temperature and pressure

leading to formation of low amounts of degradation

products31. However, degradation products formation

rate is severely affected by slight changes in

temperature32, conversely what occurs in case of dilute

acid hydrolysis even at high temperatures33,34. Acid

recovery is a key step for economic viability of

concentrated acid pretreatments35, and these

neutralization costs have hampered general use of these

pretreatments. Moreover, equipment corrosion problems

are an additional disadvantage36. Nevertheless, there

seems to be a renewable interest in these processes37.

Dilute Acid

Dilute sulfuric acid processes (0.5-1.5%, temp. 121-

160°C) have been most favored for industrial application,

because it achieves reasonably high sugar yields from

hemicellulose2,29. H
2
SO

4
 is usual acid employed although

HCl, HNO
3
, and H

3
PO

4
 are also employed3,36,38.

Compared to concentrated acid hydrolysis, this

pretreatment generates lower degradation products as

well much less corrosion problems in hydrolysis tanks,

pipes, etc. Addition of CO
2
 to aqueous solutions forms

carbonic acid as an alternative of acid addition39-41.

Carbonic acid behaves better than most of inorganic acids

and is specifically suited for hydrolysis conditions under

mild pH at high temperatures and pressures40. Although,

carbonic acid is responsible for an increase in xylan

hydrolysis, which is lignocellulosic material (LCM)

dependent39-41.

Based on studies of hemicellulose hydrolysis using

percolation reactors42-44, novel technologies have been

developed using counter-current shrinking-bed reactors45,

giving high cellulose hydrolysis yields without significant

formation of degradation products46. Besides inorganic

acids, some weak organic acids, like maleic acid is a

potential catalyst to promote cellulose hydrolysis47,48.

Hydrothermal Pretreatments

Hydrothermal processes use water, steam or both,

and heat for BP. Hydrothermolysis49 started as a

pretreatment method before enzymatic hydrolysis.

Hydrothermal processes include autohydrolysis50-55,

aqueous liquefaction56, aqueous extraction57, aqueous

pretreatment58,59, hydrothermolysis60-62, aquasolv63,

hydrothermal pretreatment64, aqueous pre-hydrolysis65

and pressure cooking in water66. Hydrothermal

treatments mainly include liquid hot water

(autohydrolysis) and steam-explosion between 150°C and

230°C67. For temperatures below 100°C, there is no

hydrolytic effect on material68, whereas above 220°C

some cellulose degradation takes place69,70. Between

240-250°C, pyrolysis reactions become important71,72.

Reaction time of hydrothermal treatments varies from

seconds to hours, which is related with operation

temperature.

Solids concentration, usually reported as liquid-to-solid

ratio (LSR), may vary between 2 and 100 (w/w)67,73,

although most common values are around 10. Higher

LSR are usually associated to continuous reactors73,

whereas lower LSR are, in general, used in BPs that

employ steam since specific heat of steam is higher than

that of water. LSR may also affect catalyst (acid)

concentration in reaction media by two way: i) Decrease

of LSR lead to a higher release of acetyl groups favoring
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depolymerization50; and ii) Lowering LSR lead to

increase in buffer capacity at a neutral pH, which mainly

related with ash content of feedstock, decreasing

hydrolysis rate74,75.

Influence of particle size is not significant for high

LSR, but for low LSR, increase of particle size leads to

a decrease in biomass solubilization, probably due to a

deficient LCM impregnation76. For pretreatments

requiring steam, influence of particle size seems to be

more important, since for large biomass particles, joint

effect slow heating time, that occurs in particle core,

and short reaction times may lead to an irregular/

heterogeneous biomass particle heating77. For some

LCM, particle size reduction is not necessary for occurring

a maximal solubilization rate63, while for other LCM

similar size reduction clearly affects amount of solubilized

polysaccharide recovered, indicating higher polymer

degradation78.

Autohydrolysis

Autohydrolysis process uses compressed liquid hot

water (temp., 200°C; pressure, > saturation point;) to

hydrolyze hemicellulose in minutes. Hemicellulose

recovery is high, and no catalyst is needed in this process.

Lignin is not significantly solubilized; neither sugar largely

decomposes, thus yielding a liquid fraction without many

potential bioconversion inhibitor compounds. However,

solubilized hemicellulose appears mainly in

oligosaccharide form55,79.

Autohydrolysis/hydrothermal processes have a similar

mechanism as dilute acid hydrolysis. Both are hydrolysis

processes catalyzed by hydronium ions (H
3
O+). In

autohydrolysis, where water is the only reactive added

to substrate, catalysts of hydrolysis are in a first stage

hydronium ions coming from water auto-ionization that

lead to depolymerization of hemicelluloses by selective

hydrolysis of both glycosidic linkages and acetyl groups.

In a second stage, hydronium ions coming from acetic

acid also act as catalysts, improving reaction kinetics.

The contribution of hydronium ions from acetic acid is

higher than that from water autoionization51,56. Hydrolysis

of uronic acids should also occur in first stages of

treatment, simultaneously with acetyl groups80. Despite

to their resistance to hydrolysis81, uronic acids may also

contribute to formation of hydronium ions65 but their role

in hydrolysis is still not completely understood.

In autohydrolysis80-83, acids resulting from hydrolysis

of acetyl and uronic groups, originally present in

hemicelluloses, catalyze hydrolysis of links between

hemicelluloses and lignin as well as hydrolysis of

carbohydrates. Autohydrolysis may convert

hemicelluloses into soluble saccharides with high yield

and low byproducts formation57,63,84,85, rendering a easily

extractable59 solid residue rich in cellulose and lignin.

Owing to mild pH, corrosion problems are reduced57,68,

and steps of acid recycling and precipitates removal are

no longer necessary. The possibility to reduce both capital

and operational costs due to the absence of acid

emphasizes both reduced environmental impact59 and

economical advantages of aqueous-based processes

compared to other hydrolytic technologies86.

Autohydrolysis products are a mixture of

oligosaccharides, monosaccharides, acetic acid and furan

derivatives [furfural (2-furaldehyde) and

hydroxymethylfurfural (5-hydroxymethyl-2-furaldehyde,

HMF)], which can further undergo decomposition

reactions, yielding formic acid87 and levulinic acid88,

respectively.

Steam Explosion

Steam explosion was developed in 1925 for hardboard

production89. Use of steam explosion for BP was

introduced in early 1980’s on aspen wood90. In this

process, material is heated using high-pressure steam

(20-50 bar, 210-290°C) for a short period (from seconds

to few minutes). Steam condenses under high pressure,

thereby “wetting” the material, which is driven out of

reactor through a small nozzle by induced force. Several

phenomena occur at this stage. Due to decrease in

pressure, condensed moisture evaporates and

desegregation of lignocellulosic matrix takes place,

braking down inter- and intra-molecular linkages51. One

study91 emphasized role of mechanical effects (shear

and explosive decompression) in process efficiency, while

other studies77,92 consider that explosive decompression

is not essential for its efficiency. Other authors reported

that process is fundamentally chemical in nature90,93.

Chornet & Overend94 described steam explosion as being

a thermomechanochemical process where breakdown

of structural components is aided by heat in the form of

steam (thermo), shear forces due to expansion of

moisture (mechano), and hydrolysis of glycosidic bonds

(chemical).

There are several studies applying steam explosion

for BP in ethanol process. Schultz et al95 compared

effectiveness of steam explosion pretreatment on mixed

hardwood chips, rice hulls, corn stalks, and sugarcane

bagasse. Steam explosion has also been used as a
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pretreatment method for agricultural residues, namely

Onopordum nervosum and Cyanara cardunculus96,

Brassica carinata97, olive tree biomass98, and sunflower

stalks99. Some steam explosion processes have been

mostly used as pretreatment methods for kraft pulps

bleaching in paper and pulp industry. Some well known

steam explosion-based pretreatments reported include

Masonite100, Siropulper101, Iotech102 and STAKE

(www.staketech.com) processes.

Most steam treatments yield high hemicellulose

solubility (producing mainly oligosaccharides) along with

low lignin solubility. Studies without added catalyst report

sugars recoveries between 45-65%93. Major operational

difference between autohydrolysis and steam explosion

processes is that in later higher temperatures along with

shorter times are used, being also common the prior LCM

impregnation with H
2
SO

4

71,77,103-107 or SO
2

103,105-110. A

pretreatment variant of catalyzed steam explosion is CO
2

explosion31, which acts to steam and ammonia

explosion31. Glucose yields in later enzymatic hydrolysis

are low (75%) compared to steam and ammonia

explosion. Overall, CO
2
 explosion is more cost effective

than ammonia explosion, preventing inhibitors

formation2,4.

Wet Oxidation

In wet oxidation, autohydrolysis occurs in presence

of oxygen or air as catalysts111, which allows reactor

operation at reduced temperatures and to shorter reaction

times. On the other hand, pretreatment is more expensive

mainly due to capital costs associated with pressure

equipment. However, Na
2
CO

3

112 and not oxygen is the

most employed catalyst for wet oxidation pretreatments.

Under alkaline medium, it is possible to get high rates of

biomass-to-monosaccharides under moderated

conditions, short reactions time and low formation of

furan aldehydes112,113 and phenolics aldehydes, but not

aliphatic acids113,114. During wet oxidation, occurrence

of considerable delignificationtm:112,113, is correlated with

the increase of carboxylic acids113.

Delignification Pretreatments

Delignification methods, mostly employed in pulp and

paper kraft and sulphite technologies, discharge huge

amount of liquid and gaseous wastes such as sulfur-

containing gas emissions. Alternative delignification

methods include organosolv treatments where lignin

removal is promoted by direct action of an organic solvent

(ethanol, methanol, acetone, acetic acid, formic acid, ethyl

acetate, etc.) to solubilize lignin and hydrolyze

hemicellulosic fraction31. When a catalyst is used (acids,

anthraquinone or salts), a more selective delignification

can be reached and lignin itself is less degraded and of

higher added-value for further technical applications115,116

(www.lignol-innovations.com). Lignol approach117 uses

a blend of ethanol and water (50:50, w/w), at 200°C and

400 psi, to extract from LCM most of lignin as a fine

precipitate by flashing pulping liquor to atmospheric

pressure, followed by rapid dilution with water. Water-

soluble stream yield hemicellulose sugars (50% in

oligomeric form), besides significant amounts of furfural.

Biodelignification (biological degradation of lignin by

microorganisms) has advantages of low energy use and

mild environmental conditions but hydrolysis rate is very

low4. Sometimes biological treatments are used in

combination with chemical treatments2.

Alkaline Treatments

Alkali pretreatment increases cellulose digestibility.

Depending on catalyst used, alkaline pretreatments can

be divided into two major groups: i) Pretreatments that

use sodium, potassium, or calcium hydroxide; and ii)

Pretreatments that use ammonia. Conversely to acid or

hydrothermal processes, alkaline-based methods are more

effective for lignin solubilization exhibiting only minor

cellulose and hemicellulose solubilization, excepting

ammonia recycling percolation treatment, which yield

biomass solids mostly containing cellulose2,4,118.

Lime and NaOH Pretreatments

Sodium and calcium hydroxide (lime) are most common

catalysts (conc. 0.05-0.15 g alkali/g biomass) applied in

batch mode directly to biomass119-124, or as a subsequent

treatment to acid hydrolyzed biomass125,126. Use of alkali

treatment (temp., 30-130°C; reaction time, 10 min - 18

h) before an acid hydrolysis has also been reported127.

As a possible way to increase efficiency, ultrasonically

assisted extraction has been reported to give a slightly

higher yield of hemicelluloses and specially of lignin, than

those of classical alkali procedure128. From the obtained

hydrolyzates, it is possible to easily recover phenolic

compounds (ferulic and p-coumaric acids from brewery’s

spent grain) for applications in food, health, cosmetic,

and pharmaceutical industries121,129. Depending on

feedstock and operating conditions, significant increases

on glucose recovery are reported from 60% to almost

quantitative glucose yields123,125,126.

In alkaline hydrolysis, alkali induces swelling leading

to increase in internal surface area. Next, a decrease in

degree of polymerization, and crystallinity occurs with a
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consequent separation of structural linkages between

lignin and carbohydrates. Then, disruption of lignin

structure takes place, followed by saponification of

intermolecular ester bonds that crosslink hemicelluloses

and other components. This leads to an increase of LCMs

porosity with removal of such crosslinks4. In addition,

removal of acetyl and uronic acid substitutions of

hemicelluloses increase accessibility of enzyme to

hemicellulose and cellulose surface in a further enzymatic

posthydrolysis1,3.

Main advantage of these processes is the use of low

temperature and pressure. Lime as compared to NaOH

and KOH has lower cost and less significant safety

requirements. It can be recovered from hydrolyzate by

reaction with CO
2
, so that formed carbonate can then

be reconverted to lime3. Unlike acid-catalyzed

pretreatments, a limitation occurs because some alkali is

converted to irrecoverable salts or incorporated as salts

into biomass3.

Alkaline Peroxide

Addition of an oxidant agent (air/oxygen112 or H
2
O

2
)

to alkaline (lime or NaOH catalyzed) pretreatment can

greatly improve performance, by favoring lignin removal..

These treatments are applied in batch mode, either

directly to biomass130, or to steam exploded131-133 or

hydrothermally processed biomass134. H
2
O

2 
treatment (1-

3%; reaction time, 45 min to 5 h; temp., 30-80°C; optimal

pH, 11.5131-136) is not very efficient, presenting a lower

effect as compared to NaOH treated biomass, but it gives

higher delignification than acid hydrolysis, as seen for

cotton stalks123. Reaction mechanism is similar as for

alkaline hydrolysis, but it is complemented with direct

oxidative effect over lignin. H
2
O

2
 over air/oxygen do not

require expensive high-pressure equipments except some

safety issues. Alkaline peroxide
 
treatments seem to have

a faster kinetics at low temperature, thus presenting

technological and economical advantages over lime and

NaOH catalyzed pretreatments. Its association with

steam explosion, or hydrothermal process seems to be

an effective strategy to selectively recover and potentially

upgrade lignocellulosic fractions.

Ammonia Fiber Explosion (AFEX)

AFEX can be presented as a combination of steam-

explosion and alkaline pretreatments processes137.

Biomass is treated in batch mode with liquid anhydrous

ammonia (1-2 kg ammonia/kg biomass) at moderate

temperatures (40-140°C) and high pressure (250-300 psi)

for few minutes, after which pressure is rapidly

released4,138,139. In AFEX, reaction mechanism produces

a combination of chemical and physical effects that

induces cleavage of lignin-carbohydrate complex140,

hemicellulose hydrolysis, and cellulose decrystallization,

that further lead to an increased surface area. These

modifications enable near complete enzymatic conversion

of cellulose and hemicelluloses to fermentable sugars at

low to moderate enzyme loadings31,138. Although, this

process can be considered a dry to dry process as dry

mass recovery following AFEX treatment is 100%138,

but water washing have greatly improved glucan

conversion, due to removal of phenolic extractives from

AFEX-treated biomass140.

AFEX has been applied successfully to herbaceous

and agricultural residues137-143 with approx. 100% of

theoretical glucose yield, but it only works moderately

well on hardwoods, and is not attractive for softwood

derived materials3,31,141. Also, it involves high costs

associated to ammonia, its recovery, and considerable

safety issues regarding practical use of ammonia31. On

the other hand, economy is positively influenced by high

total sugar yields achieved, without the presence of

potential inhibitors (sugar degradation products3) and

possibility to recover feedstock protein144 as a biorefinery

co-product (animal feed).

Ammonia Recycling Percolation (ARP)

In ARP, aqueous ammonia is used in flow-through

mode using a column reactor containing biomass. It

contains following parameters: ammonia conc., 2.5-20%

(typically, 10-15%); reaction time, up to 90 min3,4; solid

conc., 15-30% (w/w); temp., 140-170°C (up to

210°C145); and percolation rate, 5 ml/min1,145. This

process has already been successfully applied to

hardwoods145,146, corn stover147-150, and with a slight less

efficiency to softwood pulp mill sludges151, producing

highly effective delignification (60-85%)145,147,148 and

cellulose hydrolysis yields close to the theoretical value.

ARP process can also solubilize hemicellulose (40-60%,

mainly in oligomeric form), but cellulose fraction remains

intact (solubilization <10%)145-148,151.

High enzymatic digestibility by ARP pretreated biomass

can be explained by simultaneous removal of lignin and

hemicellulose. Aqueous ammonia reaction mechanism

is cleavage of ether and ester bonding in lignin

carbohydrate complex and swelling. SEM indicated that

biomass structure got deformed and its fibers exposed

by ARP147,148. Crystallinity index increased with
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pretreatment reflecting removal of amorphous portion

of biomass. Crystalline structure of cellulose in biomass,

however, was not changed by ARP treatment147,148. ARP

is not economical process1.

Hemicellulose Path: Combined Hydrolysis and

Posthydrolysis

Most promising pretreatment option for hemicellulose

breakdown is dilute acid, which significantly increases

susceptibility to hydrolysis for cellulose. However, it

produces fermentation inhibitors, and acid utilization is a

critical and expensive issue, resulting in a waste disposal

problem, and thereby requiring use of expensive

corrosion-resistant equipments. Furthermore, lignin

valorization potential is decreased. This may eventually

shift balance in favor of a slightly less effective hydrolytic

pretreatments, but also less problematic and environment

friendly2. In this case, autohydrolysis or steam-explosion

may lead the run for best pretreatment technology for

LCM biorefineries. Moreover, current research efforts

may lead to get higher yields eventually similar to diluted

acid yields2. Although, autohydrolysis process is currently

at laboratory/pilot stage, it could become commercially

available, in mid-term, with process yields forecasted

around 88-98%, this is higher than for dilute acid or steam-

explosion.

Many of these pretreatment options render soluble

hemicellulose, either totally or in a very significant

quantity, in oligomeric form (for autohydrolysis, values

up to 60-80% reported55,58,79,152-155). Oligosaccharides

do have significant market potential either as specialty

pharmaceuticals, chemicals or food additives156-158.

Therefore, to fully upgrade this stream, other products

must be targeted, such as bioethanol, organic alcohols

such as polyols5, namely arabitol and more relevant

xylitol159-162, organic acids, yeast extract163,164, 1,2-

propanediol, 2,3-butanediol, and aromatic chemical

intermediates165,166. Hydrolysis of hemicellulosic

oligosaccharides is almost a compulsory requirement to

upgrade hemicellulosic sugar stream. Actually, there are

not yet many effective microbial catalysts that can

directly metabolize oligosaccharides to produce

marketable products, exceptions being production of

xylanases by fungi (Aspergillus niger112) or

actinomycetes167. Posthydrolysis options for

oligosaccharide  hydrolysis  can be reduced to

acid57,63,109,161,168-171, or enzymatic catalyzed

processes62,161,172-175.  This  process  has  been  applied

to    hydrolyzates   obtained   from   all   type   of

materials (softwoods109,170, hardwoods168 and

herbaceous57,63,161,169,171) catalyzed by H
2
SO

4
 (conc. 0.5-

6.5% w/w) at 100.5-135°C and reaction time up to

10 h57,109,161,168,169.

Under fully optimized conditions, sugar recovery is

around 100%57,109,161,168,169,171, as compared to standard

dilute acid hydrolysis (121ºC, 4% H
2
SO

4
 and 60 min).

Actually, this can be considered major advantage of acid

posthydrolysis procedure. Other advantages associated

to this process are its high-speed and low catalyst cost.

An increase in hydrolyzate fermentability due to a lower

inhibitory effect has also been reported170. On the other

hand, it can induce significant equipment corrosion and

hence higher equipment costs. Media neutralization is

an absolute need, thus increasing both alkali consumption

and costs associated with salts (typically gypsum)

removal.

Actually, as much of hemicellulose complex structure

is still present in oligosaccharides79,176, action of several

enzyme activities are usually required for complete

hydrolysis. These enzymes act synergistically, since

endoxylanase activity is highly dependent on the presence

of debranching enzymes and vice versa62,165,174,177-179,

as well as chain length and degree of substitution180.

Toxic/inhibitors compounds potentially present in

hydrolysates can significantly reduce enzyme activity
62,181-183. Indeed, each enzyme performance will largely

depend on the type and concentration of inhibitors.

Phenolic compounds are particularly toxic, once they

easily form crosslinkage with proteins, inactivating

them184. Walch62 also reported inhibitor effect of tannins

on xylanase activity. On the other hand, there are no

evidences of synergism or cumulative toxic effect

amongst different inhibitors simultaneously present in

hydrolyzates183.

Main advantage of enzymatic posthydrolysis over

acidic process is milder operation conditions (temperature

and pH), which leads to reaction media free of further

sugar degradation compounds that can limit microbial

performance, together with potential economical

advantages related to energy savings and equipment cost.

Main bottleneck is slow kinetics that may induce

considerable problems for large-scale operations, besides

cost of enzyme preparations.

Integration of Biomass Pretreatments in Biorefinery

Concept

Numerous hydrolysis methods or combinations are

available having specific advantages and disadvantages

and yielding very different reaction products. Table 3
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Table 3—Hemicellulosic hydrolyzates composition (g.l-1) obtained from different lignocellulosic raw materials by dilute acid hydrolysis

Material Xyl Glc Ara Gal Man Acetic Furfural HMF Phenolics

Agricultural byproducts

Sugarcane bagasse185 46.0 3.0 5.0 - - 10.0 0.60 < 0.1 -

Sugarcane bagasse186 18.5 1.2 1.7 - - 6.5 < 0.1 < 0.1 -

Sugarcane bagasse187 26.4 5.5 2.1 - - 5.5 < 0.5 < 0.1 -

Sugarcane bagasse164 18.5 5.1 - - - 3.7 2.0 < 0.1 -

Corn cobs188 35.3 3.2 4.6 - - 3.7 0.30 < 0.1 -

Corn stover188 22.5 2.0 3.6 - - 2.3 0.30 < 0.1 -

Barley bran188 35.6 5.9 7.1 - - 2.4 0.30 < 0.1 -

Rice straw189 16.2 6.0 2.2 - - 0.63 - - -

Rice straw189 16.4 4.4 2.4 - - 1.4 0.41 < 0.1 -

Hardwoods

Oak190 43.5 9.0 0 3.3 2.9 10.9 0.30 0.9 -

Oak+yellow poplar191 44.8 2.4 - - - 9.2 0.91 0 -

Eucalyptus192 30.0 1.5 2.8 3.7 1.0 10 - - -

Eucalyptus193 17.0 2.8 1.9 - - 2.3 0.50 - -

Eucalyptus127 18.0 3.6 0.6 - - 5.2 < 0.5 - -

Eucalyptus194 19.2 2.5 0.4 - - 5.0 - - -

Eucalyptus188 17.1 1.7 2.1 - - 5.2 0.50 < 0.1 -

Aspen195 12.3 0.9 - - - 3.1 0.14 - 0.63a

Aspen195 23.7 1.7 - - - 6.1 0.28 - 1.28a

Aspen196 15.3 6.3 0.9 0.8 1.2 0.6 - - -

Birch197 15.4 24.5 - - 2.5 8.3 2.2 7.3 -

Softwoods

Spruce197 3.3 39.0 - - 12.3 3.2 2.2 7.3 -

Spruce b, 198 7.8 20.0 - 4.2 18.1 3.0 0.8 2.0 2.4

Douglas fir199 15.6 42.0 4.8 10.3 32.6 7.3 2.0 4.1 -

Xyl, xylose; Glc, glucose; Ara, arabinose; Gal, galactose; Man, mannose; HMF, hydroxymethylfurfural, ap-hydroxybenzoic acid and

vanilinne; bmajority

Table 4—Relevant enzymatic activities for the enzymatic posthydrolysis of xylooligosaccharides200

Enzyme EC Hydrolyzed linkage Substrate Main product

Endoxylanase 3.2.1.8 Internal β-1,4 Main chain Oligomers

Exoxylanase n.c. Terminal β-1,4 Main chain Xylose, xylobiose

(reducing end)

β-Xylosidase 3.2.1.37 Terminal β-1,4 Oligomers Xylose

(non-reducing end)

Arabinosidase 3.2.1.55 Side groups Arabinose

Glucuronidase 3.2.1.139 Side groups Methylglucuronic acids

Acetyl xylan esterase 3.1.1.72 Ester bond Side groups Acetic acid

Feruloyl esterase 3.1.1.73 Ester bond Side groups Ferulic acid

n.c., Not yet classified

shows different hemicellulosic hydrolyzates

composition127,164,185-199 after dilute acid hydrolysis of

LCM. Table 4 presents most important enzyme

activities200 required for hydrolysis of

xylooligosaccharides obtained from hardwoods and

herbaceous type materials. Fig. 2 presents a cartoon of

typical polymeric composition after BP as a function of

reaction pH characteristic of each pretreatment.

Generally, low pH pretreatments tend to solubilize

hemicellulose and render it in oligomeric form, conversely
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to alkaline pretreatments that selectively solubilize lignin.

In depth knowledge of main reactions and consequences

of each pretreatment can help to better design most

convenient strategy to treat a given material for a specific

aim. Fig. 3 presents a simple schematic representation

of most commonly used processes and their main effects

on LCM.

Choice for BP technologies heavily influences cost

and performance in subsequent hydrolysis and

fermentation. Therefore, following criteria should be met:

i) Maximize pentoses yield in non-degraded form; ii)

Produce reactive (cellulosic) fibers; iii) Get hydrolysates

with no significant inhibition of fermentation; iv) No

extensive feedstock size reduction; v) Design reactors
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§ Steam explosion
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Fig. 3—Main hydrolysis processes options for biomass fractionation in a biorefinery context
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of high solids loading and built from materials not

expensive ones; and vi) Produce zero waste1,2.

References
1 Huber G W, Iborra S & Corma A, Synthesis of transportation

fuels from biomass: Chemistry, catalysts, and engineering, Chem

Rev, 106 (2006) 4044-4098.

2 Hamelinck C N, van Hooijdonk G & Faaij A P C, Ethanol from

lignocellulosic biomass: techno-economic performance in short-

, middle- and long-term, Biomass Bioenergy, 28 (2005) 384-

410.

3 Mosier N, Wyman C, Dale B, Elander R, Lee Y Y, Holtzapple

M & Ladisch M, Features of promising technologies for

pretreatment of lignocellulosic biomass, Biores Technol, 96

(2005) 673-686.

4 Sun Y & Cheng J, Hydrolysis of lignocellulosic materials for

ethanol production: a review, Biores Technol, 83 (2002) 1-11.

5 Werpy T, Petersen G, Aden A, Bozell J, Holladay J, White J,

Manheim A, Elliot D, Lasure L, Jones S, Gerber M, Ibsen K,

Lumberg L & Kelley S, Top Value Added Chemicals from

Biomass. Volume I - Results of Screening for Potential

Candidates from Sugars and Synthesis Gas [U S Department

of Energy (DOE), Oak Ridge, TN] 2004.

6 Kamm B, Kamm M, Gruber P R & Kromus S, Biorefinery

systems - An overview, in Biorefineries - Industrial Processes

and Products. Status Quo and Future Directions, edited by B

Kamm, P R Gruber & M Kamm (Wiley-VCH Verlag GmbH &

Co. KGaA, Weinheim) 2006, 3-40.

7 Wright L, Boundy B, Perlack B, Davis S & Saulsbury B,

Biomass Energy Data Book [U S Department of Energy (DOE),

Oak Ridge, TN] 2006.

8 Kamm B & Kamm M, Principles of biorefineries, Appl

Microbiol Biotechnol, 64 (2004) 137-145.

9 Ohara H, Biorefinery, Appl Microbiol Biotechnol, 62 (2003)

474-477.

10 Arato C, Biorefining: Back to the future, Innovation, Spr

(2002) 12-15.

11 Duarte L C, Esteves M P, Carvalheiro F, Vicente P & Gírio F

M, Os subprodutos agro-industriais de natureza

lenhocelulósica: caracterização da situação portuguesa,

Engenharia Química, 5 (2007) 56-62.

12 Greer D, Creating cellulosic ethanol: Spinning straw into fuel,

Biocycle, 46 (2005) 61.

13 Finlay M, Old efforts at new uses: A brief history of chemurgy

and the American search for biobased materials, J Ind Ecol, 7

(2003) 33-46.

14 Realff M J & Abbas C, Industrial symbiosis - refining the

biorefinery, J Ind Ecol, 7 (2004) 5-9.

15 Wooley R, Ruth M, Sheehan J& Ibsen K, Lignocellulosic

biomass to ethanol process design and economics utilizing co-

current dilute acid prehydrolysis and enzymatic hydrolysis

current and futuristic scenarios, NREL/TP-580-26157

(Golden, CO, NREL - National Renewable Energy Laboratory)

1999.

16 Kamm B & Kamm M, Biorefinery - Systems, Chem Biochem

Engg Qtly, 18 (2004) 1-6.

17 McAloon A, Taylor F, Yee W, Ibsen K& Wooley R,

Determining the cost of producing ethanol from corn starch

and lignocellulosic feedstocks, NREL/TP-580-28893 (Golden,

CO, NREL - National Renewable Energy Laboratory) 2000.

18 Alzate C A C & Toro O J S, Energy consumption analysis of

integrated flowsheets for production of fuel ethanol from

lignocellulosic biomass, Energy, 31 (2006) 2447-2459.

19 Greer D, Realities, opportunities for cellulosic ethanol, Biocycle,

48 (2007) 46.

20 Arato C, Pye E K & Gjennestad G, The lignol approach to

biorefining of woody biomass to produce ethanol and

chemicals, Appl Biochem Biotechnol, 121 (2005) 871-882.

21 Duarte L C, Esteves M P, Carvalheiro F & Gírio F M,

Biotechnological Valorization Potential Indicator for

lignocellulosic materials, Biotechnol J, 2 (2007) 1556-1563.

22 Kaylen M, Van Dyne D L, Choi Y S & Blase N, Economic

feasibility of producing ethanol from lignocellulosic feedstocks,

Biores Technol, 72 (2000) 19-32.

23 Wyman C E, Twenty years of trials, tribulations, and research

progress in bioethanol technology: selected key events along

the way, Appl Biochem Biotechnol, 91-93 (2001) 5-21.

24 Dien B S, Cotta M A & Jeffries T W, Bacteria engineered for

fuel ethanol production: current status, Appl Microbiol

Biotechnol, 63 (2003) 258-266.

25 Buckley M R & Wall J, Microbial Energy Conversion

(American Academy of Microbiology, Washington, DC) 2006.

26 Breaking the biological barriers to cellulosic ethanol: A joint

research agenda (U S Departmento of Energy. Office of Science

and Office of Energy Efficiency and Renewable Energy) 2006.

27 Lynd L R, Laser M S, Bransby D, Dale B E, Davison B,

Hamilton R, Himmel M, Keller M, McMillan J D, Sheehan J

& Wyman C E, How biotech can transform biofuels, Nat

Biotech, 26 (2008) 169-172.

28 Larsson S, Palmqvist E, Hahn-Hägerdal B, Tengborg C,

Stenberg K, Zacchi G & Nilvebrant N O, The generation of

fermentation inhibitors during dilute acid hydrolysis of

softwood, Enzyme Microbiol Technol, 24 (1999) 151-159.

29 Galbe M & Zacchi G, A review of the production of ethanol

from softwood, Appl Microbiol Biotechnol, 59 (2002) 618-

628.

30 Fengel D & Wegener G, Wood. Chemistry, Ultraestructure,

Reactions (Walter de Gruyter, Berlin, New York) 1984.

31 Ogier J C, Ballerini D, Leygue J P, Rigal L & Pourquie J,

Ethanol Production from Lignocellulosic Biomass, vol 54 (Oil

& Gas Science and Technology-Revue de l’ Institut Francais

du Petrole) (1999) 67-94.

32 Camacho F, González-Tello P, Jurado E & Robles A,

Microcrystalline-cellulose hydrolyisis with concentrated

sulphuric acid, J Chem Technol Biotechnol, 67 (1996) 350-

356.

33 Bhandari N, McDonald D G & Bakhshi N N, Kinetic studies

of corn stover saccharification using sulfuric acid, Biotechnol

Bioengg, 26 (1984) 320-327.

34 Ranganathan S, McDonald D G & Bakhshi N N, Kinetic studies

of wheat straw hydrolysis using sulfuric acid, Can J Chem

Engg, 63 (1985) 840-844.

35 Goldstein I S, Acid processes for cellulose hydrolysis and

their mechanisms, in Wood and Agricultural Residues

(Academic Press Inc., New York) 1983, 315-328.

36 Parisi F, Advances in lignocellulosics hydrolysis and the

utilization of the hydrolysates, Adv Biochem Eng Biotechnol,

38 (1989) 53-87.



860 J SCI IND RES   VOL 67   NOVEMBER  2008

37 Zhang Y H P, Ding S Y, Mielenz J R, Cui J B, Elander R, Laser

M, Himmel M E, McMillan J R & Lynd L R, Fractionating

recalcitrant lignocellulose at modest reaction conditions,

Biotechnol Bioengg, 97 (2007) 214-223.

38 Hawley M C, Downey K W & Lamport D T, in Cellulose -

Structure, Modification and Hydrolysis, edited by R A Young

& R M Rowell (John Wiley, New York) 1986, 297.

39 McWilliams R C & van Walsum G P, Comparison of aspen

wood hydrolysates produced by pretreatment with liquid hot

water and carbonic acid, Appl Biochem Biotechnol, 98-100

(2002) 109-121.

40 van Walsum G P, Severity function describing the hydrolysis

of xylan using carbonic acid, Appl Biochem Biotechnol, 91-93

(2001) 317-329.

41 van Walsum G P & Shi H, Carbonic acid enhancement of

hydrolysis in aqueous pretreatment of corn stover, Biores

Technol, 93 (2004) 217-226.

42 Cahela D R, Lee Y Y & Chambers R P, Modeling of percolation

process in hemicellulose hydrolysis, Biotechnol Bioengg, 25

(1983) 3-17.

43 Kim B J, Lee Y Y & Torget R, An optimal temperature policy

of percolation process as applied to dilute-acid hydrolysis of

biphasic hemicellulose, Appl Biochem Biotechnol, 39 (1993)

119-129.

44 Kim B J, Lee Y Y & Torget R, Modified percolation process in

dilute-acid hydrolysis of biphasic hemicellulose, Appl Biochem

Biotechnol, 45-46 (1994) 113-129.

45 Torget R W, Hayward T K & Elander R, Total hydrolysis of

lignocellulosic biomass using very dilute acid employing a novel

shrinking bed reactor configuration, in 19th Symp on Biotechnol

for Fuels and Chemicals (Colorado Springs, EUA) 1997,

Presentation 4.

46 Lee YY, Iyer P & Torget R W, Dilute-Acid Hydrolysis of

Lignocellulosic Biomass, edited by G T Tsao (Springer-Verlag,

Berlin) 1999, 93-115.

47 Mosier N S, Sarikaya A, Ladisch C M & Ladisch M R,

Characterization of dicarboxylic acids for cellulose hydrolysis,

Biotechnol Progr, 17 (2001) 474-480.

48 Mosier N S, Ladisch C M & Ladisch M R, Characterization of

acid catalytic domains for cellulose hydrolysis and glucose

degradation, Biotechnol Bioengg, 79 (2002) 610-618.

49 Bobleter O & Pape G, Method to degrade wood, bark and

other plant materials, Aust Pat 263661, 1968.

50 Lora J H & Wayman M, Delignification of hardwoods by

autohydrolysis and extraction, Tappi, 61 (1978) 47-50.

51 Carrasco F, Fundamentos del faccionamiento de la biomassa,

Afinidad, 46 (1989) 425-429.

52 Schultz T P & McGinnis G D B C J, Similarities and differences

in pretreating woody biomass by steam explosion, wet

oxidation, autohydrolysis, and rapid steam hydrolysis/

continuos extraction, in Energy from Biomass and Wastes VIII

(Lake Buena Vista, Florida, EUA) 1984.

53 Rubio M, Tortosa J F, Quesada J & Gómez D, Fractionation

of lignocellulosics. Solubilization of corn stalk hemicelluloses

by autohydrolysis in aqueous media, Biomass Bioenergy, 15

(1998) 483-491.

54 Tortosa J F, Rubio M & Soler A, Autohidrólisis de tallo de

maiz en suspénsion acuosa, Afinidad, 52 (1995) 305-311.

55 Garrote G, Domínguez H & Parajó J C, Mild autohydrolysis:

an environmentally friendly technology for xylooligosaccharide

production from wood, J Chem Technol Biotechnol, 74 (1999)

1101-1109.

56 Heitz M, Carrasco F, Rubio M, Chauvette G, Chornet E,

Jaulin L & Overend R P, Generalized correlations for the

aqueous liquefaction of lignocellulosics, Can J Chem Eng, 64

(1986) 647-650.

57 Saska M & Ozer E, Aqueous extraction of sugarcane bagasse

hemicellulose and production of xylose syrup, Biotechnol

Bioeng, 45 (1995) 517-523.

58 Allen S G, Schulman D, Lichwa J, Antal M J, Laser M & Lynd

L R, A comparison between hot liquid water and steam

fractionation of corn fiber, Ind Eng Chem Res, 40 (2001) 2934-

2941.

59 Overend R P & Chornet E, Fractionation of lignocellulosics

by steam-aqueous pretreatments, Phil Trans R Soc Lond, A321

(1987) 523-536.

60 Bonn G, Concin R & Bobleter O, Hydrothermolysis: a new

process for the utilization of biomass, Wood Sci Technol, 17

(1983) 195-202.

61 Hörmeyer H F, Schwald W, Bonn G & Bobleter O,

Hydrothermolysis of birch wood as pretreatment for enzymatic

saccharification, Holzforschung, 42 (1988) 95-98.

62 Walch E, Zemann A J, Schinner F, Bonn G & Bobleter O,

Enzymatic saccharification of hemicellulose obtained from

hydrothermally pretreated sugar-cane bagasse and beech bark,

Biores Technol, 39 (1992) 173-177.

63 Allen S G, Kam L C, Zemann A J & Antal M J, Fractionation

of sugar cane with hot, compressed, liquid water, Ind Eng

Chem Res, 35 (1996) 2709-2715.

64 Bobleter O, Vidotti R, Zemann A & Prutsch W, Hydrothermal

pretreatment of bagasse and wheat straw, in Proc fifth E C

Conf on Biomass for Energy and Industry, edited by G Grassi,

G Gosse & G dos Santos (Elsevier Applied Science, London,

Lisboa) 1989, 31-35.

65 Conner A H, Kinetic modeling of hardwood prehydrolysis.

Part I. Xylan removal by water prehydrolysis, Wood Fiber

Sci, 16 (1984) 268-277.

66 Weil J, Sarikaya A, Rau S L, Goetz J, Ladisch C M, Brewer M,

Hendrickson R & Ladisch M R, Pretreatment of yellow poplar

sawdust by pressure cooking in water, Appl Biochem

Biotechnol, 68 (1997) 21-40.

67 Garrote G, Domínguez H & Parajó J C, Hydrothermal

processing of lignocellulosic materials, Holz Als Roh-und

Werkstoff, 57 (1999) 191-202.

68 Abatzoglou N, Chornet E, Belkacemi K & Overend R P,

Phenomenological kinetics of complex-systems - the

development of a generalized severity parameter and its

application to lignocellulosics fractionation, Chem Eng Sci, 47

(1992) 1109-1122.

69 Torres M R, Heitz M, Chauvett G, Chornet E & Overend R P,

Conversion and solubilization profiles of a prototype

hardwood (Populus tremuloides) following aqueous

thermomechanical pre-treatment, Biomass, 10 (1986) 85-96.

70 Bouchard J, Nguyen T S, Chornet E & Overend R P, Analytical

methodology for biomass pretreatment. Part 1: Solid residues,

Biomass, 23 (1990) 243-261.

71 Brownell H H & Saddler J N, Steam-explosion pretreatment

for enzymatic hydrolysis, Biotechnol Bioeng Symp, 14 (1984)

55-68.



 CARVALHEIRO et al: HEMICELLULOSE BIOREFINERIES     861

72 Martínez J M, Reguant J, Montero M A, Montané D, Salvadó

J & Farriol X, Hydrolytic pretreatment of softwood and

almond shells. Degree of polymerization and enzymatic

digestibility of the cellulose fraction, Ind Eng Chem Res, 36

(1997) 688-696.

73 van Walsum G P, Allen S G, Spencer M J, Laser M S, Antal M

J & Lynd L R, Conversion of lignocellulosics pretreated with

liquid hot water to ethanol, Appl Biochem Biotechnol, 57-58

(1996) 157-170.

74 Kim S B & Lee Y Y, Kinetics in acid-catalyzed hydrolysis of

hardwood hemicellulose, Biotechnol Bioengg Symp, 17 (1987)

71-84.

75 Aoyama M, Seki K & Saito N, Solubilization of bamboo grass

xylan by steaming treatment, Holzforschung, 49 (1995) 193-

196.

76 Springer E L, Prehydrolysis of hardwoods with dilute sulfuric

acid, Ind Eng Chem Prod Res Develop, 24 (1985) 614-623.

77 Brownell H H, Yu E K C & Saddler J N, Steam-explosion

pretreatment of wood: effect of chip size, acid, moisture content

and pressure drop, Biotechnol Bioeng, 28 (1986) 792-801.

78 Ballesteros I, Oliva J M, Navarro A A, Gonzalez A, Carrasco

J & Ballesteros M, Effect of chip size on steam explosion

pretreatment of softwood, Appl Biochem Biotechnol, 84-86

(2000) 97-110.

79 Carvalheiro F, Esteves M P, Parajó J C, Pereira H & Gírio F

M, Production of oligosaccharides by autohydrolysis of

brewery’s spent grain, Biores Technol, 91 (2004) 93-100.

80 Carrasco F, Chornet E, Overend R P & Heitz M,

Fractionnement de deux bois tropicaux (Eucalyptus et Wapa)

par traitement thermomécanique en phase aqueuse. Partie II:

Caractéristiques chimiques des résidus et considérations

cinétiques sur la solubilisation des hémicelluloses, Can J Chem

Eng, 65 (1987) 71-77.

81 Conner A H, Kinetic modeling of hardwood prehydrolysis.

Part I. Xylan removal by water prehydrolysis, Wood Fiber

Sci, 16 (1984) 268-277.

82 Wayman M, Fundamental principals and practical

consequences in the bioconversion of biomass to ethanol, in

Intl Symp on Ethanol from Biomass (Royal Soc Can Proc,)

1982, 628-644.

83 Wayman M, Alcohol from cellulosics: The autohydrolysis-

extraction process, in NTIS document no conf. B010302 (US

Dep of Commerce, Springfield, Va) 1980.

84 Mok W S L & Antal M J, Uncatalyzed solvolysis of whole

biomass hemicellulose by hot compressed liquid water, Ind

Eng Chem Res, 31 (1992) 1157-1161.

85 Lamptey J, Robinson C W & Moo-Young M, Enhanced

enzymatic hydrolysis of lignocellulosic biomass pretreated

by low-pressure steam autohydrolysis, Biotechnol Lett, 7

(1985) 531-536.

86 Kubikova J, Zemann A, Krkoska P & Bobleter O,

Hydrothermal pretreatment of wheat straw for the production

of pulp and paper, Tappi J, 79 (1996) 163-169.

87 Dunlop A P, Furfural formation and behavior, Ind Eng Chem,

40 (1948) 204-209.

88 Ulbricht R J, Northup S J & Thomas J A, A review of 5-

hydroxymethylfurfural (HMF) in parenteral solutions,

Fundamental Appl Toxicol, 4 (1984) 843-853.

89 Mason W H, Apparatus and process of explosion defibration

of lignocellulosic material, US Pat 1655618, 1929.

90 Foody P, Method for obtaining superior yields of acessible

cellulose and hemicellulose from lignocellulosic materials, Can

Pat CA 1163058, 1984.

91 DeLong E A, Method of rendering lignin separable from

cellulose and hemicellulose and the product so produced, Pat

Can CA 1141376, 1983.

92 Brownell H H & Saddler J N, Steam pretreatment of

lignocellulosic material for enhanced enzymatic hydrolysis,

Biotechnol Bioeng, 29 (1987) 228-235.

93 Heitz M, Capek-Menard E, Koeberle P G, Gagné J, Chornet

E, Overend R P, Taylor J D & Yu E, Fractionation of Populus

tremuloides at the pilot-plant scale - optimization of steam

pretreatment conditions using the stake-II technology, Biores

Technol, 35 (1991) 23-32.

94 Chornet E & Overend R P, Phenomenological kinetics and

reaction engineering aspects of steam/aqueous treatments, in

Proc Int Workshop on Steam Explosion Techniques:

Fundamentals and Industrial Applications 1988, 21-58.

95 Schultz T P, Templeton M C, Biermann C J & Mcginnis G D,

Steam explosion of mixed hardwood chips, rice hulls, corn

stalks, and sugar cane bagasse, J Agri Food Chem, 32 (1984)

1166-1172.

96 Martínez J, Negro M J, Sáez F, Manero J, Sáez R & Martín C,

Effect of acid steam explosion on enzymatic hydrolysis of O.

nervosum and C. cardunculus, Appl Biochem Biotechnol, 24-5

(1990) 127-134.

97 Ballesteros I, Oliva J M, Negro M J, Manzanares P &

Ballesteros M, Enzymic hydrolysis of steam exploded

herbaceous agricultural waste (Brassica carinata) at different

particule sizes, Process Biochem, 38 (2002) 187-192.

98 Cara C, Romero I, Oliva J M, Saez F & Castro E, Liquid hot

water pretreatment of olive tree pruning residues, Appl Biochem

Biotechnol, 137 (2007) 379-394.

99 Ruiz E, Cara C, Manzanares P, Ballesteros M & Castro E,

Evaluation of steam explosion pre-treatment for enzymatic

hydrolysis of sunflower stalks, Enzyme Microbiol Technol, 42

(2008) 160-166.

100 Mason W H, Apparatus and process of explosion defibration

of lignocellulosic material, Pat Am US 1655618, 1929.

101 Mamers H, Yuritta J P & Menz D J, Explosion pulping of

bagasse and wheat straw, Tappi, 64 (1981) 93-96.

102 DeLong E A, Method of rendering lignin separable from

cellulose and hemicellulose in lignocellulosic material and the

product so produced. Pat Can CA 1096374, 1981.

103 Mackie K L, Brownell H H, West K L & Saddler J N, Effect of

sulfur dioxide and sulfuric acid on steam explosion of

aspenwood, J Wood Chem Technol, 5 (1985) 405-425.

104 Nguyen Q A, Tucker M P, Boynton B L, Keller F A & Schell

D J, Dilute acid pretreatment of softwoods - Scientific note,

Appl Biochem Biotechnol, 70-72 (1998) 77-87.

105 Tengborg C, Stenberg K, Galbe M, Zacchi G, Larsson S,

Palmqvist E & Hahn-Hägerdal B, Comparison of SO
2
 and

H
2
SO

4
 impregnation of softwood prior to steam pretreatment

on ethanol production, Appl Biochem Biotechnol, 70-72 (1998)

3-15.

106 Martín C, Galbe M, Nilvebrant N O & Jönsson L J,

Comparison of the fermentability of enzymatic hydrolyzates

of sugarcane bagasse pretreated by steam explosion using



862 J SCI IND RES   VOL 67   NOVEMBER  2008

different impregnating agents, Appl Biochem Biotechnol, 98-

100 (2002) 699-716.

107 Eklund R, Galbe M & Zacchi G, The influence of SO
2
 and

H
2
SO

4
 impregnation of willow prior to steam pretreatment,

Biores Technol, 52 (1995) 225-229.

108 Boussaid A, Robinson J, Cai Y J, Gregg D J & Saddler J R,

Fermentability of the hemicellulose-derived sugars from steam-

exploded softwood (Douglas fir), Biotechnol Bioeng, 64 (1999)

284-289.

109 Shevchenko S M, Chang K, Robinson J & Saddler J N,

Optimization of monosaccharide recovery by post-hydrolysis

of the water-soluble hemicellulose component after steam

explosion of softwood chips, Biores Technol, 72 (2000) 207-

211.

110 Ramos L P, Breuil C, Kushner D J & Saddler J N, Steam

pretreatment conditions for effective enzymatic hydrolysis

and recovery yields of Eucalyptus viminalis wood chips,

Holzforschung, 46 (1992) 149-154.

111 Mcginnis G D, Wilson W W & Mullen C E, Biomass

pretreatment with water and high-pressure oxygen - the wet

oxidation process, Ind Eng Chem Prod Res Develop, 22 (1983)

352-357.

112 Bjerre A B, Olesen A B, Fernqvist T, Ploger A & Schmidt A S,

Pretreatment of wheat straw using combined wet oxidation

and alkaline hydrolysis resulting in convertible cellulose and

hemicellulose, Biotechnol Bioeng, 49 (1996) 568-577.

113 Klinke H B, Ahring B K, Schmidt A S & Thomsen A B,

Characterization of degradation products from alkaline wet

oxidation of wheat straw, Biores Technol, 82 (2002) 15-26.

114 Klinke H B, Thomsen A B & Ahring B K, Potential inhibitors

from wet oxidation of wheat straw and their effect on growth

and ethanol production by Thermoanaerobacter mathranii,

Appl Microbiol Biotechnol, 57 (2001) 631-638.

115 Kin Z, The acetolysis of beech wood, Tappi Journal, 73 (1990)

237-238.

116 Vázquez D, Lage M A, Parajó J C & Vázquez G, Fractionation

of Eucalyptus wood in acetic acid media, Biores Technol, 40

(1992) 131-136.

117 Pan X J, Arato C, Gilkes N, Gregg D, Mabee W, Pye K, Xiao

Z Z, Zhang X & Saddler J, Biorefining of softwoods using

ethanol organosolv pulping: Preliminary evaluation of process

streams for manufacture of fuel-grade ethanol and co-products,

Biotechnol Bioeng, 90 (2005) 473-481.

118 Wyman C E, Dale B E, Elander R T, Holtzapple M, Ladisch

M R & Lee Y Y, Comparative sugar recovery data from

laboratory scale application of leading pretreatment

technologies to corn stover, Biores Technol, 96 (2005) 2026-

2032.

119 Wyman C E, Dale B E, Elander R T, Holtzapple M, Ladisch

M R & Lee Y Y, Coordinated development of leading biomass

pretreatment technologies, Biores Technol, 96 (2005) 1959-

1966.

120 Mussatto S I, Dragone G, Rocha G J M & Roberto I C,

Optimum operating conditions for brewer’s spent grain soda

pulping, Carbohydr Polym, 64 (2006) 22-28.

121 Mussatto S I, Dragone G & Roberto I C, Ferulic and p-coumaric

acids extraction by alkaline hydrolysis of brewer’s spent grain,

Ind Crops Products, 25 (2007) 231-237.

122 Parajó J C, Alonso J L & Santos V, Development of a generalized

phenomenological model describing the kinetics of the

enzymatic hydrolysis of NaOH-treated pine wood, Appl

Biochem Biotechnol, 56 (1996) 289-299.

123 Silverstein R A, Chen Y, Sharma-Shivappa R R, Boyette M D

& Osborne J, A comparison of chemical pretreatment methods

for improving saccharification of cotton stalks, Biores Technol,

98 (2007) 3000-3011.

124 Holtzapple M T, Davison R R, Ross M K, Aldrett-Lee S,

Nagwani M, Lee C M, Lee C, Adelson S, Kaar W, Gaskin D,

Shirage H, Chang N S, Chang V S & Loescher M E, Biomass

conversion to mixed alcohol fuels using the MixAlco process,

Appl Biochem Biotechnol, 77-9 (1999) 609-631.

125 Vázquez D, Lage M A, Parajó J C & Alonso J L, Empirical

assessment on the cellulase digestibility of processed Eucalyptus

wood, Appl Biochem Biotechnol, 37 (1992) 123-139.

126 Moldes A B, Cruz J M, Domínguez J M & Parajó J C,

Production of a cellulosic substrate susceptible to enzymatic

hydrolysis from prehydrolyzed barley husks, Agric Food Sci

Finland, 11 (2002) 51-58.

127 Parajó J C, Domínguez H & Domínguez J M, Xylitol from

wood: study of some operational strategies, Food Chem, (1996)

531-5355.

128 Sun R C & Tomkinson J, Characterization of hemicelluloses

obtained by classical and ultrasonically assisted extractions

from wheat straw, Carbohydr Polym, 50 (2002) 263-271.

129 Mussatto S I, Fernandes M & Roberto I C, Lignin recovery

from brewer’s spent grain black liquor, Carbohydr Polym, 70

(2007) 218-223.

130 Mishima D, Tateda M, Ike M & Fujita M, Comparative study

on chemical pretreatments to accelerate enzymatic hydrolysis

of aquatic macrophyte biomass used in water purification

processes, Biores Technol, 97 (2006) 2166-2172.

131 Yang B, Boussaid A, Mansfield S D, Gregg D J & Saddler J N,

Fast and efficient alkaline peroxide treatment to enhance the

enzymatic digestibility of steam-exploded softwood

substrates, Biotechnol Bioeng, 77 (2002) 678-684.

132 Sun X F, Xu F, Sun R C, Geng Z C, Fowler P & Baird M S,

Characteristics of degraded hemicellulosic polymers obtained

from steam exploded wheat straw, Carbohydr Polym, 60 (2005)

15-26.

133 Cara C, Ruiz E, Ballesteros I, Negro M J & Castro E, Enhanced

enzymatic hydrolysis of olive tree wood by steam explosion

and alkaline peroxide delignification, Process Biochem, 41

(2006) 423-429.

134 Yañez R, Alonso J L & Parajó J C, Enzymatic saccharification

of hydrogen peroxide-treated solids from hydrothermal

processing of rice husks, Process Biochem, 41 (2006) 1244-

1252.

135 Sun R, Tomkinson J, Geng Z C & Wang N J, Comparative

studies of hemicelluloses solubilized during the treatments of

maize stems with peroxymonosulfuric acid, peroxyformic acid,

peracetic acid, and hydrogen peroxide Part 2. Spectroscopic

and thermal characterizations, Holzforschung, 54 (2000) 492-

496.

136 Gould J M & Freer S N, High-efficiency ethanol production

from lignocellulosic residues pretreated with alkaline H
2
O

2
,

Biotechnol Bioeng, 26 (1984) 628-631.



 CARVALHEIRO et al: HEMICELLULOSE BIOREFINERIES     863

137 Holtzapple M T, Jun J H, Ashok G, Patibandla S L & Dale B

E, The Ammonia Freeze Explosion (AFEX) Process - A

practical lignocellulose pretreatment, Appl Biochem Biotechnol,

28-9 (1991) 59-74.

138 Teymouri F, Laureano-Perez L, Alizadeh H & Dale B E,

Optimization of the ammonia fiber explosion (AFEX)

treatment parameters for enzymatic hydrolysis of corn stover,

Biores Technol, 96 (2005) 2014-2018.

139 Balan V, Sousa L D, Chundawat S P S, Vismeh R, Jones A D &

Dale B E, Mushroom spent straw: a potential substrate for an

ethanol-based biorefinery, J Ind Microbiol & Biotechnol, 35

(2008) 293-301.

140 Chundawat S P S, Venkatesh B & Dale B E, Effect of particle

size based separation of milled corn stover on AFEX

pretreatment and enzymatic digestibility, Biotechnol Bioeng,

96 (2007) 219-231.

141 Holtzapple M T, Lundeen J E, Sturgis R, Lewis J E & Dale B

E, Pretreatment of lignocellulosic municipal solid-waste by

Ammonia Fiber Explosion (AFEX), Appl Biochem Biotechnol,

34-5 (1992) 5-21.

142 Moniruzzaman M, Dien B S, Skory C D, Chen Z D, Hespell

R B, Ho N W Y, Dale B E & Bothast R J, Fermentation of corn

fibre sugars by an engineered xylose utilizing Saccharomyces

yeast strain, World J Microbiol Biotechnol, 13 (1997) 341-346.

143 Belkacemi K, Turcotte G, de Halleux D & Savoie P, Ethanol

production from AFEX-treated forages and agricultural

residues, Appl Biochem Biotechnol, 70-2 (1998) 441-462.

144 Bals B, Teachworth L, Dale B & Balan V, Extraction of proteins

from switchgrass using aqueous ammonia within an integrated

biorefinery, Appl Biochem Biotechnol, 143 (2007) 187-198.

145 Kim J S, Kim H, Lee J S, Lee J P & Park S C, Pretreatment

characteristics of waste oak wood by ammonia percolation,

Appl Biochem Biotechnol, 148 (2008) 15-22.

146 Yoon H H, Wu Z W & Lee Y Y, Ammonia recycled percolation

process for pretreatment of biomass feedstock, Appl Biochem

Biotechnol, 51-2 (1995) 5-19.

147 Kim T H & Lee Y Y, Pretreatment and fractionation of corn

stover by ammonia recycle percolation process, Biores Technol,

96 (2005) 2007-2013.

148 Kim T H, Kim J S, Sunwoo C & Lee Y Y, Pretreatment of corn

stover by aqueous ammonia, Biores Technol, 90 (2003) 39-47.

149 Kim T H, Lee Y Y, Sunwoo C & Kim J S, Pretreatment of corn

stover by low-liquid ammonia recycle percolation process,

Appl Biochem Biotechnol, 133 (2006) 41-57.

150 Zhu Y, Kim T H, Lee Y Y, Chen R & Elander R T, Enzymatic

production of xylooligosaccharides from corn stover and corn

cobs treated with aqueous ammonia, Appl Biochem Biotechnol,

129-132 (2006) 586-598.

151 Kim J S, Lee Y Y & Park S C, Pretreatment of wastepaper and

pulp mill sludge by aqueous ammonia and hydrogen peroxide,

Appl Biochem Biotechnol, 84-6 (2000) 129-139.

152 Conner A H & Lorenz L F, Kinetic modeling of hardwood

prehydrolysis. Part III. Water and dilute acetic-acid

prehydrolysis of southern red oak, Wood Fiber Sci, 18 (1986)

248-263.

153 Garrote G, Domínguez H & Parajó J C, Kinetic modelling of

corncob autohydrolysis, Process Biochem, 36 (2001) 571-

578.

154 Garrote G, Domínguez H & Parajó J C, Fractionation of

corncobs in aqueous media, Afinidad, 59 (2002) 357-363.

155 Garrote G, Domínguez H & Parajó J C, Interpretation of

deacetylation and hemicellulose hydrolysis during

hydrothermal treatments on the basis of the severity factor,

Process Biochem, 37 (2002) 1067-1073.

156 Tuohy K M, Kolida S & Gibson G R, Use of probiotics and

prebiotics for improving gut health, Agro Food Ind Hi-Tech,

15 (2004) 33-35.

157 Nabarlatz D, Montané D, Kardosova A, Bekesova S, Hribalova

V & Ebringerova A, Almond shell xylo-oligosaccharides

exhibiting immunostimulatory activity, Carbohydr Res, 342

(2007) 1122-1128.

158 Moure A, Gullón P, Domínguez H & Parajó J C, Advances in

the manufacture, purification and applications of xylo-

oligosaccharides as food additives and nutraceuticals, Process

Biochem, 41 (2006) 1913-1923.

159 da Silva D D V, de Mancilha I M, da Silva S S & Felipe M D D,

Improvement of biotechnological xylitol production by glucose

during cultive of Candida guilliermondii in sugarcane bagasse

hydrolysate, Braz Arch Biol Technol, 50 (2007) 207-215.

160 Rivas B, Torre P, Domínguez J M, Converti A & Parajó J C,

Purification of xylitol obtained by fermentation of corncob

hydrolysates, J Agri Food Chem, 54 (2006) 4430-4435.

161 Duarte L C, Carvalheiro F, Lopes S, Marques S, Parajó J C &

Gírio F M, Comparison of two posthydrolysis processes of

brewery’s spent grain autohydrolysis liquor to produce a

pentose-containing culture medium, Appl Biochem Biotechnol,

113-116 (2004) 1041-1058.

162 Carvalheiro F, Duarte L C, Medeiros R & Gírio F M, Xylitol

production by Debaryomyces hansenii in brewery spent grain

dilute-acid hydrolysate: effect of supplementation, Biotechnol

Lett, 29 (2007) 1887-1891.

163 Duarte L C, Carvalheiro F, Lopes S, Neves I & Gírio F M,

Yeast biomass production in brewery’s spent grains

hemicellulosic hydrolyzate, Appl Biochem Biotechnol, 148

(2008) 119-129.

164 Pessoa A, Jr., Mancilha I M & Sato S, Cultivation of Candida

tropicalis in sugar cane hemicellulosic hydrolyzate for microbial

protein production, J Biotechnol, 51 (1996) 83-88.

165 Saha B C, Hemicellulose bioconversion, J Ind Microbiol

Biotechnol, 30 (2003) 279-291.

166 Mielenz J R, Ethanol production from biomass: technology

and commercialization status, Curr Opin Microbiol, 4 (2001)

324-329.

167 Nascimento R P, Coelho R R R, Marques S, Alves L, Gírio F

M, Bon E P S & Amaral-Collaço M T, Production and partial

characterisation of xylanase from Streptomyces sp. strain AMT-

3 isolated from Brazilian cerrado soil, Enzyme Microbiol

Technol, 31 (2002) 549-555.

168 Garrote G, Domínguez H & Parajó J C, Generation of xylose

solutions from Eucalyptus globulus wood by autohydrolysis-

posthydrolysis processes: Posthydrolysis kinetics, Biores

Technol, 79 (2001) 155-164.

169 Garrote G, Domínguez H & Parajó J C, Manufacture of xylose-

based fermentation media from corncobs by posthydrolysis

of autohydrolysis liquors, Appl Biochem Biotechnol, 95 (2001)

195-207.



864 J SCI IND RES   VOL 67   NOVEMBER  2008

170 Boussaid A, Cai Y J, Robinson J, Gregg D J, Nguyen Q &

Saddler J N, Sugar recovery and fermentability of hemicellulose

hydrolysates from steam-exploded softwoods containing bark,

Biotechnol Prog, 17 (2001) 887-892.

171 Duarte L C, Silva-Fernandes T, Carvalheiro F & Gírio F M,

Dilute acid hydrolysis of wheat straw oligosaccharides, in

press (2009) .

172 Puls J, Poutanen K, Körner H U & Viikari L, Biotechnical

utilization of wood carbohydrates after steaming pretreatment,

Appl Microbiol Biotechnol, 22 (1985) 416-423.

173 Belkacemi K, Turcotte G & Savoie P, Aqueous/steam-

fractionated agricultural residues as substrates for ethanol

production, Ind Eng Chem Res, 41 (2002) 173-179.

174 Vázquez M J, Alonso J L, Domínguez H & Parajó J C,

Production of xylose-containing fermentation media by

enzymatic post-hydrolysis of oligomers produced by corn

cob autohydrolysis, World J Microbiol Biotechnol, 17 (2001)

817-822.

175 Vázquez M J, Alonso J L, Domínguez H & Parajó J C,

Enzymatic processing of crude, xylooligomer solutions

obtained by autohydrolysis of Eucalyptus wood, Food

Biotechnol, 16 (2002) 91-105.

176 Kabel M A, Carvalheiro F, Garrote G, Avgerinos E, Koukios

E, Parajó J C, Gírio F M, Schols H A & Voragen A G J,

Hydrothermally treated xylan rich by-products yield different

classes of xylo-oligosaccharides, Carbohydr Polym, 50 (2002)

47-56.

177 Beldman G, Hennekam J & Voragen A G J, Enzymatic

hydrolysis of beer brewers’ spent grain and the influence of

pretreatments, Biotechnol Bioeng, 30 (1987) 668-671.

178 Faulds C B, Zanichelli D, Crepin V F, Connerton I F, Juge N,

Bhat M K & Waldron K W, Specificity of feruloyl esterases

for water-extractable and water-unextractable feruloylated

polysaccharides: influence of xylanase, J Cereal Sci, 38 (2003)

281-288.

179 Puls J & Poutanen K, Mechanisms of enzymic hydrolysis of

hemicelluloses (xylans) and procedures for determination of

the enzyme activities involved, in Enzyme Systems for

Lignocellulosic Degradation, edited by M P Coughlan (Elsevier

Applied Science, London) 1989, 151-165.

180 Li K C, Azadi P, Collins R, Tolan J, Kim J S & Eriksson K E

L, Relationships between activities of xylanases and xylan

structures, Enzyme Microbiol Technol, 27 (2000) 89-94.

181 Hörmeyer H F, Bonn G, Kim D W & Bobleter O, Enzymatic

saccharification of cellulosic materials after hydrothermolysis

and organosolv pretreatments, J Wood Chem Technol, 7 (1987)

269-283.

182 Dekker R F H, Inhibitors of Trichoderma reesei b-glucosidase

activity derived from autohydrolysis exploded Eucalyptus

regnans, Appl Microbiol Biotechnol, 29 (1988) 593-598.

183 Cantarella M, Cantarella L, Gallifuoco A, Spera A & Alfani F,

Effect of inhibitors released during steam-explosion treatment

of poplar wood on subsequent enzymatic hydrolysis and SSF,

Biotechnol Prog, 20 (2004) 200-206.

184 Zahedifar M, Novel uses of lignin and hemicellulosic sugars

from acid-hydrolysis lignocellulosic materials, Ph D Thesis,

University of Aberdeeen, 1996.

185 van Zyl C, Prior B A & du Preez J C, Production of ethanol

from sugar cane bagasse hemicellulose hydrolysate by Pichia

stipitis, Appl Biochem Biotechnol, 17 (1988) 357-370.

186 Rodrigues D C G A, Silva S S & Felipe M G A, Fed-batch

culture of Candida guilliermondii FTI 20037 for xylitol

production from sugar cane bagasse hydrolysate, Lett Appl

Microbiol, 29 (1999) 359-363.

187 Rodrigues D C G A, Silva S S, Prata A M R & Felipe M G A,

Biotechnological production of xylitol from agroindustrial

residues - Evaluation of bioprocesses, Appl Biochem Biotechnol,

70-72 (1998) 869-875.

188 Cruz J M, Domínguez J M, Domínguez H & Parajó J C,

Antioxidant and antimicrobial effects of extracts from

hydrolysates of lignocellulosic materials, J Agri Food Chem,

49 (2001) 2459-2464.

189 Roberto I C, Mancilha I M, Souza C A, Felipe M G A, Sato S

& Castro H F, Evaluation of rice straw hemicellulose

hydrolysate in the production of xylitol by Candida

guilliermondii, Biotechnol Lett, 16 (1994) 1211-1216.

190 Perego P, Converti A, Palazzi E, Del Borghi M & Ferraiolo G,

Fermentation of hardwood hemicelluose hydrolysate by

Pachysolen tannophilus, Candida shehatae and Pichia sitpits,

J Ind Microbiol, 6 (1990) 157-164.

191 Ranatunga T D, Jervis J, Helm R F, McMillan J D & Hatzis C,

Toxicity of hardwood extractives toward Saccharomyces

cerevisiae glucose fermentation, Biotechnol Lett, 19 (1997)

1125-1127.

192 Ferrari M D, Neirotti E, Albornoz C & Saucedo E, Ethanol

production from Eucalyptus wood hemicellulose hydrolysate

by Pichia stipitis, Biotechnol Bioeng, 40 (1992) 753-759.

193 Parajó J C, Alonso J L & Santos V, Kinetics of Eucalyptus

Wood Fractionation in Acetic Acid-Hcl-Water Media, Biores

Technol, 51 (1995) 153-162.

194 Canettieri E V, Silva J B & Felipe M G A, Application of

factorial design to the study of xylitol production from

eucalyptus hemicellulosic hydrolysate, Appl Biochem

Biotechnol, 94 (2001) 159-168.

195 Wilson J J, Deschatelets L & Nishikawa N K, Comparative

fermentability of enzymatic and acid hydrolysates of steam-

pretreated aspenwood hemicellulose by Pichia stipitis CBS

5776, Appl Microbiol Biotechnol, 31 (1989) 592-596.

196 Parekh S R, Parekh R S & Wayman M, Fermentation of wood-

derived acid hydrolysates in a batch bioreactor and in a

continuous dynamic immobilized cell bioreactor by Pichia

stipitis, Process Biochem, 22 (1987) 85-91.

197 Taherzadeh M J, Niklasson C & Lidén G, Conversion of dilute-

acid hydrolyzates of spruce and birch to ethanol by fed-batch

fermentation, Biores Technol, 69 (1999) 59-66.

198 Millati R, Niklasson C & Taherzadeh M J, Effect of pH, time

and temperature of overliming on detoxification of dilute-acid

hydrolyzates for fermentation by Saccharomyces cerevisiae,

Process Biochem, 38 (2002) 515-522.

199 Schell D J, Ruth M F & Tucker M P, Modeling the enzymatic

hydrolysis of dilute-acid pretreated douglas fir, Appl Biochem

Biotechnol, 77-79 (1999) 67-81.

200 Tenkanen M, Pentosan-acting enzymes, in Biomass derived

Pentoses, edited by M J O’Donohue (INRA, Reims) 2006,

15.


