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Abstract Vanous apncullural residues, such as com -
ber, corn slover, wheal siraw, noe straw, and sugarcane
barasse, conlam aboul 20-40% hemicellulose, the sec-
ond most abundanl polysacchande in nature. The con-
version of hemicellulose o loels and chemicals s
problematic. In this paper, vanous pretreatment ophions
as well as ensymalic sacchanbcatton of hgnocellulosic
biomass W fermentable sugars 15 reviewed. Our research
dealing wilh Lhe pretrealment and ensymablic sacchan-
ication of corn hber and development of novel and
improved emccymes such as endo-xylanase, f-xyloadase,
and a-L-arabmoluranosidase lor hemeellulose bocon-
version 15 descnbed. The bamers, progress, and pros-
pecls  of  developing  an environmentally  benmign
bioprocess lor larpe-scale converson ol hermicelluloses Lo
luel ethanol, xyhiol, 2. 3-bulanediol, and other valoe-
added lermentabon products are highhghied.

Keywords Hemocellulose - Arubinoxylan -
Bioconverson « Hermcellulase < Xylanolybc ensymes

Introduction

Hemcelluloses, the second most common polysaccha-

rndes m nalure, represent aboul 20-35% of hpnocellu-
losic homass. Xylans are the most  abundant
hermeelluloses. In recenl years, hwoconversion of hem-

cellulose has recetved muoch allention because of s
prachical apphcabions m vanous agro-mdosinal pro-
cesses, such as ellicenlt conversion of hemcellulosac
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bromass Lo fuels and chemicals, dehpmblicabion of paper
pulp, digestibihly enhancement of amimal leedstock,
clanficatton of juces, and mmprovement m the consis-
lency of beer [134, 139, 144]. Eneymes thal deprade, or
help o deprade, bermeellulose are of greal nlerest Lo the
paper and pulp industry due Lo their bleach-boosting
properbies (hobleaching of pulp), which redwees envi-
ronmenlally unfnendly chlonne consumption [91, 135].
Cellulase-free xylanase can faahlale hgmn removal from
paper pulp withoul any harmiul effect. The uihzabion of
hemeellulosic sugars 15 essenbal for efligentl conversion
of hgnocellulosic matenals o luel ethanol and other
value-added lermentabon producls. Xylan-degradimg
ercymes hold greal promise m sscchanlying vanouws
preirealed agncullural and lorestry resdwes o fer-
menlable sugars. Other polental apphcabions of herm-
cellulases mclude bopulpme of wood, colles processing,
[Tl amnd vepeltable maceration, and preparabon of high
iber baked poods [19]). In addition, xyvlan-degrading
enymes play a greal roke m elucidating the struclures of
complex xylans. In this article, a bnel review on the
bioconversion of  hemicellulose—parbcularly  arabin-
oxylans present in vanous agncullural residoes—o Tuel
elthanol, xyhiol and 2 3-bulanediol, s presented.

Structure of hemicellulose

Hermcelluloses are helerogencous polymers ol penloses
(xylose, arabmose), hexoses (manmose, plucose, palac-
lose), and sugar acds. Unhke cellulose, hermoeelluloses
are nol chemcally homogeneous. Hardwood hemacel-
luloses conlam mostly xylans, whereas sollwood he-
micelluloses conlun mostly glucomannans [84]. Xylans
of many planl malenals are heleropolysacchandes wilh
homopolymence backbone chams of 1, 4-hinked f-o-
xylopyranose umls. Besides xylose, xylans may conlan
arabinose, plucuromc acd or 1ls 4-0-methyl elther, and
acelic, lerubc, and pcoumanc acds. The (requency and
composibion of branches are dependent on the source
ol xylan [1]. The backbone consisls of Q-acelyl, o-i-
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arabimofuranosyl, =-1.2-hnked glocorome or 4-0-
methylglocurome acd substluentls. However, unsub-
siluled hnear xylans have also been solated from guar
seed husk, esparlo prass, and lobacco stalks [35]. Xy-
luns can thus be calegponezed as hnear homoxylan,
arabinoxylan, glucuronoxylan, and glocuronoarabin-
oxylan.

Xylans [rom dilferenl sources, such as prasses, ceTe-
als, sollwood, and hardwood, dilfer m composibon.
Birch wood (Roth) xvlan contams B9.3% xylose, 1%
arabimose, 1.4% glucose, and £.3% anhydrouromc acad
[6%]. Rice bran newiral xylan contams 46% xylose,
449% arabmose, 6.1% galaclose, 1.9% plucose, and
1.1% anhydrouromc acd [126]. Wheal arabmoxylan
conlans 65 8% xylose, 33.5% arabinose, 0.1% man-
nose, (1% salactose, and 0.3% glocose [51]. Com hber
xylan 15 one of the complex heleroxylans conlamimg §-
(1. 4)rhnked xylose ressdues [117]). It conbans 48-54%
xylose, 33-35% arabmose, 5-11% palaclose, and 3-6%
glucuromc acd [31]. Aboul 80% of the xylan backbone
15 highly substluled with monomenc side-chams ol
arabinose or glucuromic acid hnked Lo -2 and/or O-3 of
aylose residoes, and also by ohpomenc side chams
conlamng arabinose, xylose, and somelimes palactose
residues (Iag. 1) [122]. A model Tor the com hber cell
wall 5 shown m [1g. 2 [121]). The heteroxylans, which
are hirhly cross-linked by diferube bridpes, constilule a
nelwork m which Lhe cellulose microlibnls may be
imbedded. Structural wall prolemns maghl be cross-hnked
lopelher by 1sodilyrosme bndges and with leruloylated
heleroxylans, thus lorming an insoluble network [60]. In
soflwood heleroxylans, arabmoluranosyl residoees are
eslenihed with p-coumanc acids and ferube acds [88]. In
hardwood xylans, 60-70% of the xylose resdues are
acelylated [131]. The degree of polymenzabon of hard-
wood xylans (150-2M) 15 ligher than thal of sollwoods
(70-130).

Prolein-Polysacchande linkage?

prateins

Figg. 2 Modcl for com fiber cell wallks. Repanted from [121], wath
permssean from John Wiley & Sons on behall of SCI

Pretreatment of hemicellulose

Lignocellulosic biomass imcludes vanous apncullural
residues (straws, hulls, stems, stalks), decduows and
comlerous woods, mumcipal sohd wasles, wasle lrom
the pulp and paper mdustry, and herbacsows enerey
crops. The compositions of Lhese malenals vary. The
major componenl 15 cellulose (35-50%), lollowed by
hermoellulose (20-35%) and hpmin (10-25%). Table 1
mves Lhe composibon of some hgnocellulosacs. Pro-
leins, oals, and ash make up the remaumimg rachon of
hpnocellulosic bomass [140]). The struciure of these
malenals 15 very complex, and nalive biomass 15 pen-
erally resislant o an enceymabic hydrolysis. In the cur-
renl model of the structure of hgnocellulose, cellulose
ibers are embedded m a hgmn-polysacchande matnx.

Fig. 1 Schematic struciore of G
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Table 1 Composition of some agnculiural henoccllulosee biomiass
Composibon (%, dry basas)

Celluboss Hcamcsllulose Ligmin

Corn fiber™ 1% 35 H

Coin cob 45 35 15
Corn stover M 25 17
Rice straw 15 2% 1z
Wheat straw ko 50 M)
Sugarcane bagasse M) 24 25
Swilcherass 4% 30 12
Coastal bermuda grass 2% 35 [

* Contains 0% starch

Xylan may play a sipmblcanl role mn the stroctural
mmlepnly of cell walls by both covalent and non-cova-
lenl associabions [130].

The pretreatment of hpnocellulosic biomass 15 crocial
belore enzymalic hydrolysis. Vanous pre-trealment op-
bons are availlable now o (frachonale, solubihze,
hydrolyee and separale cellulose, hemcellulose, and
hgmn components [§, 21, 137, 141]. These mclude con-
cenlraled acid [45], dilute aad [117], alkahne [71], S0
[17], hydrogen peroxide [48], sleam explosion (aulohy-
drolysis) [40], ammonma hber exploson (AFEX) [22],
wel-oxudation [123], hme [64], hgud hol water [T3], OO
explosion [21], and orgamic solvenl trealtments [15). In
each oplon, the homass s reduced I soe and s
physical struclure 15 opened. Two calepones of dilule
acad pretreatments are used: hogh lemperalure (> 160°C)
conbinuous-llow [or low sohds loadimg (5-10%, w/w)
and low lemperature (<160°C) balch process for high
sohds loadimg (10-40%, wiw) [128]. Dhlule acd pre-
reatmenl al hpgh lemperalure wswally hydrolyzes
hermeellulose Lo ils sugars (xylose, arabimose and other
sugars), which are waler soluble [8]. The residue conlams
cellulose and oflen muoch of the hgmn. The hgmin can be
exlracled wilth solvenls such as elhanol, bulanol, or
[ormic acid. Allernabively, hydrolyas of cellulose with
hpnin presenl produces waler-soluble sugars and msol-
uble residues, which are hgmin plus unreacied malenals.
The use of S0, as a calalyst dunng sleam preirealment
resulls mn the enccymabic accessibilily of cellulose and
enhanced recovery of the hermcellulose-denved supars
[7]. Steam pretreatment al 200-210°C with the addibon
of 1% S50z (w/w) was supenor o other [forms ol pre-
treatmentl of willow [36]. A glucose yield of 95%., based
on Llhe glycan avalable m the raw malenal, was
achieved. By sleam explosion, oplimal solubiloaabion,
and degradation of hemcellulose can penerally be
achieved by eilther ligh lemperature and shorl readence
bme (270°C, | min) or lower lemperalure and longer
restidence tme (190°C, 10 man) [33]. Morjanoll and Gray
[87] reporied thal enzymatic sacchanfcation ol 100 g
sugarcane barasse aller sleam explosion with 1% Ha50y
al 220°C for 30 5 al a walersohd rato ol 2:1 yelded
65.1 g supar.

Super cnbcal carbon dioxide explosion was ellfeclive
[or pretreatment of cellulosic malenals belore enzymabic
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hydrolysis [65, 147). Zheng el al. [148] compared OO0
explosion with steam and ammoma explosion [or pre-
lreatmenl of sugarcane bapgasse and found that Q02
explosion was more cosl-ellechive than ammomia explo-
sion amnd did nol cawse the [ormabon of mhibilory
compounds, which could occur in steam explosion. Cao
el al. [9] reporied a pretreaiment method thal mvolves
sleeping of the hpnocellulosic bomass (wsing com cob as
a mixdel feedstock) m dilute NHOH al ambienl lem-
peralure o remove hpmn, acelale, and extraciives. This
15 (ollowed by a dilule acid treatment thal readily
hydrolyees the hermeellulose (rachon o smple sugars,
prmanly xylose. The readual cellulose [raction of bho-
mass can Lthen be encymabically hydrolysed 1o glucose.
Kurakake el al. [72] pretrealed sugarcane bapasse, com
husk, and swilchprass wilth ammoma waler Lo enhance
ercymabc hydrolyss. Garmrole el al. [43] trealed Euco-
fyprus wood substrales with waler under selecled oper-
aliomal condibons (aulohydrolyas reaction) o oblam a
hguwd phase contammg hemcellulose decomposibion
products (mainly acelylaled xyloohposacchandes, xy-
lose, amd acetic acid). In a (urther acd-calalyeed slep
(posthydrolysis  reactiom), xvloohgosacchandes were
converled Lo xylose. The wel oxidabion method can be
used lor rachionation ol hpnocellulosics o solubihzed
hemcellulose Mmacbon and a sobd cellulose lraction
susceplible Lo enceymabic sacchanicabion. Bjerre el al. [3]
[ound Lhal a combination of alkah and wel oxdabion
did nol penerale [urfural and 5-hydroxymethyl Turfural
(HMI"). Klinke el al. [67] characlenzed the degradabion
products [rom alkabhne wel oxidation {(waler, sodium
carbonale, oxygen, high lemperature, and pressure) of
wheal straw. Aparl rom OO0, amnd waler, carboxyhc
acids were Lhe mam degradation products [rom hemm-
cellulose and hgmin. Aromabe aldehyde formabion was
mammized by lemperalure control and the addibon of
alkah. Drawde el al. [32] reported thal oxypen dehgm-
cation of krall pulp removed up Lo 67% ol the hgmin
[rom sollwood pulp and improved the rale of, and yield
[rom, enzymabic hydrolysis by up to 111% and 174%,
respechively.

Phenohe compounds [rom hpmin degradation, Turan
denvabives (Turfural and HMT) rom sugar degradation,
and ahphatic acds (acetic acd, formic acid and kevuhmc
acad) are considered o be fermentabion mhibilors gen-
eraled [rom pretresled hgnocellulosc bomass  [94].
Vanous methods lfor detosaication of the hydrolyzales
have been developed [93]. These mclude treatment with
wn-exchange resins, charcoal or the hymnolybe enceyme
laccase, pre-fermentabion with the hlamenlous Tungus
Trichoderma reesei, removal of non-volalile compoumids,
extraciion wilh elher or ethyl acetale, and lrealment
wilh alkah (hme) or sullile. Persson el al. [97) employed
counlercurrent low supercnbcal Muwd exirachon Lo
detoxily a dilute acid hydrolyzale of spruce pnor Lo
elhanol fermentation with baker's yeasl. A summary of
vanous prelrealment oplions s @ven m Table 2. Each
pretreatment method offers distinel advanlages and
dsadvanlapes.



