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cluding cellulose crystallinity, degree of cellulose poly-
merization, surface area, and content of lignin. Lignin
interferes with hydrolysis by blocking access of cellu-
lases to cellulose and by irreversibly binding hydrolytic
enzymes. Therefore, removal of fignin can dramatically
increase the hydrolysis rate (McMillan, 1994).

4.2, Cellulase

Increasing the dosage of cellulases in the process, to a
certain extent, can enhance the yield and rate of the
hydrolysis, but would significantly increase the cost of
the process. Cellulase dosage of 10 FPU/g cellulose is
often used in laboratory studies because it provides a
hydrolysis profile with high levels of glucose yield in a
reasonable time (48-72 h) at a reasonable enzyme cost
(Gregg and Saddler, 1996). Cellulase enzyme loadings in
hydrolysis vary from 7 to 33 FPU/g substrate, depend-
ing on the type and concentration of substrates.

Enzymatic hydrolysis of cellulose consists of three
steps: adsorption of cellulase enzymes onto the surface
of the celluylose, the biodegradation of cellulose to fer-
mentable sugars, and desorption of cellulase. Cellulase
activity decreases during the hydrolysis. The irreversible
adsorption of cellulase on cellulose is partially respon-
sible for this deactivation (Converse et al,, 1988). Ad-
dition of surfactants during hydrolysis is capable of
modifying the cellulose surface property and minimizing
the irreversible binding of cellulase on cellulose. The
surfactants used in the enzymatic hydrolysis include
nonionic Tween 20, 80 (Wu and Ju, 1998), polyoxyeth-
ylene glycol (Park et al., 1992), Tween 81, Emulgen 147,
amphoteric Anhitole 20BS, cationic Q-86W (Ocshima
et al; 1986), sophorolipid, rhamnolipid, and bacitracin
{Helle et al., 1993). Inhibitory effects have been cbserved
with cationic Q-86W at high concentration and anionic
surfactant Neopelex F-235 (Ooshima et al., 1986). Non-
ionic surfactants are therefore believed to be more
suitable for enhancing the cellulose hydrolysis. The rate
of enzymatic hydrolysis was improved by 33% using
Tween 80 as a surfactant in the hydrolysis of newspaper

(Castanon and Wilke, 1981). Wu and Ju (1998) tested
Pluronic F68 and F88 (BASF) and Tween 20 and 80 for
enhancing the enzymatic hydrolysis of pretreated
newsptint {Table 3). The cellulose conversion with 2%
(w/v) F68 and 2 g/l cellulase reached 52%, compared to
48% conversion with 10 g/l cellulase in a surfactant-free
system. However, Tween 20 was highly inhibitory to
D. clausenii even at a low concentration of 0.1%.

Use of a cellulase mixture from different microor-
ganisms or a mixture of cellulases and other enzymes in
the hydrolysis of cellulosic materials has been exten-
sively studied (Beldman et al., 1988; Excoffier et al,,
1991; Xin et al., 1993). The addition of B-glucosidases
into the T. reesei cellulases system achieved better sac-
charification than the system without B-glucosidases
(Excoffier et al,, 1991; Xin et al., 1993). B-Glucosidases
hydrolyze the cellobiose which is an inhibitor of cellu-
lase activity. A mixture of hemicellulases or pectinases
with cellulases exhibited a significant increase in the
extent of cellulose conversion (Ghose and Bisaria, 1979;
Beldman et al., 1984). A cellulose conversion yield of
90% was achieved in the enzymatic saccharification
of 8% alkali-treated sugar-cane bagasse when a mixture
of cellulases (dose, 1.0 FPU/g substrate} from A. wustus
and T, viride was used (Mononmani and Sreekantiah,
1987). A nearly complete saccharification of steam-ex-
plosion pretreated Eucalyptus viminalis chips (subsirate
concentration of 6% and enzyme loading of 10 FPU/g
cellulose) was obtained using a cellulase mixture of
commercial Celluclast and Novozym preparations (Ra-
mos et al., 1993), Baker et al. (1994) found a new ther-
mostable endoglucanase, Acidothermus celfulolyticus B,
and another bacterial endoglucanase, 7. fusca E5 that
exhibited striking synergism with T. reesei CBHI in the
saccharification of microcrystalline cellulose.

Cellulases can be recovered from the liquid superna-
tant or the solid residues and most recycled cellulases are
from the liquid supernatant. Enzyme recycling can ef-
fectively increase the rate and yield of the hydrolysis and
lower the enzyme cost (Mes-Hartree et al., 1987). Ramos
et al. (1993) reported that the enzyme mixture of the

Table 3
Effects of different surfactants on hydrelysis of cellulose newsprint (Wu and Ju, 1998}
Surfactants Cellulose conversion (%o)
Type Concentration (%} 10 h 15h 44.5h 123.5h
Control 0 11.9 17.5 20.7 27.5
Tween 20 0.5 (4.1 21.6 212 43.6
2.0 16.0 247 32.1 46.8
Tween 80 0.5 14.5 22,0 28.0 431
2.0 14,2 24,7 - 296 43.6
F68 0.5 17.3 26.7 34.4 51.0
2.0 16.6 27.5 34.0 56,5
F38 0.5 15.4 24,7 32.3 47.8
2.0 14.5 24.6 330 51,2

* Enzyme loading: 2 g/1; solid substrate concentration: 10%.
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commercial Celluclast and Novozym preparation was
successfully recycled for five consecutive steps with an
elapsed time of 48 h between each recycling step. The
efficiency of cellulose hydrolysis decreased gradually
with each recycling step.

4.3. End-procuct inhibition of cellulase activity

Cellulase activity is inhibited by cellobiose and to a
lesser extent by glucose. Several methods have been
developed to reduce the inhibition, including the use of
high concentrations of enzymes, the supplementation
of B-glucosidases during hydrolysis, and the removal of
sugars during hydrolysis by ultrafiltration or simulta-
neous saccharification and fermentation (SSF).

The S8F process has been extensively studied to re-
duce the inhibition of end products of hydrolysis (Tak-
agi et al., 1977; Blotkamp et al., 1978; Szczodrak and
Targonski, 1989; Saxena et al., 1992; Philippidis et al,,
1993; Zheng et al., 1998). In the process, reducing sugars
produced in ceflulose hydrolysis or saccharification are
simultaneously fermented to ethanol, which greatly re-
duces the product inhibition to the hydrolysis.

The microorganisms used in the SSF are usually the
fungus T, reesei and yeast S. cerevisive. The optimal
temperature for SSF is around 38 °C, which is a com-
promise between the optimal temperatures for hydro-
lysis (45-50 °C) and fermentation (30 °C) (Philippidis,
1996). Hydrolysis is usually the rate-limiting process in
SSF (Philippidis and Smith, 1995), Thermotolerant
yeasts and bacteria have been used in the S8F to raise
the temperature close to the optimal hydrolysis tem-
perature. Ballesteros et al. (1991) have identifisd Khy-
veromyces maixianus and K. fragilis that have the
highest ethanol productivity at 42 °C from 27 yeast
strains, K. marxianus has an ethancl vield of 0.5 gfg
cellulose in 78 h using Solka Floc 200 as substrate at 42
°C. Kadam and Schmidt {1997) found that a therme-
tolerant vyeast, Candida acidothermophiium, produced
80% of the theoretical ethanol yield at 40 °C using dilute
acid pretreated poplar as substrate. Kluyveromyces
strains have been found to be more thermotolerant than
Candida and Saccharomyces strains (Hacking et al,
1984).

Compared to the two-stage hydrolysis-fermentation
process, SSF has the following advantages: (1) increase
of hydrolysis rate by conversion of sugars that inhibit
the cellulase activity; (2) lower enzyme requirement; (3)
higher product yields; {4) lower requirements for stetile
conditions since glucose is removed immediately and
cthanol is preduced; (5) shorter process time; and (6)
less reactor volume because a single reactor is used.
However, ethanol may also exhibit inhibition to the
cellulase activity in the SSF process. Wu and Lee (1997)
found that cellulase lost 9%, 36% and 64% of its criginal
activity at ethanol concentrations of 9, 35 and 60 g/,

respectively, at 38 °C during SSF process. The disad-
vantages which need to be considered for SSF include:
{1) incompatible temperature of hydrolysis and fer-
mentation; {2) ethanol tolerance of microbes; and (3)
inhibition of enzymes by ethanol.

5, Future prospects

The US fuel ethanol industry produced more than 6.2
billion liters of ethanol in 2000, most of which was
produced from corn (MacDonald et al., 2001). How-
ever, an increase of ethanol production from corn will
compete for the Iimited land against corn-based food
and feed production. The price of corn was estimated to
increase by $1.20-2.00/ton for every 2.5 million tonnes
of corn used to make ethanol (Elander and Putsche,
1996). On the other hand, there is a huge amount of low-
value or waste lignocellulosic materials that are cur-
rently burned or wasted. Utilization of lighocellulosic
materials can replace the equivalent of 40% of the gas-
oline in the US market (Wheals et al., 1999), . Using
lignocellulosic materials such ag agricultural residues,
grasses, forestry wastes and other low-cost biomass can
significantly reduce the cost of raw materials (comparsd
to corn) for ethanol production.

A reduction of the cost of ethanol production can be
achieved by reducing the cost of either the raw materials
or the celiulase enzymes. It was predicted that the use of
genetically engincered raw materials with higher carbo-
hydrate content combined with the improvement of
conversion technelogy could reduce the cost of ethanol
by $0.11 per liter over the next 10 years (Wooley et al,,
1999). Reducing the cost of cellulase enzyme production
is a key issue in the enzymatic hydrolysis of lignocellu-
losic materials. Genetic techniques have been used to
clone the cellulase coding sequences into bacteria,
veasts, fungi and plants to create new cellulase produc-
tion systems with possible improvement of enzyme
production and activity. Wood et al. (1997) reported the
expression of recombinant endoglucanase genes from
Erwinia chrysanthemi P86021 in Escherichio coli KO11
and the recombinant system produced 3200 IU endo-
glucanasefl fermentation broth (IU, international unit,
defined as a micromole of reducing sugar as glucose
released per minute using carboxymethyl cellulose as
substrate). The thermostable endoglucanass El from
Acidothermus cellulolyticus was expressed in Arabidopsis
thaliana leaves (Ziegler et al., 2000), potato (Dai et al.,
2000), and tobacco (Hooker et al., 2001).

Using genetically engineered microorganisms that
can convert xylose and/or pentose to ethanol can greatly
improve ethanol production efficiency and reduce the
cost of the production. The consiructed operons en-
coding xylose assimilation and pentose phosphate
pathway enzymes were transformed into the bacterium
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Zymomonas mobilis for the effective fermentation of
xylose to produce ethanol (Zhang et al., 1995). The re-
combinant strain of £. coli with the genes from Z. mo-
bilis for the conversion of pyruvate into ethanol has
been reported by Dien et al. (2000). The recombinant
plasmids with xylose reductase and xylitol dehydrogen-
ase genes from Pichia stipitis and xylulokinase gene
from Saccharomyces cerevisine have been transformed
into Saccharomyce spp. for the co-fermentation of ghu-
cose and xylose (Ho et al.,, 1998).

Alihough bioethanol production has been greatly
improved by new technologies, there are still challenges
that need further investigations. These challenges in-
clude maintaining a stable performance of the geneti-
cally engineered yeasts in commercial scale fermentation
operations {Dipardo, 2000), developing more efficient
pretreatment technologies for lignocellulosic biomass,
and integrating the optimal components into economic
ethanol production systems.
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