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Abstract

The ethanol yield and productivity obtained during fermentation of lignocellulosic hydrolysates is decreased due to the presence
of inhibiting compounds, such as weak acids, furans and phenolic compounds formed or released during hydrolysis. This review
describes the effect of various detoxification methods on the fermentability and chemical composition of the hydrolysates. Inhibition
of fermentation can be relieved upon treatment with the ligninolytic enzyme laccase, pre-fermentation by the filamentous fungus
Trichoderma reesei, removal of non-volatile compounds, extraction with ether or ethyl acetate, and treatment with alkali or sulfite.
Various fermentation strategies can also be used to improve yield and productivity in lignocellulosic hydrolysates. Batch, fed-batch,
and continuous fermentation are discussed in relation to inhibition of fermentation in lignocellulosic hydrolysates. © 2000 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Lignocellulosic materials such as wood provide
abundant and renewable energy sources. Lignocellulo-
sics contain sugars polymerised to cellulose and hemi-
cellulose which can be liberated by hydrolysing the
material, and subsequently fermented to ethanol by
microorganisms, such as Saccharomyces cerevisiae.
Lignocellulose-derived ethanol can be used as an envi-
ronmentally friendly liquid fuel, the exhaust carbon di-
oxide being taken up by growing biomass and therefore
not making a net contribution to the atmosphere.
However, rapid and efficient fermentation of the hy-
drolysates is limited because in addition to monomeric
sugars a range of toxic compounds is generated during
steam pretreatment and hydrolysis of lignocellulosics
(for a review, see Palmqvist and Hahn-Hagerdal, 1999).
The inhibiting compounds are divided in three main
groups based on origin: weak acids, furan derivatives,
and phenolic compounds. In the present article detox-
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ification methods and strategies to enhance the efficiency
of the fermentation process are reviewed.

Except where explicitly stated, S. cerevisiae has been
used for fermentation of lignocellulose-derived sugars
and in model fermentations in all work reviewed herein.
S. cerevisiae has been shown to be the best yeast for the
fermentation of hexose sugars present in lignocellulose-
derived hydrolysates due to its ethanol-producing ca-
pacity and high inhibitor tolerance (Hahn-Héagerdal et
al., 1991; Olsson and Hahn-Hagerdal, 1993).

2. Detoxification

Biological, physical, and chemical methods have been
employed for detoxification (i.e., the specific removal of
inhibitors prior to fermentation) of lignocellulosic hy-
drolysates (for a recent review, see Olsson and Hahn-
Hagerdal, 1996). In the following, detoxification meth-
ods reported in the literature and their effects on the
composition and fermentability of the hydrolysates used
will be discussed in relation to the identity of com-
pounds mainly responsible for inhibition. Different
detoxification methods cannot be strictly compared
when different lignocellulosic hydrolysates and differ-
ent microorganisms have been used. Lignocellulosic
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hydrolysates vary in their degree of inhibition, and dif-
ferent microorganisms have different inhibitor toler-
ances. The fact that even different strains of S. cerevisiae
may vary in inhibitor tolerance has been illustrated in a
comparison between the performance of S. cerevisiae,
bakers’ yeast, and S. cerevisiae, ATCC 96581, isolated
from a plant for fermentation of spent sulphite liquor
(SSL), in fermentation of SSL (Lindén et al., 1992;
Palmgqvist et al., 1998). Both glucose consumption and
growth were considerably faster for ATCC 96581. Sev-
eral reports on adaptation to inhibiting compounds in
lignocellulosic hydrolysates are found in the literature
(e.g., Amartey and Jeffries, 1996; Buchert et al., 1988;
Nishikawa et al., 1988; Tran and Chambers, 1986; Yu
et al., 1986).

2.1. Biological detoxification methods

Treatment with the enzymes peroxidase and laccase,
obtained from the ligninolytic fungus Trametes versi-
color, has been shown to increase the maximum ethanol
productivity in a hemicellulose hydrolysate of willow
two to three times (Jonsson et al., 1998). The laccase
treatment led to selective and virtually complete removal
of phenolic monomers (2.6 g 1! in the crude hydroly-
sate) and phenolic acids. The absorbance at 280 nm,
indicative of the presence of aromatic compounds, did
not decrease during the laccase treatment, whereas an
increase in absorbance for the large-sized material and a
decrease for the small-sized material were observed for
all wavelengths tested. Based on these observations, the
detoxifying mechanism was suggested to be oxidative
polymerisation of low molecular weight phenolic com-
pounds.

The filamentous soft-rot fungus Trichoderma reesei
has been reported to degrade inhibitors in a hemicellu-
lose hydrolysate obtained after steam pretreatment of
willow, resulting in around three times increased maxi-
mum ethanol productivity and four times increased
ethanol yield (Palmgqvist et al., 1997). In contrast to the
treatment with laccase, treatment with 7. reesei resulted
in a 30% decrease in absorbance at 280 nm, indicating
that the mechanisms of detoxification were different.
Acetic acid, furfural and benzoic acid derivatives were
removed from the hydrolysate by the treatment with
T. reesei.

2.2. Physical detoxification methods

The most volatile fraction (10% (v/v)) of a willow
hemicellulose hydrolysate obtained by roto-evapora-
tion has been shown to only slightly decrease the eth-
anol productivity compared to a reference fermentation
containing glucose and nutrients (Palmqvist et al.,
1996b). The non-volatile fraction was found to be

considerably more inhibitory, in the referred study.
When the non-volatile fraction, obtained by roto-
evaporation down to 10% (v/v) of the original volume,
was diluted five times to obtain twice the concentration
of non-volatile compounds in the original hydrolysate,
the ethanol yield and productivity decreased to 46%
and 36%, respectively, of the values in the reference
fermentation. At two times dilution only little ethanol
was produced (Palmqvist et al., 1996b). The concen-
trate contained 12 g 17! acetic acid and non-volatile
phenolic compounds. In fermentation of an acid hy-
drolysate of aspen with P. stipitis the ethanol yield has
been reported to increase from 0 to 13% of that in a
reference fermentation containing no inhibitors after
roto-evaporation almost to dryness and subsequent
resuspension of the residue in fermentation medium
(Wilson et al., 1989). The detoxification was ascribed to
a decrease in the concentration of acetic acid, furfural
and vanillin by 54% (down to 2.8 g 17!), 100% and
29%, respectively, compared with the concentrations in
the hydrolysate.

After continuous overnight extraction of a strongly
inhibiting spruce hydrolysate with diethyl ether at pH 2,
the ethanol yield has been reported to be comparable to
the value in a reference fermentation containing glucose
and nutrients (0.40 g g~!) (Nilvebrant et al., in prepa-
ration). The ether extract contained acetic, formic, and
levulinic acid, furfural, hydroxymethyl furfural (HMF)
and phenolic compounds. Resuspension of the extracted
components in fermentation medium decreased the
ethanol yield and productivity to 33% and 16%, re-
spectively, of the values obtained in a reference fer-
mentation. In agreement with this result, ethyl acetate
extraction has been reported to increase the ethanol
yield in fermentation by P. stipitis from 0 to 93% of that
obtained in a reference fermentation (Wilson et al.,
1989) due to removal of acetic acid (56%) and complete
depletion of furfural, vanillin, and 4-hydroxybenzoic
acid. Ethyl acetate extraction has also been shown to
increase the glucose consumption rate in a hydrolysate
of pine by a factor of 12 (Clark and Mackie, 1984). The
low molecular weight phenolic compounds were sug-
gested to be the most inhibiting compounds in the ethyl
acetate extract.

After extraction of the inhibitory ether fraction of a
dilute acid hydrolysate of spruce with water (three
times), the water phase has again been found inhibi-
tory in fermentation assays, showing that the major
inhibitors were relatively soluble both in the aqueous
and in the organic phase (Nilvebrant et al., in prepa-
ration). When 0.5 mol 17! NaHCO; was used for ex-
traction, in order to further fractionate the inhibitor-
containing ether extract, neither the ether phase nor
the water phase caused inhibition of fermentation.
This indicated that the inhibitors were not alkali
stable.
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2.3. Chemical detoxification methods

Detoxification of lignocellulosic hydrolysates by al-
kali treatment, i.e., increasing the pH to 9-10 with
Ca(OH), (overliming) and readjustment to 5.5 with
H,SO,, has been described as early as 1945 by Leonard
and Hajny. Ca(OH), adjustment of pH has been re-
ported to result in better fermentability than NaOH
adjustment due to the precipitation of ‘toxic com-
pounds’ (van Zyl et al., 1988). In agreement with this,
ethanol yield and productivity in a solution of the
components which had been extracted with ether from
a dilute-acid hydrolysate of spruce has been reported to
be considerably higher after adjustment to pH 5.5 with
Ca(OH), than with NaOH (Palmqvist, 1998). After an
overliming treatment (pH 10), causing the formation of
a large precipitate, the ethanol productivity was further
increased. The detoxifying effect of overliming is due
both to the precipitation of toxic components and to
the instability of some inhibitors at high pH. This has
been demonstrated by the fact that preadjustment to
pH 10 with NaOH of a strongly inhibiting dilute-acid
hydrolysate of spruce prior to fermentation resulted in
twice as high ethanol yield (and comparable to the
yield in a reference fermentation containing glucose
and nutrients) as after only adjustment to fermentation
pH (5.5) (Palmqvist, 1998). Preadjustment to pH 10
with NaOH and Ca(OH), has been reported to de-
crease the concentration of Hibbert’s ketones in a di-
lute acid hydrolysate of spruce from 203 to 158 (22%
decrease) and to 143 mg 17! (30% decrease), respec-
tively, and the concentration of both furfural and
HMF by 20% (Nilvebrant et al., in preparation). In
contrast to what has been reported previously (Amar-
tey and Jeffries, 1996; van Zyl et al., 1988), the con-
centration of acetic acid was not affected by either
treatment in the referred study.

In the 1940s, treatment with a reducing agent such
as sulphite, or a large yeast inoculum were suggested as
means to overcome an ‘unfavourable reduction poten-
tial’ in lignocellulosic hydrolysates (Leonard and
Hajny, 1945). In more recent studies treatment of a
dilute-acid hydrolysates of spruce with sodium sulphite
(Larsson et al., 1999), or using a large cell inoculum
(for a review, see Palmqvist and Hahn-Hagerdal, 1999)
have been shown to decrease the concentrations of
furfural and HMF. A combination of sulphite and
overliming has been shown to be the most efficient
method to detoxify willow hemicellulose hydrolysate
prior to fermentation by recombinant Escherichia coli
(Olsson et al., 1995). Only 24% of the xylose was fer-
mented in 40 h in the untreated hydrolysate, whereas
complete depletion of monosaccharides was obtained
in the same time after overliming. When the hydroly-
sate was supplemented with sodium sulphite (0.1%)
and heated (90°C, 30 min), in addition to the over-

liming treatment, the fermentation time was reduced by
a factor three. Similarly, adjustment to pH 10 with
KOH, readjustment to pH 6.5 with HCI and addition
of 1% sodium sulphite at room temperature has been
found to be the most efficient method of improving
fermentation of a hemicellulose hydrolysate of sugar
cane bagasse with P. stipitis (van Zyl et al., 1988). The
effect of the combined treatment was probably due to
decreased concentrations of Hibbert’s ketones and al-
dehydes, and the removal of volatile compounds when
a heat treatment was employed.

2.4. Concluding remarks regarding detoxification

Weak acids, furan derivatives, and phenolic com-
pounds inhibit fermentation of lignocellulosic hydroly-
sates as discussed above. In addition, negative
interaction effects between compounds leading to in-
creased inhibition exist (Palmqvist et al., 1999b). In-
hibitors also increase the environmental stress for the
fermentative organism due to decreased water activity
and increasing ethanol concentrations. Microorganisms
can survive stress up to a certain limit, but cell death
results if the capacity of the cell to respond to the stress
is exceeded. In the previous sections several detoxifica-
tion methods were discussed where the effect was due to
a decreased overall concentration of weak acids, furan
derivatives, phenolic compounds, and thereby the ‘gen-
eral stress level’.

The fact that inhibition has been shown to decrease
considerably by specifically removing the phenolic
compounds with the enzyme laccase (Jonsson et al.,
1998), implies that the phenolic compounds are major
inhibitors in lignocellulosic hydrolysates. Supporting
this is the observation that a dilute-acid hydrolysate of
spruce has been shown to be considerably more inhibi-
tory than a model fermentation containing the corre-
sponding concentrations of weak acids, furfural and
HMF, but no phenolic compounds (Larsson et al.,
1998). Instead of decreasing the overall inhibitor con-
centration, or ‘stress level’ by non-specific detoxification
treatment, it thus seems to be possible to obtain an
equivalent alleviation of inhibition by specifically re-
moving the low molecular weight phenolic compounds
by, for instance, laccase treatment. Different detoxifi-
cation methods have recently been compared, using the
same dilute acid hydrolysate of spruce and fermentation
with S. cerevisiae (Larsson et al., 1999). Among the in-
vestigated methods, only anion exchange at pH 10 and
overliming resulted in higher ethanol productivity in the
fermentation than laccase treatment. Both laccase
treatment and anion exchange led to more than 80%
decrease of total phenolics, and the anion treatment also
removed virtually all levulinic, acetic, and formic acids,
and 70% furfural and 5-HMF. Anion exchange however
also led to a considerable loss of fermentable sugars, and
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is therefore not a feasible method. The effect of the
overliming treatment, also investigated in the referred
study, is less easily understood. The weak acids were not
affected, and furfural, 5-HMF, and total phenolics only
decreased by 20% each. These inhibitor concentrations
were almost exactly the same as analysed after pread-
justment with NaOH to pH 10, and yet the overliming
treatment resulted in almost three times as high ethanol
productivity as the NaOH treatment. Thus there seem to
be yet unknown inhibitors in lignocellulosic hydroly-
sates, the identification of which presents a challenge for
future work.

2.5. Fermentation strategies

Fermentation is performed in batch, in fed-batch, or
in continuous mode. The ethanol productivity is deter-
mined by cell-specific productivity and cell mass con-
centration, and in lignocellulosic hydrolysates also by
lignocellulose-derived inhibitors. When configuring the
fermentation process, several parameters must be con-
sidered: the ethanol yield and productivity should be
high, and the equipment cost should be low. The need
for detoxification must be evaluated in relation to the
fermentation configuration.

2.6. Batch and fed-batch fermentation

The volumetric ethanol productivity is low in ligno-
cellulosic hydrolysates when low cell-mass inocula are
used due to poor cell growth. Cell growth in lignocell-
ulosic hydrolysates has been found to be strongly de-
pendent on pH (Palmqvist et al., 1998). In batch
fementation of enzymatic hydrolysate of spruce (initial
cell-mass concentration 0.8 g 17') no growth occurred
during 17 h at pH 4.6. pH adjustment from 4.6 to 5.0
was reported to initiate cell replication, and increased
the volumetric ethanol productivity to 0.17 g (1 h)~!, in
the referred study. The strong pH dependency of growth
in lignocellulosic hydrolysates is due to the large con-
centration of undissociated weak acids at low pH.

The productivity is increased and the sensitivity of the
process to low pH decreased when the initial cell-mass
concentration was increased. Using an initial cell-mass
density of 6.0 g 17! (d.w.), a productivity of 3.4 g (1 h)~!
and a final yield of 0.41 g g~! have been reported during
fermentation of enzymatic hydrolysate of willow at pH
5.5 (Palmgvist et al., 1996a). An ethanol productivity of
3.0 ¢ (1 h)™! and a final yield of 0.44 g ¢! have been
obtained when an enzymatic hydrolysate of spruce was
fermented without pH adjustment (pH 4.8) using an
initial cell-mass concentration of 10 g I-! (d.w.) (Sten-
berg et al., 1998). By using an even higher initial cell-
mass density (23.6 g 17!), an initial ethanol productivity
of 16 g (1 h)™! has been reached in fermentation of
bagasse hydrolysate (Ghose and Tyagi, 1979). However,

in rapid batch fermentation, high rates of yeast cell in-
activation have been observed (Nagodawithana and
Steinkraus, 1976). In addition, the apparent specific
growth rate, and thus the viability, has been reported to
decrease with increasing inoculum size, and at a certain
cell density no net increase in cell-mass concentration
was detected (Ghose and Tyagi, 1979; Navarro, 1994).

The seed culture for batch fermentation is either
grown in a separate fermentor for each fermentation, or
more economically, the cells are recirculated after
completed fermentation. If the cells are recirculated, it is
important that cell viability remains high. If the fer-
mentor is aerated during the initial phase of fermenta-
tion, the viability of the recirculated cells increases. Cell
recirculation is beneficial for the process since it may
lead to adaptation as discussed previously.

Monitoring of the fermentation is important in order
to detect process disturbances. Off-line sampling and
HPLC analysis of substrate and product concentrations
is labour intensive and time consuming. By applying on-
line sampling using a microdialysis probe and automatic
HPLC analysis, the frequency of sampling can be
greatly increased (Palmqvist et al., 1998). It is possible to
increase the analysis frequency even further by using a
biosensor for detection, or by mounting a sensor directly
in the fermentor (Kriz et al., 1998). Through the rapid
detection of process disturbances it is possible to mini-
mise losses in yield and productivity due to decreased
cell viability or cell death. By supplementation of the
hydrolysate with lipids, proteins, vitamins, peptone or
casein extract (D’Amore and Stewart, 1987; Banerjee et
al., 1981; Stanley and Pamment, 1992) and low aeration
(Cysewski and Wilke, 1978; Ghose and Tyagi, 1979; Lee
et al., 1996) growth and ethanolic fermentation are
stimulated. As discussed above, a well-controlled pH is
crucial for cell growth.

The need for detoxification has been reported to de-
crease when a high initial cell density has been used
(Chung and Lee, 1984; Nishikawa et al., 1988; Tran and
Chambers, 1986), partly due to increased depletion rate
of bioconversible inhibitors, and partly to that growth is
more affected by inhibitors like weak acids and furfural
than volumetric ethanol productivity. The ‘inhibitors’
may even lead to increased ethanol yield and produc-
tivity due to uncoupling by the presence of weak acids
(Palmqvist et al., 1999b; Taherzadeh et al., 1997), or due
to decreased glycerol production in the presence of
furfural (Palmgqvist et al., 1999a).

By adding the substrate at a low rate in fed-batch
fermentation the concentrations of bioconvertible in-
hibitors such as furfural and HMF in the fermentor
remain low, and the inhibiting effect therefore decreases.
Complete fermentation of an acid hydrolysate of spruce,
which was strongly inhibiting in batch fermentation has
been achieved in fed-batch fermentation without any
detoxification treatment (Taherzadeh et al., 1999). The
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productivity in fed-batch fermentation is limited by the
feed rate which, in turn, is limited by the cell-mass
concentration.

2.7. Continuous fermentation

Process design studies of molasses fermentation have
shown that the investment cost was considerably re-
duced when continuous rather than batch fermentation
was employed, and that the ethanolic productivity could
be increased by more than 200% (Cysewski and Wilke,
1978). In continuous fermentation, as in fed-batch fer-
mentation, the substrate is added at a low rate, thereby
ensuring a low concentration of bioconvertible inhibi-
tors in the fermentor. In contrast to the situation in fed-
batch fermentation, however, cell growth is necessary at
a rate equal to the dilution rate in order to avoid wash-
out of the cells. The productivity is a function of the
dilution rate, and since the growth rate is decreased by
the inhibitors, the productivity in continuous fermen-
tation of lignocellulosic hydrolysates is low (Lee et al.,
1996; Palmquvist et al., 1998).

By employing cell retention systems, the cell-mass
concentration in the fermentor, the maximum dilution
rate, and thus the maximum ethanol productivity in-
crease. Different cell-retention systems have been used,
e.g. immobilization (Inoles et al., 1983; Nagashima et
al., 1984; Williams and Munnecke, 1981), cell-recycling
by filtration (Damiano and Wang, 1985; Lee and Chang,
1987; Lee et al., 1996; Melzoch et al., 1991; Palmqvist et
al., 1998), settling (Ghose and Tyagi, 1979; Kuriyama et
al., 1985), or centrifugation (Cysewski and Wilke, 1978).
The investment cost for a continuous process with cell
recirculation has been found to be less than for contin-
uous fermentation without cell recirculation (Cysewski
and Wilke, 1978). The ethanol productivity has been
reported to increase three to four times when cell recir-
culation was employed in the fermentation of an enzy-
matic hydrolysate of spruce (Palmqvist et al., 1998), in
fermentation of molasses (Cysewski and Wilke, 1978),
and in fermentation of bagasse hydrolysate (Ghose and
Tyagi, 1979).

A precipitate, probably calcium oxalate, causing
problems in the filter unit has been reported to appear
after one week of continuous fermentation of spruce
hydrolysate with cell recirculation by filtration (Palmg-
vist, 1998). In industrial-scale operation cell recircula-
tion by centrifugation would preferably be used and this
problem thus circumvented. However, after long-term
operation calcium oxalate will probably accumulate in
the fermentor and ultimately cause problems in the cell
recirculation step. Therefore calcium salts should be
avoided for pH adjustment.

Theoretical ethanol yields on fermentable sugars
have been achieved in continuous fermentation with
cell recirculation of a spruce hydrolysate at a cell-mass

concentration of about 25 g 17!, indicating that the
cells were not growing at this cell density (Palmqvist
et al., 1998). Cell growth has previously been reported
to decrease at high cell density in continuous fermen-
tation with cell recirculation (Melzoch et al., 1991).
The specific ethanol productivity has also been re-
ported to decrease with increasing cell-mass concen-
tration (Lee and Chang, 1987; Palmqvist et al., 1998).
Ideally, the cell density should be kept at a level pro-
viding maximum ethanol productivity and yield and
slow cell growth only to compensate for cell death. A
low bleed stream avoids accumulation of biomass in
the fermentor.

2.8. Recycling of process streams

In an environmentally sustainable process the use of
fresh water, the amount of waste water and the energy
consumption must be minimised. The water consump-
tion is decreased by recirculating process streams for use
in the washing and hydrolysis steps. The ethanol con-
centration in the feed to the distillation stage can be
increased by recirculating part of the dilute ethanol
stream from the fermentor. A higher ethanol concen-
tration in the feed decreases the energy requirement in
the distillation stage. The energy demand has been re-
ported to be high when the ethanol concentration in the
feed is below 1% (Busche, 1983), and to decrease dras-
tically with increasing ethanol concentration to about
3%. Above 4% ethanol in the feed, the energy require-
ment is rather constant for increasing ethanol concen-
trations, according to the referred study. However,
computer simulations have shown that recirculation of
streams leads to the accumulation of non-volatile in-
hibitory compounds in the process (Galbe and Zacchi,
1991; Palmguvist et al., 1996b).

A bench-scale unit has been designed for the de-
velopment and testing of a process for ethanol pro-
duction from lignocellulosics based on enzymatic
hydrolysis (Palmqvist et al., 1996a). In the pretreat-
ment unit, the lignocellulosic material, impregnated
with SO, or H,SO,, was treated with steam (7. =
235°C, 30 bar). The solubilised hemicellulose was sep-
arated from the fibrous material in a filter press. The
filamentous fungus 7. reesei produced cellulolytic en-
zymes for the hydrolysis of the fibrous material (40°C,
pH 4.8). Ethanolic fermentation with S. cerevisiae was
carried out in batch and continuous mode with and
without cell recirculation. Ethanol was purified by
distillation.

Experimental simulations of various recycling con-
figurations have been performed in the bench-scale unit
to study the effect of the accumulation of non-volatile
compounds and ethanol in the hydrolysis and fermen-
tation steps (Stenberg et al., 1998). During ethanol
production from softwood, the fresh water demand, and
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thus also the amount of waste water produced has been
shown to be reduced by 50% by recirculation of the
stillage stream or part of the liquid stream from the
fermentor without either enzymatic hydrolysis or fer-
mentation being inhibited. However, when the amount
of freshwater was further reduced to 25% of the total
liquid added to the hydrolysis stage the productivity and
yield in the fermentation decreased. Recirculation of the
dilute ethanol stream after fermentation, containing 23 g
17! EtOH, was shown to decrease the energy demand in
the distillation stage by 42%, without influencing hy-
drolysis or fermentation.

2.9. Integration of a detoxification step

Detoxification may be necessary when strongly in-
hibiting hydrolysates are fermented, if high concentra-
tions of inhibitors accumulate in the fermentation unit
due to recirculation of streams, or when a fermenting
organism with low inhibitor tolerance is used. The
detoxification method should selectively remove inhib-
itors, and be cheap and easy to integrate into the
process.

Enzymatic detoxification using the lignolytic enzymes
laccase or peroxidase (Jonsson et al., 1998) could be
performed directly in the fermentation vessel prior to
fermentation, and would thus not require an additional
process step. Immobilization would facilitate enzyme
recovery and reduce cost. Simultaneous detoxification
and enzyme production has been reported to occur
when the inhibitor-containing hemicellulose hydrolysate
from the pretreatment stage was used as substrate for
T. reesei (Palmqvist et al., 1997). The enzyme-contain-
ing, inhibitor-free liquid can then be used to hydrolyse
the cellulose fraction. This detoxification method would
improve the process economy since all wood-derived
sugars are utilised.

Overliming in combination with sulphite addition is
so far the only detoxification method for which an
economic analysis has been made. It has been reported
that the cost of ethanol produced from willow hydro-
lysates using recombinant E. coli increased by 22% when
overliming was used (von Sivers et al., 1994). The
treatment consisted of increasing the pH from 3.1 to
10.5 with 53 mmol I-! Ca(OH), (106 mmol 1=} OH"),
adding 1 g 1! sodium sulphite, and incubating the hy-
drolysate at 90°C for 30 min (Olsson et al., 1995). This
method resulted in a four times higher fermentation rate
than detoxification by overliming only, whereas only
little ethanol was produced in the untreated hydrolysate.
Overliming could however be a cheap and simple det-
oxification method. The amount of OH needed to ad-
just a spruce hydrolysate from pH 1.7 after dilute-acid
hydrolysis to fermentation pH 5.5 has been reported to
be 146.3 mmol 17!, and the additional amount required
to increase the pH to 10 to be only 32.5 mmol 1=!, due to

the low buffering capacity of the hydrolysate above pH
5.5 (Palmqvist, 1998). The cost for the detoxification
treatment using a base would thus only increase the cost
of neutralisation to fermentation pH by approximately
20%. Adjustment with Ca(OH), generates a precipitate
of CaSQ,, which must be removed by centrifugation
prior to fermentation, and adjustment with this base
would therefore require an additional process step. In
addition, precipitation of calcium oxalate is likely to
cause problems during long-term continuous fermenta-
tion, as discussed above.

Through the introduction of an evaporator after the
distillation unit the stillage stream could be evaporated
and the inhibitor-free volatile fraction recirculated
(Palmgqvist et al., 1996a). The non-volatile, inhibitor-
containing residue could be used as a solid fuel to pro-
vide energy for the process. This detoxification method
would require an additional process step and increase
the energy requirement of the process.

In the present review mainly hexose fermentation
using S. cerevisiae was considered as a model system. In
an economically feasible process complete fermentation
of not only hexoses, but also of pentose sugars must be
obtained. The detoxification method chosen in the final
process depends on the requirements of the microor-
ganism used for fermentation in this process.
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