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Abstract

The enzymatic hydrolysis of wheat straw was carried out in bi-phasic media prepared with acetate esters and Na-acetate
buffer. The volume percentage of the organic chemicals was 75%. The biomass was pretreated in a steam explosion plant at
2178C and for 3 min. A cellulase complex from commercial source was utilised and the experiments were run at 458C and at

Ž .constant enzyme to biomass weight ratio 0.06 . Biomass loadings ranged from 6.25 to 100 g per litre of reactor. The amount
Ž .of glucose formed per litre of reactor and hour and the glucose yield grams of product per gram of biomass were close to

the values attained in pure buffer. The glucose concentration in the aqueous phase was in bi-phasic media much higher than
in pure buffer and reached the value of 146 g ly1 during 72 h of saccharification. The results were poorly dependent on theH O2

physical–chemical properties of the solvents. Nevertheless, butyl acetate could be slightly preferred to propyl and i-amyl
acetate. The use of bi-phasic media did not require stirring rate higher than in pure buffer. The presence of acetate ester
traces did not alter markedly the production of ethanol in the fermentation stage, but determined the extension of the lag
phase. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lignocellulosic biomasses are widely considered
as an important source for the production of sugar
streams that can be fermented to ethanol and other
organic chemicals. The pretreatment of the biomass
for the fractionation of the three main components
Ž .cellulose, hemicellulose and lignin , the hydrolysis
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of the cellulose and the hemicellulose, and the fer-
mentation of pentoses and glucose to ethanol has
been under study for many years. The economic
analysis of the process has been made and, even
though differences exist between the situation in
Europe and in USA–Canada, the prospect for an

w xindustrial development in the future is good 1–4 .
A present limitation is the low concentration of

sugar in the hydrolysis reactor adopting the separate
Ž .saccharification and fermentation SHF process. This

is partially determined by glucose inhibition on en-
zyme activity that lowers the productivity. Brilliant
results have been attained with the simultaneous
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Ž .saccharification and fermentation SSF process con-
w xverting the formed glucose to ethanol 5–7 . How-

ever, the high water content of the wet biomass and
the water required for assuring good rheological
properties of the reaction medium do not allow to
overcome the problem of a small final product con-
centration.

The aim of this study was to investigate the
possibility of replacing an aliquot of the water with
an immiscible organic solvent, at least that necessary
to assure stirring of the system. The use of non-purely
aqueous systems for cellulose hydrolysis was re-
ported in the literature. The reaction yield was im-
proved, but the sugar concentration in the system

w xminimally increased or did not at all 8–10 . By
contrast, saccharification in the presence of organic
solvents could reach this goal because of the favoured
partition of glucose in the water phase.

Results of previous investigations in our labora-
tory proved that acetate esters were suitable chemi-
cals for use in this bioconversion as far as the
stability and the activity of the cellulase components

w xare concerned 11–13 . During this study, the pres-
ence of acetate esters in the hydrolysis medium and
in the fermentation broth was studied separately in
order to achieve clear information on each stage of
the bioprocess. Wheat straw was used as model
because of its abundance as agricultural waste all
around the world. The biomass was pretreated in a
steam-explosion plant being this pretreatment one of
the less expensive and most effective for performing

w xthe enzymatic hydrolysis 14 .

2. Materials and methods

2.1. Enzymes and hydrolysis conditions

Ž .The cellulase SAFIZYM C80L was from SAF-
Ž .ISIS France . Total protein concentration, 271 g

ly1, was determined with the Lowry method, using
w xcrystalline bovine serum albumin as standard 15 .

The enzymatic units per milligram of protein, at
458C in 50 mM Na-acetate buffer pH 4.8, were: 0.42
for b-glucosidase tested with 10 mM cellobiose;
6.02 for endo-glucanase with 0.25% wrv CMC;
0.29 for exo-glucanase with 0.25% wrv Avicel; 0.53

for xylanase with 0.25% wrv xylan; 0.31 for FP-ase
Ž .with Whatman 1 1=6 cm in 1.5 ml. One cellulase

unit was defined as the amount of enzyme that
causes the formation of 1 mM of reducing sugar per
minute at the above conditions.

The hydrolysis of wheat straw was carried out in
Ž .stirred batch reactor 350 ml and thermostated at

458C. The product formation was monitored during
72 h of biosaccharification either in pure buffer, 50
mM Na-acetate pH 4.8, or in bi-phasic media, 25%
vrv buffer and 75% vrv acetate esters. The enzyme
to biomass ratio was always 0.06 g gy1.b

2.2. Fermentation conditions

Fermentation was carried out at 378C in 300-ml
Ž .flasks on a rotary shaker 220 rpm , incubator G25-

Ž .KC from New Brunswick Scientific USA . Broth
Ž . y1volume 100 ml was prepared with 2.5 g l yeast

Ž . y1 Ž .extract from Oxoid England , 0.25 g l NH -4 2

HPO and 0.025 g ly1 MgSO P7H 0 from Aldrich4 4 2
Ž .Chemie Germany . The pH was controlled at 4.8

with 50 mM Na-acetate buffer. Sterile commercial
Ž y1 .glucose 60 g l was added to the broth and the

fermentation was started with the addition of 3 g ly1

Ž .Saccharomyces cereÕisiae Baker yeast, Type I from
Ž .Sigma USA .

2.3. Biomass pretreatment

Wheat straw, 0.5 kg, was exploded with steam in
the batch plant operated by ENEA at the Research

Ž .Centre of Trisaia Italy . The temperature and the
time of treatment were 2178C and 3 min, respec-
tively. This operational condition determines a sever-
ity factor, log R , equal to 3.94, according to the0

wŽ . xrelationship, R s tPexp Ty100 r14.75 reported0
w x Ž .in Ref. 16 , where t is the time min and T is the

Ž .temperature 8C . The weight percentage of the lig-
nocellulosic components in the pretreated biomass
was: cellulose 65%, hemicellulose 11.5%, lignin
18.2%.

2.4. SolÕents

n-Butyl acetate and i-amyl acetate were from
Ž .Baker Chemicals The Netherlands , n-propyl ac-

Ž .etate was from Alfa Products USA . All the chemi-
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cals were analytical grade and used without further
purification. The physical–chemical properties of the
acetate esters are quoted in Table 1, where P is the
solvent polarity defined as the ratio of solvent solu-
bility in water and octanol, and T is the boilingb

temperature.

2.5. Product determination

Aliquots were withdrawn from the hydrolysis re-
actor and boiling for 20 min stopped the reaction.
The samples were then centrifuged at 3000 rpm and
at room temperature for 5 min to remove biomass. In
the two-phase experiments, the water and the solvent
were easily separated because of the difference in
density. The water phase was recovered from the
organic phase supernatant and the total concentration
of reducing sugars was measured with the Nelson

w xmethod 17 . The glucose formed during the enzy-
matic hydrolysis was quantified using the GOD-Perid

Ž .kit from Boehringer Germany , modified with the
addition of 10 mM d-gluconolactone, a specific in-
hibitor of the b-glucosidase that contaminates the
glucose oxidase of the assay kit. Calibration curves
were produced in both determinations using glucose
as standard. The absorbance was measured spec-

Žtrophotometrically Perkin Elmer, USA, Spectropho-
.tometer model Lambda 2 at 520 nm for reducing

sugar and at 436 nm for glucose.
By contrast, the ethanol formed during the fer-

mentation and the residual glucose were determined
Žat the HPLC Perkin Elmer, USA, liquid chromato-
.graph Series 2 equipped with the refractive index

Ž .detector Perkin Elmer mod. LC25 and the Super-
Ž .colgel Ca column 300=7.8 mm from Supelco

Ž .USA thermostated at 708C in the column heater
Ž .Biorad, USA . The flow rate of the mobile phase
Ž . y1distilled and degassed water was 0.4 ml min .

Ž .The sample 1 ml was withdrawn from the fermen-

Table 1
Physical properties of the acetate esters under study

Ž .Solubility in Log P T 8C Densityb
y1Ž . Ž .H O wt.% g ml2

Propyl acetate 1.6 1.2 102 0.886
Butyl acetate 0.7 1.7 125 0.882
i-Amyl acetate 0.3 2.2 142 0.876

tation broth and centrifuged at 3000 rpm. Aliquot of
Ž .the supernatant 100 ml was deproteinised with

Žaddition of 1 ml of HClO solution 3.1 ml of HClO4 4
.at 65%, diluted with 100 ml of bidistilled water . A

second centrifugation step at 11,000=g for 10 min
at 158C was adopted for the preparation of the
sample to be injected in the column. All the determi-
nations were always made at least in duplicate to
ensure reliability.

3. Results and discussion

3.1. Time course of biomass hydrolysis

Media containing pure buffer, 50 mM Na-acetate
buffer pH 4.8, or acetate ester and buffer were
investigated for the enzymatic hydrolysis of the
steam-exploded wheat straw. The standard condi-
tions for the comparison of the glucose yield were
selected on the basis of previous studies. The results,

w xreported in 12,18 , showed that biosaccharification
of the wheat straw, chemically pretreated in a two-
step process with diluted H SO and NaOH, can2 4

attain in these bi-phasic systems yields that are even
higher than in pure buffer. Both glucose production
and selectivity depended on the volumetric ratio of
the liquid phases and the optimum solvent percent-
age was 75% vrv.

Furthermore, another part of the present investiga-
tion was carried out with steam-exploded wheat straw
and the importance of the rheology of the system

w xwas confirmed 19 . High biomass loading in the
reactor tended to depress the glucose production per

Žgram of biomass while the space–time yield gram
of glucose formed per litre of reactor volume and

.hour was improved. The enzyme to biomass ratio
also significantly affected the process yield. The
value of 0.06 g gy1 was a good compromise be-b

tween the desired reduction of enzyme consumption
and the need of performing the hydrolysis at a
sufficiently fast rate.

At first, the time course of wheat straw saccharifi-
cation was investigated at 458C with a constant
amount of biomass in the aqueous phase, 100 g b

ly1 . This value corresponds to 100 g per litre ofH O2

Ž . y1reactor l in the one-phase system and to 25 g lR b R
Ž .in the two-phase system 75% vrv of acetate ester .
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The reactor was stirred with a magnetic bar rotating
at 250 rpm. The solubility of glucose and water
being very negligible in the organic phase, the vol-
umes of both phases can be assumed constant during
the bioprocess. The glucose concentration in the
water phase only was used in the material balance of
product formation. The glucose formed per unit

Ž y1 .weight of biomass g g in the different media wasb

plotted in Fig. 1 vs. hydrolysis time. The volumetric
percentage of the organic phase was always 75%
vrv. The cellulose in the biomass being the 65%
wrw on the average, the glucose yield was between
86% and 92% of the highest possible value. An
almost complete biosaccharification was attained af-
ter 72 h of incubation. The curves were quite super-
imposable at high hydrolysis time, but the differ-
ences in glucose yield were in the range of 28% at

Ž .short hydrolysis times up to 24 h . Butyl acetate was
only just the most effective between the acetate
esters and was used as immiscible solvent for the
subsequent investigation in bi-phasic media.

3.2. Space–time yield and glucose concentration

The optimisation of biomass hydrolysis would
require an high space–time yield, as in all the pro-

cesses, together with a high glucose concentration
Ž y1 .f150 g l as needed for the effective fermenta-
tion to ethanol. However, operations at biomass load-
ing higher than 100 g ly1 are not feasible because ofR

severe fluidodynamic limitations and this would de-
termine levels of glucose concentration at most of 50
and 60 g ly1 in the hydrolysis reactor. Therefore, aR

Ž .large percentage 75% of the aqueous phase was
replaced with the solvent selected in order to assure
insolubility of glucose and sufficient liquid for mix-
ing. Four experiments were run in duplicate loading
the bioreactor with 25 g ly1 or with 100 g ly1. In theR R

bi-phasic medium, these biomass-loading values de-
termined conditions of 100 and 400 g of biomass per
litre of aqueous phase, respectively. The lowest level
Ž y1 .25 g l was selected in order to work in theR

bi-phasic system at the highest biomass to buffer
Ž y1 .ratio 100 g l investigated in the single-phaseH O2

Ž y1 .system while the highest level 100 g l wasR

limited by the system rheology.
Ž y1 y1.The space–time yield g h l and the glucoseR

Ž y1 .concentration in the aqueous phase g l areH O2

quoted in Table 2. In reactors operating at the same
Ž y1 .biomass loading g l , the space–time yield inR

bi-phasic media was always lower than in pure buffer
but the glucose concentration in the aqueous phase
significantly increased. This latter attained, after 72 h

Ž y1 .Fig. 1. Time course hydrolysis of wheat straw 100 g l in different media. Temperatures458C, stirrings250 rpm, enzyme tob H O2
y1 Ž .biomass ratios0.06 g g . Mono-phasic medium: v 50 mM Na-acetate buffer, pH 4.8. Bi-phasic media contain buffer and 75% vrv ofb

Ž . Ž . Ž .organic phase: l propyl acetate; B butyl acetate; ' i-amyl acetate.
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Table 2
Saccharification of wheat straw as function of biomass loading, medium and time

Ž .Time h Medium Biomass loading Space–time yield Glucose concentration
y1 y1 y1 y1Ž . Ž . Ž .g l g h l g lb R R H O2

24 Buffer 25 0.49 11.86
Two-phase 25 0.43 41.19
Buffer 100 1.32 31.70
Two-phase 100 0.81 77.46

48 Buffer 25 0.31 14.79
Two-phase 25 0.29 56.52
Buffer 100 0.97 46.52
Two-phase 100 0.55 105.14

72 Buffer 25 0.21 15.00
Two-phase 25 0.20 58.62
Buffer 100 0.77 55.49
Two-phase 100 0.51 146.17

of reaction using 100 g ly1 of wheat straw, a valueR
Ž y1 .146.17 g l much higher than that in pure bufferH O2

Ž y1 .55.49 g l . This implies that the largest partH O2

Ž .75% by volume of the water in the bioreactor can
be conveniently replaced with an immiscible solvent
such as butyl acetate. Furthermore, the comparison
of the results achieved carrying out the biosaccharifi-
cation at the same loading of wheat straw in the
aqueous phase, i.e. 100 g ly1 in pure buffer and 25 gR

ly1 in bi-phasic medium, indicates that the glucoseR

concentration in the aqueous phase remained en-
larged. Both these findings are particularly important
since the hydrolysis rate of cellulosic substrate is

w xstrongly curtailed by glucose inhibition 20,21 and,
therefore, a higher glucose concentration in the aque-
ous phase, where the enzyme is confined, should
depress the space–time yield. By contrast, the largest
amount of glucose formed is considered a clear
indication that the solvent does not depress the en-
zyme activity and a confirmation that a good rheol-
ogy of the medium is also important.

3.3. Effect of biomass loading and hydrolysis time on
wheat straw saccharification

The amount of glucose produced per unit weight
of biomass was investigated in reactors operating up
to 72 h varying the amount of wheat straw in the
system. For a complete comparison of the biosaccha-
rification effectiveness in the two-media, the glucose

formation was referred to the biomass charged either
Ž .per unit reactor volume l or per unit volume ofR

Ž .the aqueous phase l . In the single-phase biore-H O2

actor, runs were performed with biomass loading
from 6.25 to 100 g ly1 that are also equal to theR

same amounts per litre of aqueous phase. In the
two-phase bioreactor, the biomass loading was var-
ied from 25 to 100 g ly1 that gives values rangingR

from 6.25 to 25 g per litre of aqueous phase. The
amount of enzyme was the same in all the experi-
ments and equal to 0.06 g per gram of biomass.

The glucose produced after 24, 48 and 72 h of
hydrolysis was calculated from the volume of the
water phase and the sugar concentration. These val-
ues were then related to the amount of pretreated

Ž .wheat straw g in the reactor and plotted in Fig. 2.b
Ž y1 .In all the experiments, glucose yield g g de-b

pended on the hydrolysis time and reached an
asymptotic value after 72 h of hydrolysis. The glu-
cose yield was almost unaffected by the biomass

Ž y1 .loading in the reactor g l in all the investigatedb R

range with the only exception of the runs at 24 h. In
both media, glucose yield tended to decrease moder-
ately with the biomass loading and to increase slightly
with the saccharification time from 48 to 72 h. The
differences in the two media are so small to exclude
the possibility of selecting a preferred system. By
contrast, the dependence of the glucose yield on the

Ž y1 .biomass loading in the aqueous phase g l wasb H O2

Ž .more manifested see Fig. 3 . In most conditions,
glucose yield in the bi-phasic system was larger than
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Fig. 2. Glucose yield as function of both biomass loading in the
reactor and hydrolysis time. Temperatures458C, stirrings250
rpm, enzyme to biomass ratios0.06 g gy1. Open bar: 50 mMb

Na-acetate buffer, pH 4.8; shaded bar: 75% vrv butyl acetate in
buffer.

in the single-phase system. The amount of glucose
produced per unit weight of biomass decreased with
the biomass loading and increased with hydrolysis
time. The dependence on the process time was par-
ticularly evident in operations at 100 g ly1 . TheH O2

inspection of the bioreactor during the early hours of
hydrolysis showed that agitation occurred with diffi-
culty because most of the water in the system was
necessary for soaking the wheat straw. This deter-
mined unavoidable unhomogeneity of the medium
that altered the course of the enzymatic reaction.

3.4. Effect of stirring on glucose yield

Stirring is a prerequisite also for the hydrolysis in
pure aqueous medium in order to assure a good
contact between the enzyme and biomass. In fact, the
adsorption of the biocatalyst on the biomass being
one of the steps of the saccharification mechanism,
biomass sedimentation in the reactor would depress
the bioconversion yield. When the hydrolysis in
immiscible solvent–water mixtures takes place, stir-
ring is also necessary to create a homogeneous dis-
persion of the two phases in the reactor. However, it
is also known that the enzymes of the cellulase
complex are inactivated by both surface tension
forces at the cellulose surface and shear forces in the

w xliquid phase 22–25 . Therefore, experiments in bi-

phasic medium were run at three values of agitation,
250, 500, and 750 rpm, looking for the optimum
compromise between beneficial and unfavourable ef-
fects induced by the stirring on the rate of biosaccha-
rification.

Fig. 4 clarifies the importance of stirring on glu-
Ž y1 .cose yield g g at different hydrolysis times. Ab

higher mixing was slightly positive only at short
Ž .operation time 24 h . No differences in bioprocess

performance were observed after 48 and 72 h of
enzymatic hydrolysis. Therefore, 250 rpm was con-
sidered as the optimum bar rotation speed in order to
reduce the demand of mechanical energy without
depressing the amount of glucose produced since the
bioprocess would be carried out at least 48 h for
reaching high glucose yields.

3.5. Biomass hydrolysis in water shortage

Wheat straw needs water four times its dry weight
for soaking up. Therefore, in bioreactor operating at
the highest biomass loading, i.e. 100 g dry weight
per litre of reactor, at least 400 ml of aqueous phase
should be added to the organic solvent. The final
weight percent of glucose in the aqueous phase
would be at most 15–16% considering 60–65%
cellulose content in the biomass.

Experiments were run in water shortage operating
with 100 g ly1 of dry biomass in the bi-phasicR

Fig. 3. Glucose yield as function of both biomass loading in the
aqueous phase and hydrolysis time. Temperatures458C, stirring
s250 rpm, enzyme to biomass ratios0.06 g gy1. Open bar: 50b

mM Na-acetate buffer, pH 4.8; shaded bar: 75% vrv butyl acetate
in buffer.
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Fig. 4. Glucose yield as function of both hydrolysis time and stirring. Temperatures458C, biomass loadings100 g ly1 , enzyme tob H O2
y1 Ž . Ž . Ž .biomass ratios0.06 g g , bi-phasic medium with 75% vrv butyl acetate in buffer. Stirring: v 250 rpm, ` 500 rpm, ^ 750 rpm.b

Žmedium and with only 250 ml of aqueous phase 50
.mM Na-acetate buffer, pH 4.8 per litre of reactor.

The glucose formed per litre of buffer and per gram
of biomass was determined up to 72 h of hydrolysis.
The results plotted in Fig. 5 show that the biosaccha-
rification can be carried out also under conditions of
water shortage. The glucose content in the water

Ž .phase left-hand axis reached a very important level
Ž y1 . Žf145 g l even though the glucose yield right-H 02

. Ž y1 .hand axis was lower f0.37 g g than in theb
Ž y1 .presence of abundant water f0.60 g g .b

The shape of the curves indicated that after 72 h,
the hydrolysis was still in progress while it was
almost completed at the conditions discussed in the

Fig. 5. Hydrolysis of wheat straw in water shortage. Wheat straws400 g ly1 , temperatures458C, stirrings250 rpm, enzyme tob H O2
y1 Ž . Ž .biomass ratios0.06 g g . Bi-phasic medium with 75% vrv butyl acetate in buffer. ` glucose concentration in the aqueous phase; vb

glucose yield as function of hydrolysis time.
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previous sections. This was attributed to the reduc-
tion of the cellulase activity caused by glucose inhi-
bition.

3.6. Fermentation tests

Glucose is the final product of enzymatic hydroly-
sis of cellulosic substrates, but it is also the interme-
diate product of the whole process for chemicals and
fuels from lignocellulosic biomass. Fermentation of
glucose is usually accomplished with yeast and the
presence of solvent traces can alter the culture per-
formances. The fermentation to ethanol was studied
as model process following the procedure reported in
Section 2.2, preparing the broth with the water or the
buffer previously saturated with the solvent. A vol-
ume of 150 ml of aqueous phase was kept under
stirring for 4 h at room temperature in contact with
10 ml of solvents. At the end of this conditioning,
stirring was stopped and the aqueous phase was
recovered for broth preparation. In such a way,
conditions similar to those at the end of the hydroly-
sis in bi-phasic medium were simulated.

The formation of ethanol and the consumption of
glucose were monitored up to the attainment of

Ž .asymptotic values (90–100 h . The values of the
Ž . Ž y1 .lag phase h and of the ethanol yield g gethanol glucose

are quoted in Table 3 and compared with those in
pure buffer. The presence of solvents, even in traces
Ž .between 0.3 and 1.6 wt.%, see Table 1 , caused a
20% average reduction of ethanol yield and a signifi-
cant prolongation of the lag phase. Only minor dif-
ferences in both fermentation characteristics were
observed using the various solvents. These results
did not change in the case of yeast pre-culture in

Table 3
Fermentation of glucose in media containing traces of acetate
esters

Medium Acetate esters Lag phase Ethanol yield
Ž . Ž .h –

Buffer – 15 0.50
Water propyl acetate f65 0.42
Water butyl acetate 50–55 0.37
Water i-amyl acetate 40–45 0.47
Buffer propyl acetate f65 0.43
Buffer butyl acetate f65 0.39
Buffer i-amyl acetate f65 0.42

broth prepared with a pure aqueous phase and subse-
quent transfer of the cells into broths prepared with
the conditioned aqueous phase.

4. Conclusions

Ž .The substitution of a large part 75% of the
water, which is required for the enzymatic hydrolysis
of lignocellulosic biomass, with an immiscible or-
ganic solvent is technically feasible. The herewith-
discussed experiments indicate that acetate esters are
suitable chemicals. The process can be carried out
even in shortage of the aqueous phase, 250 ml of
buffer per 100 g of dry biomass, a value below the

Ž .requirement (400 ml for the complete biomass
soaking.

The phase separation is very simple because of
the almost complete immiscibility of the two liquids
and of the difference in their densities. Glucose is
insoluble in the organic phase and is totally retained
in the aqueous phase. These physical conditions and
the absence of negative effects induced by the sol-
vent on the biosaccharification rate allows to reach
glucose concentrations in the buffer close to 15%
wrv. This is in the range of optimum values for the
fermentation to ethanol.

Operations at the same biomass loading in the
reactor give comparable yield of glucose per unit
biomass weight in the two systems under study, and
the saccharification is almost complete after 48 h.
However, the concentration of glucose per milliliter
of buffer is much higher in the bi-phasic system
because of the substitution of a water aliquot with
the solvent. In the case only of water shortage, the
glucose yield after 72 h of hydrolysis in bi-phasic
media is smaller than the average one in pure buffer
because of the higher enzyme inhibition by glucose.
Besides, cellulose hydrolysis in the bi-phasic medium
is still in progress and higher yield could be attained
at longer time.

The presence of the organic phase does not re-
quire higher agitation and, hence, the energy con-
sumption for the stirring of the two systems is the
same. The solvent can efficiently replace the water
needed for a sufficient good rheology of the reaction
medium.
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The fermentation of glucose in the presence of
solvent traces shows a small reduction of the ethanol
yield and an undesired extension of the lag phase.
Studies are in progress aiming to solve this problem
through the use of either other immiscible solvent or
of adapted yeast.
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