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Abstract

Cellulosic pyrolysate containing levoglucosan was chemically hydrolyzed and a maximum glucose yield of 17.35% was
obtained by the hydrolysis with 0:2 mol=l H2SO4 at 121◦C for 20 min. The total initial glucose was maintained at 41:9 g=l
by diluting the hydrolysate. Ten detoxi4cation methods were employed including either single addition of solid Ca(OH)2
(to pH 6.0 or 10.4) or its combinations with absorbents. The neutralization + diatomite shaking method gave the hydrolysate
which was most completely fermented by Saccharomyces cerevisiae and Pichia sp. YZ-1. The maximal ethanol yield of
0:45 g=g glucose was obtained by S. cerevisiae.
? 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cellulosic materials are abundant renewable re-
sources in the world. The conversion of them into
ethanol has been receiving increasing attention in re-
cent years [1]. Over the past decades, emphasis has
been placed on chemical and enzymatic hydrolysis
of cellulosic materials to glucose that can be further
fermented to ethanol by microorganisms. However,
the overall conversion of cellulosic materials to glu-
cose has been hampered by economic problems such
as high costs of pretreatment and enzyme production
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[2]. Study advances in pyrolysis of cellulose may of-
fer a new alternative for biomass pretreatment and
sacchari4cation, which can e?ciently produce a high
yield of viscous pyrolysate containing levoglucosan
(an intramolecular glucoside between C-1 and C-6 of
D-glucopyranose) in high concentration [3–10]. Un-
fortunately, it is di?cult for microorganisms directly
to convert the levoglucosan into ethanol [9,11]. More-
over, the cellulose-derived pyrolysate contains many
other materials including aromatic species, aldehy-
des, furan and furfuryl derivatives, which are toxic
to microorganisms [9]. Therefore, when cellulosic py-
rolysate is considered as a fermentable substrate for
producing ethanol, it will have to be pretreated by an
economic way so that microorganisms can convert it
into ethanol e?ciently.
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The work reported here is on the investigation of
hydrolysis and detoxi4cation of cellulosic pyrolysate
related to ethanol fermentation with the microorgan-
isms of S. cerevisiae, P. sp. YZ-1 and Z. mobilis.

2. Materials and methods

2.1. Preparation and pretreatment of pyrolysate

Waste cotton cellulose used in the present investi-
gation was from Beijing Spinning Mill in Beijing city.
It contained 85–91% cellulose according to the data
given by the mill. Its degree of polymerization (DP)
and crystallinity were approximately 8100 and 55%
(by density method), respectively. The raw material
was dried at 100◦C to constant weight before it was
pyrolyzed.

The pyrolysate was prepared by pyrolysis of the
waste cotton cellulose with a slightly modi4ed method
by Zhuang et al. [12]. The pyrolysis was conducted in
a 1.5-l stainless-steel reactor under 1 mm Hg vacuum
at 400◦C for 20 min. About 80 g highly viscous py-
rolysate per 100 g waste cotton was recovered from
the pyrolysis reactor. Based on HPLC analysis, the
primary material in the pyrolysate was levoglucosan,
or its hydrolysis product, glucose. Their yields in the
pyrolysate were approximately 43% (w/w) and 5%
(w/w), respectively. Water content in the pyrolysate
was lower than 8% (w/w).

The obtained pyrolysate was treated by two proce-
dures. First, it was diluted with four-fold distilled wa-
ter, then further supplemented with chemicals listed
in Table 1 for hydrolysis by autoclaving at 121◦C
for 20 min. Secondly, the pyrolysate hydrolyzed with
0:2 mol=l H2SO4 was further diluted by distilled wa-
ter to maintain the total initial glucose at 41:9 g=l. The
dilution was then treated with a number of diHerent
ways as in Table 2 to reduce the eHect of toxic com-
ponents on ethanol production with microorganisms.

2.2. Microorganisms and media

Saccharomyces cerevisiae 2.399 and Zymomonas
mobilis 10232 were obtained from China Center for
Type Culture Collection, and Pichia sp. YZ-1 was
isolated from the orchard soil in Beijing city and
identi4ed by our laboratory. Yeasts S. cerevisiae and

Table 1
Hydrolysis eHects of diHerent pretreatments on cellulosic py-
rolysate

Samples Glucose Levoglucosan
(% w/w) (% w/w)

Control 1a 0:81 ± 0:08 10:43 ± 1:12
Control 2b 2:32 ± 0:15 11:26 ± 2:32
0:05 mol=l H2SO4 13:12 ± 1:16 3:67 ± 0:29
0:1 mol=l H2SO4 15:69 ± 1:41 1:18 ± 0:85
0:2 mol=l H2SO4 17:35 ± 1:48 0:24 ± 0:03
0:3 mol=l H2SO4 16:95 ± 1:02 0:24 ± 0:04
0:4 mol=l H2SO4 16:75 ± 1:16 ND
0:6 mol=l H2SO4 16:14 ± 1:32 ND
0:8 mol=l H2SO4 16:04 ± 1:19 ND
1:0 mol=l H2SO4 15:14 ± 1:77 ND
0:4 mol=l HCl 16:78 ± 1:45 0:49 ± 0:03
0:3 mol=l H3PO4 13:72 ± 1:40 8:10 ± 0:90
0:4 mol=l Peracetic acid 4:65 ± 0:44 12:48 ± 1:19
0:3 mol=l H2O2 2:95 ± 0:21 9:90 ± 1:02
0:3 mol=l H2O2 3:34 ± 0:31 11:02 ± 1:20

+0:03 mol=l FeCl3
0:3 mol=l H2O2 2:23 ± 0:29 12:01 ± 1:67

+0:03 mol=l FeSO4 · H2O
0:3 mol=l H2O2 1:98 ± 0:18 11:71 ± 0:48

+0:03 mol=l MnSO4
0:3 mol=l H2O2 2:40 ± 0:73 11:42 ± 1:67

+0:05 mol=l Al2O3
0:3 mol=l H2O2 0:91 ± 0:11 16:37 ± 1:54

+0:3 mol=l NH4OH
2:5 mol=l NaOH 1:02 ± 0:08 16:21 ± 1:01
0:3 mol=l NH4OH 0:66 ± 0:07 13:61 ± 1:03

Note: values are means of triplicate ± standard deviation. ND,
no levoglucosan detected (¡ 0:02% w/w).

aControl without autoclaving.
bAutoclaved control.

P. sp. YZ-1 were maintained on a medium contain-
ing 20:0 g=l glucose, 20:0 g=l peptone, 10:0 g=l yeast
extracts. Bacterium Z. mobilis was maintained in a
liquid medium containing 20:0 g=l glucose, 10:0 g=l
yeast extracts, 1:0 g=l MgCl2, 1:0 g=l (NH4)2SO4,
1:0 g=l KH2PO4, pH 5.5.

The growth medium used for preparing yeast inoc-
ula consisted of 10:0 g=l yeast extracts, 6:4 g=l urea,
2:0 g=l KH2PO4, 1:0 g=l MgSO4 · 7H2O, and the hy-
drolysate that was treated with neutralization method
and then diluted by distilled water to a 4nal concentra-
tion of 20:0 g=l glucose, at pH 5.5. The fermentation
medium used for ethanol production from hydrolysate
with yeast was identical to its growth medium except
that the glucose concentration varied with diHerent
pretreatment experiments as shown in Table 2.
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Table 2
Fermentation parameters obtained at fermentations of the cellulosic pyrolysate-derived hydralysates by S. cerevisiae (S. c) and P. sp.
YZ-1 (P. sp.) with an initial total glucose concentration of 41:9 g=l before any pretreatments

Pretreatment Glucose Time for Maximal ethanol Yp=s (g ethanol/g
after maximal p (g/l) glucose)
pretreatment ethanol (h) (g/g)
S (g/l)

S. c P. sp. S. c. P. sp. S. c. P. sp.

Neutralizationa 33:6 ± 1:07 24 110 15:1 ± 1:07 12:3 ± 1:05 0.45 0.37
Neutralization + activated carbon shakingb 34:4 ± 0:89 24 110 15:4 ± 1:10 13:6 ± 0:81 0.45 0.40
Neutralization+diatomite shakingb 35:9 ± 1:32 24 110 16:1 ± 1:31 15:1 ± 1:33 0.45 0.42
Neutralization+bentomite shakingb 35:7 ± 1:21 24 110 14:8 ± 1:21 14:7 ± 0:91 0.42 0.41
Neutralization+zeolite shakingb 33:6 ± 1:73 24 110 14:8 ± 1:67 13:6 ± 1:22 0.44 0.41
Over-limingc 33:7 ± 0:92 24 110 13:2 ± 1:83 12:3 ± 1:91 0.39 0.37
Over-liming+activated carbon shakingd 35:2 ± 1:10 24 110 12:3 ± 1:79 12:7 ± 1:25 0.35 0.36
Over-liming+diatomite shakingd 35:0 ± 1:73 24 110 15:3 ± 0:81 13:2 ± 1:54 0.44 0.38
Over-liming+bentonite shakingd 31:6 ± 1:74 24 110 13:2 ± 2:03 11:8 ± 2:49 0.42 0.37
Over-liming+zeolite shakingd 33:3 ± 1:51 24 110 13:6 ± 1:21 11:8 ± 1:25 0.41 0.35

Note: values are means of triplicate ± standard deviation.
apH was adjusted to 6.0 by adding solid Ca(OH)2, and then precipitate was removed by 4ltration through 0:45 �m membrane.
bAfter neutralization, the hydrolysate was treated respectively with four adsorbents: activated carbon, diatomite, bentonite, zeolite (10%

w/v) by stirring for 80 min, and then the precipitate was removed by 4ltration repeatedly.
cpH was 4rst adjusted to 10.4 by adding solid Ca(OH)2, and then readjusted to 6.0 by H2SO4, and 4nally the precipitate was removed

by 4ltration through 0:45 �m membrane after each adjustment.
dAfter over-liming, the hydrolysate was treated respectively with four adsorbents: activated carbon, diatomite, bentonite, zeolite (10%

w/v) by stirring for 80 min, and then the precipitate was removed by 4ltration repeatedly.

Table 3
Fermentation parameters obtained from cellulosic pyrolysate-derived hydralysates by Z. mobilis for 168 h with an initial total glucose
concentration of 41:9 g=l before any pretreatments

Pretreatment Glucose after Residual Ethanol YP=(S−So) (g ethanol/g
Pretreatment glucose p (g/l) glucose)
S (g/l) So (g/l) (g/g)

Neutralizationa 33:6 ± 1:07 30:2 ± 1:15 1:5 ± 0:14 0.44
Neutralization+activated carbon shakingb 34:4 ± 0:89 30:5 ± 1:73 1:7 ± 0:11 0.44
Neutralization+diatomite shakingb 35:9 ± 1:32 31:8 ± 2:01 1:8 ± 0:12 0.44
Neutralization+bentomite shakingb 35:7 ± 1:21 31:6 ± 1:12 1:7 ± 0:12 0.41
Neutralization+zeolite shakingb 33:6 ± 1:73 29:8 ± 1:40 1:6 ± 0:11 0.42
Over-limingc 33:7 ± 0:92 30:4 ± 1:55 1:4 ± 0:11 0.42
Over-liming+activated carbon shakingd 35:2 ± 1:10 31:8 ± 1:30 1:5 ± 0:06 0.44
Over-liming+diatomite shakingd 35:0 ± 1:73 31:4 ± 1:55 1:5 ± 0:14 0.42
Over-liming+bentomite shakingd 31:6 ± 1:74 28:3 ± 1:45 1:3 ± 0:10 0.39
Over-liming+zeolite shakingd 33:3 ± 1:51 29:7 ± 1:61 1:5 ± 0:08 0.42

Note: values are means of triplicate ± standard deviation.
Footnotes a,b,c,d are as shown in Table 2.

For Z. mobilis, the growth medium used for prepar-
ing inocula consisted of 10:0 g=l yeast extracts, 1:0 g=l
MgCl2, 1:0 g=l (NH4)2SO4, 1:0 g=l KH2PO4, and the
hydrolysate which was identical to that in the growth

medium of yeast, at pH 5.5. The fermentation medium
of Z. mobilis was identical to its growth medium ex-
cept that the glucose concentration varied with diHer-
ent pretreatment experiments as shown in Table 3.
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When preparing these media, mineral salts, urea and
yeast extracts were autoclaved separately at 121◦C
for 30 min, and then added to the diHerent treated
hydrolysates, aseptically.

2.3. Inoculum preparation and fermentation

Yeast inocula were prepared by using slant cul-
tures to inoculate 20 ml of sterile growth medium
(see above) contained in 50-ml cotton plug-stoppered
Erlenmeyer Masks. The Masks were incubated with
shaking (150 rpm) at 30◦C for 48 h. Based on HPLC
analysis, the glucose from the hydrolysate in the
medium was not detected till 48 h.
Z. mobilis inoculum was prepared by the same

way as the yeast inoculum except that incubation was
for 110 h. Z. mobilis was extremely sensitive to the
medium containing the hydrolysate and grew very
slowly in it. It used up glucose till 110 h.

A 10% (v/v) inoculum was used for subsequent
subcultures. Ethanol fermentations with S. cerevisiae,
P. sp. YZ-1 and Z. mobilis were evaluated at 30◦C
in 150-ml Erlenmeyer Masks having 100 ml appropri-
ate media at 150 rpm. The Masks were sealed with a
one-hole rubber stopper, in which a glass tube was
connected to an air lock 4lled with sulfuric acid
solution (40% concentrated sulfuric acid).

2.4. Analytical methods

The analyses of glucose, levoglucosan in pyrolysate
and its hydrolysate were performed on an HPLC sys-
tem (GRE-3A, Shimadzu Corporation, Kyoto, Japan)
equipped with a Waters Model 401 refractive index
detector and a Transgenomic ICSep ICE-ORH-801
column (300×6:5 mm) (Transgenomic Inc., San Jose,
CA, USA). The mobile phase was 0:0025 N sulfuric
acid at 0:6 ml=min, the injection volume was 10 �l
and the column temperature was maintained at 30◦C.
Three replicate samples were evaluated by HPLC.

Glucose and ethanol in fermentation liquid were
also analyzed by HPLC. Samples (5 ml) were col-
lected from the given Masks, respectively, and cen-
trifuged at 4◦C for 20 min at 5000 × g to remove
cells, and the supernatant Muid was used for the deter-
mination of ethanol and glucose concentration. Mean
values ± standard deviation for three Masks per exper-
iment are presented.

All reagents used in this work were of analytical
grade.

3. Results and discussion

3.1. Hydrolysis of pyrolysate

The cellulose-derived pyrolysate was hydrolyzed
by employing the sterilization conditions (121◦C,
20 min), which could avoid the subsequent steril-
ization procedure in using the treated pyrolysate as
fermentable substrates. The pyrolysate was acidic at
about pH 2. However, under the sterilization condi-
tions, the little acidity was not enough to hydrolyze
levoglucosan in the pyrolysate to glucose completely
as the result of control 2 in Table 1, so more acidic
catalyst was needed. Table 1 shows that additional
sulfuric acid was more eHective in hydrolysis of the
pyrolysate than the other chemicals. Furthermore,
0:2 mol=l H2SO4 gave a maximal glucose yield of
17.35%. A further increase (higher than 0:2 mol=l)
in acid concentration led to a decrease of the glucose
yield (lower than 17.35%), which could be due to
glucose decomposition during the hydrolysis of the
pyrolysate. Although hydrogen peroxide is environ-
mentally friendly, our experimental results using it
as treatment agent of the pyrolysate were not ideal.
Under the alkaline conditions, levoglucosan was
stable and more levoglucosan was produced in the
pyrolysate (Table 1).

It should be pointed that, compared with the con-
trols, over-stoichiometrical conversion of levoglu-
cosan to glucose was interesting under the opti-
mal acid hydrolysis (0:2 mol=l H2SO4, 121◦C and
20 min), which suggested that glucose came not
only from levoglucosan, but also possibly from small
amounts of unknown carbohydrate oligomers in the
pyrolysate. The observation was further con4rmed
by the subsequent experimental results that amounts
of levoglucosan also increased under the alkaline hy-
drolysis. According to the report by Bonn [6], besides
main levoglucosan and glucose, cellobiose and other
three unknown gluco-oligomers were also founded in
the pyrolysate from wood or cotton by the analyses
of three diHerent HPLC systems. In this experiment,
probably similar oligomers (cellobiose or other sug-
ars) in the cellulosic pyrolysate were decomposed
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into glucose or levoglucosan with the hydrolysis of
the pyrolysate by acid or alkaline, which would in-
crease total amounts of glucose or levoglucosan in
the acid or alkaline hydrolysate.

3.2. Detoxi:cation and fermentation

The toxic materials could be either removed or
transformed into inactive compounds by various
physico-chemical treatments such as extraction, neu-
tralization, over-liming, evaporation and steaming
stripping, adsorbent adsorption and ion exchange
resins [13–15]. In the cellulosic pyrolysate, some
toxic materials (aromatic species, furan, furfuryl
derivatives, etc.) that inhibited microorganisms could
be transformed into inactive compounds with lev-
oglucosan converted to glucose when the pyrolysate
was hydrolyzed with sulfuric acid. This phenomenon
had been observed by Prosen et al. [9]. However,
in our preliminary experiments, two yeast strains
(S. cerevisiae and P. sp.YZ-1) and the bacterium
strain (Z. mobilis) grew slowly and poorly on solid
medium containing acid-hydrolyzed pyrolysate com-
pared with that on pure glucose medium. Therefore,
it was necessary for the hydrolysate used for ethanol
fermentation to do further detoxi4cation pretreatment.

To achieve e?cient detoxi4cation methods for
ethanol production from the hydrolysate, Ca(OH)2
and absorbents (activated carbon, diatomite, ben-
tonite, zeolite) were used for doing diHerent detoxi4-
cation experiments. Table 2 summarizes the treatment
procedures of detoxi4cation and the experimental re-
sults of ethanol fermentations with S. cerevisiae and
P. sp.YZ-1.

Before any detoxi4cation treatments, the glu-
cose concentration in the hydrolysate was 41:9 g=l.
After treatments respectively by diHerent detoxi4ca-
tion methods, glucose concentrations decreased by
6.0–10:3 g=l. The maximum concentration of glucose
(35:9 g=l) occurred in the hydrolysate treated by the
method of neutralization and diatomite adsorption.

To compare the eHect of detoxi4cation on ethanol
production, S. cerevisiae, P. sp.YZ-1 and Z. mobilis
were selected because they were reasonably e?cient
converters of glucose and also su?ciently robust to
be well suited to industrial operations. The test re-
sults showed that the single neutralization method and
its sequential uses with the four diHerent adsorbents

gave a substantial improvement in ethanol produc-
tion, compared with the single over-liming method
and its combinations with the four diHerent adsor-
bents. The total average values of ethanol yields ob-
tained by S. cerevisiae and P. sp. YZ-1 from the treat-
ments of the single neutralization method and its se-
quential uses with the four diHerent adsorbents were
0.44 and 0:40 g=g, respectively, whereas that from the
treatments of the single over-liming method and its
combinations with the four diHerent adsorbents were
only 0.40 and 0:37 g=g, respectively. Moreover, the
adsorbent diatomite was obviously better in improv-
ing the fermentability of the hydrolysate than the other
adsorbents (activated carbon, bentonite, zeolite). Un-
der similar conditions (after the hydrolysate treated by
neutralization or over-liming), the ethanol yields ob-
tained by S. cerevisiae from the treatment of diatomite
absorption were 0.45 and 0:44 g=g, respectively, and
that obtained by P. sp. YZ-1 were 0.42 and 0:38 g=g,
respectively. They were higher or at least no lower
than that of other three absorption treatments.

From the data in Table 2, the ability of all ap-
plied methods to enhance the bioconversion rate was
higher for S. cerevisiae than that for P. sp. YZ-1.
A maximal ethanol concentration of 16:1 g=l was ob-
tained from the hydrolysate containing 35:9 g=l glu-
cose in 24 h (Yp=s = 0:45 g=g) with S. cerevisiae. The
best ethanol concentration with P. sp. YZ-1 from the
similarly treated hydrolysate was 15:1 g=l in 110 h
(Yp=s = 0:42 g=g).
Z. mobilis was demonstrated not to be suitable

for fermenting all treated hydrolysates to ethanol
in this work (see Table 3). Even for the ethanol
fermentation of the hydrolysate treated with the
neutralization + diatomite shaking method, ethanol
concentration was only 1:8 g=l and only 4:1 g=l glu-
cose was utilized after 7-day fermentation. This result,
however, was the best in all fermentations, which
further con4rmed that the neutralization + diatomite
shaking method was the best in tested detoxi4cation
treatments (as shown in Table 3). For the fermen-
tations of the other treated hydrolysates to ethanol,
the ethanol concentrations were lower than that from
the neutralization + diatomite shaking method. This
suggested that Z. mobilis was more sensitive to the
toxic substances not removed by the various pretreat-
ments than the yeasts used in this work. Prosen et
al. [9] observed similar results that Sporobolomyces
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salmonicolor ATCC 16406 and Cryptococcus al-
bidus ATCC 20293 of the seven yeasts could not
grow on the substrate of the wood pyrolysate-derived
hydrolysate at all, whereas the other 4ve yeasts could
grow well.

In conclusion, it was clear that the cellulose py-
rolysate that was hydrolyzed by mild acid (0:2 mol=l
H2SO4) and followed by the treatments of the neu-
tralization and diatomite adsorption was suitable for
ethanol fermentation with S. cerevisiae 2.399. This
provided a new alternative for fuel ethanol produc-
tion using waste cotton, which was also helpful for
fermenting the pyrolysate from other cellulosic ma-
terials to ethanol. It should be emphasized that this
work focused on the comparison of eHects of diHer-
ent pretreatment methods for the cellulosic pyrolysate
on ethanol production, and S. cerevisiae, P. sp. YZ-1
and Z. mobilis were used to identify which detoxi4ca-
tion treatment for acid-hydrolyzed pyrolysate was the
most e?cient on ethanol fermentation. With regard
to optimization of fermentation conditions (controlled
fermentation, addition of diHerent nutrients and strain
preadaptation) and the investigation of fermentation
time course, these experiments will be designed and
carried out in a 5-l fermentor with S. cerevisiae 2.399
and will be reported in the next paper.
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