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Abstract: Tissue paper was hydrolyzed by the two-step acidic hydrolysis using 60-80 wt.% of concentrated sulfuric acid in
the first step to produce hydrolyzates containing glucose as a main component. The hydrolyzate was fermented by means
of B-glucosidases-producing recombinant yeast to afford ethanol in the maximum yield of 7.7%. In the use of such modest
amount of concentrated sulfuric acid, repetition of the two-step hydrolysis was effective. From wood powder, ethanol was
obtained in the maximum yield of 6.9%. When autoclave heating at 190-200°C was carried out as the first-step hydrolysis
instead of concentrated sulfuric acid, the maximum ethanol yield was 2.7% and 1.0% from tissue paper and wood powder,
respectively. These results indicate that mainly amorphous cellulose on the surface can be hydrolyzed by such amount of

concentrated sulfuric acid and that thermomechanical operation might be necessary for hydrolyzing crystalline cellulose.

Introduction cellulose. Accordingly, it is assumed that the production

Many researches to produce ethanol from cellulose
contained in wood have not completely been successful
[1,2]. The reason is that the glucoside bond in a
crystalline region of celllulose was hardly hydrolyzed
by acids or enzymes. On the other hand, since the
glucoside hydrolysis in an amorphous region can take
place with both acid and enzyme, it has been possible
to produce glucose from the amorphous region of

of ethanol from the amorphous cellulose has been
accomplished.

Previously we reported that when a two-step
hydrolysis of cellulose was carried out with a large
amount of concentrated sulfuric acid in the first step
and with hot dilute sulfuric acid in the second step,
the whole cellulose including the crystalline region
was thoroughly hydrolyzed to produce a glucose and
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cellooligosaccharide mixture [3]. The hydrolyzate
was fermented by utilizing a B-glucosidases-
expressing recombinant yeast to produce ethanol in
high conversion. So far, the concentrated sulfuric
acid hydrolysis is the only successful method that the
whole cellulose including crystallline-region cellulose
can be completely hydrolyzed into glucose. However,
defects in this method are the use of a large amount of
concentrated sulfuric acid and difficulty in its recovery.

According to the crystal structure analysis, cellulose
macromolecules are bonded by one intermolecular
and two intramolecular hydrogen bonds per glucose
residue [4]. An individually weak hydrogen bond of
approximately 5 kcal/mol is multiplied by the number
of glucose residues along the cellulose backbone,
i.e., the degree of polymerization. Accordingly, the
hydrogen bond between cellulose macromolecules
becomes a few hundreds kilocalories per mole, forming
a tightly-oriented crystalline region along the backbone.
And, even protons can not penetrate into the cellulose
microcrystal.

Microcrystalline cellulose has been industrially
produced by the acidic hydrolysis of cellulose,
which selectively decomposes the amorphous region
possibly into glucose and its derivatives, remaining
the crystalline region as widely-used microcrystalline
cellulose [5, 6].

Recently, it was reported that an ethanol plant has
been successfully operated in Japan in which glucose
and xylose were produced from construction scrap
wood by hydrolyzing with two different concentrations
of dilute sulfuric acid at high temperatures in the
autoclave, followed by individually fermenting into
ethanol [7]. However, it has been considered that
a considerable amount of cellulose, presumably
crystalline region, remains after the hydrolysis.

Hardwood is composed approximately of 49%
cellulose, 25% xylan, 20% lignin, and 5% others
[8]. Crystallinity indexes of original and acid-treated
eucalytpus wood chips were determined to be 0.30 and
0.48, respectively, indicating that the crystallinity of
cellulose increased after the acidic treatment possibly
by removing amorphous region [9]. When native
cellulose was subjected to strong oxidation, surface-
oxidized microfibrils were obtained, which contained
crystalline structure inside [10, 11].

In the enzyme hydrolysis of cellulose, it was reported

that the digestion scarcely occurred in the crystalline
region, because the enzyme macromolecule can not
penetrate into cellulose crystal [12]. Thus, in the field of
cellulosic ethanol technology, major research subjects
have been both enhancement in the enzyme activity and
improvements in the pretreatment of cellulosic materials
[13-19]. Recently, simultaneous saccharification and
fermentation of switchgrass soaked in ammonium
hydroxide solution gave a high ethanol yield [20].

In the two-step hydrolysis, a large amount of
concentrated sulfuric acid was essential to hydrolyze
the whole cellulose. Thus, it is considered that if the
amount of sulfuric acid is decreased, the hydrolysis and
fermentation of cellulose might be industrially possible.

In this paper, we report an acidic hydrolysis and
fermentation of cellulosic materials such as tissue
paper and wood powder in order to find out a minimum
amount of concentrated sulfuric acid to cause the
hydrolysis of cellulose. The hydrolyzate was fermented
with a B-glucosidases-expressing recombinant yeast
to give ethanol. In addition, an autoclave heating up
to 200°C was examined if it can be substituted for the
concentrated sulfuric acid hydrolysis.

Experimental Section

Materials. Commercial tissue paper was cut into
small pieces, then it was immersed into acetone
overnight, followed by filtering and drying. It was
reported that in commercial hardwood bleached kraft
pulp used for tissue paper, cellulose and water contents
are 90% and 7%, respectively [21]. Wood powder
(hardwood sawdust) was delignified by heating in 5 N
NaOH aqueous solution at 70 - 90°C for 24 h, then it
was neutralized with dilute sulfuric acid. After filtration,
the pretreated wood powder was dried in vacuo for
2 d. A recombinant yeast pYBGA1 was produced by
encoding both bglA gene of A. kawachii IFO4308 and
an uracil-encoding gene Ura3 in a laboratory yeast S.
cerevisiae YH499 (MATa ura3 lys2 ade2 tryl leu2)
[22-24]. IFO4308 encoding both extracellular and
cell wall-bound B-glucosidases exhibited a function to
degrade cellooligosaccharides into glucose [3].

Two-step hydrolysis using a modest amount of
concentrated sulfuric acid in the first step. Using
a modest amount, that is, 60-80 wt.% to tissue paper,
of concentrated sulfuric acid, acetone-pretreated
tissue paper was immersed into concentrated sulfuric
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acid put in a beaker or concentrated sulfuric acid was
sprayed over tissue paper. The obtained mass of paper
was heated at 25-60°C for 30 min. Then, the first-step
mixture was diluted with water to prepare the first-step
hydrolyzate suspension in 5% dilute sulfuric acid. The
second-step hydrolysis was carried out by heating at
75-85°C for a fixed time. After the hydrolysis solution
was neutralized with Ca(OH) 2, the hydrolyzate was
extracted with water, concentrated, and freeze-dried
from water. In the case of wood powder, delignification
was carried out by heating in 5% NaOH solution at 70-
90°C for 24 h, followed by neutralization.

Two-step hydrolysis using autoclave heating in the
first step. 1.5 Grams of acetone-pretreated tissue paper
or 3 g of delignified wood powder were heated with
about 50 ml water at 190-200°C for 0.2-1.5 h in a 100
ml TVS-1 type autoclave (Taiatsu Glass Ind., Tokyo)
The resulting suspension was neutralized with aqueous

Ca(OH) 2 suspension, then the whole material was
freeze-dried to give the first-step hydrolyzate. In the
second-step hydrolysis, it was hydrolyzed at 65-85°C
for 12-24 h in a 100 ml of 5% dilute sulfuric acid.

Fermentation. A recombinant yeast pYBGAI1
kept at 4°C was preincubated in a medium containing
a minimum essential medium YNGw/0AA,
uracil-deficient supplement, and glucose for 72 h.
Fermentation was carried out at 28°C in a 10 ml
medium containing 0.5 g (5 w/v%) of a hydrolyzate,
0.2 g (2%) of peptone, 0.1 g (1%) of yeast extract by
a 1 x 107 cells/ml concentration of the preincubated
recombinant yeast.

Results and Discussion

Effects of the amount of concentrated sulfuric
acid on hydrolysis of tissue paper. When the first-
step hydrolysis was performed with 60-80 wt.% of

Table 1 Results of Two-Step Sulfuric Acid Hydrolysis, Sugar Composition of
Hydrolyzates, and Fermentation for Tissue Paper and Wood Powder »

No. 1st-Step hydrolysisb) 2nd-Step Yield Sugar composition, % Fermen tation
Sulfuric Temp. Time hydrolysis® g (%) Gl 29 3% Man® Xy® NS?  Max. Ethanol Theore-
acid °C h Temp., °C ethan ol yieldj) tical
Wt.%k) conc.l) % ethanol

Yo(w/v) vield ™%

Wood powdert)

" 75 40 0.30 60  1.93(48.3) 292 92 76 0 15.5 385 042 54 65

2" 80 25-47 097 60 1.78 (44.4) 409 103 86 0 15.4 248 0.2 46 55

39 80 60 20.0 60 0.84 (28.1) 283 22 0 30 255 402 0.8 10 12

4 80 60 48.0 60 1.30 (43.5) 340 173 0 1.6 233 238 031 27 32

5P 60 259 159 459 2.10 (42.0) 507 49 0 0 14.9 295 0.78 66 718

6" 67 25-408 149 40%  2.52(50.3) 538 24 0 0 9.1 347 0.79 77 9l

Tissue paper

7Y 83 40 0.33 78 352486 291 60 36 0 4.0 573 0.6l 43 —

8™ 78 40 0.33 75 383(495) 490 33 17 0 7.0 390 0.66 51 @ ———

9% 88 40 0.33 79 496(71.7") 511 68 68 0 5.6 297 0.70 69 @ ———

10V 91 40 0.33 75 421(64.0) 551 92 24 0 6.6 267 074 62 ———

a) 3.0 g Tissue paper or 10.0 g wood powder (sawdust) was hydrolyzed in two-step hydrolysis. b) Concentration of sulfuric acid,
80%. c) Concentrated sulfuric acid was diluted to 5% concentration and heated for 24 h. d) Percent of glucose determined by HPLC.

e) Cellobiose. f) Cellotriose and higher. g) Mann ose. h) Xylose. i) Non-sugar components. j) Based on the starting tissue paper or
untr eated wood powder which is assumed to contain 100% cellulose. k) Weight percent of 80% sulfuric acid to tissue paper. 1)
Maximum ethan ol concentration during fermentation utilyzing recombinant yeast. m) Based on the substantial cellulose content in
tissue paper composed of 90% cellulose and 7% water [21]. n) Tissue paper, 4 g. o) 2nd-step hydrolysis time, 18 h. p) Tissue paper,
5.0 g.q) First- (totally 1.5 h) and second-step hydrolyses (totally 12 h) were repeated 3 times by dividing concentrated sulfuric acid.
r) Tissue paper, 5.2 g. s) First- (totally 1.4 h) and second-step (totally 40 h) hydrolyses were repeated 4 times. t) 10.0 g Wood powder
(sawdust) was pretreated by heating in 5 N NaOH aqueous solution at 90°C f or 24 h, except for No. 8 (10. 4 g wood powder). u)
Pretreated at 55°C ; yield, 7.24 g. v) B ased onthe yield of pretreated powder. w) Pretreatment time, 4 h; yield, 7.73 g. x) Pretreatment
yield, 6.92 g; second step sulfuric acid, 3%. y) Pretreatment yield, 6.61 g.
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concentrated sulfuric acid to tissue paper, hydrolysis
of tissue paper occurred to produce hydrolyzates in 28-
50% yield. Results of the hydrolysis are summarized
as well as the sugar composition in the hydrolyzates in
Table 1.

Since in the first step, low temperature and short time
(No. 1, 2) gave higher yields and higher proportions
of fermentable glucose and cellobiose than high
temperature and long time (No. 3, 4) , it was revealed
that optimum hydrolysis conditions are approximately
40°Cand 1 h.

Next, by dividing the quantity of concentrated
sulfuric acid into 3 or 4 portions, the first- and second-
step hydrolysis were repeated 3 or 4 times under
mild conditions (No. 5, 6) . While the yield slightly
increased to approximately 50%, the glucose content
considerably increased to 51-54%. This phenomenon
indicates that the first-step hydrolysis occurred at the
surface of cellulosic material and the fresh surface
formed after the second step was in turn hydrolyzed by
the repeated operation.

High proportions of non-sugar components were
mostly furfural derivatives formed by decomposition of
xylose and glucose [25].

It has been found that (1) in this study utilizing a
modest amount (60-80 wt.%) of concentrated sulfuric
acid, the yield was less than 50%, (2) tissue paper
was not at all hydrolyzed with 5% dilute sulfuric acid
(corresponding to the second-step hydrolysis) , and (3)
the use of a large amount (200 wt.%) of concentrated
sulfuric acid caused the hydrolysis of amorphous
cellulose, xylan, and glucomannan, but not crystalline
cellulose.

Taking into account that a clear solution was obtained
after hydrolysis with a large amount of concentrated
sulfuric acid [3], it was revealed that concentrated
sulfuric acid also plays a solvent role for the low-
molecular-weight cellooligosaccharides.

Effects of the amount of concentrated sulfuric
acid on the hydrolysis of wood powder. To remove
lignin from wood powder, 10 g of wood powder was
pretreated by immersing in SN NaOH aqueous solution.
Then, in the first-step hydrolysis, the whole pretreated
wood powder (6.6-7.7 g) was hydrolyzed with 6 g of
concentrated sulfuric acid which corresponded to 78-91
wt.% to the wood powder. The second-step hydrolysis
was performed with 3 or 5% sulfuric acid. The result

and sugar composition in hydrolyzates are also shown
in Table 1.

Comparing the sample No. 8§ pretreated at 90°C with
No. 7 at 55°C, the glucose proportion of the former was
higher than the latter. Furthermore, No. 9 pretreated for
24 h showed much higher hydrolyzate yield than No. 8
pretreated for 4 h. Thus, an alkali pretreatment at 90°C
for 24 h might have satisfactorily removed lignin to
produce glucose in high yield.

All hydrolyzates contained a considerable amount
of non-sugar components. Unlike the tissue paper
hydrolyzate, the wood power hydrolyzate showed
low xylose proportion, suggesting that a considerable
amount of xylose had been removed during the alkali
pretreatment.

Consequently, hydrolysis behaviors of the pretreated
wood powder were almost equivalent to those of tissue
paper.

Two-step hydrolysis of tissue paper and wood
powder using autoclave heating as the first step.
In order to investigate if the temperature much higher
than 100°C helps to cause hydrolysis of the crystalline
cellulose, autoclave heating was used as the first step.
The reason is that the hydrogen bond preventing the
crystalline cellulose from hydrolyzing becomes weak at
high temperatures.

When tissue paper and wood powder were
hydrolyzed by autoclave heating at 190-200°C in the
first step, followed by the second-step hydrolysis with
5% sulfuric acid, hydrolyzates were obtained in 18-
79% yields. The result is summarized in Table 2.

Glucose proportions in tissue paper hydrolyzates
were in the range of 14-38%, revealing that the
autoclave heating hydrolyzed cellulose. In addition,
taking into account of high xylose proportions, except
for No. 2, the hydrolysis of xylan might have mainly
taken place in these conditions. In No. 2 containing only
3% xylose, it is suggested that the acid pretreatment at
91°C followed by the autoclave heating decomposed
once-formed xylose into non-sugar components.

Since in Nos. 4 and 5 the third-step hydrolysis caused
an increase in the yield, an absolute amount of glucose
increased. Heating at 200°C for 0.5 h gave low yield
(No. 7).

When wood powder was heated at 200°C for 0.2-
1.5 h, both yield and glucose proportion were low. It is
noted that a considerably high proportion of mannose
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was contained. Long-time heating resulted in increases
in the yield and glucose proportion, while the mannose
and xylose proportions decreased (No. 10) .

As a result, it was revealed that the autoclave heating
as the first-step hydrolysis caused the hydrolysis
of amorphous cellulose and xylan in addition to
glucomannan, but not possibly of crystalline cellulose.

Ethanol fermentation of the hydrolyzate obtained
with a modest amount of concentrated sulfuric acid.
Tissue paper hydrolyzates obtained by the concentrated
sulfuric acid hydrolysis were fermented with
B-glucosidases-expressing yeast to produce ethanol.
Ethanol concentration was plotted against incubation
time (Figure 1) . Ethanol yield was calculated from
maximum ethanol concentration.

As shown in Figure 1, the fermentation curve
exhibited two peaks appearing in 24-48 h and 70-
96 h. Previously, it was revealed that the first and
second peaks correspond mainly to fermentation of
glucose and cellooligo- saccharides as a carbon source,

respectively [3]. Almost all first peaks exhibited the
maximum ethanol concentration. The maximum ethanol
concentration and ethanol yield are given in Table 1.
The ethanol yield is defined as the weight percent
of ethanol to the starting cellulosic material. Since we
defined the ethanol conversion (%) in the previous
paper [3], the relation between the ethanol conversion
and the ethanol yield in this report is shown in Equation

1.
(CgH100s5)y — 2CH50H +2C0O,
162 g/mol 2 x 46 g/mol

92
162 )

For tissue paper, the maximum ethanol concentration

ethanol yield (%) = ethanol conversion (%) x

in the incubation medium and the ethanol yield were
0.18-0.79% and 1.0-7.7%, respectively. Assuming that
the tissue paper contained 7% water, the theoretical
ethanol yield was 1.2-9.1%.

The highest ethanol yield (7.7%) was obtained in the
case of the repeated hydrolysis (No. 6) . The repeated

Table 2 Results on First-Step Autoclave Heating Followed by Second-Step Acid Hydrolysis, Sugar
Constitution of Hydrolyzates, and Fermentation for Tissue Paper and Wood Powder ®

No. Autoclave heating 2nd Step Yield Sugar constitution, % Fermentation
Temp. Time hydrolysisb) g (%) Gl @29 39 Man? Xylg) NsP Max. Ethan ol
°C h temp., °C cthanol yield”
conc. %
Yo(W/v)
Tissue paper
i 190 1.5 65 1.20 (28.6) 279 122 0 3.0 244 3255 0.48 2.7
2V 190 1.5 65 1.30 (35.1) 37775 0 0 30 518 0.30 2.1
3™ 190 1.5 70 0.55 (18.3) 16.9 3.5 0 81 453 26.2 0.20 0.7
4 190 0.5 70 1.03 (68.7) 223 5.8 0 33 512 17.4 0.14 1.9
59190 15 70 1.19 (79.3) 143 65 0 41 300 451 nd® nd
6 190 0.2 85 1.12 (74.7) 272 0 0 47 402 27.9 0.14 1.1
77 200 0.5 85 0.63 (42.0) 34.0 0 0 85 378 19.7 0.19 1.6
Wood powderq)
8 200 0.2 85 0.69 (23.0) 11.3 0 0 7.5 421 39.1 0.20 0.9
9" 200 0.5 85 0.59 (19.6) 21.4 7.0 0 10.8 244 36.4 0.21 0.8
109 200 1.5 85 1.02 (34.0) 223 3.7 0 4.4 11.1 58.5 0.15 1.0

a) 1.5 g Tissue paper or 3.0 gpre treated wood powder (sawdust) was used as starting material. b) 5% Sulfuric acid was used.

Hydrolysis time, 20 h. ¢) Percent of glucose determined by HPLC. d) Cellobiose . e¢) Cellotriose. f) Mannose. g) Xylose. h) Non-sugar

constituents. i) Based on the starting tissue paper or untreated wood powder. j)

Maximum ethanol concentration during

fermentation utilyzing recombinant yeast. k) 4.2 g Tissue paper was pretreated by heating in 5% sulfuric acid at 28°C for 25 h.

Hydrolysis time, 24 h. 1) 3.7 g Tissue paper was pretreated by heating in 5% su lfuric acid at 91°C for 48 h. H ydrolysis time, 24 h. m )

3.0 g Tissue paper was used. n) Third-step hydrolysis was carried out with 5% sulfuric acid at 70°C for 20 h. o) Not determined. p)

For fermentation, beer yeast was used instead of recombinant yeast. Q) Wood po wder w as pretreated in 5 N NaOH aque ous solution.

r) Hydrolysis time, 12 h. s) Third-step hydrolysis was carried out with 5% sulfuric acid at 85°C for 20 h.
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Ethanol concentration, %

0 20 40 60 80 100 120 140 160 180
Incubation time, h

Fig. 1 Ethanol concentration in fermentation of 5%
(w/v) hydrolyzates from tissue paper. & : No. 1; X
: No. 2; []: No. 3; @ : No. 4; + : No. 5; O : No. 6.
The number corresponds to that in Table 1.

operation might have promoted the hydrolysis of newly-
formed cellulose surface, because a small amount of
concentrated sulfuric acid could not penetrate into the
inside.

Previously, we reported that the hydrolysis with 200
wt.% sulfuric acid afforded as high as 70.3% ethanol
conversion which corresponds to 40% ethanol yield [3].

For wood powder, the ethanol fermentation curve and
results are shown in Figure 2 and Table 1, respectively.
The maximum ethanol concentration and ethanol yield
are 0.61-0.74% and 4.3-6.9%, respectively, being
similar to those for tissue paper.

The highest ethanol yield (6.9%) was obtained when
the pretreatment with NaOH solution was carried out at
90°C for 24 h (No. 9).

Ethanol fermentation of the hydrolyzate obtained

-
1

Ethanol concentration, %
o o o O o o o o o
- N w SO o ~ © O

o
< T

(] 20 40 60 80 100 120 140 160 180
Incubation time, h

Fig. 2 Ethanol concentration in fermentation of 5%
(w/v) hydrolyzates from wood powder. <> : No.
7; [J:No. 8 A :No.9; X :No. 10. The number
corresponds to that in Table 1.

by use of high temperature autoclave heating.
Ethanol was produced from all hydrolyzates by
autoclave heating. Three representative fermentation
curves are shown in Figure 3. The ethanol concentration
reached a maximum in 24-48 h, then it kept almost
constant.

Results are summarized in Table 2. For tissue paper,
when the autoclave heating was carried out at 190°C,
the maximum ethanol concentration and ethanol
yield were in the range of 0.14-0.48% and 0.7-2.7%,
respectively, being less than half of the sulfuric acid
hydrolysis.

When wood powder was hydrolyzed in the autoclave
at 200°C, the maximum ethanol concentration
and ethanol yield were 0.15-0.21% and 0.8-1.0%,
respectively, lower than those of tissue paper.

As a consequence, it was revealed that the autoclave
heating was not effective as the first-step hydrolysis.

Steam explosion technique which explodes cellulose
suspension at high temperature has been reported to
cause increases in enzyme-digestable polysaccharides
[26-28], in pentose yield [29], and in the activity of
cellulases [30,31]. In this technique up to 250°C, it is
assumed that the removal of lignin from wood and corn
stover occurred, leaving cellulose bundle and xylan.

When microcrystalline cellulose was thermomechan-
ically hydrolyzed by use of flowing high-pressured hot
water, water-soluble saccharides were produced in high
yields [31]. On the other hand, no reaction occurred in
case of its hydrolysis in high pressured water without
stirring [32]. Therefore, it is suggested that not only

Ethanol concentration, %

0 20 40 60 8 100 120 140 160 180
Incubation time, h

Fig. 3 Ethanol concentration in fermentation of 5%

(w/v) hydrolyzates from tissue paper and wood

powder. []:No.1; < :No.2; 2 :No.8. The
number corresponds to that in Table 2.
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high temperature but also flowing water must be

necessary for hydrolyzing microcrystalline cellulose.

Acknowledgment. We thank Professor Akira Isogai of

The University of Tokyo for his kind instructions about

cellulose.
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