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Abstract Bamboo fiber dissolution and hydrolysis in
formic acid were studied. After hydrolysis, formic acid
can be recovered in a clean state and reused. Solid
water-soluble sugars were obtained. After being dipped
into the formic acid solution for 30 min, the bamboo
fibers started to swell. After one hour, the bamboo fibers
gradually started to dissolve in the formic acid solution.
The color of the liquor/solution turned green and dark. In
the end, the bamboo fibers became thoroughly dissolved
in the liquor after four hours. There was a clear hierarch-
ical tissue structure on the fiber surface, as observed by
AFM before treatment. The differential structure disap-
peared after 30 min of treatment. The fiber surface
became plump and glossy. After six hours reaction at
60°C, the solid sugar mixture recovered contained glu-
cose, cellobiose, cellotriose, cellotetrose, cellopentose
and cellohexaose. A significant fraction of the sugar pro-
ducts consisted of monomeric glucose. More than 54.5%
of the bamboo fiber mass had been transformed into
monomeric glucose.

Keywords bamboo fibers, cellulose, formic acid, hydro-
lysis, dissolution, sugars

1 Introduction

Cellulose, the most abundant of renewable organic sub-
stances in nature, is the polymer of B-glucose units.
Cellulose is the primary component in herbaceous and
woody plants. Up until now, cellulose is mainly used as
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building material or processed directly into paper or fiber.
As petroleum reserves gradually decrease, the exploitation
cost increases rapidly. Exploration for a feasible pathway
to transform abundant and renewable cellulose into clean
fuel such as bio-ethanol and other chemicals to supple-
ment or gradually replace the oil-based chemicals or
energy becomes increasingly urgent (Sun and Cheng,
2002; Rostrup-Nielsen, 2005; Liu et al., 2006).

Cellulose is a linear homopolymer of (1-4)-linked f-D-
glucopyranose, which further forms into a macro mole-
cule with a highly stable crystalline lattice structure.
Cellulose is strongly resistant to attack both by enzymes
and chemical agents such as acidic compounds. The
enzymatic hydrolysis process of cellulose is a slow process
and is not a prospective method for industrial practice in
the immediate future (Gan et al., 2003; Zhang and Lynd,
2003). Chemical hydrolysis, usually acid hydrolysis, is one
of the more viable methods which had been developed as a
promising way of sugar production from cellulose. The
hydrolysis of cellulose in mineral acids is strongly affected
by its acid concentration and temperature. It is well
known that high concentrations, more than 0.5 mol/L,
even 10 mol/L, of mineral acid such as sulfuric acid,
hydrochloric acid or phosphoric acid (Iranmahboob
et al.,, 2002) and high temperatures, over 90°C, are
required simultaneously in the acidic hydrolysis process
to produce reducing saccharides from cellulose (Choi and
Mathews, 1996). Between the two factors of acid concen-
tration and temperature, if one varies to a considerable
extent, another factor needs to follow with significant
changes in order to maintain substantial hydrolysis. For
example, when acid concentration decreases below
0.5 mol/L, the temperature usually needs to be higher
than 120°C and even over 250°C. If temperature is
decreased to 90°C, concentrated strong acid of more than
1.0 mol/L is required. Moreover, the combination of high
temperatures and strong mineral acids, employed simul-
taneously for hydrolysis of cellulose, leads to corrosion of
reaction equipment, production and accumulation of
non-sugar by-products, such as inhibitors to subsequent
chemical and biological conversion and also to obstacles
to the recovery of reaction agents and resultant sacchar-
ides (Sasaki et al., 1998).
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The common acid hydrolysis process of cellulose is
heterogeneous and occurs on the structural surface of
crystalline lattices of cellulose molecules (Gan et al.,
2003; Koheilkari and Suzuki, 2004). Whether it is pos-
sible to realize a homogeneous reaction, when the cel-
lulose dissolves into the reactants and completely
miscible with the reactants, is opened to exploration.
Bursting the crystalline structure forces the hydrolysis
reaction of cellulose not only to take place on the sur-
face of cellulose, but also in the inner space of the cel-
lulose lattice.

Cellulose is difficult to dissolve in any solvent, although
several solvents have already been discussed. Still, these
solvents are not efficient substances to use commercially
because of their weak solvency and length of time needed
for dissolving cellulose. The complicated chemical com-
position of the solvent system also requires several chemi-
cals to be mixed, in which cellulose can only be weakly
hydrolyzed (Sjoholma et al., 2000; Potthast et al., 2003).
Although some of the strong acids such as sulfuric acid
and phosphoric acid can hydrolyze cellulose, a high acid
concentration above 70% is needed. Thus, it does not
provide any promise leading to substantial industrial
applications (Sasaki et al., 1998; Iranmahboob et al.,
2002; Hakansson and Ahlgren, 2005).

Establishment of a homogeneous system of hydrolyzing
cellulose is of great importance to conversion and utiliza-
tion of cellulose. The objective of this study is to search for
an effective means of dissolving and hydrolyzing cellulose.
Formic acid with hydrochloric acid as the catalyst has
been discovered to dissolve cellulose effectively. During
the dissolution process, clean hydrolysis of cellulose is
achieved and a solid water-soluble sugar mixture is
obtained. Glucose is the most important component
among the resultant soluble sugars and sugar-oligomers.
Hydrolysis of cellulose in formic acid is a new homogen-
eous reaction system. The solvent itself is both a reactant
and also a catalyst. Formic acid can be easily recovered
and reused.

2 Experimental

2.1 Hydrolysis of cellulose

Bamboo fibers, from bleached sulfite bamboo pulp were
obtained from the Jiangmen Sugar Cane Chemical
Factory (Group) Co., Ltd. In our experiments, bamboo
fibers were placed in the reactor that contained 78.22%
formic acid, 17.78% water and 4% hydrochloric acid, mea-
sured by weight. Reactions were carried out at different
temperatures and resident times. After hydrolysis, formic
acid was extracted by a depressurization procedure. The
reaction products were collected for further analysis after
washing, filtration and desiccation.
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2.2 HPLC analysis

An HPLC system consists of a Waters 600E system con-
troller, a Waters 717 automatic sampler, a Waters 410
differential refractometer and a Waters Sugar pak I col-
umn. The mobile phase is pure water and run at a flow
rate of 1.1 mL/min. The LC system was operated at 90°C.
We injected 10 pL sample volumes. Standard samples and
hydrolyzate samples were filtrated by a 0.45 pum filter
before analysis.

2.3 X-ray diffraction analysis

X-ray diffraction was performed with D/MAX-IITA
instrument with 12°/min scanning speed. The cellulose
powder samples were laid on glass sample holders
(35 mm x 50 mm x 5 mm) and analyzed under plateau
conditions. Cu radiation generated at a voltage of 40 kV
and a current of 30 mA was used. A scanning scope
between 2-50° was employed.

2.4 FTIR analysis

FTIR spectra were recorded, between 400 and 4000 cm ™!,
using a NEXUS spectrometer. The discs were prepared by
first mixing 1 mg of dried sample with 100 mg of KBr (for
spectroscopy) in an agate mortar. The resulting mixture
was successively pressed at 10 MPa for 3-4 min.

2.5 AFM analysis

The samples were analyzed using an Auto Research AFM
with a contact pattern bearing an ULB-6 probe.

3 Results and discussion
3.1 Dissolution of bamboo fibers in formic acid

At the start of the experiments, bamboo fibers were placed
in a formic acid solution which contained 4% (w/w)
hydrochloric acid as the catalyst. The starting liquor con-
tained 78.22% HCOOH, 17.78% H,0, and 4% HCI, all by
weight. After 30 min, bamboo fibers began to swell and
gradually dissolved. After one hour, the color of
the liquor/solution changed to green. After two hours,
the bamboo fibers had been thoroughly dissolved in the
liquor. The color of the liquor became darker. Four hours
later, a completely miscible solution of bamboo fibers in
formic acid was obtained. The color progression of the
bamboo fibers in the formic acid solution is shown in
Fig. 1. We can conclude that formic acid is able to dis-
solve bamboo fiber cellulose.

Bamboo fibers during dissolution were observed using
an AFM. The AFM images before formic acid treatment
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Fig. 1 Progression of bamboo fiber dissolution in formic
acid solution

The starting liquor contained 78.22% formic acid, 17.78%
water and 4% hydrochloric acid; all by weight. 1.00 g of bam-
boo fibers were added to 24.00 g of the earlier mentioned for-
mic acid solution.

show a distinctive hierarchical tissue on the surface of
microfibrils as shown in Fig. 2. Differential stereoscopic
strips are clearly displayed. However, the structural
shapes disappeared after the formic acid treatment for
30 min. The fiber surface became smooth and plump.
This behavior indicated that the inner rigid bonding of
crystalline microfibrils had been loosened and the lattice
of the crystal became swollen (Fig. 2).
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Fig. 2 AFM images of bamboo fibers during dissolution in
formic acid
Notes: 1 control; 2 after a treatment for 30 min.

3.2 Change of crystalline index of bamboo fiber during
dissolution in formic acid

Figure 3 shows the X-ray diffraction profiles of the
bamboo fibers. Representative peaks are observed at
20 =14.7°, 16.3° for (101) plane; 20 =22.5° for (002)
plane; and 20 = 34.5° for (004) plane. In these diffrac-
tion profiles, the peaks at 20 = 22.5° of the control cel-
lulose sample are higher and sharper than those after
formic acid treatments for 30 min and 90 min. The dif-
fraction intensity of the shoulder of the peak around
20 = 20° decreased to a noticeable extent. The separa-
tion between peaks at 20 = 14.7° and 16.3° in the treated
samples is ambiguous, but is considerably clearer than
in the control sample. We can conclude that the crys-
talline intensity of bamboo fibers was reduced gradu-
ally, which was especially evident on the 101 and the
002 lattice planes (Fig. 3).
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Fig. 3  X-diffraction profiles of bamboo fibers during treat-
ment by formic acid

Notes: 1 control; 2 after a treatment for 30 min; 3 after a treat-
ment for 90 min.

The expression of Segal (Segal et al., 1959; Yang et al.,
2002; Cao and Tan, 2005; Mihranyan et al., 2004) was
used to calculate the crystalline index:

Iy = IOO(Ihk]—Iam)/Ihkl (1)

where /¢, is the crystalline index, I,,, the amorphous zone
diffraction intensity of 20 equal to 18° and Iy, the crys-
talline zone diffraction intensity on the 002 lattice plane.
Tables 1 and 2 show the crystalline indices as calculated
from the X-ray diffraction data of bamboo fibers. The
crystalline index decreases from 71.1% to 66.0% after
the sample had been treated for 30 min. Ninety minutes
later the crystalline index decreased further to 56.4%. As
the X-ray diffraction crystalline index dropped gradually,
the cellulose also dissolved in a stepwise fashion in formic
acid. Table 1 shows the intensity of diffraction peaks in
the crystalline zone and the amorphous zone of bamboo
fibers. The intensity of X-ray diffraction peaks declined
during treatment. However, the decrease was clearer in
the amorphous zone than in the crystalline zone.
Therefore, the effects of formic acid on the amorphous
zone and the crystalline zone were different. The effect
in the crystalline zone was more distinct than in the
amorphous zone. As a result, the crystalline lattice of cel-
lulose imploded and eventually the rigid framework of the
crystalline lattice of cellulose was crushed.

Table 1 Characteristic X-ray diffraction peaks of bamboo fibers
sample peaks location/®  intensity/Cps
control 101 15.38 487

101 16.32 446

002 22.28 948

040 34.36 241
after a treatment for 0.5 h 101 15.24 418

101 16.64 396

002 22.24 792

040 34.56 224
after a treatment for 1.5 h 101 15.69 288

101 16.64 298

002 22.56 698

040 34.84 191
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Table 2 X-ray diffraction crystalline index of bamboo fibers

sample 20 = 18° peak 002 peak It/ %
intensity/Cps  intensity/Cps

control 274 948 71.1

after a treatment for 0.5 h 269 792 66.0

after a treatment for 1.5 h 304 698 56.4

The FTIR spectra of bamboo fibers during dissolution
and hydrolysis are shown in Fig. 4. The peak of -OH
stretching near 3400 cm ™' and the peak of —CH, stretch-
ing near 2900 cm ™! are distinctive features of cellulose.
During formic acid treatment, the bamboo fibers adsorb
some material containing -OH. Formic acid is the suspect
with its -OH groups. The absorbed —OH resulted in a
peak at 1637 cm™'. The peaks at 1370 and 1430 cm™!
are the bending vibration of —-CH and —OH bonds,
respectively. The peak of —-CH, swaying was at
1317 cm™'; ~CH bending at 1333 cm™'; ~CH, bending
at 1372 cm™'. The peak of 1430 cm™' is attributed to the
bending of the -CH, bond because of the effect of hydro-
gen bonds in cellulose. The peaks at 1063, 1058, 1112,
1030 and 896 cm™! were responsive to the stretching of
C-O-C-O-C bonds in cellulose. The major difference of
the FTIR spectra between cellulose samples of control
and that after the formic acid treatment for 1.5 h was in
the regions between 3340 and 3375 cm™' and between
1420 and 1730 cm™' (Fig. 6). These two regions are —
OH stretching of intramolecular hydrogen bonds and —
OH bending of substances with hydroxyl absorbed by
cellulose, respectively (Hinterstoisser et al., 2001; Ruan
et al., 2004; Oh et al., 2005a; Takacs et al., 2005). After
the treatment for 1.5 h, the absorption specific to bands in
the region of wave numbers between 3340 and 3375 cm™!
and between 1420 and 1730 cm ™' was more intensive than
that of the control sample, especially at 1721 cm™!. Thus,
a certain amount of H,O and other chemical agents with —
OH bonds was absorbed into the cellulose crystal lattice.
Clearly, HCOOH is the candidate. Probably novel single
or series-chained bonds of OH:--O were formed.

transmittance/%
(3]

3870

1 1 1 | 1 1 1 | 1
2713 2135 1556 978
wave number/cm!

i 1
3292 399

Fig. 4 FTIR spectra of bamboo fiber during treatment by
formic acid

Notes: 1 control; 2 after a treatment for 0.5 h; 3 after a treat-
ment for 1.5 h.
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Fig. 5 Effect of residence time (from 1 to 9 h) and temper-
ature (from 55 to 65°C) on the release of glucose from bamboo
fibers in formic acid
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Fig. 6 HPLC spectra of hydrolysates of bamboo fibers in
formic acid at 60°C for different treatment times (1 h, 2 h,
3 h,4h, 5h, 6 h). The spectra from 1 to 6 correspond to the
samples after treatments of 1 h to 6 h.

The intensity of intermolecular hydrogen bonds affects
the shift of -OH vibration in the FTIR spectra. The peak
shifts to a higher wave number if the intensity of intermol-
ecular hydrogen bonds is weak (Oh et al., 2005b). From
the FTIR spectra of bamboo fibers observed, the peak of —
OH failed to shift away from 3400 cm~'. It is probable
that only intramolecular hydrogen bonds were formed
when formic acid molecules penetrated into the crystalline
lattice of cellulose. Thus, the rigid molecular framework
of bamboo fibers imploded causing cellulose to dissolve in
the formic acid solution. Hydrolysis took place following
the dissolution. Because of the dissolution, hydrolysis
became a homogeneous reaction. There were no differ-
ences between the initial crystalline zone and the amorph-
ous zone. As a result, complete hydrolysis was achieved.

3.3 Effect of temperature and residence on hydrolysis of
bamboo fibers

Given our discussions in the previous sections, bamboo
fibers dissolve in formic acid solution. The acidity of
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formic acid resulted in the fissure of glucosidic bonds of
the cellulose molecules in bamboo fibers. A hydrolysis
reaction took place. After hydrolysis, the formic acid
could be extracted by a depressurization procedure and
solid hydrolysates were obtained. In the hydrolysis of
bamboo fibers, the resident time and temperature are
important factors. In order to find the optimal reaction
conditions, the effects of reaction temperatures (55°C,
60°C, 65°C) and resident times (1 through 9 h) were inves-
tigated. At 55°C and 60°C, the yields of glucose continu-
ously increased with resident time. However, at 65°C, the
yield of glucose initially increased and then decreased
after 3 h (Fig. 5). At 55°C, the yield of glucose increased
at a slower rate than at 60°C. Thus, the hydrolysis of
cellulose was strongly dependent on temperature. High
temperatures can enhance the transformation ratio of cel-
lulose to glucose. However, glucose degrades in a mineral
acid solution as reported elsewhere (Mosier et al., 2002;
Lloyd and Wyman, 2005; Johansson et al., 2006). The
data in Fig. 5 also shows that the rate of glucose degra-
dation is faster than that of cellulose hydrolysis to glucose
over 65°C. After 3 h, the yield of glucose decreased gradu-
ally over time. However, continued increases with the
extension of resident time were observed at 55 and 60°C.
Thus, the degradation rate of glucose increased with an
increase in temperature. The optimal hydrolysis condition
of bamboo fibers was found to be at 60°C for 6 h. The
yield of monomeric glucose was 54.5%. HPLC analysis
also shows that the yield of glucose clearly increased with
the prolongation of resident time at the optimal temper-
ature of 60°C (Fig. 6). The percentage of glucose in the
water-soluble sugar/sugar oligomers mixture gradually
increased. Water-soluble sugar mixtures in the solid
hydrolysates were analyzed by HPLC. Glucose, cellu-
biose, cellotriose, cellotetrose, cellopentose and cellohex-
ose were detected in the hydrolysates (Fig. 7).
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Fig. 7 HPLC spectra of hydrolysates of bamboo fibers in
formic acid

Notes: 1 glucose; 2 cellobiose; 3 cellotriose; 4 cellotetrose; 5
cellopentose; 6 cellohexose; 7 residual formic acid.

The yield of reducing sugars was measured by the DSN
method as shown in Table 3. The yield of reducing sugars
was enhanced with the increase of resident time at 55 and
60°C, The enhancement was more pronounced at 60°C
than at 55°C. After 6 h, it was about 33.4% at 55°C and
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75.8% at 60°C. At 65°C, the yield of reducing sugars first
increased and then decreased as the treatment time was
extended. The maximal yield was 53.4% after 4 h treat-
ment. It can be concluded that at high temperatures the
reducing sugars are also severely degraded. The optimal
condition was at 60°C for 5 h. The transformation of cel-
lulose to reducing sugars was 79.7%.

Table 3 Yield of reducing sugars from hydrolysate of cellulose of
bamboo fibers obtained with the DSN method

time/h yield of reducing sugars/%

55°C 60°C 65°C
1 19.9 36.3 17.9
2 24.6 435 39.6
3 18.5 59.4 52.6
4 29.6 53.3 53.4
5 29.1 79.7 29.8
6 334 75.8 29.5

3.4 Discussion

Formic acid is a flat organic molecule, the average length
of O=C-O-H bonds is 0.171 nm, the length of O=C-C-
H bonds are 0.224 nm (Stein and Sauer, 1997; Goeppert et
al., 2002; Jarvis, 2003). The bond length of hydrochloric
acid is 0.128 nm. In the crystal lattice of our experimental
cellulose and adjacent chains of cellulose microfibrils are
linked by zigzag repeating O-H---O-H bonds. The dis-
tance of the adjacent up and down chains are about
0.450 nm and of two neighboring O1 bonds in the long
molecular axis amounted to 0.240 nm. The stagger of
intramolecular hydrogen bonds occurring between O3
and adjacent OS5 of the following glucosidic residue is
0.331 nm, the length of intermolecular hydrogen bonds
06---02 is about 0.238 nm, of bonds O3---O5 ranging
from 0.272nm to 0.279 nm (Zugenmaier, 2001).
Therefore, the depression with an area of 0.238 x
0.279 x 0.240 nm which is enclosed by the O6---O2 bonds
of one chain, O3---O5 bonds of another chain and the
distance of two neighboring Ol between adjacent up
and down chains is the limit for other chemical molecules
to get into the inner space of the crystal lattice of cellulose.
Chemical molecules with their longest distance of bands
more than 0.238 nm are not allowed to pass the depres-
sion of bands passage into the inner space of crystal cel-
lulose. Therefore, formic acid with 0.224 nm and
hydrochloric acid with 0.128 nm of intramolecular bands
length could get through the limit to enter the inner space
of crystal cellulose. Formic acid is a carbonyl compound
and hydrogen bonds are easily formed between the formic
acid and cellulose molecules. Once the formic acid pene-
trated into the crystal lattice, the crystalline lattice of cel-
lulose markedly become swollen. The hydrogen bonds
between the chains of cellulose molecules are broken
down and new hydrogen bonds between formic acid and
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cellulose molecules are formed. Eventually, the rigid
framework of crystalline lattice of cellulose is crushed.
Because of the hydrochloric acid as catalyst, the bamboo
fibers dissolved in the formic solution and are hydrolyzed
to glucose and oligosugar.

HCOOH +H,0 —— HCOO ™ +H;0"

[Glu—O—Glu—0—Glu],+1nH;0™
—— [Glu—O0—Glu], ,;+nGlu+nH*

H* +HCOO~ —— HCOOH

Glucose is not stable in an acid environment. When the
cellulose hydrolyzes to glucose, degradation of glucose
also takes place at the same time. In order to describe
the integrated behavior of cellulose hydrolysis in an acid
environment, the degradation kinetics of glucose must be
studied. When the hydrolysis of cellulose is investigated,
the following model can be established:

khyd kdeg

C —> G ——> HMF+H,0 —> LA+FA (1)

where C is cellulose, G is glucose, HMF is 5-hydroxyl
methyl furfural, LA is levulinic acid, FA is formic acid,
knyq 1s the rate constant for the hydrolysis of microcrys-
talline-cellulose to release glucose and kg, is the rate con-
stant for glucose degradation. Since bamboo fiber is a
heterogeneous material, its physical and chemical prop-
erties will change during the process of hydrolysis. As a
result, the establishment of the hydrolysis model becomes
very different. In our investigation, the degree of polymer-
ization of bamboo fibers gradually decreased and when
the bamboo fiber resolved in the formic acid solution, the
reaction became homogeneous. Model (1) can be used to
predict the hydrolysis of cellulose and the degradation of
glucose. In general, the kinetic constant of the hydrolysis
of cellulose is determined by the catalyst and the condi-
tions under which the reaction occurs.

Commonly, the reaction obeys the Arrhenius equation:

K=Ayxe E/RT (2)

where K is the kinetic constant, 4, the exponential con-
stant, E, activation energy, R the universal gas constant
and T is temperature. If the concentration of acid were to
be considered, the Arrhenius equation could be written as
Eq. (3) to predict the hydrolysis of cellulose (Aguilar et al.,
2002).

K=Agx [H']" xe™ B/RT (3)

where [H'] is the concentration of acid and m is an empir-
ical constant. This model presents the mechanism of cel-
lulose hydrolysis and glucose degradation, in which the
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hydronium ion takes part. It can be seen from the model,
that the speed of the hydrolysis of cellulose associates with
the kinetic constant, k4, of the hydrolysis, the ability of
the solvent to dissolve the cellulose and the low degree of
crystallinity are favorable conditions for the dissolution of
cellulose. The kinetic constant, k4, is correlated with the
exponential constant Ay, the concentration of acid [H'],
the activation energy E, and the reaction temperature 7.
For certain reactions, 4y, E, and the ability of the solvent
to dissolve cellulose are constants. The low degree of crys-
tallinity, high temperature, high concentration of acid and
the long reaction time are conditions which can enhance
the rate of hydrolysis of cellulose. At the same time, these
conditions are not conducive to the stability of glucose,
where high temperature and a high concentration of acid
accelerate the degradation of glucose. Therefore, the reac-
tion time must be short. The reaction time, reaction tem-
perature and concentration of acid are major factors in
the hydrolysis of cellulose.

4 Conclusions

Bamboo fibers were placed in a formic acid solution which
contained 4% (w/w) hydrochloric acid. After 30 min, the
bamboo fibers began to swell and gradually dissolved.
After one hour, the color of the liquor/solution changed
to green. After two hours, the bamboo fibers were thor-
oughly dissolved in the liquor. The color of the liquor
became dark. Four hours later, a completely miscible
solution of bamboo fibers in formic acid was obtained.
The AFM images before the formic acid treatment show a
distinctive hierarchical tissue on the surface of the micro-
fibrils. Differential stereoscopic strips were clearly dis-
played. However, the structural shapes disappeared for
30 min. after the formic acid treatment. The surface of
the fibers became smooth and plump. This behavior indi-
cates that the inner rigid bonding of crystalline microfi-
brils had been loosened and the lattice of the crystal
became swollen.

During the hydrolysis of bamboo fibers, the peaks at
20 = 22.5° of the control cellulose sample were higher and
sharper than those after the formic acid treatments for 30
and 90 min. The crystalline index decreased from 71.1%
to 66.0% after the sample had been treated for 30 min.
Ninety minutes later the crystalline index declined even
further to 56.4%. The effect in the crystalline zone was
more pronounced than that in the amorphous zone. As
a result, the crystalline lattice of cellulose imploded and
eventually the rigid framework of crystalline lattice of
cellulose was crushed.

From the FTIR spectra of bamboo fibers, the peak of —
OH failed to shift away from 3400 cm™!. It is probable
that only intramolecular hydrogen bonds were formed
when formic acid molecules penetrated into the crystalline
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lattice of cellulose. Thus, the rigid molecular framework
of bamboo fiber burst, causing cellulose to dissolve in the
formic acid solution. Hydrolysis took place following the
dissolution. Because of the dissolution, hydrolysis became
a homogenecous reaction. There were no differences
between the initial crystalline zone and the amorphous
zone. As a result, complete hydrolysis was achieved.

The hydrolysis ratio of the bamboo fibers increased
with the reaction temperature and time. However, the
degradation of glucose also increased with the extension
of reaction time and temperature. The optimal hydrolysis
condition of bamboo fibers was found to be 60°C for 6 h.
The yield of glucose was 54.5% and that of reducing
sugars was 79.7%.

Acknowledgements The authors are indebted to the Ministry of
Education of China for financial support throughout this important
technological research project (Grant No. 750548). We gratefully
acknowledge the technical assistance provided by the State Key
Laboratory of Pulp and Paper Engineering at the South China
University of Technology.

References

Aguilar R, Ramirez J A, Garrote G, Vazquez M (2002). Kinetic
study of the acid hydrolysis of sugar cane bagasse. J] Food Eng,
55(4): 309-318

Cao Y, Tan H (2005). Study on crystal structures of enzyme-hydro-
lyzed cellulosic materials by X-ray diffraction. Enzyme Microb
Tech, 36(2-3): 314-317

Choi C H, Mathews A P (1996). Two-step acid hydrolysis process
kinetics in the saccharification of low-grade biomass: 1.
Experimental studies on the formation and degradation of sugars.
Bioresour Tech, 58(2): 101-106

Gan Q, Allen S J, Taylor G (2003). Kinetic dynamics in heterogen-
eous enzymatic hydrolysis of cellulose: an overview, an experi-
mental study and mathematical modeling. Process Biochem,
38(7): 1003-1017

Goeppert A, Dinér P, Ahlberg P, Sommer J (2002). Methane activa-
tion and oxidation in sulfuric acid. Chem Eur J, 8: 3277-3283

Haékansson H, Ahlgren P (2005). Acid hydrolysis of some industrial
pulps: effect of hydrolysis conditions and raw material. Cellulose,
12(2): 177-183

Hinterstoisser B, Akerholm M, Salmén L (2001). Effect of fiber
orientation in dynamic FTIR study on native cellulose.
Carbohyd Res, 334(1): 27-37

Iranmahboob J, Nadim F, Monemi S (2002). Optimizing acid-
hydrolysis: a critical step for production of ethanol from mixed
wood chips. Biomass Bioenerg, 22(5): 401-404

Jarvis M (2003). Cellulose stacks up. Nature, 426(6967): 611-612

Johansson L, Virkki L, Anttil H, Esselstrom H, Tuomainen P,
Sontag-Strohm T (2006). Hydrolysis of B-glucan. Food Chem,
97(1): 71-79

Yong SUN, et al.

Koheilkari M, Suzuki I (2004). High-performance hydrolysis of
cellulose using mixed cellulose species and ultrasonication.
Biochem Eng J, 17(2): 79-83

Liu S, Amidon T E, Francis R C., Ramarao BV, Lai Y Z, Scott GM
(2006). From Forest Biomass to Chemicals and Energy:
Biorefinery Initiative in New York. Ind Biotech, 2(2): 113-120

Lloyd T A, Wyman C E (2005). Combined sugar yields for dilute
sulfuric acid pretreatment of corn stover followed by enzymatic
hydrolysis of the remaining solids. Bioresour Tech, 96(18): 1967—
1977

Mihranyan A, Llagostera A P, Karmhag R, Stremme M, Ek R
(2004). Moisture sorption by cellulose powders of varying crys-
tallinity. Int J Pharm, 269(2): 433-442

Mosier N S, Ladisch C M, Ladisch M R (2002). Characterization of
acid catalytic domains for cellulose hydrolysis and glucose degra-
dation. Biotech Bioeng, 79(6): 610-618

OhSY,YooDI,ShinY, KimHC, Kim HY, Chung Y S, Park W
H, Youk J H (2005a). Crystalline structure analysis of cellulose
treated with sodium hydroxide and carbon dioxide by means of
X-ray diffraction and FTIR spectroscopy. Carbohyd Res,
340(15): 23762391

OhSY, YooDI, ShinY, Seo G (2005b). FTIR analysis of cellulose
treated with sodium hydroxide and carbon dioxide. Carbohyd
Res, 340(3): 417428

Potthast A, Rosenau T, Sartori J, Sixt H, Kosma P (2003).
Hydrolytic processes and condensation reactions in the cellulose
solvent system N,N-dimethylacetamide/lithium. chloride. Part 2:
degradation of cellulose. Polymer, 44(1): 7-17

Rostrup-Nielsen J R (2005). Making fuels from biomass. Science,
308(5727): 1421-1422

Ruan D, Zhang L, Mao Y, Zeng M, Li X (2004). Microporous
membranes prepared from cellulose in NaOH/thiourea aqueous
solution. J Membrane Sci, 241(2): 265-274

Sasaki M, Kabyemela B, Malaluan R, Hirose S, Takeda N, Adschiri
T, Arai K (1998). Cellulose hydrolysis in subcritical and super-
critical water. J Supercrit Fluid, 13(1-3): 261-268

Segal L, Creely J J, Jr Martin A E, Conrad C M (1959). An empirical
method for estimating the degree of crystallinity of native cel-
lulose using the X-ray diffractometer. Text Res J, 29(10): 786-794

Sjoholma E, Gustafssona K, Erikssona B, Brown W, Colmsjo A
(2000). Aggregation of cellulose in lithium chloride/N,N-
dimethylacetamide. Carbohyd Polymer, 41(2): 153-161

Stein M, Sauer J (1997). Formic acid tetramers: structure isomers in
the gas phase. Chem Phys Lett, 267(1/2): 111-115

Sun Y, Cheng J Y (2002). Hydrolysis of lignocellulosic materials for
ethanol production. Bioresour Tech, 83(1): 1-11

Takacs E, Wojnarovits L, Borsa J, Papp J, Hargittai P, Korecz L
(2005). Modification of cotton-cellulose by preirradiation graft-
ing. Nucl Instrum Meth B, 236(1-4): 259-265

Yang G, Zhang L, Cao X, Liu Y (2002). Structure and microporous
formation of cellulose/silk fibroin blend membranes Part II.
Effect of post-treatment by alkali. J Membrane Sci, 210(2):
379-387

Zhang Y H P, Lynd L R (2003). Cellodextrin preparation by mixed-
acid hydrolysis and chromatographic separation. Anal Biochem,
322(2): 225-232

Zugenmaier P (2001). Conformation and packing of carious crystal-
line cellulose fibers. Prog Polym Sci, 26 (9): 1341-1417




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


