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a b s t r a c t

An iodine treatment was applied to control the morphology in carbonization of polymer films prepared
from two kinds of polysaccharides, starch and chitosan. Differences in carbonization properties of the
films with or without the iodine treatment were investigated by nitrogen adsorption, TG-Mass and Raman
spectroscopy. Microporous carbon film was derived from the starch film with iodine stabilization, while
non-porous one was done from the chitosan film without iodine stabilization. The char from the starch
film was doubled in yield by the iodine treatment but that from the chitosan film remained almost
unchanged. It is suggested that these differences in their carbonizations are attributed to the difference
in the reactivity between each polysaccharide and iodine, which depends on their polymer conformations.
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. Introduction

Stabilization process is necessary to control the morphology
f carbon materials fabricated from thermoplastic resources such
s pitch or polyacryronitrile (PAN). Oxygen (air-blowing) is used
ndustrially as the stabilizing process for pitch. Recently, iodine
as been proposed as new stabilizer since it can modify pitch eas-

ly and rapidly at lower temperatures than oxygen [1]. The iodine
reatment improves the thermal stability of pitch in the follow-
ng mechanism [2–5]; pitch components become large molecules
hrough forming of charge–transfer complexes with iodine and/or
romoting of dehydropolymerization, and then pitch is stabilized
y preventing its decomposition. Moreover, this modified pitch can
e converted to carbons with significant higher char yield than
0 wt% [1]. These effects of the iodine treatment have been applied
o other some carbon precursors, such as polyvinyl alcohol [6],

olyacetylene [7], mesophase pitch [8], silk fibroin [9] and wood
10]. It is noticed that iodine treatment is only the way to synthe-
ize porous carbon from wood-based precursors without any other
ctivation processes [10].

∗ Corresponding author. Tel.: +81 55 220 8545; fax: +81 55 220 8545.
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Polysaccharides are composed of monosaccharide units and the
most abundant hydrocarbon resource on the earth. Since the crys-
tallinities and the molecular orientations of some polysaccharides
can be easily controlled by chemical or physical modifications, one
can tailor it to desired shapes such as fiber, film or more compli-
cated ones. If the as-formed shapes of polysaccharide precursor
are kept unchanged after carbonization, one can expect develop-
ment of novel carbon products from raw biomass materials with
highly controlled morphology. Iodine stabilization must be useful
for carbonizing such polysaccharides with controlling their thermal
stability because they are usually deformed on their decomposition
at high temperatures. This approach will be able to inform on new
potential applications of polysaccharide resources other than their
typical charcoal use.

In this study, stabilization technique using iodine was applied to
mold carbon products derived from polysaccharides. Carbon films
from two kinds of polysaccharides were prepared and the effects of
iodine treatment on their carbonization process were investigated.
2. Experimental

Commercial available potato starch powders or chitosan ones
(Kanto Chemical Co., Inc.) were used as starting materials of film
precursor. Starch was dissolved in distilled water, and chitosan was

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:miyajima@yamanashi.ac.jp
dx.doi.org/10.1016/j.tca.2009.09.008
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issolved in aqueous acetic acid of 2 vol%. The concentrations of
olymer in the solutions were 5 wt%. The starch solution was casted
n a glass plate after the gelatinization at 90 ◦C. The chitosan solu-
ion was casted as is on a glass plate because of its appropriate
iscosity. They were dried for an overnight at 50 ◦C in a hot oven
nd placed in a desicator with a suitable humidity (50 RH). Finally
ransparent film samples of c.a. 0.8 mm in thickness were obtained
nd will be referred hereafter as STR or CTS for potato starch or chi-
osan films, respectively. These films were cut to 10 mm × 10 mm
or following experiments.

The films were treated with iodine at 100–150 ◦C for 24 h in a
losed vessel in which the films and excess of iodine were placed
ar apart. The iodine-treated films were carbonized at 800–1000 ◦C
nder nitrogen gas flow. The heating rate was 10 ◦C/min and the
etention time at the final temperature was 1 h. As-filmed STR
nd CTS were also carbonized with the same heating conditions.
he morphological changes of the iodine-treated films before and
fter the carbonization were observed. The microstructures of the
arbonized specimens were observed by scanning electron micro-
cope (SEM, JSM-6500F, JEOL, Ltd.) of Center for Instrumental
nalysis, University of Yamanashi. The char yields were evalu-
ted from the weight change of the films after carbonizations. TG
nd TG-Mass (TG: TGA-50, Rigaku, TG-Mass: QP1100EX, Shimadzu)
nalysis were attempted to investigate the thermal decomposition
ehavior of the films samples. Nitrogen adsorption isotherms at
196 ◦C were measured by volumetric method (BELSORP-28SA, Bel

apan Inc.) to estimate the sample porosity. Raman spectroscopy
NRS-2100, JASCO Co.) was achieved to characterize the iodine-
reated films using a 488 nm Ar+ laser of 0.3 mW/cm2.

. Results and discussion
.1. Carbonization of starch film

Fig. 1 shows the changes of the iodine content and the char
ield at 800 ◦C carbonization of starch film as function of the iodine

Fig. 2. Morphological changes of STR and CTS before and after carbo
Fig. 1. Iodine content (�) and char yield at 800 ◦C carbonization (�, �) of starch film
as function of the iodine treatment temperature. (�) Iodine-treated, (�) heat-treated
at 150 ◦C without iodine.

treatment temperature. The iodine content in the STR was esti-
mated from the weight increase on the iodine treatment. Almost
no change in the weight of the film was observed after the heat
treatment at 100–150 ◦C without iodine in the vessel. Iodine con-
tent in the STR increased steeply up to about 90 wt% by the iodine
treatment at 120 ◦C or above, while it did not increase below 110 ◦C.
The appearance of the STR iodine-treated ones over 120 ◦C showed
a slight unevenness and deep blue color. The turning point of the
char yield coincides with that of the iodine content. The char yields
could be approximately doubled by treating the STR with iodine at
120–150 ◦C, while those of the STR as-filmed and treated at 120 ◦C

or higher for 24 h without iodine were about 15 wt%. Iodine content
remained in the carbonized STR is estimated to be small enough,
because after carbonization it was already confirmed to be only
2 wt% or less by elemental analysis using iodine-treated pitch [3].

nization. Values in parentheses indicate the char yields in wt%.



N. Miyajima et al. / Thermochimica Acta 498 (2010) 33–38 35

Table 1
Porosity parameters determined from N2 adsorption isotherms.

Sample Carbonized temperature (◦C) Amicro (m2/g) Vtot (ml/g) Wave (nm)

Original STR 700 305 0.09 0.76
800 213 0.05 0.76
900 272 0.09 0.79

1000 187 0.04 0.76

Iodine-treated STR 700 650 0.22 0.70
800 596 0.21 0.76
900 578 0.21 0.76
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micro: micropore surface area, Vtot: total pore volume, and Wave: average pore widt

hese results emphasize that the high char yield of the iodine-
reated STR was achieved not by the residual iodine in the treated
TR nor the heating effect during the iodine treatment but by the
tabilization of iodine.

Fig. 2 shows the morphological changes of the STR and the
odine-treated STR at 120 ◦C after the carbonization at various tem-
eratures. (The results of CTS are also shown and will be explained

n the next section.) The as-filmed STR expanded like a sponge and
ecame extremely fragile after the carbonizations. On the other
and, the iodine-treated STR kept its film shape in all carbonized
emperature regions but thermal shrinkages were happened. Their
har yields were also kept about 30 wt% in all carbonization tem-
eratures. The STR iodine-treated at 150 ◦C showed almost same
orphological changes and the char yield as those at 120 ◦C. Then,

he temperature of 120 ◦C is enough for iodine treatment to sta-
ilize the STR and following results will be reported for the STR

odine-treated at 120 ◦C.
Fig. 3 shows the SEM photographs of the carbonized STR at

00 ◦C. A number of large void spaces (diameters > 100 �m) sur-
ounded by the carbon matrix are seen in the as-filmed STR but
he iodine treatment prevents STR film from developing such large
oids during the carbonization. Then, the carbonization of the
odine-treated STR results in the formation of dense carbon film

ith uneven surface like a crater (Fig. 3(C)).
Fig. 4(A) shows the N2 adsorption isotherms at −196 ◦C of

he STR carbonized at various temperatures. The carbons derived
rom the as-filmed STR show Type I isotherms in IUPAC classifi-
ation, indicating their developments of microporous structure in
he products. The increase in N2 adsorption at P/P0 ≈ 1 in Fig. 3(A)

ust be corresponded to the existence of the macropores or large
oids. Though the isotherms of the carbons derived from the iodine-
reated STR are also classified as Type I, they have smaller increases
n N2 adsorption at P/P0 ≈ 1 than those for as-filmed. This means
hat there are less large voids for the iodine-treated STR. It is inter-
sting that the adsorptions of N2 nearby P/P0 = 0 for them are larger
han those for the as-filmed STR carbons, which indicates more

icropores were developed for the iodine-treated ones. Similar
esults were described in ref. [10]. Consequently, microporous car-
on films could be easily prepared by the iodine stabilization of STR
ithout any other activations.

Porosity parameters, micropore surface area (Amicro) and micro-
ore volume (Vmicro), were calculated by �s method [11] from these

sotherms and summarized in Table 1. Average pore width (Wave)
as geometrically calculated by assuming that microporous struc-

ure in carbon micro-texture is slit-shaped with carbon hexagonal
alleries. As expected from the isotherms, Amicro and Vmicro for the
odine-treated STR are larger than those for the as-filmed one in

ll carbonized temperatures. They become about twice for the car-
onization at 700 ◦C. These increasings of micropore seem to be
elated to the increase in char yield shown in Fig. 2. In contrast to
micro and Vmicro, Wave takes almost the same value of 0.76 nm for all
arbons. It is suggested that the micropores caused not by exhaust
524 0.19 0.76

of gaseous iodine compounds but by exhaust of pyrolyzed com-
ponents from starch. The micropores could exist inside the carbon
matrix. Their forming mechanism is under consideration.

Results of TG and Mass spectra for the iodine-treated STR at
120 ◦C for 24 h are shown in Figs. 5(A) and 6. The values in paren-
theses in Fig. 6 indicate the relative intensities to that of the total
ion chromatogram (TIC). The as-filmed STR shows a drastic weight
loss around 350 ◦C and the residual yield at 800 ◦C is about 10 wt%.
The thermal behavior of the iodine-treated STR is obviously differ-
ent from that of the as-filmed one. The weight decrease gradually
continues until about 650 ◦C and more amount of the residues
remains at 800 ◦C. Some pyrolysis gases such as H2O, CO and CO2
are detected around 350 ◦C as well as the large weight loss in
the as-filmed STR. The fragment of m/z = 60 at this temperature is
characteristic to levoglucosan, that is one of the tar components
produced through the decomposition of glucose structures [12,13].
Fragments with similar mass numbers to those of as-filmed STR
were also detected for the iodine-treated STR. However, they were
observed from lower carbonization temperatures than 350 ◦C and
any fragments of m/z = 60 or larger mass numbers corresponding
to tar components do not appear during the carbonization. In con-
trast, the fragments due to iodine species, viz. m/z = 254 and 128,
are observed mainly at under 600 ◦C and not at above 700 ◦C, which
implies that iodine does not remain in the carbon products obtained
over 700 ◦C. Therefore, these fragments correspond to the vaporiza-
tion of physically adsorbed I2 (i.e., condensation on the film surface)
and removal of HI, respectively. HI removal can be an evidence of
dehydrogenation.

3.2. Carbonization of chitosan film

According to the results from STR, the CTS was also treated
with iodine at 120 ◦C for 24 h. Fig. 2 also shows the morphological
changes and the char yields of the CTSs with the iodine treatment
and the carbonization at 800 ◦C. A film-shaped carbon product with
a relatively high char yield, c.a. 30 wt%, could be obtained from the
as-filmed CTS. The appearance of the CTS after the iodine treatment
became slightly curved with deep blue color. The iodine content
of the CTS was 260 wt% that was larger than that of the STR. The
smoothness of its surface was lost after the carbonization. It was
partly expanded by the release of volatile components from the film
inside during the carbonization. The enhancement of char yield by
the iodine treatment was small for the CTS, i.e., only 2 wt% increas-
ing.

Fig. 4(B) shows the N2 adsorption isotherms at −196 ◦C of the
carbonized CTS. The isotherms for the as-filmed CTS carbonized up
to 800 ◦C were classified into Type III that shows a convex curve

over the whole relative pressure range. The isotherm was slightly
changed to Type II by carbonizing over 900 ◦C. The BET specific sur-
face area, however, was only 30 m2/g or less, hence the carbonized
CTS can be regarded as non-porous from the N2 gas adsorption
behavior. The carbon derived from the iodine-treated CTS was also
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Fig. 4. N2 adsorption isotherms at −196 ◦C of STR (A) and CTS (B) films carbonized
at various temperatures. (�) and (©) carbonized at 700 ◦C, (�) and (�) carbonized
at 800 ◦C, (�) and (�) carbonized at 900 ◦C, (�) and (�) carbonized at 1000 ◦C. Open
marks: as-filmed, closed marks: iodine-treated.

Fig. 5. TG curves of STR (A) and CTS (B). Solid lines: as-filmed, dashed lines: iodine-
treated.
ig. 3. SEM photographs of the surface of STR carbonized at 800 ◦C. (A) No iodine
reatment STR, (B) and (C) iodine-treated STR.

egarded as a non-porous material because of its Type III isotherm.
amely, the CTS could not be converted into a porous carbon even
f it was treated with iodine. This is a significant difference from the
ffect of iodine stabilization on carbonization of STR.

Figs. 5(B) and 7 show the TG results and mass spectra for the
odine-treated CTS. The iodine-treated CTS showed a similar TG

Fig. 6. TG-mass chromatograms of as-filmed (A) and iodine-treated (B) STR during
carbonization. Values in parentheses are relative ordinate scale to TIC.
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ig. 7. TG-mass chromatograms of as-filmed (A) and iodine-treated (B) CTS during
arbonization. Values in parentheses are relative ordinate scale to TIC.

urve to that of the iodine-treated STR, but its weight loss is not
o largely changed from that of the as-filmed CTS compared with
he case of STR. The detected mass numbers of fragments in the
pectrum of as-filmed CTS are almost same as those of the as-filmed
TR. That suggests that pyrolysis of the CTS proceeds in the same
anner as that of the as-filmed STR. The amino group fragment

f m/z = 16 is detected, however, among the whole range of the
arbonization temperatures. Nitrogen atoms still remain in the CTS
t relatively high temperature. This would be the reason why the
TS gave high char yields. Although the signal of HI removal is also
bserved for the iodine-treated CTS, its intensity is smaller than
hat for the iodine-treated STR.

.3. Reactivity with iodine and polysaccharides

Fig. 8 shows Raman spectra for the iodine-treated films. It is
ell known that amylose, the liner chain component of starch,

orms helix and a charge–transfer complex with iodine if it is
rocessed with iodide [14,15]. The structure of the complex has
een characterized by many researchers using Raman spectroscopy
14–19]. The amylose–iodine complex usually shows two funda-

ental peaks at 110–115 cm−1 (weak) and 165–168 cm−1 (strong)
nd their overtones. They are generally assigned to I3− and I5−

I2 associated with I3−), respectively. In the present results, char-
cteristic peaks at similar shifts around 110 cm−1 and 169 cm−1

re observed from the iodine-treated STR. The amylose–iodine
omplexes with two types of polyiodine ions are formed in the
odine-treated STR. On the other hand, the Raman peak around
10 cm−1 is stronger in the iodine-treated CTS than around
69 cm−1. It implies iodine mainly exists as I3− in the complex with
TS.

From the results of the Raman spectra and the TG-Mass spectra,

he stabilization reaction proposed for the iodine-pitch system [4,5]
roceeds in the iodine-STR and -CTS ones. The reaction contains
he thermal stabilization and/or dehydropolymerization of the

onosaccharide units through forming charge–transfer complexes
ith iodine in their iodine-treated films. Some gas evaporations
Fig. 8. Raman spectra of iodine-treated STR and CTS.

such as dehydration accompanied by the dehydropolymeriza-
tion occur in the lower temperatures of the carbonization for
the iodine-treated films than those for non-treated ones. There
was the difference, however, in the efficiency of char yield or
the porosity by the iodine stabilization between the STR and
the CTS. This difference seems to be related to the conformation
in both polysaccharides. Starch has an elastic helical structure
owing to its �-glucoside bonding of monosaccharide units, in
which iodine atoms are present as a one-dimensional chain [15].
In the iodine-pitch complex, iodine molecules form a stacking
(sandwich) structure with pitch components [3]. Iodine is fully
surrounded by the organic component (starch or pitch) in the com-
plexes. Therefore, the iodine stabilization would be successfully
carried out for starch in the similar manner of the iodine-pitch
system.

In contrast to starch, chitosan has an extended two-fold helical
conformation, that is, a rigid linear like structure, since it consists
of �-glucoside bonding of glucosamine unit as seen for cellulose
(poly-�-(1, 4)-d-glucose) [20,21]. Nakamura et al. reported that the
iodine treatment of cellulose shows only 4 wt% increase in the char
yields and a slight increase in the surface area of micropores for
the carbonization [10]. Chitosan in the present paper also shows
similar results on char yield to cellulose in the iodine stabilization.
Moreover, Raman spectrum of the iodine-treated cellulose resem-
bles that of the iodine-treated CTS in this study. That indicates the
same interaction with iodine between these two polysaccharides.
They also concluded that iodine has an ionic charge as I3− in the
iodine–cellulose complex. From the results, chitosan and cellulose
with rigid conformation seem to surround iodine incompletely.
Though the actual structure of iodine–chitosan complex has not
been detailed yet, it is possibly suggested that the ionic iodine such
as I3− mainly reacts with the amino groups in the chitosan. It is pre-
sumed that the chitosan polymers are locally or partially oxidized
by iodine, which leads to the less stabilization. In addition, the orig-
inal high char yield in the CTS without iodine treatment may make
the effect of iodine treatment on char yield relatively small.

Because all amino groups are directed to the outside in the
two-fold helical conformation [20], iodine molecules can adsorb

physically subsequently around I3 . This would be why the iodine
content for the iodine-treated CTS is larger than that for the iodine-
treated STR. Consequently, the CTSs tend to be expanded by the
release of large amount of physisorbed iodine from the film inside
during the carbonization.
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Electrochim. Acta 53 (2008) 2281–2288.
8 N. Miyajima et al. / Thermo

. Conclusions

In order to develop new carbon products with highly controlled
orphology from raw biomass materials, iodine stabilization tech-

ique was attempted to two kinds of polysaccharide films, potato
tarch and chitosan.

In starch, microporous carbon films could be synthesized
hrough the iodine stabilization. The char yield and the microp-
re volume could be doubled by the iodine treatment. Non-porous
arbon films were obtained by carbonization of the chitosan film
ithout iodine treatment. The film surface of carbonized chitosan
lm with iodine treatment became ragged because of release of
olatile iodine compounds from the film inside during the car-
onization. Both polymers have the similar molecular structure but
ave the different polymer conformation. The conformations lead
o the differences in the reactivity with iodine and the subsequent
tabilization.
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