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Two different homogenous reactions on bacterial cellulose (BC), kenaf fiber (KF) and microcrystalline cellu-
lose (MC) were performed to monitor their chemical reactivity. The first reaction was selective oxidation of
the primary hydroxyl group with sodium chlorite in the presence of catalytic amount of sodium chloride.
While, the second was the formation of triester hypoiodous cellulose using potassium iodate and potassium
iodide. The chemical structures of these derivatives were investigated using FT-IR and solid state 13C NMR
spectroscopies. The BC fibrils required the shortest time among these cellulose samples for both reactions,

Ié?c/ ‘t/?;ir:lS:cellulose whereas the viscosity values of BC after iodination and oxidation have the best values compared to KF and
Kenaf MC. FT-IR results show the absence of the hydroxy group of BC and a weak absorption band in both KF and

MC. On the other hand, the crystallinity index (CI) of BCis higher than those of both KF and MC. FT-IR spectra
of the oxidized different cellulose samples, confirmed the presence of a strong absorption band at around
1590 cm™! that attributed to vibration band of carbonyl group of carboxylic moiety. Moreover, in the *C
NMR spectrum of oxidized cellulose, the lack of signal at 62 ppm and the appearance of signal at 171 ppm
indicated that the primary alcohol group is completely oxidized to carboxylic acid. These results showed
that BC had a higher reactivity than other samples due to its great purity and low degree of polymerization.

Microcrystalline cellulose
Triester hypoiodous cellulose

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Acetobacter xylinum produces highly crystalline cellulose extra-
cellularly using glucose as a carbon source. Bacterial cellulose (BC)
differs from plant cellulose with respect to its high crystallinity
and purity (free from lignin and other biogenic products), separable
in a simple way, high water-absorption capacity and better mechan-
ical strength (Keshk, 2002). There are many researches on BC pro-
duction control from various carbon sources and the influence of
several additives on the nascent structure of it (Keshk & Sameshima,
2005, 2006; Masaoka, Ohe, & Sakota, 1993; Yoshinaga, Tonouchi, &
Watanabe, 1997). Few researches have been discussed the chemical
reactivity and heterogeneous reactions of BC in wet and dry state
(Kim, Nishiyama, & Kuga, 2002). The carboxmethylation and cyano-
ethylation reactions were performed on BC (wet state), viscose grade
pulp and cotton linter to study the reactivity of these cellulose sam-
ples (Keshk & Nada, 2003). BC showed the highest reactivity and
selectivity with the lowest degradation; instead of BC have the high-
est crystallinity index and the lowest degree of polymerization (Kes-
hk & Nada, 2003). Moreover, the homogenous reaction of dissolved
BC with acetic anhydride and phenyl isocyanate showed products
with high degree of substitution value up to 3.0 compared to plant
cellulose without explaining the reason of this reactivity (Schlufer,
Schmauder, Dorn, & Heinze, 2006). Since cellulose dissolves in 85%
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phosphoric acid with limited hydrolysis, its homogenous oxidation
of the primary hydroxyl groups with halogen oxides have been
achieved (Green, 1980; Pagliaro, 1998). The primary hydroxyl
groups could be completely (>90%) oxidized to carboxylic acids. 6-
Carboxycellulose is an important derivative as a wound-healing
agent (to prevent post-surgical adhesions), a bone regenerating
and periodontal therapy (Finn, Schow, & Schneiderman, 1992; Pol-
lack & Bouwsma, 1992). Interestingly, iodination of cellulose in
85% phosphoric acid using mixture of KIO3 and KI gave triester of
hypoiodous acid (Pagliaro, 1999). In this study, homogenous deriv-
atizations (selective oxidation and iodination) using phosphoric acid
will be performed on different cellulose samples (BC, KF and MC) to
reveal their chemical reactivates. Furthermore, the physicochemical
characterizations of cellulose derivatives are studied.

2. Materials and methods
2.1. Materials

Bacterial cellulose was produced from Acetobacter xylinum ATCC
10245 using molass as carbon source (Keshk & Sameshima 2006)
and dried as reported in our previous work (Kai & Keshk, 1998;
Kai & Keshk, 1999). Kenaf fiber was prepared from kenaf bast using
combination of ammonium oxalate and sodium hydroxide by
refluxing and followed by acidic chlorite (Keshk, Suwinarti, &
Sameshima, 2006). a-Cellulose was obtained from kenaf fiber by
treating with 17.5% NaOH (TAPPI Test Method T 203 om-93,,
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1994). Microcrystalline cellulose (Merck, Darmstadt, Germany)
was used without any purification treatments. The other chemicals
and solvents were of laboratory grade (Nacalai Tesque, INC, Kyoto,
Japan), and used without further purification.

2.2. lodination procedure

Iodination of cellulose samples was performed according to
Pagliaro (1999). Cellulose sample (1.0 g) was dissolved in H3PO4
(30 ml, 85% w/w) until clear and viscous solution was obtained
(3 h). Then mixture of finely powdered KI (1.1 mol/3 Glc residue)
and KIOs (2.1 mol/3 Glc residue) was rapidly added in fume hood.
After 24 h the cellulose hypoiodite was precipitated by adding cold
EtOH (96%). lodination was carried out with iodine in presence of
HIO5 (Scheme 1).

2.3. Oxidation procedure

The selective oxidation of cellulose samples with sodium
chlorite was performed according to Pagliaro method (1998). In
which, the cellulose samples (1.0g) was dissolved in H3POg4
(30 ml, 85% w/w) until clear and viscous solution was obtained
(3 h) then NaCl (0.10g) was added, and after 30 min NaClO,
(1.2 mol/mol primary hydroxyl) was added slowly to the cellu-
lose solution at 4°C. After 24 h at 4°C, the oxidized cellulose
was precipitate in a fume hood with cold ethanol under vigorous
stirring. The precipitate was filtered and washed several times
with aq. EtOH (80% v/v).

2.4. Carboxyl content analysis

The same procedure as described in the United States Pharma-
copeia (USP, 1990) was used. Briefly, about 0.5 g of the sample was
accurately weighted and dispersed in 50 ml of a 2% (w/w) solution
of calcium acetate for 30min. The suspension was the titrated with
standardized 0.1 N NaOH solution using phenolphthalein as an
indicator. The volume of NaOH solution consumed was corrected
for the blank. The carboxyl content in the sample was calculated
from the following relationship:

COOH content = (N-V-MW)coon

~ Weight of the Sample (mg) < 100

where N and V are the normality and volume of NaOH, respectively.

2.5. Viscosity measurement

The viscosity of different samples of cellulose samples was
measured by TAPPI test method (TAPPI Test Method T 230 om-
89, 1994) using cupriethylendiamine (CED) as a solvent and a
capillary viscometer, to give an indication of the average degree
of polymerization of the cellulose samples and their derivatives.
The viscosities determined as centipoises (cP) were converted to
degree of polymerization (DP) according to the following
formula:

DP*%% — 0.75[954 log(X) — 325],
where X = TAPPI viscosity in cP.

2.6. FT-IR spectroscopy

To study the physical structure of the cellulose samples and
their derivatives, vibration spectroscopy was applied according to
Abbott, Palmer, Gordon, and Bagby (1988) that obtained with a
Bruker IFS 66 FT-IR spectrometer. The reproducibility of the spec-
tra was verified on two-sample preparation; from 64 to 100 scans
were taken with a resolution of 4 cm™!. The crystallinity index (CI)
was calculated as the ratio of the absorbance of band at 1430 cm™!
to the band at 900 cm™! according to Nada, Shabaka, Yousef, and
Nour (1990).

2.7. 13C NMR analyses

The CP/MAS '>C NMR spectra were recorded (at 292 + 1K) on
the Joel CMX-300 instrument operating at 7.0 T. A double air-bear-
ing probe and a zirconium oxide rotor were used. The MAS rate
was in the 4-5 kHz range. Acquisition was performed with a stan-
dard CP pulse sequence using a 5 s proton 90 pulse, a 1200 ps
contact pulse and 3 s delays between repetitions.

3. Results and discussion

FT-IR spectra of the different samples of cellulose were recorded
in the range of 4000-400 cm™'. A slight difference is observed in
the region of the intermolecular hydrogen bonding (3200-
3400 cm™!) of BC (Fig. 1). Each spectrum has two peaks at
1430 cm~! and 900 cm~! that assigned to amorphous and crystal-

3 KI + H;PO,
12 HI + 2 KIO;

rR + OCI]

NaCl + NaClO: + HsPO4
HCIO,+Cl"+ H'

_

-

-

3HI + K5PO,
4I3++2KI+6H20

HCIO,
2 HOC1

Scheme 1. Reaction mechanism of cellulose.
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Fig. 1. FT-IR spectra of different cellulose samples.

line regions, respectively (Nada et al., 1990). The crystallinity index
(CI) was calculated as the ratio of the absorbance of band at
1430 cm™! to band at 900 cm™~!, which showed increase in crystal-
linity index of BC compared to KF and MC (Table 1). Also the shift of
the maximum absorption band of stretching vibration of OH group
of BC to lower wave number (3280 cm™!) is more than the other
two samples of cellulose (3479 cm™! and 3387 cm™~! for KF and
MC, respectively. This shift proves that BC is more crystalline than
both samples. The reactivity of these samples of cellulose towards
addition of a finely powdered mixture of potassium iodate and
potassium iodide to a solution of cellulose in 85% phosphoric acid
were studied. Among halogens, molecular iodine is the least pow-
erful halogenating agent and organic iodinations are generally con-
ducted in the presence of a strong oxidizing acid. Interestingly,
iodinations carried out with iodine in the presence of HIO; have
been ascribed to the species Is (Scheme 1). FT-IR spectra (Fig. 2)
showed the absence of the OH group peak of BC and a weak absor-
bance in both KF and MC. This indicates that BC in phosphoric acid
has the highest reactivity toward iodination reaction. Furthermore,
all the spectra showed a strong absorption band at 530 cm ™' as-
signed to the stretching mode of I—O bond. From elemental analy-
sis (Table 1), the triester hypoiodous BC has the highest iodine
content compared to those of the other two samples; even BC
has the highest degree of crystallinity. This may be attributed to
the use of phosphoric acid that degrades the crystal structure of
cellulose. So the crystallinity does not play an important factor as
in the case of heterogeneous reactions (Keshk & Nada, 2003).
Moreover the viscosity of BC is lower than that of KF, which reflects
the lowest degree of polymerization of BC (Table 1). These results
showed that the reactivity of BC can be attributed to the increased
number of the end groups in BC chains due to its lower degree of
polymerization than those of KF and MC. The selective oxidation

Table 1

Physicochemical characterization of different samples of cellulose

Samples Viscosity Cl COOH content 1(%)
BC 20.56 2.90 - -
BC(OI); 2.76 1.09 = 90
BC—COOH 1.74 1.25 30.56 -
KF 109 1.30 - -
KF(OI)3 1.23 0.62 - 77
KF—COOH 1.24 1.23 2545 -
MC 2.08 1.20 - -
MC(OI); 1.27 0.65 72
MC—COOH 1.25 1.19 23.52 -

Crystallinity index have been calculated from FT-IR spectra.
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Fig. 2. FT-IR spectra of different cellulose hypoiodous samples.

of different cellulose samples yield a polymer with a degree of oxi-
dation at C-6 of about 90% for BC, 84% for KF and 80% for MC
(Scheme 1 and Table 1). The three native celluloses had various
crystallinities index (Table 1), These values of each native cellulose
sample were unchanged sharply after the acidic chloride oxida-
tion; neither carboxylate nor aldehyde groups are probably formed
inside cellulose I crystallites by the oxidation, and thus significant
amounts of carboxylate and aldehyde groups are present only on
the crystal surfaces and in disordered regions. FT-IR spectra of oxi-
dized forms of different cellulose samples showed a broad absorp-
tion band at 3460 cm~!, that confirms the stretching frequency of
the —OH group (Fig. 3). In addition to the band at 2940 cm™! that
confirms C-H stretching vibration. The presence of a strong
absorption band at 1590 cm™! confirms the presence of COO—
group. The bands around 1423 and 1325 cm™! are assigned to
—CH2 scissoring and —OH bending vibration, respectively. The
band at 1061 cm™! is due to ‘CH,—O—CH, stretching. The '3C
NMR spectra of the oxidized and non-oxidized KF at different times
(24 and 36 h) are shown in Fig. 4. In the spectrum of non-oxidized
KF, the peak at 105 ppm is assigned to C-1 and the strong peak at
74 ppm to C-2, C-3 and C-5. Moreover, the two doublet peaks ap-
peared at 84 ppm and at 65 ppm are corresponding to C-4 and C-
6, respectively (Horri, Yamamoto, Kitamaru, Tanahashi, & Higuchi,
1987; Ek, Wormald, Ostelius, Iversen, & Nystrom, 1995). In the
spectrum of oxidized KF, the lack of signal at 63 ppm and the
appearance of signal at 171 ppm indicate that primary alcohol
group is oxidized to yield carboxylic acid. Moreover, the cellulose

MC-COOH
‘el‘_E KF-COOH (\\
BC-COOH \
I
\ny
4000 3000 2000 1000 700

Wave number {cm-1)

Fig. 3. FT-IR spectra of different oxidized cellulose samples.
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Fig. 4. Solid state '3C NMR spectra of crystalline components in the cellulose and
oxidized cellulose from kenaf.

structure was retained and practically no ring cleavage between C-
2 and C-3 had occurred. From this result, NaClO,/NaCl mixture is a
good oxidizing regent for primary hydroxyl group of cellulose
rather than other regents because of the need to reduction step
after the oxidation. Moreover, it has been reported that chlorine
bubbled into a cellulose solution in 85% phosphoric acid at ambient
temperature do oxidize and degrade the polysaccharide to a very
limited extent even after 40 h (Pagliaro, 1998). From all these re-
sults, BC is considered to be good for both heterogeneous and
homogenous reactions than those of plant and wood cellulose.

4. Conclusion

The triester hypoiodous BC has the highest iodine content as
well as the oxidation form has the highest carboxyl content com-
pared to the other two samples. These results clearly demonstrated
that the crystallinity of BC does not play an important factor in
both heterogeneous and homogeneous reactions of cellulose. This
can be attributed to the increased number of the end groups in
BC chains compared to other samples.
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