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ABSTRACT

So far, apart from already known delignification of bamboo, the information available
on degradation of lignin by Co(salen) catalysis cannot form the basis for understanding
delignification because of differences in lignin distribution on the view of topochemistry.
The present work was undertaken to elucidate topochemically the bamboo degradation by a
Co(salen) catalytic system by means of scanning electron microscopy-energy dispersive X-ray
analysis (SEM-EDXA) technique, and particularly focused on the relation of delignification
within the cell walls of sweet bamboo (Dendrocalamus brandisii) to the factors that affect this
catalytic oxidation such as sodium hydroxide, hydrogen peroxide, pyridine and Co(salen). Small
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blocks of sweet bamboo were examined after treatment by the catalytic system. Following the
catalytic oxidation, the catalytic system reacted more rapidly with cell corner (CC) lignin, while
reaction with lignin in the secondary wall (S) layers appeared to be slowed by mass transfer
limitations, and the residual lignin was uniformly distributed. Some compositions in catalytic
system have played significant role that the delignification was increased in all microregions of
bamboo cell fiber such as cell corner (CC), compound middle lamella (CML), secondary wall
(S) after addition of sodium hydroxide, hydrogen peroxide, pyridine and the catalyst Co(salen)
respectively. Sodium hydroxide, hydrogen peroxide, pyridine and Co(salen) produced uniform
residual lignin distributions in the CC, CML and S layers.

KEYWORDS: Sweet bamboo (Dendrocalamus brandisii), Co(salen), secondary wall, cell corner,
compound middle lamella, catalytic oxidation, delignification, SEM-EDXA.

INTRODUCTION

China is one of the key native homes and sources of modern distribution for bamboos in
the world; there are more than 500 bamboo species covering over 4 million hectares. Bamboo
is one of the important raw materials for industry and handicraft in south China (Liu et al.
2006, Gratani et al. 2008). Nowadays, it is a decrease in wood resources, and the new long fiber
resources for pulp and paper production is pointed to non-wood plant fiber such as bamboo. Sweet
bamboo is one of the bamboo species which can be more utilized in China.

Sweet bamboo is a raw material of long fiber and thin cell wall for pulp production. Shi et al.
reported the approximate fiber dimensions of sweet bamboo (Dendrocalamus brandisii) growing
in Funing County of Yunnan Province of China, such as length 2.65 mm, fiber width 15.26 pm,
lumen width 14.88 um and cell wall thickness 2.80 pm and the important chemical compositions
were holocellulose 72.96 %, lignin 27.08 %, and ash content 1.12 % (Shi et al. 2009). These data
predict that the sweet bamboo can be used to produce pulp with high strength like as softwood
fiber.

Despite the importance of bamboo as an alternative biomass to woody plants, comprehensive
research on the nature of physical and chemical characteristics of bamboo is lacking (Cao and
Wu 2008, Choudhury et al. 2010), except anatomical studies (Rugolo de Agrasar and Rodriguez
2003, Zou et al. 2009, Xu et al. 2007). In the present work, Dendrocalamus brandisii was examined
as a potential substrate for the catalytic oxidation by Co(salen) catalyst.

Cof(salen) is cobalt N,N™-bis (salicylaldehyde) ethylenediamine and it has the ability to
reversibly bind oxygen discovered by Tsumaki in 1938. Many cobalt(II) dioxygen carriers have
been discovered since then (Simandi 2003). Some of them have properties which make them good
candidates for industrial and/or medicinal applications. On the other hand, there is an increasing
interest in the oxidation of lignin (Badamali et al. 2009, Haikarainen 2005) or bleaching of paper
pulp (Jia and Zhou 2008, 2009) using cobalt complexes as catalysts which is a hotly pursued
approach for the development of environmentally benign and ecologically sustainable chemical
processes in pulp and paper industry. We report the effect of compositions in catalytic system on
the removal of lignin from bamboo cell microregions (S, CC, CML) by catalytic oxidation using
the Co(salen) complex as the catalyst.

Studies on the degradation characteristics of bamboos by Co(salen) will contribute to
widening of the scope for application of these fast-growing grasses into pulp and paper industry.
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However, studies on the degradation of bamboo by Co(salen) are limited and particularly the
topochemistry in the process of catalytic oxidation, although the topochemistries on bamboo
have been studied (Lybeer and Koch 2005a, b, Kim et al. 2008). Lignin is a major component of
the cell wall of fibers, parenchyma cells, and vessels in woody bamboo tissue and is responsible
for many mechanical properties. Therefore, the present work topochemically investigated the
delignification within the cell walls of sweet bamboo fibers by the Co(salen) catalytic oxidation
using SEM-EDXA technique with a particular focus on the effects of compositions in catalytic
system.

Determination of lignin distribution may be of particular importance in the introduction
of new chemistries in pulp bleaching. The oxidants such as hydrogen peroxide and molecular
oxygen might be expected to react quickly enough to result in non-uniform lignin distribution
if mass transfer within the fiber becomes limiting especially when Co(salen) as a catalyst is used
in reaction system (Argyropoulos 2001). Excessive delignification of one region of the fiber
can leave the cellulose open to attack by nonselective radicals generated in bleaching stages.
Knowledge of the effect of process parameters on the lignin distribution in the fibers could,
therefore, be helpful in improving an established bleaching process.

MATERIAL AND METHODS

Preparation of Co(salen)

Schiff bases were prepared by the reported condensation procedures (Bozell et al. 1995).
The stoichiometric amount of salicylaldehyde (2.44 g) dissolved in methanol (25 mL) was added
dropwise to ethylene diamine solution (0.6 g in 25 mL methanol). The solution was refluxed
for 2 h and bright yellow crystals of N, N'-ethylenebis(salicylideneamine) [salen] were obtained.
The yellow crystals were separated by filtration, washed, and dried in vacuum. They were then
recrystallized from methanol to obtain salen.

A mixture of methanol (50 mL) and water (20 mL) was degassed by bubbling nitrogen gas
through it. Salen (1 g) was dissolved in methanol (50 mL). Cobalt acetate (0.929 g) was dissolved
in 20 mL of degassed water and added dropwise into the solution of salen in methanol. The
reaction mixture was refluxed at 60°C for 2 h in an inert atmosphere. It was then cooled, filtered
and washed with water. The reddish brown crystals of Co(salen) were vacuum-dried. See scheme:

©:CHO NH,GH,GH,NH, QOH Hop Co(OAGc), o)/o
OoH CH,OH
K
_ _ g
n_/

Bamboo samples and oxidation reaction

Bamboo culms of the species Dendrocalamus brandisii (48 months old) were sampled in the
Funing County in Yunnan Province (China). The bamboo has been dried for more than one year
in ambient condition. Such dried bamboo is widely used in practical applications. Blocks of about
1-2 cm along the grain were cut from the middle parts of the bamboo culms. Small blocks (1 x 1
x 5 mm) were cut from the sampled materials.

The oxidation reactions were carried out in 100 mL capacity three-necked glass reactor
fitted with a cooling condenser. For a typical oxidation, bamboo blocks (2 g), pyridine
(0.15 mL ), hydrogen peroxide (0.1 mL 30 %), sodium hydroxide (6 mL 10.0 g.L-1), and distilled
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water (30.0 mL) were charged to the reactor. To this mixture, Co(salen) was added with
pyridine : Co(salen) molar ratio 1:1, and the contents were stirred for 5 h at constant temperature

90°C.

Sample preparation and SEM-EDXA

Small blocks and those obtained from the oxidation reaction were subjected to washing and
immersion with distilled water at room temperature for one week, and then solvent extraction with
benzene/alcohol (2/1) for 24 h. The extracted blocks were dehydrated in a graded series of alcohol
(30, 50, 70, 90, 95, 100 % CH;CH,OH) and followed by displacement in anhydrous chloroform
(CH;Cly) for the following bromination. The bromination was carried out according to the
published methods (Saka et al. 1982). After bromination, the blocks were washed and extracted
with chloroform in Soxhlet extractor to remove unreacted bromine (Br,). The chloroform present
in blocks was removed with anhydrous acetone (CH;COCH;) by displacement. The small
air-dried blocks were measured for elemental analysis of bromine within the S, CC and CML
of fiber with a L3OESEMTMP SEM-EDXA operating at 20 kV, 1 x 10 A. Bromine count
measurements (average number in each wall layer) were made for each sample. The percentage
of bromine atom can be used to estimate the lignin concentration in different cell morphological

areas as bromine bound with lignin is very stable under electron beam bomdardment (Saka and
Thomas 1982).

RESULTS AND DISCUSSION

Effect of catalytic reaction

The lignin distribution varies in the different fiber cell microregions of Dendrocalamus
brandisii (Untreated sample, Fig. 1). The lignin concentration was distributed as CC > CML > S
based on the BrWt % counts shown in Fig. 1. The CC contained higher concentration of lignin,
which contrasted with the finding by Kim et al. Kim et al. found that Phyllostachys pubescens
bamboo exhibited higher lignin concentration in CML (Kim et al. 2008).

D Untreated @ Treated OWithout NaOH @ With NaOH
16

30 A

W, (%)

n L
cc CML s cc CNML s

Fig. 1: Br counts for lignin in different cell Fig. 2: Effect of sodium hydroxide addition on
morphological microregions of untreated and the removal of lignin present in cell microregions
treated bamboo samples. during the Co(salen) catalytic oxidation.

The topochemical analyses employed in the present work demonstrated that lignin was
considerably removed during the Co(salen) catalytic oxidation. On the other hand, there were
also marked differences in the process of delignification, as shown in Fig. 1, the lignin in S layers
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of bamboo fiber cell had resistance against the attack by Co(salen) catalytic system as compared
to CC and CML. Degradation of the lignin in S layers was mainly confined to the inner part
where concentration of lignin is the lowest according to Fig. 1 as obtained by SEM-EDXA. We
suggest that the higher resistance to secondary wall of fiber to Co(salen) catalytic degradation is
related to the composition, concentration and spatial distribution of lignin in this cell wall layer.
The secondary wall lignin in bamboo fiber was dominated by G- and S units, not by H- units
(Kim et al. 2008, Higuchi 1987). It is conventionally assumed, especially for G units, that the
G-type lignin is more resistant to chemical and biological treatments (including oxidation and

demethylation) than the S- or H-type lignin (Filley 2002, Faix et al. 1985).

Effect of sodium hydroxide addition

It was necessary to study the effect of NaOH on the degradation of lignin in bamboo fiber
cell, since the oxidation of alkyl group of phenolics proceeds only after the conversion of ~-OH
group to its sodium phenolate salt (Kshirsagar et al. 2009). As can be seen from Fig. 2, we have
observed that in this reaction the role of NaOH is significant. The extent of delignification is
increased by NaOH addition.

In enzyme-catalyzed reactions the initial step of the catalytic cycle is general base-catalyzed
proton abstraction of the substrate (Winkler et al. 2008, Campbell and Farrell 2009) and this
could occur in our system as well. The NaOH addition is also likely to increase the amount of
active cobalt-oxygen species in the solution (Kervinen et al. 2003). It should be noted that the
addition of NaOH had less effect on the delignification in CC of bamboo cell fiber (Fig. 2).

Effect of hydrogen peroxide addition

By adding H,O, as the source of oxygen to the reaction mixture, a higher delignification
appears in bamboo cell fiber than without adding hydrogen peroxide, as shown in Fig. 3. This
can be interpreted involving high-valent metal oxo intermediates formed by heterolytic cleavage

of the O-O bond where H,O, is the oxidant (Chellamani and Alhaji 2009).
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Fig. 3: Effect of hydrogen peroxide addition on Fig. 4: Effect of pyridine addition on the removal
the removal of lignin present in cell microregions of lignin present in cell microregions during the
during the Co(salen) catalytic oxidation. Co(salen) catalytic oxidation.

Effect of pyridine addition
In order to determine the dependence of the catalytic oxidation reaction on the axial ligand,
the oxidation was carried out with axial ligand: Co(salen) molar ratio 1:1 using pyridine as the
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axial ligand because tetradentate Schiff base catalysts like Co(salen) are known to bind oxygen
most effectively when a so-called axial ligand (AL)- also binds to the cobalt producing the
corresponding penta-coordinate (Rybak-Akimova et al. 1997, Smith et al. 2010, Sasaki et al.
1989). The results are plotted in Fig. 4.

Significant effect of pyridine on the delignification in CC, CML and S layers of bamboo
cell fiber was found so the lignin concentration, as BrWt % showed in Fig. 4, decreased when
oxidation reactions were carried out. Previous mechanistic studies of the oxidation of phenolic
substrates have provided qualitative support for the significance of the axial ligand in this catalytic
cycle (Rajagopalan et al. 2008).

Effect of Co(salen) addition

The catalyst-like nature of the complex is evident from the fact that the same changes are
observed at addition of Co(salen) (Fig. 5) as reported for the catalase-like activity of Co(salen)
complexes, in which mixing the solutions of complex and H,O, produces a reactive species which
is responsible for the catalase-like activity as well as for the oxidation of substrate (Chellamani and

Alhaji 2009, Chavez and Mascharak 2000).

40 -
O Without C (saler) @ With Co(salen)

30
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Fig. 5: Effect of Co(salen) addition on the removal of lignin present in cell microregions during the
Co(salen) catalytic oxidation.

CONCLUSIONS

During the Co(salen) catalytic oxidation of small bamboo blocks the lignin concentration
in various microregions of cell fiber decreases in the sequence: CC >CML > S. The effect of
compositions in catalytic system on the removal of lignin in CC, CML, S layers of cell fiber was
studied in the catalytic oxidation. Compositions such as NaOH, H,0O,, pyridine and Co(salen)
show a distinct positive effect on the topodelignification for the CC, CML, S layers in sweet
bamboo cell fiber.
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