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B
amboo natural fibres were extracted and their crystalline structure was investi-

gated by X-ray diffraction, FTIR spectra, and 13C NMR techniques and the

results were compared with common fibres, e.g., ramie, flax, and cotton fibres.

The allomorph content in bamboo fibres was calculated by 13C NMR and the result

shows that bamboo fibres are Iβ-dominant type which has also been confirmed by

FTIR analysis. The Iα phase in bamboo fibres is lower than that in ramie and flax

fibres. A simple model was used to calculate crystallite size of bamboo fibres in NMR

spectroscopy. The results indicate that bamboo fibres have the crystallite size similar

to that of ramie, but larger than those of flax and cotton fibres. This finding is consis-

tent with the result obtained by X-ray analysis. The crystallinity and crystallite orienta-

tion of bamboo fibres are similar to those of ramie fibres, but differ from those of flax

and cotton fibres. Second derivative FTIR spectra indicate that more resolved net-

works of hydrogen bonds are responsible for predominant crystalline fibril in bamboo

fibres. The difference of X-ray diffraction and NMR in characterization of natural cellu-

lose is also discussed.

INTRODUCTION

Cellulose, a linear 1,4-β-glucan, is

the most common component

found in the cell wall of high

plants. Nowadays several industrial

sectors like the paper, textile, and

composite industries are making

persistent and ever increasing

demands for vegetable fibre mate-

rials. However, only cotton, wood

and some bast fibres such as ramie,

flax, etc. can be used by industrial

sectors and the conventional natu-

ral fibres have not certainly met

their required needs. Therefore,

developing natural fibres from new

vegetable source has been increas-

ingly perceived. Now some

progress has been made for the
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preparation of cornstalk, banana, and coconut fibres

[1,2]. These fibres, however, are insufficient source or

have poor properties in textile and composite applica-

tions and have not shown industrial potential for com-

plicated extractive process.  

Now the utilization of bamboo as a kind of rapid-

ly grown and early harvested vegetable is increasing-

ly realized in some Asian countries, owing to its

advantages such as biodegradability, low cost, regen-

eration, and abundant utilizations [3]. Bamboo is not

only used in traditional fields such as pulp, construc-

tion, and artwork, but also its fibres has constantly

attracted the attention of scientists and engineers for

use as reinforcement in composites [4,5]. In some

Asian countries such as China and Japan, viscous

fibres from bamboo pulp have been developed for

industrial applications. In addition, development of

textile fibres from bamboo-based natural fibres has

become a research field in these countries. 

In spite of the importance of bamboo fibers in

industry and the publication of numerous correlative

literatures, most have focused on the structure and

properties of composite reinforced using bamboo

fiber [6,7], and on the preparation and properties of

bamboo pulp [3]. As far as we know, there has been

little study on bamboo fiber itself and especially no

report on its crystalline structure has been published.

There are great differences in physical properties

of various natural cellulose fibres, notwithstanding

cellulose as a major component in these fibres. These

differences are mostly due to their different crystalline

structures. Natural cellulose is composed of two dif-

ferent allomorphs, cellulose Iα and cellulose Iβ,

whose fractions vary depending on the origin of cel-

lulose sample. The Iα and Iβ structures are assigned to

one-chain triclinic and two-chain monoclinic unit

cells, respectively [8,9]. The hydrogen-bonding pat-

tern is different for the different cellulose allomorphs

and therefore, the mechanical properties ought to be

different.

Common methods for the characterization of crys-

talline structure of cellulose are based on X-ray dif-

fraction which gives quantitative results on crys-

tallinity, although its interpretation is still under dis-

cussion [10]. In addition, this method cannot reflect

the hydrogen-bonding patterns, allomorph composi-

tion in cellulose crystallites, and the integrality of the

crystallite itself. FTIR and solid state NMR methods

are sensitive to various conformations and local

molecular environments of molecules including cellu-

lose, which make them suitable for determination of

cellulose allomorphs [11,12]. There is much informa-

tion on inter- and intra-chain hydrogen-bonds in OH

stretching region of a second derivative FTIR spectra

of cellulose. Therefore FTIR can be used to study the

hydrogen-bonding interactions between cellulose

molecules. 

Solid state NMR is a different useful tool which

differs from X-ray diffraction to study the crystallini-

ty of cellulose since crystalline and amorphous

(including crystallite surface) areas of cellulose give

different resonance signals [13]. Thus, for reflecting

the whole data of crystalline structure of cellulose

samples, best of all, the three methods including

FTIR, X-ray diffraction, and NMR are introduced. As

there has not been any comprehensive research work,

using the three methods, to elucidate the crystalline

structure of natural cellulose, decisive conclusions

cannot be reached by just comparing these methods.

Therefore, for industrial application of bamboo fibre,

it is an essential prerequisite to gain an insight into its

structural parameters.

In this work, natural fibres from bamboo were

extracted, and their crystalline structure was first

characterized in comparison with cotton, ramie, and

flax fibres. Then, the differences in crystalline struc-

ture characteristics of their cellulose were elucidated

systematically by FTIR, X-ray diffraction and NMR

techniques. 

EXPERIMENTAL

Materials and Methods 

Bamboo material was Maozhu bamboo

(Phyllostachys edulis Riv.) from Zhejiang province,

China. Scutched flax and refined ramie fibres were

supplied by Yixing Tianma Textile Co. Ltd., Jiangsu

Province, China. Xylanase used in experiment was

xylanase Pulpzyme HC provided by Novozyme Co.,

Denmark. 

Extraction of Bamboo Fibres

The node and epidermis were removed and bamboo
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was slit into chips of 2 cm in width. Crude fibre bun-

dles of bamboo obtained by drawing bamboo chips,

roasted at 150ºC for 30 min, were immersed in water

at 60ºC for 24 h and dried in air prior to removing

impurities further by repeated rollings.

Subsequently, cooking step was then performed

for the fibre bundles with 0.5% NaOH (w/v), 2%

sodium sulphite, 2% sodium silicate and 2% sodium

polyphosphate solutions about 60 min at 100ºC. The

liquor-to bamboo ratio was 20:1. After being washed

by hot water, fibres were treated with 0.04% xylanase

and 0.5% DTPA (diethylene triamine pentacetic acid)

at 70ºC for 60 min in the pH of 6.5.

The fibres obtained were then cooked with the

condition similar to the former method except 0.7%

NaOH. In the bleaching step, the bamboo fibres were

bleached in polyethylene bag with 4% H2O2, 0.2%

NaOH and 0.5% sodium silicate for 50 min. The

liquor ratio was 20 and the pH value was maintained

at 10.5. After treatment with 0.5% sulphuric acid solu-

tion for 10 min and emulsified for 5 days, the refined

bamboo fibres were obtained. 

The single cells were obtained by treating the

fibres using a 1:1 mixture of 10% (w/w) nitric acid

and 10% (w/w) chromic acid according to the descrip-

tion given by Reddy and Yang [1].

Morphological Analysis

A Jeol JSM-5600LV electron microscopy with an

accelerating voltage of 15 kV was used to study the

morphology of material, fibres, and single cells of

bamboo. The samples were coated with gold using a

vacuum sputter coater. A Carton optical microscope

was also used to observe the morphology of the cross-

sections and surfaces of bamboo fibres.

FTIR Spectroscopy

FTIR spectra of fibre samples were recorded with a

Nicolet Nexus 670 FTIR spectrometer, using the KBr

disc technique (1 mg powder of sample/300 mg KBr).

100 Scans were taken with a resolution of 2 cm-1.

X-ray Diffractometry

X-ray diffractograms were recorded with a Rigaku-

D/Max-2550PC diffractometer using Ni-filtered Cu-

Kα radiation of wavelength 0.1542 nm. The X-ray

unit was operated at 40 kV and 30 mA. Angular scan-

ning was conducted from 5º to 50º at 1º/min and data

were collected using 2-step scan mode with angular

intervals of 0.05º. 

Crystallinity of fibres was calculated from diffrac-

tion intensity data using two different methods. The

first one is deconvolution method, the diffraction pro-

file was fitted by Gaussian function, ranging from 5º

to 40º of 2θ degree, to find the contribution of each

individual peak relative to the 101, 10-1, 002, 040

crystallographic planes and the amorphous back-

ground. The maximum of amorphous peak was con-

sidered in accordance with the maximum of the dif-

fraction profile between the 10-1 and 002 peaks.

Crystallinity Xd was calculated as follows [14]:

where, Sa is the amorphous integrated area, and Scr is

the sum of the area of the 101, 10-1, 002, 040 peaks.

The second approach was the empirical method pro-

posed by Segal et al. [15] for native cellulose:

where, CrI, I002, and IAmorph are the degree of crys-

tallinity ,the maximum intensity of the (002) lattice

diffraction, and the intensity diffraction at 18º of 2θ
degrees, respectively.

The average crystallite size of the direction per-

pendicular to 002 lattice plane was calculated from

the Scherrer equation as follows [16].

where, L, k, λ, α, and θ are the size of crystallite, the

Scherrer constant (0.84), the X-ray wavelength, the

FWHM (full width half maximum) of 002 reflection

in radian, and the corresponding Bragg angle (reflec-

tion angle), respectively.

The degrees of crystallite orientation OG and OGI

were calculated as follows according to the descrip-

tion given by Bohn et al. [17]:
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where, HW is the full width at half maximum and Iori

and Itotal are the intensity integral of the oriented

material and the total intensity of the resulting one-

dimensional distributions, respectively. 

NMR Measurements

The CP/MAS 13C NMR spectra were recorded on a

Bruker AV400 NMR spectrometer operating at 75.47

MHz. A double air-bearing probe and a zirconium

oxide rotor were used. All spectra were recorded on

wet samples (water content 40-60% by weight). The

spinning speed was 5 kHz, acquisition time 20 ms,

contact time 1 ms and a delay between pulses of 3 s.

Figure 1. Bambo fibres: (a) lengthwise and (b) cross sec-

tion observed by SEM.

RESULTS AND DISCUSSION

Fibre Morphology

Lengthwise and the cross-section of bamboo fibres

observed by SEM are shown in Figures 1a and 1b,

respectively. Bamboo fibres are long cylindrical with

tapered end and uniform in size without natural twist-

like of cotton fibres in surface. There are lumen struc-

tures with wall about 5 μm in thickness in cross sec-

tion and obvious nodes in lengthwise. These nodes,

similar to ramie and flax are absent in cotton. The

average widths of bamboo fibres are about 12.38 μm,

therefore, a thicker wall is an important parameter for

bamboo fibres to have excellent mechanical proper-

ties [5]. However a large difference appears in the

lengths of the fibres. The lengths of bamboo fibres,

Figure 2. Bambo fibres: (a) microfibrillar configuration and

(b) concentric lamina structure.
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Figure 3. FTIR Spectra of (a) bamboo, (b) ramie, (c) flax,

and (d) cotton fibers.

only about 2.5 mm, are much less than those of cot-

ton, ramie, and flax. To form long textile fibres, a

number of single cells need to be connected together

by some bindings such as lignin, pectin, etc.

Microfibrillar configuration in bamboo fibres can

be observed after non-cellulose components in fibre

surface are fully removed by nitric acid treatment, as

shown in Figure 2a. Bamboo fibre has a smaller ori-

entation angle for the exterior microfibres which are

parallel to fibre axis approximately. However, in the

case of cotton, the orientation angle almost reaches a

value of about 20-25º. This is also an important factor

that bamboo fibres are being good reinforcement

material in composites. The structure, with three con-

centric laminas in the cross section of bamboo fibre,

as shown in Figure 2b are related to outer, middle, and

inner layers of secondary cell wall, respectively. This

structure is also observed in the cross section of cot-

ton fibres. 

FTIR Spectra

The FTIR spectra of bamboo, ramie, flax, and cotton

fibres are shown as characteristic spectra of cellulose

I in Figure 3, but there are differences for these four

fibres in the region of the C-H stretching vibrations.

Bamboo and ramie fibres show a single peak at

2900.5 cm-1 and cotton shows doublets at 2894.7 and

2917.8 cm-1. Whereas, the flax fibre possesses a

triplet at 2902.5, 2917.8, and 2852.2 cm-1 attributed

to the C-H stretching vibrations of cellulose, and the

antisymmetrical and symmetrical CH2 stretching 

vibrations of non-cellulose polysaccharides [18]

respectively. Therefore, it is easy to discriminate

bamboo fibre from cotton and flax fibres, but difficult

to be distinguished from ramie fibre.  

The absorbance ratio of the bands at 1371 and

2900 cm-1 (H1371/H2900) proposed by Mary et al.

[19] was used to determined the crystallinity index

(CrI) of cellulose material and the advantage of this

ratio is that it can be applied to both cellulose I and II.

The ratio of the peak areas at 1371 and 665 cm-1

(A1371/A665) was also used to determine CrI of cel-

lulose [11]. The lateral order index (LOI) was evalu-

ated using the ratio of the peak heights at 1430 and

898 cm-1 which is related to the proportion of cellu-

lose I [10,12]. The values of CrI calculated by two

methods are coincidental for four fibres, as shown in

Table 1. Bamboo and ramie fibres have similar crys-

tallinity which is greater than that of flax and cotton.

The sequence of the values of LOI is the same as that

of CrI for three samples except flax fibres. The abnor-

mal values of CrI and LOI for flax fibres in Table 1

are related to excessive non-cellulose components in
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Fibres

name

CrI LOI MI

H1371/H2900 A1371/A665 H1430/H898 A1640/A2900

Bamboo

Ramie

Flax

Cotton

0.6636

0.6942

0.4291

0.5665

7.0769

7.3726

5.2220

5.3354

1.921

2.098

2.212

1.045

0.23

0.24

0.60

0.90

Table 1. Crystallinity index (CrI), lateral order index (LOI) and moisture index

(MI) of bamboo fibres in comparison with ramie, flax, and cotton fibres.



Figure 4. Second derivative FTIR spectra of (a) bamboo,

(b) ramie, (c) flax, and (d) cotton fibers in OH group stretch-

ing region.

the surfaces of the fibres used in the experiment. In

Figure 3 bands observed in 1640 cm-1 are attributed

to the OH bending mode of water, and the ratio of the

peak areas at 1640 and 2900 cm-1 can be used for an

index of moisture contents (MI). Obviously, accord-

ing to the MI values, it can be concluded that bamboo

and ramie fibres have similar moisture content which

is very much lower than those of the cotton and flax

fibres.

Second Derivative FTIR Spectra

Second derivative mode was used in this study in

order to improve the FTIR resolution. The second

derivative FTIR spectra of bamboo fibres in the range

of OH group stretching are shown in Figure 4 in com-

parison with ramie, flax, and cotton fibres. According

to the hydrogen-bonding patterns proposed by

Gardner et al. [20] there are two classes of hydrogen

bonds in cellulose I, the intra-molecular hydrogen

bonds for 2-OH…O-6 and 3-OH…O-5 links, and the

inter-molecular hydrogen bonds for 6-OH…O-3′ as

shown in Figure 5.

Because these natural cellulose fibres belong to

cellulose I, they show peaks at the same wavenum-

bers. The band intensities of bamboo and ramie fibres 

Figure 5. A pattern of hydrogen bonds in the inter- and

intra-chain structures of cellulose I.

are similar in the range of OH group stretching, how-

ever, the greater discrepancy is being observed

between them and the cotton and fax fibres. The peak

assignments in this region are shown in Table 2. In the

spectra of bamboo fibre and ramie, the intensities of

peaks at 3450 and 3344 cm-1 are attributed to the

intra-molecular hydrogen bonds for 2-OH…O-6 and

3-OH…O-5 links [21,22], respectively; as well as

3415, 3268, and 3230 cm-1 peaks assigned to the

inter-molecular hydrogen bonds for 6-OH…O-3′, are

evidently greater than those in the spectra of cotton

and flax fibres.

Kondo investigated the crystallization of cellulose

derivatives with various degrees of substitution (DS)

and have indicated that hydrogen bonds, especially

inter-molecular hydrogen bonds, are associated with

crystallization of cellulose [23]. Therefore, bamboo

fibre, similar to ramie, shows higher crystallinity and

more perfect crystalline structure among the four

fibres. This may be demonstrated by lower intensity

of the peaks at 3580 and 3560 cm-1 which are

assigned to free hydroxyl groups in cellulose pro-

posed by Kondo [21]. While, the higher crystallinity

involves more hydroxyl groups, the free stretching of

hydroxyls was hindered in the inner part of the perfect

crystal.

Cellulose I is a composite of two crystalline mod-

ifications, Iα and Iβ, whose fractions vary depending

on the origin of cellulose sample. The structures Iα
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and Iβ are assigned to one-chain triclinic and two-

chain monoclinic unit cells, respectively. Kokot et al.

have assigned the bands at 3268 and 3230 cm-1 to the

6-OH…O-3′ inter-molecular hydrogen bonds in Iβ
and Iα phase from the temperature-dependent

changes in IR spectra of cotton [21,24]. Obviously,

predominant Iβ phase in these fibres can be found

from relative intensity of the two bands. This was

also confirmed by their second derivative FTIR spec-

tra in the fingerprint region.

Figure 6. Second derivative FTIR spectra of (a) bamboo,

(b) ramie, (c) flax, and (d) cotton fibers in fingerprint region.

The second derivative FTIR spectra of bamboo,

ramie, flax, and cotton fibres in the 900-500 cm-1 fin-

gerprint region show the same profile but different

band intensity, especially the minimal intensity in the

case of cotton (Figure 6). Several workers have

reported that the bands at 750 and 713 cm-1 may be

attributed to crystalline Iα and Iβ phases, respectively

[24]. As it is shown in Figure 6, a very distinct band

around 713 cm-1 and a inconspicuous band at 

750 cm-1 for all fibres suggest that bamboo fibres, as

the same as ramie, flax, and cotton fibres, are found

as Iβ-dominant type. It can be concluded from the rel-

ative intensities of the bands at 750 and 713 cm-1 in

these four fibres that Iβ allomorph contents in bam-

boo, ramie, and cotton fibres should be higher than

that in the flax fibres.

Figure 7. Resolution of X-ray diffraction curve of bamboo

fibers.

 

  

2θ (Deg) 
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Wavenumber (cm-1) Assignment Literature

3580

3560

3450

3344

3415

3268

3230

free OH

free OH

2-OH…O-6 intramolecular H-bond

3-OH…O-5 intramolecular H-bond

6-OH…O-3’ intermolecular H- bond

Iβ phase

Iα phase

Kondo [23]

Kondo [23]

Marechal and Chanzy [22]

Kokot et al. (cotton) [21]

Marechal and Chanzy [22]

Marechal and Chanzy [22]

Kokot et al. (cotton) [21]

Sugiyama et al. [24]

Kokot et al. (cotton) [21]

Sugiyama et al. [24]

Table 2. Band assignments for OH stretch region in cellulose I.



X-ray Diffraction Analysis 

X-ray diffractogram of bamboo fibre was fitted by

Gauss function and the results are shown in Figure 7. 

Crystallinity, crystallite size, and crystallite orienta-

tion for the four fibres were calculated and are shown

in Table 3.

It was found that the values of crystallite orienta-

tions were the same as that of crystallinities for four

fibres in sequence, but crystallite sizes could not be

correlated with any of them. Overall, the crystallinity

and crystallite orientation of bamboo fibres are acces-

sible to two bast fibres, especially ramie fibres.

Crystallite size of bamboo fibres was determined as

7.1 nm, the maximal of the four fibres, and flax has

the minimal crystallite size. Crystallite sizes of cot-

ton, ramie, and flax fibres have been calculated by

several workers. Gumuskaya et al. [25] reported crys-

Figure 8. 13CNMR Spectra of (a) bamboo, (b) ramie, (c)

flax,and (d) cotton fibers.

tallite size in cotton is 6.1 nm while the value is 

6.4 nm in the report of Yakunin et al. [26]. Crystallite

size in flax fibres was calculated as 5.7 nm by

Forcher et al. [14] and Tang et al. [27] reported crys-

tallite size in ramie 6.6 nm. Our results are similar to

the values of these reports.

13C-CP/MAS NMR Spectral Analysis

The 13C-CP/MAS NMR spectra of bamboo, ramie,

flax, and cotton fibres are shown in Figure 8.

Compared to flax and cotton, bamboo and ramie

fibres display two better-resolved spectra, the expres-

sion of predominant crystalline fibrils induced by

their more resolved networks of inter-molecular

hydrogen bonds (FTIR analysis). Assignments of the

chemical shift of different polymorphs in 13C NMR

spectra of cellulose have been carried by some work-

ers [28,29]. The signal assignments of bamboo fibres

are presented in Table 4.

The C1 resonance region at about 105 ppm reveals

a quartet in resolution enhancement spectra of bam-

boo fibres, as shown in Figure 9a, the outer two sig-

nals at 105.6 and 104.0 ppm are attributed to cellu-

lose Iβ, and the inner two signals at 105.2 and 104.8

ppm are attributed to cellulose Iα and the paracrys-

talline proposed by Wickholm et al. [30] and Larsson

et al. [31], respectively. The C1 resonance regions

Fibers

name

Crystallinity (%) Orientation L002

(nm)X Xd CrI OG OGI

Bamboo

Ramie

Flax

Cotton

71.08

71.95

67.00

65.72

68.26

68.98

64.15

63.15

87.79

88.86

80.82

79.90

0.960

0.961

0.953

0.834

0.905

0.916

0.903

0.661

7.1

6.8

5.4

6.3

Table 3. Crystalline structure of bamboo fibres compared with ramie, flax, and cotton fibres.

 

Allomorphs Chemical shift (ppm)

C1 C4 C6

Amorphous

Cellulose Iβ

Cellulose Iα

Paracrystalline

-

105.6,104.0

105.2

104.8

86.3-80.1

89.4, 88.2

90.0, 89.4

88.8

63.5-59.5

65.4, 64.9

-

-

Table 4. Peak assignment (ppm) of cellulose allomorphs in
13C-CP/MAS NMR spectra of bamboo fibres.
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Figure 9. The results from the spectral fitting of: (a) C1 and

(b) C4 regions in 13C-CP/MAS NMR spectra of bamboo

fibers.

have been fitted using four Lorentzian lines repre-

senting the four peaks of different allomorphs in

Figure 9a (only shown bamboo fibre) and the allo-

morph contents are calculated and listed in Table 5.

The Iα/Iβ ratio in bamboo fibres is only 0.18 suggest-

ing bamboo fibres has a maximum Iβ content in the

four samples. In addition, the lowest content of cellu-

lose Iβ in flax fibres has also been found, according

to the conferred results in FTIR analysis. As shown in

Figure 9b, the C4 signal of bamboo fibres displays an

upfield wing associated with an inconspicuous shoul-

der, conforming the existence of Iα phase.

The two resonance regions in C1 and C4 signals

include a sharper resonance, attributed to the order

region in crystalline lattice, overlapping a broader

upfield wings attributed to a less ordered region

which include two categories of environments: crys-

tallite surface and amorphous region [32]. There are

controversial views about the contribution of the two

environments to the upfield wing. Larsson et al.

ascribed the wing to the contribution of cellulose in

crystallite surface [33,34 ]. 

The signals centered at 89 and 84 ppm presenting

the crystalline and amorphous phases were fitted

using Lorentzian lines in Figure 9b (only shown the

bamboo fibre) and the crystallinities were calculated

using the sum of the integrals of the peaks in crys-

talline signal (a) and the amorphous area (b) by the

following relation:

It is clear that the crystallinity of bamboo fibres is

similar to that of ramie fibres and cotton has the low-

est crystallinity (Table 5). Compared with the crys-

tallinities calculated by three methods of X-ray analy-

sis, the crystallinities calculated by 13C NMR spectra

show the lower relative value, more comparable to

the values calculated by deconvolution method of X-

ray analysis. The reason is that only the material

within crystallite appears as crystalline in NMR spec-

 

 

(a)

(b)

Fibres CrI (%) L (nm)
Chemical shift (ppm)

Iα Iβ Iα/Iβ

Bamboo 

Ramie

Flax

Cotton

73.39

71.30

64.52

62.11

7.1

6.6

5.2

4.8

0.1241

0.2846

0.2438

0.1703

0.6868

0.6066

0.4847

0.6308

0.18

0.47

0.51

0.26

Table 5. Crystallinity (CrI), contents of crystalline allomorphs, and microfibril sizes (L) in 13C NMR

spectra of bamboo fibres in comparison to ramie, flax, and cotton fibres.

100
ba

a
CrI ×

+
=
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tra [13]. However, the differences of crystallinities

between cotton (or flax) and bamboo fibres in NMR

method are greater than that obtained by X-ray

method because greater surfaces of crystallite in cot-

ton and flax were attributed to amorphousness by

NMR, indicating a smaller crystallite size or imper-

fect crystalline structures of the two fibres. 

The average lateral microfibril sizes (crystallite

sizes) in fibres can be determined on the basis of the

signal intensities of the C4 region in 13CNMR spec-

tra. A simple model consists of microfibrils with a

square cross-section with n chains per side and an

infinite longitudinal size, the typical ratio of the

chain number within crystallite (n-2)2 to the total

amount of cellulose, which is equal to the crystallini-

ty evaluated from 13CNMR spectra, is given by the

following equation:

L = 0.57n

Where L is the average lateral microfibril size and

the value 0.57 nm corresponds to the average inter-

chain distance [29].

As shown in Table 5, the microfibril size in bam-

boo fibres is 7.1 nm, the same as the value calculat-

ed by X-ray. The microfibril sizes calculated by

NMR approach those calculated by X-ray analysis

except cotton. But overall values determined by

NMR are smaller than those obtained by diffraction

except bamboo fibres, and especially in the case of

cotton (Tables 3 and 5). The difference observed

between two methods is related to the hypothesis

used in calculation. Crystallite size depends on crys-

tallinity, and a higher crystallinity results in bigger

crystallite size. In our hypothesis, only the surfaces

of microfibrils are regarded as amorphous region,

which is accessible in some fibres with high crys-

tallinity such as bamboo and ramie fibres, but not for

the fibres with a relative lower crystallinity such as

the cotton, where crystalline and amorphous regions

alternate more likely along microfibril. Moreover,

the purification stage of microfibrils is obviously

crucial for the size evolution. Lignin and hemicellu-

lose in microfibril are accounted for underestimation

of the actual size, for example in the case of flax. The

intensity of signal depends on the number of carbon

atoms presented within each phases in 13NMR spec-

tra, which are sensitive to short range order in com-

parison to X-ray method.

CONCLUSION

Natural fibres from bamboo were extracted and its

crystalline structural characteristics including crys-

tallinity, crystallite size, allomorph content, and

hydrogen bond were investigated by X-ray diffrac-

tion, FTIR spectra, and 13CNMR and compared with

common fibres such as: ramie, flax, and cotton

fibres. Crystallinity, crystallite size, and orientation

of bamboo fibres are similar to those of ramie fibres,

but more than those of cotton and flax fibres. The

allomorph content in bamboo fibres was calculated

and the cellulose in bamboo fibres was determined as

Iβ-dominant type, which is greater than that of ramie

and flax. However, the crystallinity and crystallite

size calculated by NMR method are lower than those

determined by X-ray diffraction. The reason is that

only the material within crystallite appears as crys-

talline in NMR spectra. Second derivative FTIR

spectra indicate that greater resolved networks of

hydrogen bonds are the explanation for predominant

crystalline fibril in bamboo and ramie fibres.
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