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This  study  investigates  the  cellulose  polymorphic  transformation  of  Agave  americana  L. fibre  during  alkali
processing  at different  NaOH  concentrations.  X-ray  diffraction  was  used.  The  polymorphic  transition
from  cellulose  I  to cellulose  II begun  at NaOH  concentrations  at the  order of 5–10%  and  the  complete
transformation  was  achieved  for the  alkali  concentration  of  15%.

The crystallinity  index  of  agave  fibre  increased  for  alkali  treatments  not  exceeding  2%  (w/v),  whereas
higher  NaOH  concentrations  (>2%)  induce  a considerable  decrease  of the  crystallinity  index.  The  unit  cell
lkalization
ellulose I
ellulose II
ercerization
-ray diffraction

parameters  of A.  americana  L. fibre  vary  with  the NaOH  concentration  which  results  from  the  formation
of  different  alkali  celluloses  during  the  mercerisation  process.

As far  as  mechanical  properties  are  concerned,  treatments  with  low  alkali  concentrations  produce
fibres  that  are  stronger  than the  untreated  fibres,  whereas  treatments  with  high concentrations  (>2%
w/v)  result  in  weaker  fibres.
rystal structures
extile

. Introduction

Cellulose is a linear homopolymer of (1 → 4)-linked �-d-
lucopyranose units (Glc) aggregated to form a highly ordered
tructure due to its chemical constitution and spatial conforma-
ion (Klemm et al., 1998). Three hydroxyl groups in each Glc are
ble to interact with one another forming intra and intermolec-
lar hydrogen bonds. The use of cellulose in some applications is

imited because it is soluble in few solvents and does not melt with-
ut thermal degradation. Hydrogen bonds in cellulose substrates
re modified by some physical and/or chemical transformations
or various applications. Typically, treatment with aqueous NaOH
olution of a specific concentration (≈10 wt%) causes the transfor-
ation of cellulose I into cellulose II within the crystalline domains

Dinand, Vignon, Chanzy, & Heux, 2002; Jähn, Schröder, Füting,
chenzel, & Diepenbrock, 2002; Zugenmaier, 2001). This proce-
ure is used for mercerization and viscose rayon manufacture in
he textile and fibre industries (Kroschwitz, 1990). However, the
oncentration of NaOH for the complete transformation depends
n the type of cellulose being treated. Common methods for the
haracterization of crystalline cellulose structure are based on

-ray (Dinand et al., 2002; Gert et al., 2001; Gumuskaya, Usta,

 Kirci, 2003; Nishiyama, Langan, & Chanzy, 2002; Nishiyama,
ugiyama, Chanzy, & Langan, 2003) or electron diffraction (Atalla &
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VanderHart, 1999; Sugiyama, Vuong, & Chanzy, 1991), FT Raman
(Atalla & VanderHart, 1999; Cael, Gardner, Koenig, & Blackwell,
1975; Jähn et al., 2002; Proniewicz et al., 2001) density deter-
minations, infrared (IR) absorption (Akerholm, Hinterstoisser, &
Salmen, 2004; Colom & Carrillo, 2002; Gert et al., 2001; Gumuskaya
et al., 2003; Ruan, Zhang, Mao, Zeng, & Li, 2004; Schwanninger,
Rodrigues, Pereira, & Hinterstoisser, 2004) and nuclear magnetic
resonance (NMR) (Atalla & VanderHart, 1999; Newman & Davidson,
2004). Amongst them, wide-angle X-ray diffraction gives the most
direct results and quantitative information. The polymorphic trans-
formation of cellulose I to cellulose II has been studied with X-ray
diffraction in many cellulosic fibres (Beg & Pickering, 2004; Bledzki,
Fink, & Specht, 2004; Gassan & Bledzki, 1999a,b; Mirjana, Biljana,
& Petar, 2008; Mwaikambo & Ansell, 2003; Ouajai & Shanks, 2005;
Prasad & Sain, 2003; Zhou, Yeung, Yuen, & Zhou, 2004). However,
the mercerisation of agave fibre has not yet been investigated.
The present work deals with the influence of NaOH concentra-
tion on the mercerization degree of cellulose present in Agave
americana L. fibre and the transformation from cellulose I to cel-
lulose II polymorphs. This study is based on the X-ray diffraction
method.

2. Experimental
2.1. Sampling

A. americana L. is the vegetation of Amaryllidaceae cultivated in
North Africa and originated from Central America. Since 1998, the

dx.doi.org/10.1016/j.carbpol.2011.06.037
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:asmaeloudiani@yahoo.fr
dx.doi.org/10.1016/j.carbpol.2011.06.037
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X-ray spectra of A. americana L. fibres provide fibre reflections
associated with four different orders, only one of which yields an
axial dimension by a single-step calculation.
222 A.E. Oudiani et al. / Carbohydr

asic fibres of this plant have been the subject of many researches
nd seemed to be interesting due to their mechanical and physical
roperties. These natural cellulosic fibres were characterized by

 high hydrophilicity, a low density, a high tenacity and a great
xtensibility in comparison with other textile fibres (Msahli, 2002).

The leaves of A. americana L. present a composite structure
ith an organic matrix and a reinforcement composed of cellulose
icro-fibres, which show different kinds of chemical bonding such

s covalent, hydrogen or Van Der Waals bonds. The organic matrix is
omposed of several components including hemicelluloses, pectic
atter, lignin and gums; whereas the reinforcing fibres are mainly

omposed of cellulose.
To extract fibres from the organic matrix, different methods can

e used. These methods have a great influence on the fine structure
f the obtained fibres. Acceptable mechanical properties have been
btained by the extraction of fibres in distilled water which is used
ere. In this method, leaves are submitted to a hydrolysis treat-
ent in distilled water. Subsequently, fibres are separated from

he matrix by calendering the leaf and then washed. A temperature
f 120 ◦C and duration of 90 min  appear to be the best conditions
or the treatment as demonstrated in a previous study (Chaâbouni,
005; El Oudiani, Chaâbouni, Msahli, & Sakli, 2009).

.2. Alkali treatment

Dried fibres (5 g) were treated with various concentrations of
aOH solution (100 mL)  and placed in an oven at 30 ◦C for 1 h

n order to remove hemicelluloses and lignin associated with the
bres. The concentrations of NaOH solutions were 1, 2, 5, 10, 15, 20
nd 30% (w/v) (by weight). The alkaline treated fibres were subse-
uently washed with running tap water followed by distilled water
ntil no alkali was present in the wash water.

.3. X-ray diffraction

Bundles of technical fibres were aligned manually and lacer-
ted with a scalpel. Short segments of fibres were then obtained
nd placed into a sliding disk mill. The mill comprised a means of
andomly mixing and distributing the small fibres lengths in vari-
us orientations at conditions of surface pressure far below those
hat would induce crystallite fracture. The sample mass was then
laced into a standard holder within the stage of the diffractome-
er. The spectra were determined using a PANalytical X’Pert Pro

PD-spectrometer set at 45 kV and 40 mA.  Samples were scanned
rom 2� = 5◦ to 2� = 40◦ with increments of 0.02◦ using the CuK�
adiation (� = 1.54 Å).

For the air scatter trace, the fibres were removed from the sam-
le holder, the empty holder was reinserted and an X-ray trace
as obtained under conditions similar to those for the fibre traces.
orrections for the array of intensities of A. americana L. fibres
ere made for air scatter and polarization (Berlant & Khalifa, 1991;

otton, Arniaud, & Rabourdin, 1978) using the following formulas:

 Correction for the air scatter:

(I1)2� = (I)2� − (Iair)2� exp−�t/ cos � (1)

(I)2� = intensity of the fibres obtained by the spectrometer,
(Iair)2� = intensity obtained for the air scatter and �t = optical den-
sity of the prepared samples (�t = 1.2)

 Correction for the polarization effect:

(I ) = (I1)2� (2)
2 2� 0.5(1 + cos2 2�)

The corrected array of intensities was replotted against the
ragg angles, and the background was removed for all the curves.
lymers 86 (2011) 1221– 1229

2.3.1. Spectral analysis
In order to obtain maximum use of the X-ray diffraction data,

each peak profile was  fit to the Pearson VII function (Kreze & Malej,
2003) of the form:

I(x) = A[
1 + ((x − Xc)/w)2(21/� − 1)

]� (3)

where I(x): intensity, x: 2�, A: profile amplitude, w: profile width,
Xc: profile center, �: profile shape factor.

In this study, estimated values of Xc, A, w and � for each peak
profile, together with the corrected intensity data points and the
Bragg angles (2�) were used as input values in a software resolution
program (Origin 06). The best minimization between observed and
calculated intensities occurs when the estimated parameters are
well chosen.

For each diffractogram, cellulose I and cellulose II components
were resolved into four and three reflections, respectively. From the
sum of peak area of the same crystal system (

∑
ACI for cellulose I

and
∑

ACII for cellulose II), CI and CII percentages were calculated
using Eqs. (4) and (5):

CI (%) =
∑

ACI∑
(ACI + ACII)

× 100 (4)

CII (%) =
∑

ACII∑
(ACI + ACII)

× 100 (5)

The percentage of each reflection peak (CI and CII peaks) is cal-
culated by dividing the area of the peak into the total area using
Eq. (6):

Peak (%) = Apeak∑
ACI + ACII

(6)

2.3.2. Crystallinity index
The crystallinity index (Ic) was  calculated using the following

formula (Tserki et al., 2005):

IC =
(

I0 0 2 − Iam

I0 0  2

)
× 100 (7)

where I0 0 2 is the maximum intensity of diffraction of the (0 0 2)
lattice peak at a 2� angle of between 22◦ and 23◦, and Iam is the
intensity of diffraction of the amorphous material, which is taken at
a 2� angle between 18◦ and 19◦ where the intensity is at a minimum
(Roncero et al., 2005).

2.3.3. Lattice spacing
The lattice spacing dh k l was  determined for each profile from

the resolved position Xc and using the Bragg equation (Morton &
Hearle, 1975):

n� = 2d sin � (8)

where n is an integer, � the wave length of the X-rays, � the angle of
diffraction (2�  = Xc), and d the distance between the atomic layers
(lattice spacing).

2.3.4. Unit cell dimensions and monoclinic angle
The b-axial dimension is determined directly from:

b = k d0 k 0 (9)

k: Miller indices (0 k 0)
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The composite product of the c-axial dimension and the mono-
linic angle is:

 sin  ̌ = l d0 0 l (10)

: Miller indices (0 0 l)
The composite product of the a-axial dimension and the mono-

linic angle is:

 sin  ̌ = l√
0.5

(
d1 0 1

−2 + d1 0 1
−2) − l−2d0 0 l

−2
(11)

: Miller indices (0 0 l)
The monoclinic angle can be found from:

 = arccos

⎡
⎣

(
d1 0 1

−2 − d1 0 1
−2) l d0 0 l

4
√

1
2

(
d1 0 1

−2 + d1 0 1
−2) − l−2d0 0 l

−2

⎤
⎦ (12)

Having found ˇ, we determined a and c from the respective
omposite formulas (Forman & Jakes, 1993).

.3.5. Crystallite size
The crystallite size normal to the h k l plane was  calculated from

he integral breadth B of the peak according to Scherrer’s equation
Scherrer, 1918):

⊥h k l = K�

B cos �
(13)

here D⊥h k l: crystallite dimension in the direction perpendicular
o the crystallographic plane h k l, �: Bragg angle, �: wave length
f the radiation, k: constant 0.9 (although this factor is sensitive to
rystal type) (Davidson, Newman, & Ryan, 2004; Murdock, 1930).

.4. Mechanical testing

Tensile tests were carried out using a Lloyd dynamometer with
 constant strain rate. This latter was adjusted to a speed of
50 mm/mn  for a 500 mm specimen length to respect the test dura-
ion of 20 ± 3 s specified in NFG 07002 French Standard. Tests were
onducted under standard conditions: 20 ◦C ± 2 ◦C and 65% ± 2%
H. Because of the high variability found in the tests, we chose

 sample size of 50 fibres for each test.

. Results and discussion

.1. Spectral analysis

X-ray diffraction traces with corrected intensities are shown
n Fig. 1. The diffractogram of untreated fibres (0% (w/v) NaOH)
hows a pattern quite similar with the four peaks characteristic
f native cellulose (cellulose I). These peaks are approximately
ocated at 2� = 14◦, 16◦, 23◦ and 35◦; which are the positions
f the (1 0 1), (1 0 1), (0 0 2) and (0 4 0) crystallographic plane
eflections, respectively (Berlant & Khalifa, 1991; Davidson et al.,
004; Ouajai & Shanks, 2005; Sotton et al., 1978). Whereas for
he NaOH concentration of 30% (w/v), the diffractogram peaks are
ypical of cellulose II polymorph following the mercerisation pro-
ess of the fibre. These peaks are located at 2� = 11◦, 20◦, 22◦ and
7◦ which correspond to the diffraction of (1 0 1), (1 0 1), (0 0 2)

nd (0 4 0) crystallographic plane reflections, respectively (Beatriz,
ssa, & Belgacemb, 2006; Chen, Nattakan, Ni, & Ton, 2008; Ouajai

 Shanks, 2005; Raymond, Kvick, & Chanzy, 1995; Sang et al.,
005).

For low alkali concentrations (<10%), the two peaks present on
he X-ray diffractograms at 2� = 14◦ and 2� = 16◦ correspond to the
Fig. 1. Corrected X-ray diffractograms of untreated fibres (0% (w/v) NaOH) and alkali
treated fibres (2, 5, 10, 15 and 30 w/v NaOH).

(1 0 1) and (1 0 1) crystallographic planes, respectively. When the
crystalline cellulose content is high, these two peaks are more pro-
nounced, and when the fibre contains large amounts of amorphous
material (such as lignin, hemicelluloses, pectins and amorphous
cellulose), these two peaks are smeared and appear as one broad
peak (Perel, 1990). It can be seen in Fig. 1 that the peaks at 14◦

and 16◦ are more defined for the alkali treated agave fibre (mainly
for the NaOH concentration of 10%), therefore suggesting that the
alkali treatment removed some of the amorphous materials from
the fibre.

All the diffractograms of the treated and untreated samples
exhibit considerable overlap of the diffraction peaks. Thus, the peak
resolution is the only valid method for obtaining reliable parame-
ters to measure crystallinity and apparent crystallite size. In this
study, we  exclude crystalline scattering from unidentified phases
of noncellulosic origin from the contribution to the total cellulose
crystalline scattering.

Fig. 2 represents an example of peak deconvolution for 10%
NaOH treated fibres. The profiles are resolved into n peaks for each
cellulose polymorph (cellulose I and II) and the calculated intensi-
ties are obtained by summing these n peaks. The number of peaks
(n) depends on the fibre treatment.

Fig. 3 shows the percentages (in area) of CI and CII peaks versus
NaOH concentration. It can be observed, for low alkali concen-
trations, that the major crystalline peak occurs at 2� = 23◦, which
represents the crystallographic plane (0 0 2) of cellulose I. When
transformed to cellulose II, the major peaks are located at 2� = 20◦

and 2� = 22◦, which represent the crystallographic planes (1 0 1)
and (0 0 2) of cellulose II, respectively.

For the extremely low NaOH concentrations (<1% w/v), only the
4 peaks characteristic of cellulose I are present. These peaks are
approximately located at 2� = 15◦, 16◦, 20◦ and 22◦; which are the
positions of the (1 0 1), (1 0 1), (0 2 1) and (0 0 2) crystallographic
plane reflections, respectively. When treated with 2% (w/v) NaOH,
the polymorphic transformation of cellulose I to cellulose II begun
as indicated by the appearance of the diffraction at 2� = 20◦ result-
ing from the (1 0 1) lattice plane of cellulose II (Zhou et al., 2004).
At 5% (w/v) NaOH concentration, an additional peak at 2� = 22◦

that corresponds to the (0 0 2) lattice plane of cellulose II appears,
thus enhancing the mercerisation process. The mercerisation phe-
nomenon is achieved for the alkali concentration of 15% by the

appearance of the 3 peaks characteristic of cellulose II at 2� = 11◦,
20◦ and 22◦ (Beatriz et al., 2006; Chen et al., 2008; Ouajai & Shanks,
2005; Raymond et al., 1995; Sang et al., 2005).
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ig. 2. X-ray diffractogram analysis of alkali treated fibres (10% (w/v) NaOH). (a)
rofiles of the resolved peaks and (b) observed and calculated intensities.

.2. Polymorphic transformation from cellulose I to cellulose II

When treated with caustic soda, fibre goes through four differ-
nt stages:

 swelling

 dissolution
 mercerisation
 and degradation.

Fig. 3. Percentages (in area) of CI and CII peaks versus NaOH concentration.
lymers 86 (2011) 1221– 1229

3.2.1. Swelling and dissolution
These phenomena are strongly dependent on treatment tem-

perature and soda concentration.
The dissolution (or in a less extent the swelling) of cellulose is

an essential step to make it react. Without a preliminary swelling,
only a superficial reaction in the fibre is possible. When the fibre
swells, the whole structure of the cellulose is conserved despite
the increase in mass due to the soda absorption and the significant
changes of the fibre physical properties. On the other hand, the dis-
solution of cellulose induces the transition from a biphase system
to a monophase one, and the initial supramolecular structure of the
fibre is destroyed.

Despite these small differences, both swelling and dissolu-
tion phenomena have common characteristics. In both cases,
intermolecular forces between macromolecules are supplanted
by stronger interactions between molecular chains and caustic
soda, leading to the destruction of the cellulose supramolec-
ular structure. The swelling and dissolution process increase
the hydroxyl groups’ accessibility. There is no determinate limit
between swelling and dissolution phenomena and caustic soda
may  cause at the same time swelling or dissolution of cellulose
depending on the initial structure.

The cellulose swelling is a complicated process which affects
both molecular and supramolecular structures.

At the molecular level, the strong interactions between hydroxyl
groups and sodium hydrate lead to the rupture of inter and
intramolecular bonds. The solvation spheres of the sodium hydrox-
ide ions play an important role for the cellulose/soda interaction.
They act to separate the cellulose chains.

In a first step, water molecules penetrate the amorphous
regions of cellulose where hydrogen bonds are destroyed. Then, the
sodium hydrate reaches the crystalline zones and reacts with anhy-
droglucose hydroxyl groups. Gradually, the original stabilisation of
cellulosic structure due to the inter and intramolecular hydrogen
bonds is replaced by additional binding between hydroxycelllulosic
groups and Na+ and OH− sodium hydroxide ions.

At the supramolecular level, modifications of crystal size
dimensions and chain conformations are detected for the alkali
concentration corresponding to maximum swelling. The swelling
of the fibre in alkali solution alters the crystalline and amorphous
proportions of the alkali cellulose. This modification of native cel-
lulose crystalline structure may  be detected by X-ray diffraction.
Stable ternary complexes “cellulose/soda/water” called soda cellu-
loses (Na Cell) are formed with different conformations depending
on the temperature treatment and the alkali concentration.

3.2.2. Mercerisation
Mercerisation is the alkali treatment of cellulose which induces

irreversible transformation of the crystalline structure from native
cellulose (cellulose I) to mercerised cellulose (cellulose II), going
through different crystalline complexes called soda celluloses (Na
Cell) (Kayoko et al., 2011). The crystal packing of chains initially
aligned in parallel for native cellulose I is rearranged in anti-parallel
chains characteristic of cellulose II. During this transformation, the
alkali solution penetrates the amorphous regions located between
crystallites. The penetration of the alkali solution in the less ordered
regions leads to the formation of soda cellulose I which has a little
effect on the chain conformation and the crystalline regions. Never-
theless, the formation of soda cellulose I with anti-parallel chains is
favourite and it results in gradual decrease of cellulose I crystalline
regions leading to the formation of soda cellulose I crystallites. Fol-
lowing this first step, soda cellulose I becomes able to absorb more

alkali solution and then it is converted into soda cellulose II with
helical structure. By washing Na Cellulose II, all NaOH is eliminated
and the final structure of Na Cell IV is obtained and converted to cel-
lulose II by drying. Table 1 gives the unit cell dimensions (found in



A.E. Oudiani et al. / Carbohydrate Polymers 86 (2011) 1221– 1229 1225

Table  1
Unit cell dimensions of different cellulose allomorphs.

Type Reference Number of chains Unit cell (Å,◦)

a c b  ̨ � ˇ

I� Sugiyama et al. (1991) 1 6.74 5.93 10.36 117 113 81
I� Finkenstadt & Millane (1998) 2 7.85 8.27 10.38 90 90 96.3

t
m

s
L
2
2
1
p
s
c
c
R
i
a

c
f
b
t
s
c
t
t

t
c
fi
i
c
i
t

3

p

F

II  mercer. Langan et al. (2001) 2 

Na-Cell I Nishimura & Sarko (1991) 4
Na-Cell IV Keller (1992) 2 

he literature) of the different cellulose polymorphs that go through
ercerisation process (Zugenmaier, 2001).
Based on the previous single crystal and powder diffraction

tudies (Fink, Hofmann, & Philipp, 1995; Kolpak & Blackwell, 1976;
angan, Nishiyama, & Chanzy, 1999; Langan, Nishiyama, & Chanzy,
001; Mansikkamäki, Lahtinen, & Rissanen, 2005; Nishiyama et al.,
003; Okano & Koyanagi, 1986; O’Sullivan, 1997; Raymond et al.,
995), two characteristic diffraction peaks (2�  = 14.6◦, 16.1◦) of
olymorph CI and one diffraction peak (2�  = 12.1◦) of CII were
elected as probes for the conversion from CI to CII in the mer-
erization conditions. Some analysis methods for monitoring the
onversion can already be found in the literature (Ruland, 1961;
ånby, 1952; Sao, Samantaray, & Bhattacherjee, 1994). However,

n our case, these methods were not applied as such but were used
s a basis for the presented method.

Fig. 4 shows the extent of the conversion from cellulose I to
ellulose II during mercerisation process. The major cellulose trans-
ormation (corresponding to the mercerisation process) occurs
etween 10% and 15% NaOH concentration. At NaOH concentra-
ions inferior to 10%, cellulose I is dominating in the fibre and only
welling and dissolution phenomena exist, whereas for NaOH con-
entrations exceeding 15%, cellulose II is the major component in
he fibre and the degradation process occurs at these high concen-
rations.

Besides, it is worth noting that the conversion from cellulose I
o cellulose II is associated with a significant decrease in the per-
ent crystallinity and therefore in the mechanical properties of the
bre (Sotton et al., 1978). As seen in Figs. 5 and 8, the crystallinity

ndex as well as the tenacity values present a drop for 10–15% NaOH
oncentrations, this is assumed to be due to an overall disorder
n the fibre which occurs at the moment of cellulose polymorphic
ransformation.
.3. Percent crystallinity

The crystallinity index of the treated and untreated agave sam-
les were calculated using Eq. (7) which is described in Section 2.

ig. 4. Conversion from cellulose I to cellulose II during mercerisation process.
8.10 9.05 10.31 90 90 117.1
8.83 25.28 10.29 90 90 90.0
9.57 8.72 10.35 90 90 122.0

The results, shown in Fig. 5, represent the variation of the crys-
tallinity index with the NaOH concentration. It can be seen from
Fig. 5 that the crystallinity index of agave fibre increased for alkali
treatments not exceeding 2% (w/v). This is thought to be due to
better packing and stress relaxation of cellulose chains as a result
of the removal of pectins and other amorphous constituents from
the fibre. In contrast, higher NaOH concentrations (>2%) induce
a considerable decrease of the crystallinity index. At this level,
mercerization phenomenon occurs altering the fine structure and
morphology of the fibre as well as the conformation of the cellulose
chains. During this process, the alkali penetrates the cellulose fibre
and the material swells. The polysaccharide chains are rearranged
from native cellulose I (chains aligned in parallel) to cellulose II
(anti-parallel); the amount of less ordered material in the fibre
rises, while the crystalline part contracts. In the same manner, some
authors reported about changes in the crystallinity through alka-
line treatment on hemp (Mirjana et al., 2008), coir (Sreenivasan,
Bahama, & Iyer Krishnan, 1996; Varma, Varma, & Varma, 1984)
and flax (Sharma, Fraser, McCall, & Lyons, 1995) fibres. Though the
optimum NaOH concentration value (corresponding to the higher
crystallinity index) depends on the type of fibre, it remains at the
order of 2–5% (w/v) NaOH for the tested fibres.

3.4. Unit cell dimensions and crystallite sizes

The different definitions of the cellulose unit cells in the liter-
ature may  cause slight uncertainties in the peak designations as
reviewed recently by O’Sullivan (1997).  The differences are partially
due to continually evolving knowledge about the arrangement of
the cellulose chains in the unit cell (Gardner & Blackwell, 1974;
Honjo & Watanabe, 1958; Langan et al., 1999, 2001; Meyer & Misch,
1937; Sarko & Muggli, 1974; Sugiyama et al., 1991; Wada, Okano,
& Sugiyama, 1997; Woodcock & Sarko, 1980). The uncertainties
arise from the fact that native cellulose consists of two polymorphs,
the more recently found triclinic form designated as I� and the
monoclinic polymorph designated as I� (Nishiyama et al., 2003;
VanderHart & Atalla, 1984). In addition, the choice of the unique
axis in the monoclinic crystal systems of cellulose varies in the lit-
erature due to historical reasons (Young, 1986). The original choice
of the unit cell axes in the monoclinic crystal system was  generally
performed so that the b-axis (fibre axis) was set unique with an
acute  ̌ angle (  ̌ /= 90◦) following the classical Meyer–Mark–Misch
model. Nowadays a unique c-axis is generally preferred in the case
of cellulose unit cells (� /= 90◦). Fink, Hofmann, and Philipp (1995)
have presented a comparison of peak designations of two differ-
ent crystallographic settings of monoclinic unit cells of CI; this was
reported earlier by Meyer and Misch (1937) and Sugiyama et al.
(1991). Depending on the selection of the monoclinic cell setting,
the lattice planes of, for example, diffraction peaks 14.7◦, 16.1◦ and
22.5◦ (2�) of polymorph CI can be designated as (1 1 0), (1 1 0),
(2 0 0) according to Sugiyama, while in the Meyer–Mark–Misch

system the planes have indices of (1 0 1), (1 0 1) and (0 0 2),
respectively. Finally, it should be pointed out that the 2� values of
the diffraction peaks vary slightly in the previous publications due
to several obvious factors such as the quality of instrumentation,
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Fig. 6. Unit cell dimensions of cellulose I.

xperimental setups, general crystallinity and mixing ratio of the
ellulose polymorphs and finally the “biological origin” of the sam-
les analyzed. In this work, we use the Meyer–Mark–Misch system
o represent the cellulose unit cell. In this case, native cellulose (cel-
ulose I�) has a monoclinic unit cell with the dimensions shown in
ig. 6 (Champetier & Monnerie, 1969; Morton & Hearle, 1975).

The cellulose molecule consists of a series of glucose rings linked
ogether by valency bonds and situated in the ab plane (Fig. 6).
ellulosic chains are arranged parallel to the b axis which repre-

ents fibre axis. Hydroxyl groups of these macromolecular chains
re joined laterally by means of hydrogen bonds (Champetier &
onnerie, 1969; Morton & Hearle, 1975).

able 2
nit cell dimensions a, b, c and  ̌ of the untreated and alkali treated samples of Agave am

NaOH concentration (%) CI 

a (Å) b (Å) c (Å) 

0 6.1 10.73 8.48 

1  7.49 10.32 9.25 

2  7.38 10.32 9.05 

5  7.33 10.27 8.84 

10 7.41  10.32 9.09 

15 –  – – 

20  7.13 10.32 8.7 

30 –  – – 
us NaOH concentration.

Table 2 exhibits results for the unit cell dimensions (a, b, c and ˇ)
of the tested samples. It is clear from this table that crystallographic
parameters are greatly affected by the fibre treatment. The unit cell
parameters of untreated fibres closely match the values reported in
the literature for native cellulose (Champetier & Monnerie, 1969;
Morton & Hearle, 1975). By treating fibres with different alkali con-
centrations, the unit cell dimensions are modified.

As described in the previous section (Section 3.2), the path from
cellulose I to cellulose II goes by way of Na-celluloses. It results from
the formation of different alkali celluloses during the mercerisation
process that the unit cell parameters of A. americana L. fibre, as
seen in Table 2, vary with the NaOH concentration. Particularly,
the monoclinic angle values (ˇ) correlate with those found in the
literature.

From Table 2, it is also clear that the length of repeating unit
in cellulose (b) have not been altered with the alkali treatment. It
remains at the order of 10.3 Å.

The variation of the microcrystallite sizes D⊥h k l of (1 0 1),
(1 0 1) and (0 0 2) crystallographic planes is shown in Fig. 7. The
crystallite size is decreased to a constant value for fibres treated at
higher than 15% (w/v) NaOH. This may  be due to the penetration
of alkali solution in the crystalline regions to form soda celluloses,
resulting in an overall disorder in the fibre crystallites. This disorder
is evidenced by a decrease in both crystallite size and crystallinity
index.
From the results in Fig. 8, it can be seen that the alkali treat-
ment concentration has an effect on the tensile strength of the

ericana L. fibres.

CII

 ̌ (◦) a (Å) b (Å) c (Å)  ̌ (◦)

106 – – – –
120 – – – –
118 – – – –
116 – – – –
119 7.41 10.32 9.09 119

– 7.2 10.27 8.96 114
120 7.2 10.32 8.96 114

– 6.1 10.32 8.86 114
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Fig. 7. Variation of the microcrystallite sizes D⊥h k l of (1 0 1), (1 0 1) and (0 0 2) crystallographic planes with NaOH concentration.
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Fig. 8. Variation of the tenac

reated fibres (Aboul-Fadl, Zeronian, Kamal, Kim, & Elisson, 1985).
reatments with low alkali concentrations produce fibres that are
tronger than the untreated fibres, whereas treatments with high
oncentrations (>2% w/v) result in weaker fibres.

Actually, for low concentration treatments, the hemicelluloses
re removed and the interfibrillar region is likely to be less dense
nd less rigid and thereby makes the fibrils more capable of rear-
anging themselves along the direction of tensile deformation.

hen natural fibres are stretched, such rearrangements amongst
he fibrils would result in better load sharing by them and hence
esult in higher stress development in the fibre.

The tenacity increase is also related to the increase of crys-
allinity index found in the previous section (Section 3.3). In
ontrast, the decrease in strength for higher alkali concentrations

>2% w/v) can be attributed to the degradation of cellulose at these
oncentrations and to the transition from cellulose I to cellulose II
s cellulose II generally displays a lower chain modulus. Actually,
he modulus of the cellulose I chain is around 140 GPa, while that
th the NaOH concentration.

of cellulose II is 90 GPa (Northolt et al., 2001). These have impor-
tant consequences for the ultimate tensile properties of the alkali
treated fibres which generally would imply inferior tenacity values
compared with untreated fibres.

The crystalline character of A. americana L. fibres reveals their
mechanical properties. As seen in the curves of Figs. 5 and 8 which
have exactly the same shape, the crystallinity index is an important
factor which directly influences the tenacity of the fibre. In other
words, the higher the degree of crystallinity is, the stronger and
more rigid the fibres are and vice versa.

4. Conclusions

The work we  have presented in this paper reports on the

effect of alkali treatment on the mercerisation process of A. amer-
icana L. fibres and the transition from cellulose I to cellulose
II polymorphs. The crystalline structure of the cellulose treated
with different NaOH concentrations was analyzed by wide-angle
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-ray diffraction. From this study, it was found that the major
ellulose transformation (corresponding to the mercerisation
rocess) occurs between 10% and 15% NaOH concentrations. For

ower NaOH concentrations, cellulose I is dominating in the fibre
nd only swelling and dissolution phenomena exist. A treatment
ith 2% alkali concentration produces the strongest fibres due to

he removing of noncellulosic components and at this level, no
olymorphic transformation is still detected. For high NaOH con-
entrations (exceeding 15%), fibre degradation occurs and it results
n a significant decrease on the mechanical properties. During the

ercerisation process, it results from the formation of different
lkali celluloses that the unit cell parameters as well as the crystal-
ite sizes of A. americana L. fibre vary significantly with the NaOH
oncentration.

From this study, it can also be deduced that the crystallinity
ndex strongly depends on the alkali concentration. It reaches the
ighest value for 2% (w/v) NaOH and this is thought to be due to
etter packing of the cellulose chains with the removal of amor-
hous materials from the fibre. On the other hand, the crystallinity

ndex undergoes an accidental drop for 10–15% NaOH concentra-
ions associated with the conversion from cellulose I to cellulose II.
his is assumed to be due to an overall disorder in the fibre which
ccurs at the moment of cellulose polymorphic transformation.
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