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ABSTRACT: The use of fiber from Harakeke (or New
Zealand Flax plant) for the reinforcement of composites
should be explored since Harakeke has similar properties
to Sisal fiber. To maximize the cellulose content in the
fiber, Harakeke fibers were prepared by thermal, combina-
tive alkaline-thermal, and a novel combinative thermal-
enzymatic-thermal treatments and characterized by
scanning electron microscopy, Fourier transform infrared
spectroscopy, and wide-angle X-ray spectroscopy. The
characterization method provided an efficient and system-

atic method to evaluate the removal of amorphous compo-
nents such as lignin and hemicelluloses. In particular, a
sequential thermal-enzymatic-thermal fiber treatment pro-
duced fine discontinuous whiskers that could be useful for
short fiber composites, whereas a combinative thermal-
alkaline treatment resulted in thorough extraction of lignin
and hemicelluloses. VVC 2009 Wiley Periodicals, Inc. J Appl Polym
Sci 112: 2710–2715, 2009

Key words: fibers; electron microscopy; FTIR; WAXS

INTRODUCTION

A spectacular resurgence in the use of local natural
fibers is currently underway due to their high spe-
cific strength and stiffness and the promise of deliv-
ering a low-cost and low carbon footprint alternative
to petroleum-derived fiber reinforcements for poly-
mer composites.1–3 Natural fibers are biodegradable,
renewable, nontoxic, and can favorably compete
with glass fibers in terms of their specific mechanical
properties.2–4

The high specific properties of wood and plant
fibers can be attributed to their high cellulose con-
tent, making them some of the most mechanically
efficient materials devised by nature.4–7 The cellulose
content of bast and leaf fibers varies from � 45 to
75% depending on the species; the remaining por-
tion is a hierarchical assembly of various amorphous
materials, such as proteins, wax, pectin, hemicellulo-
ses, or lignin.5,8,9 The amorphous components partic-
ipate in the mechanical integrity of the plant fiber,
although also facilitating physiological processes
such as growth of the cell wall.5,8,9 The variation in
chemical composition of natural fibers according to
plant species has been reviewed elsewhere.3,8,10

The main objective of fiber processing is to
remove hemicelluloses, pectin, and wax from the

middle lamella and primary cell wall surface,
thereby separating fiber bundles into their individ-
ual cells (also variously referred to as primary or
ultimate fibers). As a result, a larger surface area is
available for bonding with the polymer matrix.11–13

Extraction of lignin or hemicelluloses may also
increase the surface roughness of the fibers, resulting
in improved mechanical interlocking with the poly-
mer matrix.14 Furthermore, both hemicelluloses and
lignins contribute little to the fiber strength when
compared with cellulose.3,5,15 The degree of chemical
and/or mechanical bonding between the cellulose
fibers and polymer matrix controls the amount of
stress transferred via the interface. Thus, interfacial
bonding determines the overall strength of a
composite.1,16–19

Strong water absorption,20–22 low resistance to
microbiological attack,3,17 and poor chemical interac-
tion with hydrophobic thermoplastics1,17–19 are the
main limiting issues of natural fiber composites,
although these issues can be overcome to some
extent through the use of fiber treatments.21–23

This work reports on the effect of different fiber
treatments (thermal, combinative alkaline-thermal,
and combinative thermal-enzymatic-thermal treat-
ments) on fibers extracted from the leaf of the New
Zealand native plant known traditionally as Hara-
keke (common name: ‘‘New Zealand flax’’; scientific
name: Phormium tenax). ‘‘Flax’’ is actually a misno-
mer in describing P. tenax since it is not biologically
related to European flax (Linum sp.). The fibers
derived from Harakeke for the production of rope,
sacking, and other fibrous products constituted up
to � 20% of New Zealand’s total export income in
the early 1920s until synthetic fibers were made
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available.24,25 Harakeke fiber is reported to have sim-
ilar tensile properties to Sisal—a natural fiber offer-
ing considerable reinforcement in polymer matrix
composites.14,26–30 Two recent publications report the
use of Harakeke fiber as a reinforcement in thermo-
setting epoxy matrices,31,32 thereby proving the
potential benefits of Harakeke fiber in biopolymer
composites.

EXPERIMENTAL PROCEDURES

Experimental materials

Mechanically retted Harakeke fibers were obtained
from the Foxton Flax Mill Museum, Foxton, New
Zealand. The enzymes selected for this work were
PectinexVR Ultra SP-L supplied by Novozymes.
PectinexVR Ultra SP-L is prepared using a selected
strain of Aspergillus aculeatus, containing pectolytic
and hemicellulotic activities.

Fiber preparation

The defibrillation efficiency of subsequent fiber treat-
ments was improved by breaking up fiber bundles
prior to treatment using a laboratory scale carding
machine. The subsequent preparation of Harakeke
fiber was carried out by three different treatment
routes, namely standard thermal, combinative ther-
mal-alkaline, and combinative thermal-enzymatic-
thermal treatments.

A standard thermal treatment involved placing
� 100 g of Harakeke in 750 mL of distilled water in
an autoclave at 170�C and � 10 bars for � 1 h. In a
combinative thermal-alkaline treatment, the standard
thermal treatment was carried out as above except
that the distilled water in the standard thermal treat-
ment was replaced with a 2% NaOH solution. The
treated fibers were then thoroughly rinsed in deion-
ized water and dried at 130�C for 1.5–2 h. The rins-
ing and drying steps were carried out twice.

Initially, it was observed that enzymatic treatment
of Harakeke did not result in effective defibrillation.
Thus, a standard thermal treatment was used as a
pretreatment to breakdown fiber bundles prior to
enzymatic treatment. The thermally treated Hara-
keke (� 100 g) was then immersed in 650 mL of a
58% PectinexVR solution, diluted with deionized
water. The enzyme solution was stirred at 37�C and
a pH of 3.5 to 4 to optimize enzymatic activity. The
enzymatic treatment was performed for up to 30 h
after which the fibers were thoroughly rinsed in
deionized water. As a third and final step, another
standard thermal treatment was used, resulting in a
combinative thermal-enzymatic-thermal treatment.

Wide angle X-ray spectroscopy (WAXS)

X-ray patterns were obtained with a Philips PW1729
diffractometer using Cu Ka radiation (k ¼ 0.15418
nm), voltage of 50 kV, and current of 40 mA with 2y
increased in steps of 0.02�. Like other authors
(Mwaikambo and Ansell, 2001), we chose to use
Segal’s crystallinity index (CrI) to calculate the crys-
tallinity index of the fibers.33,34 This index is defined
as follows:

CrI ¼
Ið200Þ � Iamorphous

Ið200Þ
(1)

where, I(200) is the intensity of the main diffraction
peak of cellulose obtained from the crystallographic
planes (200); this peak has 2y values always com-
prised between 22.3� and 22.9�. Iamorphous is the inten-
sity of the amorphous peak of cellulose at 2y ¼ 18�.
Peaks were assigned according to the monoclinic
unit cell described by Sugiyama et al.35 Trendlines
averaged from 30 adjacent points were obtained
from the raw data files and plotted as the resulting
spectra. Spectra were obtained from Harakeke fibers
after each of the different fiber treatments.

Fourier transform infrared spectroscopy (FTIR)

The KBr pellet method was used. Two milligrams of
fibers � 1–2 mm in length were mixed with 200 mg
of KBr and mixed into a ball-mill for 5 min. Pellets
about 1 mm thick were made by pressing the mix-
ture for 2 min in a cylindrical mold with a 12 tons
press; they were then dried for 48 h at 60�C. Fourier
transform infrared spectra were acquired in trans-
mission on an FTIR-8201 PC Shimadzu equipped
with the software Hyper IR. They were averaged
from a minimum of 16 scans from 4000 to 400 cm�1

and taken with a 2 cm�1 resolution. A linear base-
line correction was performed on the absorbance
curves.

Scanning electron microscopy (SEM)

A JEOL JSM6100 scanning electron microscope was
used to observe carbon-coated fibers. Samples were
mounted on carbon tabs, coated with a plasma sput-
tering apparatus, and then observed with a 20 kV
accelerating voltage.

RESULTS AND DISCUSSION

WAXS

All of the fibers displayed a typical cellulose I dif-
fraction spectrum with a (200) peak centered
between 22.3 and 22.8�, a ð1�10Þ peak at about 15.4�,
a (110) peak at about 16.9�, and the (004) peak at
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about 34.8� (Fig. 1).36,37 The transformation from cel-
lulose I to cellulose II or amorphous cellulose is
known to occur under thermal or alkaline treat-
ments, although this was not observed due to the
treatments being comparatively mild.38,39 The crys-
tallinity index (CrI) was found to depend on the
chosen fiber treatment (Table I). CrI was determined
to be 58.8% for the untreated Harakeke fiber,
whereas the CrI increased with the fiber treatments
and reached a maximum of 75.2% (found for the
combinative thermal-alkaline treatment). The ther-
mal treatment and combinative thermal-enzymatic
treatment both increased the crystallinity of the
untreated fiber by � 6% and � 9%, respectively,
(Table I).

FTIR

The FTIR results show clear changes in the spectra
at 2920, 2900, 2855, 1740, 1660, 1598, 1510, 1460, 900,
and 890 cm�1. The bands at 2920 and 2855 cm�1 are
usually attributed to the CAH stretching mode in
lignin, whereas the band at about 2900 cm�1 is asso-
ciated to the CAH stretching in cellulose.40–44 As
expected, the bands associated with the CAH
stretching of lignin are predominant in the untreated
fiber while the band at 2900 cm�1 only appears as a
weak shoulder [Fig. 2(a)]. For the thermal treatment
and combinative thermal-alkaline treatment, the lig-
nin bands decrease, whereas the cellulose band
develops into a peak, suggesting the partial removal
of the lignin [Fig. 2(b,c)]. In the case of the thermal-
alkaline treatment, the bands at 2920 and 2850 cm�1

only appear as weak shoulders, whereas the spec-
trum in this region is dominated by the cellulose
peak at about 2900 cm�1 [Fig. 2(c)], indicating
that the alkaline treatment resulted in a thorough
extraction of the lignin.
A similar trend in the treatment effect was

observed on the intensity of the two characteristic
lignin bands at 1510 and 1598 cm�1 and the band at
1460 cm�1 [Fig. 3(a–d)].42,44,45 The two associated
bands are assigned to the aromatic skeletal vibration
of lignin, whereas the latter one is attributed to the
CAH deformations in lignin—these three bands are
not found in cellulose spectra.42,44,45 Another band is
also visible at 1660 cm�1 and is sufficiently close to
1670 cm�1 to be identified with the band assigned
by Marchessault to lignin.42 Once again, from the
change in intensity of these lignin bands, it is plausi-
ble to assume that all of the treatments successfully
reduce lignin content, with the alkaline treatment
able to remove almost all of the lignin in Harakeke
fiber [Fig. 3(c) and Table I].
The carbonyl band at 1740 cm�1 (Fig. 3) is of par-

ticular interest as it is a widely accepted signature
for the presence of hemicelluloses in plant
fiber.33,42,44–46 An initially strong peak at 1740 cm�1

was progressively replaced by a weaker band
after the initial thermal treatment [Fig. 3(a,b)]. The
intensity of the 1740 cm�1 band decreased further
when the thermal treatment was used in com-
bination with the pectolitic solution [Fig. 3(d)]
and disappeared completely when the fiber was

Figure 1 WAXS of Harakeke fibers (a) as-received and
after a (b) thermal treatment, (c) thermal-alkaline treat-
ment, and (d) thermal-enzymatic-thermal treatment.

TABLE I
WAXS and FTIR Results

Harakeke
Thermal
treatment

Thermal-alkaline
treatment

Thermal-enzymatic-
thermal treatment

CrI (WAXS) 58.8% 64.7% 75.2% 67.8%
Hemicelluloses presence (FTIR) yes altered no altered
Lignin presence (FTIR) yes altered weak altered
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treated by the hot alkaline process [Fig. 3(c)]. In
summary, the hemicellulose content progressively
decreased in the following order: untreated fiber-

thermal treatment!combinative thermal-enzyma-
tic!alkaline treatment.

SEM

The untreated Harakeke fibers were commonly
observed in the form of a bundle [Fig. 4(a)]. The
fibers exhibited a very smooth surface after being
defibrillated via a mechanical process which is
attributed to the waxes and pectins usually found
on the surface of higher plant fibers in the natural
state [Fig. 4(b)].8,33 All of the treatments removed the
‘‘sleeve’’ of pectins and waxes from the surface of
the primary fiber (Fig. 5), which was also observed
in connection with fiber bundles being broken into
primary fibers of � 10 lm in diameter. The extent of
fibrillation of the bundles was found to depend on
the treatment applied. For example, the standard
thermal treatment would leave some bundles intact,
whereas the alkaline treatment usually resulted in
thorough splitting of fiber bundles. Interestingly, the
combinative thermal-enzymatic-thermal treatment
yielded the most extensive defibrillation, although
shortening of Harakeke fibers also occurred, result-
ing in whisker-like fibers down to 100 lm in length.
The fiber surface obtained after the three treat-

ments revealed 200–500 nm diameter cellulose fibrils
orientated in the fiber direction. The cellulose fibrils
were embedded in a polysaccharide matrix of
smooth appearance that represents the primary cell
wall, that consists of hemicelluloses, lignin, and pec-
tin.1,8 However, none of the treatments in this work
resulted in isolation of cellulose nanofibrils. All of

Figure 2 FTIR of the four fibers in the 3100–2700 cm�1

region for the (a) untreated fiber, (b) thermal treatment, (c)
thermal-alkaline, and (d) thermal-enzymatic treatment.

Figure 3 FTIR of the four fibers in the 1800–400 cm�1 region for the (a) untreated fiber, (b) thermal treatment,
(c) thermal-alkaline, and (d) thermal-enzymatic treatment.
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the treatments seemed to produce a rougher fiber
surface. The fiber surface roughness was higher after
the combinative thermal-alkaline treatment com-
pared with the standard thermal or thermal-
enzymatic treatment, as shown by atomic force mi-
croscopy (unpublished results). The increase in fiber
roughness can be attributed to the thorough extrac-
tion of hemicellulose and lignin from the cell wall,
as shown by FTIR.

Synthesis of the WAXS, FTIR, and SEM results

It is known that P. tenax contains a high proportion
of lignin (� 8.1–16 wt %) and hemicelluloses
(� 30 wt %).15,24 A large portion of alkali extractable
compounds is thought to be hemicelluloses, mainly
xylan. The by-products from the above process are
likely to be water-soluble oligosaccharides.47 As wit-
nessed by FTIR, all the treatments at least resulted
in the partial removal of lignins and hemicelluloses
(Figs. 2, 3, and Table I). It is well-known from the lit-
erature that the appropriate thermal, enzymatic, and
alkaline treatments all have the capacity to remove
some of the pectins, lignins, and hemicellulo-
ses.8,24,33,40,48 The removal of those amorphous com-
ponents translated into an increase of the apparent
crystallinity of the fiber (Fig. 1 and Table I), as
observed somewhere else.33 In general, the amount
of transformation from the initial fiber to the
harshest modification followed this order: thermal
treatment � combinative thermal enzymatic < com-
binative thermal alkaline. This is well-reflected in
the surface appearance of the fibers, as observed by
SEM (Fig. 5). Overall, the more efficient the treat-
ment, the rougher the fiber surface was. This surface
roughness can be attributed to the wrinkling of the
fiber surface due to the radial shrinkage of the fiber
when the primary or secondary cell wall amorphous

components (pectins, hemicellulose, or lignin) are
extracted. In general, the combinative thermal-
alkaline treatment resulted in apparently total hemicel-
lulose extraction and thorough lignin removal; in turn,
the aforementioned rougher surfacewas produced.
Of particular interest, the enzymatic treatment

produced a whisker-like material that had lost the
initial long characteristic aspect ratio of the Hara-
keke fiber. The lateral and longitudinal orders of the
cellulose crystals were, however, preserved as
shown by the near constant high strength, position,
and width of the (200) peak and of the (004) peak in
the WAXS spectrum (Fig. 1).49 As a result, this tech-
nique appears to be an environmentally benign alter-
native to the use of hydrolysis techniques for the
production of cellulose whiskers with a relatively
low hemicellulose and lignin content.

Figure 4 Scanning electron micrograph of Harakeke fiber before treatment in (a) bundle form and (b) fiber form.

Figure 5 Scanning electron micrographs of the surface of
Harakeke fiber after the (a) standard thermal, (b) combinative
thermal-alkaline, and (c) combinative thermal-enzymatic-
thermal treatment (N.B. all measurement bars are 1 lm).

2714 DUCHEMIN AND STAIGER

Journal of Applied Polymer Science DOI 10.1002/app



CONCLUSIONS

WAXS, FTIR, and SEM were used to evaluate the
effect of different fiber treatments used in isolation
and combination on the microstructure and potential
properties of Harakeke fibers. All of the treatments
helped to break down the fiber bundle, enhance the
primary fiber surface roughness, and remove some
of the hemicelluloses and lignin. The most promis-
ing results were obtained via the thermal-alkaline
treatment as it resulted in the thorough extraction of
noncellulosic components. A novel and environmen-
tally benign thermal-enzymatic-thermal treatment
was shown to have the advantage of producing
short whisker-like fibers with a high-cellulose con-
tent. In a future work, biocomposites will be pro-
duced with the fibers obtained via these treatments.
Their mechanical properties will be assessed to fur-
ther demonstrate the benefits of improving the inter-
facial area between the natural fiber and a polymer
matrix.
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