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Natural fibres are envisaged today as potential candidates for replacing glass fibres in
composite materials. Although natural fibres have a number of advantages over glass
fibres, the strong polar character of their surface is a limiting factor as, compatibility with
strongly apolar thermoplastic matrices is very low. Such problems of incompatibility may
be overcome with fibre pre-treatments, which can enhance compatibility although having a
negative impact on the economics of using such materials. In this study two fibre
pre-treatment methods, acetylation and stearic acid treatments, have been applied on flax
fibres. The effect of these two pre-treatments has been examined by use of XPS, ToF-SIMS
and FTIR spectroscopic methods. It was found that the fibre surface before treatment is
very different to what may have been expected for cellulose materials. There is an
appreciable coverage of the flax fibre surface with hydrocarbon compounds, possibly waxy
substances, but no aromatic compounds were detected. All three spectroscopic methods
revealed that the fibre surface chemistry has been altered after the treatments, and
especially for acetylation it was found that ester bonds are present on the fibre surface after
treatment. For the stearic acid treatment the situation still remains less conclusive. Finally,
ToF-SIMS experiments revealed that the coverage of the fibre surface with acetyl groups
and stearic acid is highly heterogeneous. © 2003 Kluwer Academic Publishers

1. Introduction

Over the last few years there has been an increasing
interest in using natural fibres as reinforcing agents in
composite materials [1-7]. A combination of proper-
ties, such as low cost, low density, non-toxicity, high
specific properties, no abrasion during processing, and
recycleability, all contribute to a rising interest from
the manufacturing industry of low cost, low weight
composites. However, there are a number of prob-
lems associated with incorporating such fibres into
thermoplastic matrices, most notably fibre-matrix in-
compatibility where apolar polymers are concerned,
and thermal stability of the fibres where relatively
high processing temperatures are required. The com-
patibility problem may be further complicated by di-
mensional instability of the resulting composites in
humid conditions. When water is absorbed the ma-
trix is placed under stress by the swelling of the fi-
bres. Since no significant bonding exists between the
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fibres and the matrix, when the material is dried a
rapid shrinkage of the fibres takes place that results
in propagation of debonding cracks and severe de-
terioration of mechanical properties [8]. In addition,
the poor interface contact between cellulose fibres
and thermoplastic may contribute to phase separation
under stress, especially at subzero temperatures, and
lead again to the degradation of mechanical properties
[9].

Fibre pre-treatments, although increasing the cost,
are potentially able to overcome these limitations. In
the past many attempts have been made to modify the
surface properties of cellulose fibres in order to en-
hance adhesion with the matrix. Various methods such
as corona treatment [10], plasma treatment [11], mer-
cerisation [12], heat treatment [13], graft copolymeri-
sation [14, 15], silane treatment [12, 16] and treat-
ments with other chemicals [17-20], to mention just
a few, have been reported to affect the compatibility
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in natural fibre composites, in most cases positively.
However, the methods referred to possess many disad-
vantages, the most important of which are the use of
expensive equipment or the use of expensive chemical
reagents.

Acetylation is a rather attractive method of modify-
ing the surface of natural fibres and making it more
hydrophobic. It has been shown to reduce swelling of
wood in water [21] and has been studied more than
any other chemical reaction of lignocellulosic materi-
als. The main principle of the method is to react the
hydroxyl groups (—OH) of the fibre with acetyl groups
(CH3CO—), therefore rendering the fibre surface more
hydrophobic. The hydroxyl groups that react are those
of the minor constituents of the fibre, i.e., lignin and
hemicelluloses, and those of amorphous cellulose [22].
The hydroxyl groups in the crystalline regions of the
fibre are closely packed with strong interchain bond-
ing, and are inaccessible to chemical reagents. Acetyla-
tion has been shown to be beneficial in reducing mois-
ture absorption for natural fibres. Reduction of about
50% of moisture uptake for acetylated jute fibres and
of up to 65% for acetylated pine fibres has been re-
ported in the literature [23]. Liu et al. [24] studied the
effect of acetylation in natural fibre composites (cot-
ton, rayon, wood with polystyrene as matrix) and they
showed by using the micro-debond test that acetylated
fibres had an increased interfacial shear strength. Fur-
thermore, they reported that acetylation increased the
dispersive component of the surface energy of the fi-
bres. Similar results to the ones reported by Liu et al.,
have been also found by the authors of the present
study [25]. Acetylation has also been found to en-
hance the interface in flax/polypropylene composites
[26].

Another promising method of modifying the fibre
surface of natural fibres is sizing with fatty acids such
as stearic acid. Stearic acid has been used previously
as a sizing agent in the papermaking industry, with
photographic paper being one of the principal appli-
cations [27]. The principle of the method is similar to
that of acetylation. The carboxylic group (—COOH)
reacts with the hydroxyl groups of the fibre through
an esterification reaction and, hence, they reduce the
number of hydroxyl groups available for bonding with
water molecules. Furthermore, the long hydrocarbon
chain of stearic acid (C;g) provides an extra protec-
tion from water since it is itself quite hydrophobic.
Another advantage of stearic acid is that it is not sus-
ceptible to oxidation at the processing temperatures
of natural fibre/polypropylene composites [27]. The
bonding of stearic acid onto cellulose has been inves-
tigated by infra-red spectroscopy (IR) [28] and by X-
ray photoelectron spectroscopy (XPS) [29]. The sizing
with stearic acid can be done via a solution process
where the sizing agent is dissolved in an appropriate
solvent.

In our laboratory, however, we have developed a
vapour phase sizing process where there is no sol-
vent involved. Vapour phase sizing is a very clean
method that makes a more efficient use of sizing chem-
icals than is now practised with conventional sizing
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methods. It eliminates the requirement of a solvent and
its subsequent evaporation. Furthermore, the current
emphasis on environmentally friendly processes accen-
tuates the need for more efficient processes as opposed
to more and larger effluent treatment units. The applica-
tion of stearic acid treatment on flax fibres has also been
found to strengthen the interface in flax/polypropylene
composites [26].

In this study an investigation of the surface chem-
istry via XPS (X-ray photoelectron spectroscopy),
ToF-SIMS (time-of-flight secondary ion mass spec-
trometry), and ATR-FTIR (attenuated total re-
flectance Fourier transform infra-red spectroscopy) is
reported.

2. Experimental

2.1. Materials

Six different types of flax fibres were used in this
study. Green flax (GR), dew-retted flax (DR), acety-
lated green flax (ACGR), acetylated dew-retted flax
(ACDR), stearic acid sized green flax (STGR), and
stearic acid sized dew-retted flax (STDR). GR and
DR flax were supplied by CERES BV, Holland. GR
flax consists of fibres that have been mechanically ex-
tracted from the flax stem directly after harvesting. DR
flax fibres have received a partial bacterial degrada-
tion by laying the plant stem in the field for a period
of up to one month after harvesting. The fibres can
then be extracted more easily from the weakened plant
stem, and are less damaged than their green counter-
parts Further details of the extraction of flax and other
vegetable fibres are described more fully elsewhere
[30].

The acetic anhydride was of reagent grade and was
supplied by BP Chemicals Ltd. Stearic acid was of
98% purity and purchased from BDH Chemicals Ltd.,
UK.

2.2. Flax fibre treatments

Acetylation was performed following Rowell’s method
[31]. The fibres were first “overdried,” that is until no
further loss of weight, for 24 h at 105°C. They were then
placed in a stainless steel mesh container and dipped
into a beaker containing acetic anhydride for 1 min.
Afterwards they were drained for 3 min and placed in a
preheated (120°C) oven for two hours. After the reac-
tion was completed, the fibres were placed in a vacuum
(0.003 MPa) for 2 h at 120°C and then overdried for
12 h (the fibres produced in this process are identified
with the prefix ‘AC’).

The experimental procedure of the vapour phase siz-
ing was as follows. A stainless steel tank containing
stearic acid was placed in a preheated oven at 105°C.
The fibres were first overdried and then placed on a
fine mesh directly above the stearic acid. The duration
of the treatment was 36 h, as this has been found to be
the optimum treatment time for strength purposes [26].
Afterwards the fibres were overdried for 12 h (the fibres
produced in this process are identified with the prefix
‘ST).



It has previously been shown [25] that the fibres un-
dergo a large weight percent gain after acetylation. This
gain, of the order of 10-15% for treatment times of
2 h and above indicates that this process is not just a
surface modification, but that a significant amount of
sub-surface and bulk material is capable of participat-
ing in the reaction. It has been shown, however, that
there is virtually no difference between the uptake of
GR and DR fibres. On the other hand, stearic acid treat-
ment of DR flax only results in weight gains of the or-
der of 0.05-0.25% [25]. This indicates that the large
stearic acid molecule is not capable of penetrating the
surface pores of the natural fibre, and is therefore only
likely to affect the surface of the fibre if a reaction
occurs.

It has to be noted that for all experiments the fibres
were used without any pre-drying, i.e., as received.

2.3. X-ray photoelectron spectroscopy
(XPS)

XPS analysis was performed with a ThermoVGScien-
tific Sigma Probe using a microfocusing monochro-
matic Al K, X-ray source at an operating pressure of not
more than 1078 mbar. All spectra were recorded using
a spot size of 30 um in order to maximise the analysis
area incident with the fibre surface (fibre diameter ap-
proximately between 50 and 100 pm). The fibres were
located using the video camera aid coincident with the
field of view of the X-ray beam. Charge compensation
was provided by a LEG 31 electron gun operated at 6 eV.
Survey spectra were acquired using a pass energy of
50eV (3 scans, channel width 1 eV), and high resolution
spectra were recorded with a pass energy of 20 eV (15
scans, channel width 0.2 eV). The fibres were mounted
by placing them on aluminium foil, and trapping them
between a nickel backing plate and cover plate (aperture
7 mm). This assembly was then clipped to the sample
platten of the spectrometer. Therefore, an aluminium
signal would be observed in the resultant spectrum if
the beam was not located accurately on the desired
fibre.

2.4. Time-of-flight secondary ion mass
spectrometry (ToF-SIMS)

ToF-SIMS analysis were recorded using a VG Scientific
Type 23 system equipped with a two-stage reflectron-
type analyser and a MIG300PB pulsed liquid metal ion
source. The primary ion beam used was a 20 keV °Ga™
ion beam rastered over an analysis area of either 0.5 mm
by 0.5 mm, or 0.25 mm by 0.25 mm (depending on the
spectral resolution attained by the former) at a rate of
5 kHz. The beam current used was 0.5-0.6 nA and the
pulse width 25 ns, resulting in a primary ion dose well
within the static SIMS regime for both analysis areas
[32-34]. The spectrometer was run at operating pres-
sure of approximately 10~ mbar and the mass range
recorded was m/z = 0-500 in both positive and neg-
ative modes. The use of a LEG 50 electron gun oper-
ated at 14 eV was also implemented to alleviate sample
charging. Samples were mounted in a similar way to

the XPS specimens, although in this case they were
mounted on spring-loaded stubs prior to introduction
to the spectrometer.

2.5. Attenuated total reflectance-fourier
transform infra-red spectroscopy
(ATR-FTIR)

The flax fibres were analysed with a Mattson Genesis 11

spectrometer equipped with LiTaO3; and DTGS detec-

tors. The spectra were obtained with an accumulation of

25 scans and with a resolution of 0.5 cm™!. They were

recorded in the transmission mode and in the range of

700—4000 cm~!. The fibres were mounted on a ‘Golden

Gate’ ATR accessory prior to scanning. The spectrom-

eter was operated on a scanning velocity (laser clock

frequency) of 20 kHz. The results were obtained and
analysed with the Mattson WinFIRST data acquisition

and analysis software for Windows 95.

3. Results and discussion

3.1. XPS of flax fibres

Flax fibres consist of a number of elementary fi-
bres (approx. 40) that are bound together by a
lignin/hemicellulose matrix [30]. The bulk fibre con-
sists of approximately 70 wt% cellulose (C1,H22010;
0O/C = 0.83), 18 to 19 wt% hemicellulose (polysaccha-
rides with a range of monomers, where O/C ~ (.83),
2 to 2.5 wt% lignin (a complex polymer, where O/C =
0.35[35], 2 to 2.5 wt% pectin (composition and O/C ra-
tio similar to hemicellulose), and 1.5 to 2 wt% wax [31].
The greater proportion of cellulose lies within the ele-
mentary fibre in the form of crystalline and amorphous
cellulose. Therefore, it can be expected that the fibre
surface will be enhanced in lignin and hemicellulose
material, which helps bind the fibres together, and wax,
which acts as a natural barrier to the environment for the
plant stem. In addition to this composition, there is an
appreciable amount of water associated with the fibre
(about 5 to 10 wt%), which can penetrate along the fibre
direction through the hollow centre of the elementary
fibres of the plant or be adsorbed through the fibre sur-
face. The dew-retting process exploits the preferential
degradation of lignin, pectin, and hemicellulose over
cellulose to allow easier extraction of the fibres from
the plant stem. Therefore, the surface of DR should
possess greater polysaccharide character than the GR
flax.

Fig. 1 shows the survey spectra acquired for all of
the six types of flax fibres. As seen in the figure, all
the fibres exhibit very simple spectra containing only
carbon (BE = 285 eV) and oxygen (BE = 533 eV).
This shows that after the extraction process, even where
green fibres are concerned, there is no material con-
taining significant amounts of N, P, Ca, K, or Na, as
might be expected from natural materials. The O/C ra-
tios for each type of fibre are presented in Table I. It can
be seen that the O/C ratio for GR flax is 0.22, a value
much lower than that expected for a purely polysaccha-
ride surface (O/C =~ 0.83). Therefore, it appears that the
surface of the fibre is enriched in lignin-type material
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TABLE 1 O/C ratios and peak-fitted C 1s ratios of flax fibres from XPS data

Cy (C—0) C, (C—0) C3 (C=0)

Clsat% O lsat% o/C eV % eV % eV % C4 (0—C=0)

DR 80.0 20.0 0.25 285 40.8 286.7 44.9 288.3 14.3 -
ACDR 87.9 12.1 0.14 285 85.7 286.7 10.3 - 289.0 4.0

STDR 82.9 17.1 0.21 285 100 - - -

GR 81.7 18.3 0.22 285 52.6 286.5 347 288.7 12.6 -
ACGR 79.4 18.6 0.23 285 52.4 286.8 38.2 - 289.3 9.4

STGR 83.7 16.3 0.19 285 58.5 286.2 327 288.3 8.8 -
— com GR fibres, which still have organic binding material
Cle — ACDR (lignin, hemicellulose, wax) adhered to the surface
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Figure 1 The XPS survey spectra for treated and untreated flax fibres.

(O/C~0.35), and/or waxes. High resolution spec-
troscopy of the C1s peak (not shown, reported in
Table I) reveals that the carbon is present mostly in a hy-
drocarbon environment (C;), with a significant amount
present as alcohol or ether moieties (C,), and a small
amount of carbon possessing two bonds with oxygen
atoms (C3). Cellulose naturally possesses carbon atoms
in an O—C—O environment, which arise as a result of
the condensation reaction from the base sugar units. In
pure cellulose, this would account for one-sixth of the
carbon atoms in the cellulose backbone. Dew-retting
has the effect of increasing the alcohol/ether content
of the fibre surface, probably as a result of preferential
degradation of hemicelluloses and removal of pecti-
nous and waxy material from the fibre surface. Indeed
it has been found through SEM examination that the
DR fibre surface is considerably rougher than it is for
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There is also an absence of a shake-up satellite
at approximately 291 eV, suggesting that the surface
treatments do not result in the formation of aromatic
functional groups. This observation is of general im-
portance to all the fibre surfaces, because the lignin
macromolecule is rich in aromatic groups. Although
the fibre is thought to contain only 2.2% lignin, if this
was enhanced at the surface it would be an explanation
for the relatively low O/C ratios recorded for all the fi-
bres. However, the absence of any significant shake-up
satellite (generally stated as approximately 10% of the
Cx peak detected from the aromatic carbons present)
points to a surface that is not enriched with lignin, but
with waxy material. Therefore, this analysis suggests
that the flax stem utilises waxes and/or lipids not only in
the epidermis as it is generally thought, but also within
the plant stem at the cell barrier between the technical
fibres.

Itis interesting to note that the O/C ratio, and both the
C; and C, moieties for ACGR fibre remains unaltered
after the acetylation procedure. However, the O—C—0O
component of the C1s peak has been replaced with
a peak that further shifted relative to the hydrocarbon
peak. The peak has been reassigned as a result of this
slight change in binding energy, because the O—C—O
line is expected to fall in between 287.83 and 288.06 eV,
whereas the O=C—O moiety is usually found to lie be-
tween 288.64 and 289.23 eV. Although these discrep-
ancies are on the edge of experimental error, it does
appear to be consistent with the presence of a carboxyl
moiety indicating that part of the surface has reacted
with the acetic anhydride.

The C—O moiety is increased slightly by the reaction,
suggesting that either the reaction is inefficient or that
a large proportion of the C, peak may be attributable
to etheric carbon. Given that the O/C ratio does not
change, and that the C; peak remains largely unaltered,
it seems reasonable to conclude that the reaction with
acetic anhydride can occur only on restricted parts of
the fibre surface. Therefore, it appears that a propor-
tion of the surface of GR fibres is not susceptible to
the acetylation procedure, and coverage of the surface
is heterogeneous. These results support the hypothesis
that the surface of GR flax is enriched with waxy mate-
rial that is largely unreactive towards acetic anhydride.
However, the large weight gain (~15% from immer-
sion for 5 h) that is found from acetylation of green flax



[25] suggests that the reactant is capable of penetrat-
ing the surface and reacting with sub-surface and bulk
material.

The scenario for DR fibres is somewhat different.
Acetylation has the effect of decreasing the O/C ratio
by approximately 50%, and the profile of the C 1s peak
isradically altered. Although the alcohol/ether moieties
are significantly reduced as expected from the acetyla-
tion procedure, the carbon present in a carboxyl envi-
ronment is approximately 50% of that found in ACGR
fibres. At this stage there is no solid explanation to
account for this sharp difference of the effect of acety-
lation between DR and GR fibre. Possibly there is hy-
drogen bonded water molecules present within the fibre
subsurface of DR fibres, which are removed on contact
with acetic anhydride and converted to acetic acid. On
the other hand the water in the GR fibre is probably
present in the bulk rather than the surface or the sub-
surface. It has been found through X-ray diffraction
that GR is less crystalline than DR [6, 25], hence, this
assumption seems reasonable as it is more difficult for
the water to penetrate in the bulk of the more crystalline
DR fibre.

Table I also shows the O/C ratio and C 1s peak assign-
ment for STGR and STDR fibres. The O/C ratio for GR
flax is not altered greatly after exposure to stearic acid.
The C 1s peak exhibits slightly enhanced hydrocarbon
character, and a slight decrease in oxygen bound car-
bon. The results here indicate that there is a partial cov-
ering of the surface by the fatty acid, although there is
no evidence that an esterification reaction has occurred.
XPS is unlikely to detect the ester or acid introduced
to the surface as a result of chemical reaction or phys-
ical adsorption, because the length of the hydrocarbon
chain in stearic acid is greater than the escape depth of
the expelled photoelectron.

The situation for STDR fibres is very different. There
is still a significant amount of oxygen detected on the
fibre surface (a slight decrease compared to DR fi-
bres), although the C 1s peak is symmetrical, indicat-
ing carbon is present purely as hydrocarbon. It appears
that the fibre surface has been totally covered in fatty
acid, and the presence of oxygen suggests that there
may be a significant amount of water still associated
with the fibre surface. It is possible that this water
has just condensed on the fibre surface and remained
there, but once again there is no solid evidence for this
assumption.

3.2. ToF-SIMS of flax fibres

ToF-SIMS fragmentation patterns can be very infor-
mative with regard to the chemical structure of the
uppermost 2 nm of the sample surface. Therefore, al-
terations in the spectra are expected if either reaction
has occurred successfully on the surface, because this
technique is very sensitive to alterations in chemical
structure. However, even though ToF-SIMS is a very
powerful technique it has not been used to investigate
the surface chemistry of natural fibres. To the best of our
knowledge this is the first study reporting ToF-SIMS re-
sults for natural fibres. The positive ToF-SIMS spectra

for DR, ACDR, STDR and for GR, ACGR, STGR fibres
intherange m/z = 0-100 Da are shown in Figs 2 and 3,
respectively. The cylindrical nature of the fibres results
in relatively poor spectral resolution, so effectively the
spectra are limited to unit mass resolution. The surpris-
ing observation is that there is no discernible difference
between the spectra, despite the fact that XPS reveals an
alteration in the C 1s envelope with surface treatment.
There is also very little difference between the spec-
tra recorded for the GR and DR fibres. In fact, all the
ToF-SIMS spectra are typical of hydrocarbon-type sur-
faces, and do not display any prominent ions that are
characteristic of cellulose. This general result is very
difficult to explain in the light of the previous XPS re-
sults, which clearly indicated differences in O/C ratios
and chemical modification to the carbon atom environ-
ment. Both sets of analyses show that the fibre surface
does not consist of the cellulose-type material expected.
It appears that there is still a hydrocarbon layer on the
surface of the fibres after both dew-retting and acety-
lation, showing that bacterial action and submersion in
acetic anhydride does not effectively remove the fatty
substance present on the fibre surface. The absence of
inorganic ions such as sodium (m/z = 23) and cal-
cium (m/z = 40) is also notable, because the detection
limit is very good for such ions with a low ionisation
potential.

An examination of the positive spectra of DR-STDR
and GR-STGR fibres in the range of m/z = 200-300
Da (Figs4 and 5, respectively) reveals the appearance of
two new peaks at 267 and 285 Da after stearation. These
two new peaks are characteristic of the stearic acid
molecule [36] and correspond to the (Cj7H35C=0")
ion and to the molecular ion (C17H35C02H§r ), respec-
tively. These two peaks are indicating that stearic acid
has been deposited on the surface of the stearated fi-
bres, although provide no information as to if an es-
terification reaction has taken place. There is also an-
other peak associated with stearic acid in the negative
mode. This peak should appear at m/z = 283 Da, but
an examination of the negative mode spectra of STDR
and STGR did not reveal such a peak. The absence
of the 283 (negative mode) peak can be explained by
the fact that after ion bombardment the fibre surface is
charged positively. Hence, it is very difficult for large
negatively charged ions to escape from the surface and
probably this is the reason for not detecting the 283 Da
peak.

Figs 6 and 7 show the negative ToF-SIMS spectra
for modified and umodified DR fibres (DR, ACDR,
and STDR) and for modified and unmodified GR fi-
bres (GR, ACGR, and STGR). The spectra observed
are very simple, and exhibit only ions of low mass. The
only apparent difference is the presence of the peak at
m/z = 59, present in the ACDR and the ACGR spectra
of Figs 6b and 7b, attributed to the CH3;COO™ ion. The
presence of this ion indicates the acetylation procedure
has altered the surface as intended. As seen in Figs 6 and
7 the stearic acid treated fibres have a similar spectrum
to the untreated fibres.

Semi-quantitative data may also be obtained by nor-
malising the peak in question to the total number of
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Figure 2 ToF-SIMS positive spectra of DR (a), ACDR (b) and STDR (c) fibres (m/z = 0-100 Da).

counts recorded in the spectrum. Fig. 8 shows a plot  ment is producing an inhomogeneous surface similarly
of the normalised intensity of the CH3CO, ion for  to acetylation.

ACDR and ACGR flax fibres. The analysis points were

taken from the same sample, at different points along

the fibres. It is clear that there is a great deal of scat-  3.3. ATR-FTIR of flax fibres

ter in the relative intensities from the different analysis ~ The FTIR spectra of DR-ACDR and GR-ACGR are
points of the acetylated fibres. It therefore appears (as  shown in Figs 10 and 11, respectively. It may eas-
with XPS) that the acetylation procedure is a heteroge-  ily be seen that in both ACDR and ACGR cases two
neous one, suggesting that some areas of the surfaceare ~ new peaks appear at around 1733 cm™! and 1228-
more strongly acetylated than others. In similar fash- 1235 cm™!. These two peaks are associated with the
ion Fig. 9 shows the normalised intensities for the ions ~ C=O0 stretching (1733 cm™!) and with the C—O stretch-
at m/z = 267 (Fig. 9a) and at m/z = 285 (Fig. 9b). ing (1228-1235 cm™") of the carboxyl group. The ap-

Once again there is a great deal of scatter in the rela-  pearance of these two peaks indicates the presence of
tive intensities from the different analysis points of the  the acetyl groups in the fibres and also that these acetyl
stearated fibres, suggesting that the stearic acid treat-  groups are involved in an ester bond with the fibre
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GR ToF-SIMS positive spectrum
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Figure 3 ToF-SIMS positive spectra of GR (a), ACGR (b) and STGR (c¢) fibres (m/z = 0-100 Da).

constituents. If the acetyl groups were in free form
(acetic acid) then the stretching of C=0 should have
been at a position below of 1725 cm™! as is indicated
by the reference tables of IR spectra [37]. Furthermore,
if the acetyl groups were present as acetic anhydride
(highly unlikely because of the reactivity of acetic an-
hydride), two peaks should have appeared for the C=0
stretching, one around 1805-1830 cm~! and another
one at around 1780-1800 cm™!, accounting for the
presence of two ketonic carbons. In addition, the C—O
stretching peak should have appeared below 1200 cm ™!
if it was present in this environment. The absence of
these peaks from Figs 10 and 11 show that the acetyl
groups in the fibre can be attributed to presence of es-
ter bonds, which are bound to the surface of the fibre.
In combination with the XPS and SIMS results, it is
clear that the acetyl groups present on the surface of the

fibres must also be in an ester environment. It may also
be seen from Figs 10 and 11 that there are no peaks
present above 3000 cm~! (C—H stretching in aromatic
rings), with the exception of the broad peak around
3280 cm~! that may be attributed to O—H stretching
for hydrogen-bonded hydroxyl groups. This is further
evidence that there are no aromatic compounds in the
fibre subsurface. The absence of peaks in the region
of 700—850 cm~! (out-of-plane C—H deformation),
characteristic of aromatic compounds, also support this
analysis. The peak at around 1600 cm™! is probably
associated with absorbed water in crystalline cellulose
[37] rather than with C=C stretching in aromatic rings.
Therefore, it appears that the fibres are free of lignin,
a compound rich in aromatic rings, or more precisely
there is no lignin at such a level that it could be detected
by FTIR.
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Figure 4 ToF-SIMS positive spectra of DR (a) and STDR (b) fibres (m/z = 200-300 Da).
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Figure 5 ToF-SIMS positive spectra of GR (a) and STGR (b) fibres (im/z = 200-300 Da).
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Figure 6 ToF-SIMS negative spectra of treated and untreated DR fibres (DR (a), ACDR (b), STDR (c)).

Another very interesting feature that can be seen
in Fig. 10 is that the two peaks at around 2920 and
2850 cm™~!, both associated with C—H stretching of
non-aromatic compounds, have increased after the
acetylation of DR flax fibres. Although no quantitative
treatment of data took place, it is in good agreement
with the XPS results that showed a 50% reduction of
the O/C ratio for ACDR in comparison to DR fibres.
A possible explanation again may be that many methyl
groups (associated with the acetyl groups) have been
inserted as a result of the acetylation process into the
fibre. The opposite effect can be seen in Fig. 11 for
GR-ACGR fibres. In this case the two C—H stretch-
ing peaks have decreased after acetylation of the GR

fibres. Again this is in a good agreement with the XPS
data where the O/C ratio was found to slightly in-
crease after acetylation. A possible explanation in this
case is that the treatment has caused a removal of an
outer layer of the fibre surface rich in hydrocarbon,
which compensated for the insertion of the new methyl
groups.

In Figs 12 and 13 the FTIR spectra of the DR-
STDR and GR-STGR fibres are shown, respectively.
In these cases no significant difference can be seen
between the spectra of untreated and stearic acid
treated fibres. There are no peaks that could be as-
sociated with a carboxyl group as there were for
acetylated fibres and few differences may be observed
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Figure 7 ToF-SIMS negative spectra of treated and untreated GR fibres (GR (a), ACGR (b), STGR (c)).

Relative signal intesity for m/z 59 negative for the two C—H peaks at 2920 and 2850 cm™~!. There
(CH,CO0) is only a slight decrease of these two peaks for STGR

0.009 . .
0.008 fibres, which does not agree with the XPS results. The
%‘ 0.007 absence of carboxyl group related peaks from the spec-
g 0006 tra is not necessarily indicative that no ester bonds are
2 gggi present between stearic acid and the fibre surface con-
B 0003 stituents since the amount of stearic acid deposited
@€ 0.002 on the fibres is very small and it may very well be
0.001 outside the sensitivity range of the technique. Hence,

° h tion of wheth t stearic acid h
ACDR ACGR the question of whether or not stearic acid has re-
acted with the fibre to form ester bonds remains still
Figure 8§ Normalised intensity for the CH3COO™ ion. unresolved.
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Figure 10 FTIR spectra of DR and ACDR flax fibres.
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Figure 11 FTIR spectra of GR and ACGR flax fibres.
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Figure 12 FTIR spectra of DR and STDR flax fibres.
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Figure 13 FTIR spectra of GR and STGR flax fibres.

4. Conclusions

Three spectroscopic methods have been applied in an
attempt to investigate the effect of acetylation and
stearic acid treatments on the fibres. In all cases the sur-
face of the fibres was found to have a rather different
structure to that expected. All three spectroscopic meth-
ods indicated that there are no aromatic compounds on
the surface or in the bulk, which implies that there is no
lignin or there is only a very small amount in the fibres,
in contrast with the reported values from the literature
(R2.5% [31]. However, even if there is lignin in the
fibres, it is definitely not present on the fibre surface
(it is noted that the sensitivity of XPS and especially
ToF-SIMS is far higher than that of FTIR).

It was found through XPS and ToF-SIMS that the
fibre surface is rich in compounds that are of hydro-
carbon nature, such as waxes and wax like substances.
Cellulose and hemicellulose are mostly contained in
the bulk rather than on the surface of the fibres. XPS,
ToF-SIMS and FTIR revealed the presence of acetyl
groups that are involved in an ester bond with the fibre
constituents for acetylated fibres. ToF-SIMS indicated
that the fibre surface is very heterogeneous and that
there are areas rich in acetyl groups and areas with less
acetyl content. This implies that there are areas that are
more reactive with acetic anhydride than others. For
stearic acid treated fibres the evidence was less conclu-
sive. XPS revealed that there is an increase of carbon in
treated fibres compared to untreated ones as expected,
and also for STDR the C 1s envelope could not be de-
convoluted, which implies that the oxygen present in
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the fibres is possibly due to water rather than being as-
sociated with carbon atoms. ToF-SIMS revealed that
stearic acid molecules are present on the surface of the
stearated fibres, and that the coverage of the fibre sur-
face is not homogeneous. The FTIR examination of
STDR and STGR fibres revealed that these fibres had
almost identical spectra with the DR and GR fibres, re-
spectively. In these cases no peaks were observed that
could indicate the presence of an ester bond between the
stearic acid molecule and the fibre constituents. There
were also no peaks that could be associated with the
carboxyl of the stearic acid molecule. Hence, no con-
clusion can be drawn as to whether or not the stearic
acid has reacted with the fibre. It has to be noted though
that the amount of stearic acid deposited on the fibre
is very small and probably undetectable through FTIR.
Hence, although the stearic acid is present on the fibre
surface it is still not clear whether or not it has reacted
with fibre surface constituents to form ester bonds.
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