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Abstract

The fiber structure was investigated in lyocell fabrics treated with NaOH (120 g/1), or KOH (250 g/1), and compared with that in
untreated fabrics. The alkali treatments caused some degree of degradation in fibers, but no significant changes in carboxyl contents
or crystallinity. There were indications of transitions of porosity in the morphology of lyocell fibers, with accessibility at the fiber centers
being distinctly lower than that at the outer edges. Both alkali treatments appeared to increase accessibility at the peripheral region in
fibers, though to different extents; but there were no evident changes of accessibility at fiber centers. A model is proposed of changes in

fiber structure due to the two alkali treatments.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In a previous communication (Manian, Abu-Rous,
Schuster, & Bechtold, 2006), we described the influence
of two specific alkali pretreatments on the resin finishing
of lyocell — a regenerated cellulosic spun from a solution
of wood pulp in N-methyl-morpholine-N-oxide. Woven
lyocell fabric samples were awarded pretreatments with
NaOH (120 g/l), KOH (250 g/1), or remained untreated.
A half of the pretreated samples (including the untreated)
were awarded resin finishing treatment by a pad-dry-cure
process with a dimethylol dihydroxyethyleneurea (DMD-
HEU) based product. In comparisons between samples, it
was observed that: (a) there was a small but measurable
increase in accessibility (measured by dye uptake) of sam-
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ples pretreated with NaOH, as compared to the untreated
or the KOH pretreated samples; (b) there were no signifi-
cant differences in resin content between samples finished
with or without pretreatment; (c) there was a greater con-
centration of resin on fiber/yarn surfaces in samples fin-
ished after alkali pretreatments, as opposed to a more
uniform distribution of resin across fiber/yarn cross-sec-
tions in samples finished without pretreatment; (d) the
crease recovery was highest in samples resin finished with-
out pretreatment; and (e) while there were no significant
differences in strength between samples subjected to pre-
treatments alone, both tensile strength and abrasion resis-
tance were lower in samples resin finished after alkali
pretreatment as compared to those resin finished without
pretreatment.

There was little difference in wet pickup after padding,
hence similar resin contents were observed in all samples.
Some properties of treated samples could be correlated
with resin distribution. Higher surface concentrations of
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resin result in lower abrasion resistance (Grant, Andrews,
Weiss, & Hassenboehler, 1968; Lickfield et al, 2001) while
a more uniform distribution of resin through substrates
results in greater crease recovery (Bertoniere, King, &
Rowland, 1981; Rowland, Bertoniere, & King, 1983), as
observed respectively in samples resin finished with and
without pretreatments. A uniform distribution of resin is
also correlated with decreased tenacity, but was not found
to hold true for the samples in this work. Hence, some
questions remained to be answered. In particular: (i) why
did alkali pretreatments result in a greater surface concen-
tration of resin; and (i1) why was the tensile strength lower
in samples resin finished after alkali pretreatments, despite
a higher surface concentration of resin.

Investigations were undertaken of the fiber structure in
untreated and alkali pretreated fabric samples in an effort
to answer the questions raised above. In this communica-
tion, we report the results of our investigations.

2. Experimental
2.1. Alkali pretreatments

Samples of plain-woven lyocell fabric (137 g/m?, 36 x 29
threads/cm, 50/1 Nm yarns comprised of 1.3 dtex fibers)
were padded through treatment formulations containing
alkali and surfactant. The padded samples were rolled
around glass rods and enveloped in plastic sheets to be
stored at room temperature: for 30 min in NaOH pretreat-
ments, and for 4 h in KOH pretreatments. After the respec-
tive time periods, the samples were rinsed in running hot
water for 5 min, immersed in a solution of 5% acetic acid
at room temperature for 60 min, rinsed again in running
cold water for 5Smin, and line-dried overnight. The
‘untreated’ fabric samples received no treatments.

More details on the resin finishing of samples may be
obtained from our previous communication (Manian
et al., 2006). The measurements performed on the pre-
treated fabric samples are described below.

2.2. Carboxyl content

The carboxyl (COOH) content in samples was measured
with the TAPPI Test Method T 237 (TAPPI Test Methods,
1989) on 0.250-0.510 g specimens cut finely into pieces of
approximately 1 mm in size. Three replicate measurements
were conducted on samples from each treatment.

2.3. IR crystallinity

The degree of crystallinity was determined from the
ratio of absorbance intensities at 1370 cm™! to those at
2900 cm ™' in specimens as measured by KBr transmission
FT-IR spectroscopy with the method of Baldinger, Moos-
bauer, and Sixta (2000), who reported a good correlation
between the absorbance ratio and wide-angle X-ray scatter-
ing (WAXS) values in determinations of cellulose II crys-

tallinity. About 5mg of finely cut fiber specimens were
mixed with 1.5 g KBr, pressed into pellets, and measured
in transmission mode with a Bruker IFS 66 spectrometer
(Bruker, Germany). Four replicate measurements were
conducted on samples from each treatment.

2.4. Degree of polymerization (DP)

The degree of polymerization in samples was determined
by Gel Permeation Chromatography (GPC) as described by
Schelosky, Roeder, and Baldinger (1999), using as eluant
0.9% (w/v) DMACc/LICI filtered through a 0.02 um filter.
The test specimens were injected automatically, eluted
through four serial GPC columns, and monitored with
MALLS and refractive index (RI) detectors. The molecular
weight distribution and related parameters were calculated
on the basis of a RI increment of 0.140 ml/g for cellulose
in 0.9% (w/v) DMACc/LICl. Two replicate measurements
were conducted on samples from each treatment.

2.5. Pore characterization with inverse size exclusion
chromatography (ISEC)

The principle and methodology of ISEC is described in a
previous communication from this laboratory (Kongdee,
Bechtold, Burtscher, & Sheinecker, 2004). In essence, the
material of interest is packed in a chromatography column
to act as the stationary phase and probe molecules (sub-
stances of known molecular size that have no affinity for
the material) are eluted through the column in a mobile
phase. The accessible pore volumes are derived from the res-
idence times of probes as shown in Eq. (1), and plotted as a
function of probe diameter. The slope and y-intercept from
regression analysis of the linear portion of the plot yield values
of the pore parameters: total pore volume, pore surface area,
and mean pore size in material as shown in Egs. (2) and (3).
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where V; = accessible pore volume (ml/g); T, = retention
time of probe (min); 7, = retention time for a totally ex-
cluded component (min); F = flow rate of mobile phase
(0.1 ml/min); and W = dry weight of material (g); V, = to-
tal pore volume (ml/g); d; = probe diameter (A); O, = pore
surface area (m*/g); and D, = mean pore size (A).

The experimental procedure described previously
(Kongdee et al., 2004) was followed in characterizing the
pore structure of samples by ISEC using as probes a series
of polyethylene glycols and dextrans of increasing molecu-
lar weight. Four replicate measurements, two each on spec-
imens from warp and fill yarns, were conducted on samples
from each treatment.
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2.6. Diffusion studies

The diffusion rates and distribution of a given dye may
be used for semi-quantitative comparisons of pore struc-
tures between substrates. In this work, the diffusion and
distribution of a fluorescent whitening agent (FWA), C.L
Fluorescent Brightener 252 (Uvitex BHT; Ciba, Basel,
Switzerland), was used as the basis for comparisons of pore
structures between the samples. An aqueous solution was
prepared by dissolving 1 g Uvitex BHT 120% in 11 deion-
ized water and filtered through a microfilter (0.45 um HYV).
Fiber specimens, 0.2 g in weight, were immersed in 40 ml of
the 1 g/ solution for 10 min, 4 h, or 24 h at room temper-
ature; then removed, rinsed twice for 10 min each with run-
ning cold water, and dried under ambient conditions. Fiber
cross-sections were then observed with fluorescence micros-
copy, photographed, and the depth of FWA diffusion
within fibers measured on the photographic images; as
described elsewhere (Abu-Rous, Varga, Bechtold, & Schus-
ter, 2007). Five to seven measurements were conducted on
fiber specimens from each treatment.

Statistical analyses of data were performed with the soft-
ware SPSS® at a 0.05 level of significance. The error bars in
graphs represent data variation in terms of +1 standard
deviation.

3. Results and discussion

The mean values of results from the different measure-
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3.1. Carboxyl content and DP

No significant differences were observed in carboxyl
content between the untreated and alkali treated samples.
Substantial differences were not observed in molecular
weight distribution profiles obtained by GPC between the
different samples, shown in Fig. 1. In comparisons of
molecular weight distribution parameters, there was evi-
dence of a small decrease in the proportion of short
chain-length polymers as well as some degradation of
longer chain-length polymers in alkali treated samples.

Oxidative degradation of cellulose, to which it is suscep-
tible in alkaline conditions, results in the generation of car-
boxyl groups in the polymer (Klemm, Philipp, Heinze,
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Fig. 1. Molecular weight distribution profiles obtained by GPC in

. X specimens from: ( ) untreated; (=== =) NaOH treated; and
ments on untreated and alkali treated samples are listed  (_ _ _) KOH treated samples. (color reproduction in web, but black-
in Table 1. and-white in print).

Table 1
Results of sample evaluations
Measurement Treatment
Untreated NaOH KOH
Carboxyl content (meq/100 g substrate) 2.81 (0.41)* 2.45 (0.90) 3.31 (0.44)

IR crystallinity index (A4;370/A2900)

Degree of polymerization

Mn (x1000 g/mol) 57.3 (0.0)
Mw (x1000 g/mol) 142.2 (0.3)
Mz (x1000 g/mol) 313.3 (3.7)
Mw/Mn 2.48 (0.00)
DP (<50) 1.3 (0.0)
DP (<100) 4.0 (0.1)
DP (>2000) 8.8 (0.2)

Pore parametersb

Vp (ml/g) 0.596 (0.078)
D, (A) 37.52 (6.79)
0, (m*/g) 320 (16)
FWA diffusion (um)*©

10 min 1.02 (0.05)
4h 2.29 (0.11)
24h 3.23 (0.29)

0.630 (0.013)

0.599 (0.023) 0.623 (0.004)

57.0 (0.3) 57.0 (0.1)
136.4 (3.3) 137.0 (2.5)
282.2 (1.4) 295.3 (1.5)
2.40 (0.05) 2.41 (0.05)
1.3 (0.1) 1.3 (0.1)
3.8(0.2) 3.8(0.2)
8.1(0.3) 8.1 (0.2)

0.671 (0.041) 0.544 (0.023)

33.45 (1.51) 32.56 (1.59)
402 (29) 335 (29)
1.88 (0.17) 1.27 (0.17)
2.82 (0.21) 1.90 (0.13)
3.94 (0.19) 3.23(0.19)

% 95% Confidence intervals.
b Vp, total pore volume; D, mean pore size; O, pore surface area.

¢ Extents of FWA diffusion within fibers after 10 min, 4 h, and 24 h of immersion.
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Heinze, & Wagenknecht, 1998; Trotman, 1984). Alkali
treatments of cellulose also cause a limited dissolution in
the polymer, mainly of short-length chains and hemicellu-
loses (Klemm et al., 1998). To these short chain-length
components are attributed a large proportion of the car-
boxyl groups in cellulose (Ibbett, Phillips, & Kaenthong,
2006a, 2007). The alkali treated samples in this work exhib-
ited evidence both of dissolution of short chain-length
polymers, and of polymer degradation. Hence, the lack
of significant differences in carboxyl content between the
untreated and alkali treated samples may possibly result
from a compensation of the increase in carboxyl content
due to oxidative degradation during alkali treatment, by
a coincident decrease in carboxyl content due to dissolu-
tion of short chain-length components from the cellulose.

3.2. Crystallinity

An increase in crystallite dimensions but a reduced
degree of orientation among crystallites and amorphous
regions is observed in lyocell fibers after alkali treatment
(Lenz, Schurz, & Wrentschur, 1992, 1993; Zhu, Ren, &
Wu, 2004). A decrease in fiber crystallinity is observed dur-
ing treatment with alkali, but recrystallization occurs in
subsequent washing and neutralization to extents which
depend on process conditions. Hence, under different treat-
ment conditions, the crystallinity in alkali treated lyocell
has been found to be higher, lower, or not very different
from that in untreated substrates (Lenz, Schurz, & Wrents-
chur, 1992; Zhu et al., 2004). In our work, there were no
significant differences in IR crystallinity indices between
the untreated and alkali treated samples.

3.3. Pore characterization with ISEC

A comparison of elution profiles (semi-log plots)
obtained with the different samples in ISEC measurements
are shown in Fig. 2. There were no significant differences in
elution profiles between specimens from a given treatment,
so average retention times are shown for each sample.

27 1

] §+
25: !z

T, (min)
b

19 —T—T—TTTTrrT —T—T—TTTrrT —rTrTrrrm

d; (A)

Fig. 2. Results from ISEC measurements: average retention times (7.) of
probes as a function of their diameter (&) in (Q)) untreated; ([l) NaOH
treated; and (/) KOH treated samples.

Retention times decrease continuously with increasing
probe diameter until a certain probe size beyond which
changes in retention times are minimal and a plateau is
observed in plots. The probe size at which the plateau
region begins is designated the exclusion limit and signifies
the smallest probe to be completely excluded from all pores
in the material (Kongdee et al., 2004). Exclusion limits may
be used as approximations of the largest pore size in mate-
rials, but the degree of scatter in data (Fig. 2) did not allow
for a precise estimation of exclusion limits among the dif-
ferent samples.

The plots of accessible pore volumes against probe
diameters obtained with Eq. (1) from the elution profiles
of individual specimens are shown in Fig. 3, and average
values of pore parameters derived with Egs. (2) and (3)
from the linear portions of these plots are listed in Table 1.

In general, alkali treatments of cellulose increase total
pore volume but decrease the average pore diameter in sub-
strates (Heinze & Wagenknecht, 1998). Again, the treat-
ment conditions employed can exert a significant
influence on the results obtained and examples may be
found in literature of both increased and decreased pore
volume in cellulosic fibers after alkali treatments (Brede-
reck, Stefani, Beringer, & Schulz, 2003; Kasahara, Sasaki,
Donkai, & Takagishi, 2004).

In our work, the total pore volume in samples treated
with NaOH was significantly higher than in those treated
with KOH, with intermediate values being observed in
the untreated samples. But the differences in total pore vol-
ume between the untreated and alkali treated samples were
not statistically significant. The values of D, appeared to be
lower in the alkali treated as compared to untreated sam-
ples, but the differences were not statistically significant.
Similar values of pore surface area were obtained for the
untreated and KOH treated samples, but that in NaOH
treated samples was significantly higher.

Despite the uncertain differences in D, between the dif-
ferent samples, a significant presence of smaller sized pores
may be discerned in NaOH treated samples from the signif-
icantly higher pore surface area. Such indications though
were not evident for the KOH treated samples. The slopes
of change in accessible pore volume (V;) with change in
probe size (d;) maybe used for rudimentary assessments
of differences in pore size distribution between substrates
(Bertoniere & King, 1989). The magnitudes of these nega-
tive slopes (ml/g/A): 0.016 +0.001, 0.020 4 0.002, and
0.017 4 0.001 for untreated, NaOH treated and KOH trea-
ted samples respectively; indicate a higher gradient of
change in pore size and thereby a different pore size distri-
bution in the NaOH treated samples as compared to the
untreated or KOH treated samples.

3.4. FWA diffusion studies
Photomicrographs of fiber cross-sections from FWA

diffusion studies on specimens from the untreated, NaOH
treated and KOH treated samples are shown in Fig. 4;
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Fig. 3. Results from ISEC measurements: plots of accessible pore volume
(V;) against probe diameter (d;) obtained with individual specimens from
(a) Untreated; (b) NaOH treated; and (c) KOH treated samples.

and the extents of FWA diffusion within fibers after
10 min, 4 h, and 24 h of immersion as measured on the
images are listed in Table 1.

It may be worth pointing out that the parameter quanti-
fied in this test was only the depth of FWA diffusion within
fibers, and not the amounts of FWA taken up by samples.
Hence, these results will not be useful for quantitative com-
parisons of overall accessibility but may be used for assessing
relative differences in accessibility across fiber structures.

The extent of FWA diffusion within fibers increased
with immersion time in all samples. In comparing the depth

of FWA diffusion in fibers between alkali treated and
untreated samples, we observed the following: at 10 min,
the values were higher for alkali treated samples by close
to 85% and 24% in the NaOH and KOH treated samples,
respectively, at 4 h, the value for NaOH treated samples
was higher by 23%, but that for KOH treated samples
was lower by 17%; and at 24 h, the diffusion extent in
NaOH treated samples was 22% greater, while that in
KOH treated samples was not significantly different. In
addition, it was observed that for all samples, there was a
lack of FWA presence at fiber centers even after 24 h of
immersion in test solutions.

In taking photographs of specimens for measurements
of diffusion extents, the exposure times were adjusted to
obtain the sharpest possible image at each instance. In
images taken at a set exposure time of 1.2 ms of fiber
cross-sections from specimens immersed in the FWA solu-
tion for 4 h (shown in Fig. 5), the fluorescence intensity was
observed to be higher in the alkali treated as compared to
untreated samples, with the highest intensity being
observed in samples treated with KOH. The differences in
fluorescence intensity likely result from differences in
FWA content between samples from the different
treatments.

In other work (Abu-Rous et al., 2007), it was found that
a complete diffusion of FWA across cross-sections was
observed only in ‘never-dried’ lyocell fibers, and that tests
on fibers dried after spinning revealed a lack of FWA pres-
ence at fiber centers. Transmission electron microscopy
(TEM) images of lyocell fiber cross-sections reveal a thin
highly-porous skin, a compact center of low porosity,
and an intervening area of intermediate porosity (Abu-
Rous, Ingolic, & Schuster, 2006).

The results from FWA diffusion measurements and
observations from TEM images appear to indicate transi-
tions of porosity in the morphology of lyocell fibers, where
accessibility at the center is distinctly lower than that at the
periphery. Both alkali treatments appear to have resulted
in higher accessibility at the peripheral regions in fibers
(NaOH more than KOH). The consistently high levels of
FWA diffusion in fibers from the NaOH treated samples
appear to indicate an increased accessibility up to greater
depths in fiber peripheral regions; while the initially high
then lower extents of FWA diffusion in fibers from the
KOH treated samples, as well as the higher fluorescence
intensity in these samples as observed in Fig. 5, appear to
indicate increased accessibility up to shallower depths.

Other evidence of changes in fiber structure due to alkali
treatments may be obtained from reports in literature. In
water or its mixtures with N-methylmorpholine-N-oxide
(NMMO), the fibrillation in lyocell appears to be limited
primarily to fiber surfaces (Ducos, Biganska, Schuster, &
Navard, 2006). However, lyocell fibrillation in NaOH-
water mixtures appears to result from a splitting of the
whole fiber into fibrils. Lyocell exhibits a greater fibrillation
tendency in solutions of NaOH as compared to KOH in
tests on alkali-swollen fibers (Zhang, Okubayashi, & Bech-
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Untreated

NaOH treated

KOH treated

Fig. 4. Cross-section of fiber specimens from untreated, NaOH treated and KOH treated samples after immersion in 1 g/ Uvitex BHT 120% for: (a)
10 min; (b) 4 h; and (c) 24 h (color reproduction in web, but black-and-white in print).

Fig. 5. Diffusion of FWA across fiber cross-sections after 4 h immersion in 1 g/l Uvitex BHT 120%, as observed in images taken at an exposure time of
1.2 ms in specimens from: (a) untreated; (b) NaOH treated; and (c) KOH treated samples (color reproduction in web, but black-and-white in print).

told, 2005a). The splitting tendency of alkali-swollen lyocell
is also greater in solutions of NaOH as compared to KOH,
and this order is found to persist despite a similarity in fiber
swollen diameters (Oztiirk, Okubayashi, & Bechtold,
20006). In tests of fibrillation tendencies in water on lyocell
fibers after alkali pretreatment, the fibrillation is found to
be greater in fibers pretreated with NaOH as compared
to KOH at pretreatment concentrations comparable to
those used in this work (Zhang, Okubayashi, & Bechtold,
2005b).

The results of this work and of others reported in liter-
ature indicate that there are differences between the two
alkali types (NaOH and KOH) in the changes they bring
about in lyocell fiber structure during/after treatments.
From available evidence, it appears that there may be a
deeper extent of NaOH diffusion through fibers, which

results in changes to fiber structure/accessibility to greater
depths. On the other hand, the extent of KOH diffusion in
fibers appear to be limited to shallower depths, which limits
the changes in fiber structure/accessibility to shallower
depths. There is no definitive evidence of changes or lack
thereof in structure/accessibility at fiber centers during/
after alkali treatments. A schematic illustration of this ten-
tative model is shown in Fig. 6.

4. Conclusions

The primary objective of this work was to explore rea-
sons for the varied behavior in lyocell fabrics resin finished
after alkali pretreatments as compared to those resin fin-
ished without pretreatment. Investigations of the fiber
structure in alkali pretreated and untreated fabric samples
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Fig. 6. Schematic illustration of tentative model of change in lyocell fiber
structure during and after treatments with NaOH and KOH (Abu-Rous,
20006).

revealed some differences that may be attributed to the
alkali treatments. We shall now attempt to correlate the
differences in fiber structure among the different samples
to the differences observed in resin distribution and
mechanical properties between the same samples after resin
finishing.

Lyocell fiber morphology appears to be characterized by
transitions of porosity with accessibility at fiber centers
being lower than that in the peripheral regions. Evidence
was obtained of increased accessibility in fiber peripheral
regions after alkali treatment, but there were no visible
changes of accessibility at fiber centers. There were also
indications of a decrease in pore size in alkali treated sub-
strates. The predominant presence of resin on substrate
surfaces in samples resin finished after alkali treatment
may possibly result from a reduced pore size at or near
fiber centers leading to an exclusion of resin from fiber
centers.

There was some evidence of degradation in fibers from
the alkali treated samples. There were no significant differ-
ences in crystallinity, but it may be expected that there is a
reduced degree of orientation among crystallites and amor-
phous regions in fibers from the alkali treated samples.
These changes alone may be expected to cause strength loss
in samples after alkali treatment; but no significant differ-
ences were observed in strength among samples awarded
pretreatments alone (Manian et al., 2006). Hence, it is at
present unclear why there was a greater reduction in
strength among samples resin finished after alkali pretreat-
ments in comparison to those resin finished without
pretreatment.

More work is required to gain a better understanding of
the influence of alkali pretreatments in lyocell resin finish-
ing. The scope of this work was limited to two specific
alkali treatments. It is necessary to expand the study to
include a wider range of alkali concentrations, more alkali
types, and more types of resin finishing reagent. It will also
be interesting to evaluate the influence of alkali treatments
on the accessibility of lyocell to resin finishing reagents and
catalysts. In addition, it is necessary to conduct FWA dif-
fusion tests on lyocell substrates treated with a wider vari-
ety of alkalis over a greater range of concentrations. All

these investigations are underway and will be reported at
a later time.
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