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Treatment in Swelling Solutions Modifying Cellulose

Fiber Reactivity – Part 2: Accessibility and Reactivity
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Summary: The reorganization of cellulose fibers by swelling treatments in alkali

solutions results in numerous changes to fiber structure, causing changes of

chemical reactivity in the fiber-solution heterogeneous system. An important part

of the change in chemical reactivity is the change of fiber accessibility because it

results in exclusion of chemicals such as reagents or catalysts from the fiber. In the

second of a two-part series of papers, we examine the influence of changes in fiber

accessibility and/or reactivity due to treatment in swelling solutions on the per-

formance or behavior of substrates during and after chemical finishing treatments.

Changes in fiber accessibility due to alkali treatments are visualized with fluor-

escence microscopy. The effect of alkali treatments on enzymatic hydrolysis and

pad-dry-cure crosslinking treatments of cellulose substrates are discussed as repre-

sentative examples to demonstrate the effects of swelling processes on fiber

reactivity and accessibility. Model calculations indicate that a considerable redis-

tribution of chemicals in substrates occurs during dry-cure operations resulting

from molecule-specific exclusion effects. Pilling tests on lyocell knit-fabrics show

the impact of preceding alkali processes on the final physical performance of textile

fabric highlighting the importance of correct selection of alkali processes to achieve

desired behavior.
Keywords: alkali; cellulose; crosslinking; enzymes; fluorescence; structure-property

relationships; swelling
Introduction

In the first paper of this two-part series,[1]

we examined the results from various

investigations aimed at characterizing the

changes of accessibility and sorption in

cellulosic fibers after swelling treatments

with aqueous alkali solutions. The results

indicated that the influence of alkali
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treatments on fiber accessibility and sorp-

tion differ with alkali type, and that

alkali-cellulose fiber interactions were

characterized by a non-uniform distribution

of reagents within fiber structures.

In this second paper, we present selected

results from extensive studies in a common

discussion to give an overview about

the wide range of impacts that result from

alkali pre-treatments on cellulosic sub-

strates. The effects are demonstrated by

a number of changes in completely dif-

ferent aspects of substrate properties,

including:
� P
, W
orosity and accessibility as indicator for

accessibility of chemicals.
� R
ate of enzymatic hydrolysis as a

measure of cellulose reactivity.
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� C
Co
rosslinking in textile finishing as

example of chemical reactivity.
� P
illing propensities as representative of

physical properties.

By examining the extent of sorption or

intrusion of the Fluorescent Whitening

Agent (FWA) Uvitex BHT across fiber

cross-sections with fluorescence micro-

scopy it is possible to discriminate between

different porous zones in regenerated cellu-

losic fibers, partly confirming earlier models

of fiber structure.[2] Measurements of dye

intensity and its penetration depth are pro-

mising tools to not only differentiate

between fibers spun under different condi-

tions, but also to follow changes in the pore

network of fibers after alkali treatments.[3]

Viscose, a man-made cellulosic fiber, is

found to be more easily degraded by cellu-

lases as compared to other cellulosics,

which is attributed to the more open and

homogenous fiber structure.[4,5] Alkali

treatments of cellulosic substrates such as

mercerization which is commonly employed

in the textile industry, results in a more

open and homogenous fiber structure and

thereby enhances enzymatic hydrolysis of

cellulose by cellulases.[6,7] By examining

the effects of caustic soda pre-treatments of

regenerated cellulosics on the observed

levels of hydrolytic activity in subsequent

treatments with Trichoderma cellulases, as

will be discussed in following sections, it is

possible to observe the impact of swelling

treatments on fiber structure and reactivity.

Assessments of changes in substrate acces-

sibility due to swelling treatments may be

observed in examinations of the influence

of alkali pre-treatments on the behavior of

cellulosic substrates after subsequent cross-

linking treatments, as elaborated in later

sections.

Treatments with caustic soda have been

in use for many years to modify fiber struc-

ture and properties such as swelling extents,

crystallinity, and orientation of fibrils in

cellulosic fibers,[8] all of which have a bear-

ing on the physico-mechanical properties

of substrates. These characteristics are

reflected strongly in the pilling propensities
pyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
of cellulosic fabrics where fiber swelling,

fibrillation tendency, and inter-fiber friction

govern the pilling mechanism, pill struc-

ture, and pilling propensities.[9,10] There-

fore, the impact of swelling treatments on

substrate physical properties may be assess-

ed from studies of the influence of alkali

pretreatments on pilling in lyocell fabrics as

a function of alkali type and concentration.
Experimental Part

Materials

All regenerated-cellulosic substrates (fibers

and fabrics) were kindly provided by

Lenzing AG, Austria. The different fiber

types used in these investigations were:

Lyocell – CLY (TENCEL1), Modal –

CMD (Lenzing Modal1), and Viscose –

CV (Lenzing Viscose1).
Methods

Fluorescence Microscopy On Fiber

Cross-Sections

An aqueous solution of the FWA Uvitex

BHT 120% (Ciba, Basel, Switzerland) was

prepared by dissolving 1 g of the commer-

cial product in 1 L deionized water. Fiber

specimens, 0.2 g in weight, were dyed by

immersion in 40mL of the 1 g/L solution for

specific time periods. After immersion, the

specimens were removed from solution,

rinsed twice for 10 min in running cold

water, and dried at room temperature.

The dried fiber specimens were

embedded in a 2-hydroxyethylmethacrylate

resin (Technovit7100TM, Kulzer, Vienna,

Austria), and fiber cross-sections of 8 mm

thickness were prepared using a Reichert

microtome (model: 1140/Autocut). The

fiber cross-sections were observed and

photographed under a fluorescence micro-

scope (Olympus BX microscope equipped

with mercury burner lamp and monochro-

matic filters) as described elsewhere,[11] and

the depth of FWA penetration across fiber

cross-sections were measured on the photo-

graphs.
, Weinheim www.ms-journal.de
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These measurements were done on

untreated CLY, CV, and CMD fibers; on

fiber specimens from CLY and CMD

fabrics (plain weave, 50/1 Nm ring-spun

yarns, 1.3 dtex fibers) treated with 105 g/L

and 49 g/LNaOH respectively by dipping in

the alkali solutions, passing through a

padding mangle at 1 bar nip pressure,

followed by neutralization and washing; as

well as on fiber specimens from fabrics

treated with NaOH and KOH as described

in the section ‘Alkali treatment – cross-

linking’.

Alkali Treatment - Enzymatic Hydrolysis

Woven fabrics of CV, CLY and CMD fiber

types (38 mm staple fibers of fineness 1.3

dtex), as described in Table 1, were

subjected to treatments with NaOH fol-

lowed by enzymatic hydrolysis. Analytical

grade NaOH, and a commercial cellulase

formulation (provided by Genencor Inter-

national, USA) were used in treatments.

The cellulase formulation was used as

received without further purification. The

total culture filtrate had a nominal activity

of 3500 IU/g (IU, International unit¼
1 mmol/min), and on analysis yielded

the following activities: cellulase activity

of 91 FPU/g (FPU, Filter paper Unit) and

carboxymethylcellulose activity of 3100

CMC Units/g according to the methods

described byGhose;[12] activity onAvicel of

7.4 IU/g according to the method described

by Wood and Mahlingeshwara.[13]

Treatment Method

Fabrics were immersed in alkali solutions

(1-3.5 mol/L NaOH) at a liquor ratio of

1:3 (w/v) for 1–2 min at room temperature

in slack condition before being passed
Table 1.
Fabric Parameters.

Fabric Weave Type Mass/area [g/m2] Th
[t

Wa

CV plain 143 36
CLY poplin 145 37
CMD plain 142 34
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through a padding-mangle with roller speed

of 2 m/min to obtain alkali-solution uptake

values of 100–250% (depending on alkali

concentration). Immediately after padding,

the samples were rinsed twice with deio-

nized water, once in a solution of 20 mmol/

L acetic acid, again with deionized

water, and line-dried. The control samples

received no pretreatment.

The commercial enzyme formulation

was diluted with 50 mM sodium acetate

buffer (pH 4.8) to a protein concentration

of 30 mg/mL for enzymatic-hydrolysis

treatments of the samples. The treatment

was carried out with a liquor ratio of 1:25

(w/v) at 55 8C� 1 8C for 1 h in a laboratory

dyeing unit (Pretema Multicolor Type MC

360; Caromatic, Switzerland), where fabric

samples were wound around perforated

cores and treatment solution was repeat-

edly flushed through the sample at a cont-

rolled rate.

The degree of substrate hydrolysis was

assessed from the amount of reducing sugar

released in treatment liquor determined

with the neocuproine method in terms of

the glucose content of solutions (cG) [mg/

mL].[14]

Alkali Treatment - Crosslinking

The substrate used in this work was a

desized and scoured 100% CLY plain-

woven fabric, with 36 ends and 29 picks

per cm, and a weight of 137 g/m2. The

alkalis used in treatments were analytical

grade NaOH and KOH. Leonil SRP and

Sandoflex A (Clariant, Basel, Switzerland)

are commercial surfactant formulations

designed for use under highly alkaline

conditions and were used as wetting agents

in alkali treatments. The crosslinking
read density
hreads/cm]

Yarn linear
density [tex]

Yarn twist
[tpi]

rp Fill Warp Fill Warp Fill

.6 28.8 20.2 24.0 19 19

.9 29.1 20.6 23.0 19 19

.9 29.1 21.5 23.0 19 19

, Weinheim www.ms-journal.de
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reagent used was a modified dimethylol

dihydroxyethyleneurea (DMDHEU) based

commercial product, Fixapret ECO (BASF,

Ludwigshafen, Germany); Kieralon Jet B

Konz. (BASF, Ludwigshafen, Germany)

was used as the non-ionic wetting agent,

and analytical grade magnesium chloride

used as the catalyst.

Alkali Treatments

Fabric samples (30� 30 cm2) were treated

at room temperature in a pad-batch process

with formulations comprised of 120 g/L

NaOH and 3 g/L Leonil SRP, or 250 g/L

KOH and 50 ml/L Sandoflex A. The

samples were padded through formulations

at a nip pressure of 1.0 bar and roller speed

of 2.0 m/min and batched for 30 min

(NaOH treatment) or 4 h (KOH treat-

ment). Batching consisted of rolling padded

samples around glass rods, and enveloping

them in plastic sheets. After the required

timeperiod for batching elapsed, the samples

were removed from glass rods, rinsed in

running hot water for 5min, immersed in 5%

acetic acid at room temperature for 60 min,

rinsed again in running cold water for 5 min,

and were line dried overnight. The wet

pickup after padding through NaOH and

KOH formulations were 106–111% and

113–120% respectively. The control samples

received no alkali treatment.

Crosslinking Treatment

The treatment formulation contained 60 g/

L crosslinking reagent, 18 g/L catalyst, and

0.5 g/L wetting agent. Samples awarded

crosslinking treatments were padded

through treatment formulation at a nip

pressure of 2.0 bar and roller speed of 2.0 m/

min, dried at 130 8C for 30 s, and cured at

180 8C for 65 s. To neutralize any residual

acidity in fabric after treatment, the

samples were immersed in a solution of

1 g/L NaHCO3 at room temperature for

60 min, rinsed with running cold water, and

were line dried overnight.

Evaluations

All treated fabric samples were conditioned

in a standard atmosphere of 20 8C� 2 8C
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
and 65%� 4% relative humidity for over

24 h before testing, and the evaluations

performed in the same conditions. The

breaking strength in warp and fill yarns

from samples were tested on an Instron

Tensile Tester according to DIN 53834 with

5 cN pre-tension at a gauge length of 10 cm

and 5 cm/min rate of extension, and the

crease recovery angle (CRA) determined

after 30 min recovery period according to

DIN 53890. The abrasion resistance was

estimated from the mass loss after 6000

abrasion cycles on a Martindale abrasion

tester according to ISO 12947-3:1999. The

crosslinker content in samples was esti-

mated from their nitrogen contents ana-

lyzed by the Dumas method in a LECO FP

328 Nitrogen analyzer.

Prior to alkali treatments, benchmarks

were drawn on fabric samples, 27 cm apart,

along the warp and fill directions. The

distances between these benchmarks were

re-measured after alkali treatments and

after resin finishing, and the dimensional

change was determined with Equation 1:

DL ¼ Li � Lf

Li

� �
� 100 (1)

where,DL¼ dimensional change (%), Li¼ -

distance between benchmarks before treat-

ments (27 cm), Lf¼ distance between

benchmarks after treatment (cm).

Alkali Treatment - Pilling

Samples, 100� 40 cm2, of a single-jersey

knit CLY fabric (of 140 g/m2 specific weight

with 280 loops/cm2, made of 50/1 Nm ring

yarns comprised of fibers of fineness 1.3

dtex and 39 mm length), and analytical

grade reagents were used in this investiga-

tion. The knit-fabric samples were im-

mersed in NaOH solutions of different

concentrations (0.5, 1.0, 1.5, 2.0, 2.5 and

3.0 mol/L) for 5 min, then padded once at a

nip pressure of 3.5 bar and roller speed of

1 m/min, and batched for 4 h at room

temperature. At the end of the batching

period, samples were rinsed with running

hot and cold water, neutralized with acetic

acid buffer (pH 5), rinsed again with
, Weinheim www.ms-journal.de



Macromol. Symp. 2008, 262, 50–6454
running cold water, and line-dried over-

night.

Wet Pilling-Propensity

Tests of wet pilling-propensity were con-

ducted with a procedure developed at our

laboratory.[15] Specimen-pairs from alkali-

treated samples were immersed for 1 h in

deionized water, then padded at a nip

pressure of 3.0 bar and roller speed of 1 m/

min. Immediately after padding, individual

pieces from specimen-pairs were mounted

on the upper and lower holders of a

Martindale Abrasion Tester (James. H.

Heal &Co. Ltd, UK), and awarded 50–1000

abrasion cycles under a normal load of

250 g.

The specimens after abrasion cycles

were observed in a viewing cabinet under

daylight illumination to assign pill-ratings

from 1-5 according to ISO 12945-2 (1 – high

pilling; 5 – low pilling). A mean of 8 rating

values from two observers was recorded.

Water Retention Values (WRV)

Dry specimens of approximately 0.5 g

weight, from untreated and alkali-treated

samples were immersed in 50 ml deionized

water for 24 h. The samples were then

removed, centrifuged at 4000 G for 10 min

in a laboratory centrifuge, and the wet

samples were weighed (Ww). The wet

samples were then dried in a laboratory

oven at 105 8C for 4 h, and the dried

samples were reweighed (Wd). The water

retention value (WRV) was calculated

with Equation 2.

WRV ¼ Ww�Wd

Wd
� 100 (2)

where, WRV¼water retention value (%);

Ww¼wet weight of specimen (g); Wd¼ dry

weight of specimen (g).

Fiber Physical Properties

Yarns from the wale direction were sepa-

rated from untreated and treated fabric

samples and untwisted to yield individual

fibers for measurements of tenacity, elon-

gation at break, diameter, and wet abrasion

resistance.
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The wet abrasion resistance was mea-

sured on an abrasion tester (DELTA 100,

Lenzing Technik Instruments). A preten-

sion of 50 mg was attached to individual

fiber specimens, which were then sus-

pended from a frame such that they hung

freely across a rotating aluminum bar with a

roughened surface. A stream of water was

allowed to flow along the surface of the

aluminum bar as it rotated at a speed of

100 rpm, and the number of rotations re-

quired to break each fiber specimen was

recorded. Replicate measurements were

conducted with 60 fiber specimens per

sample, and the mean value was used as

a measure of fiber wet abrasion resistance.

The tenacity/elongation at break of

single fibers was measured on a Vibroskop

integrated withVibrodyn (Lenzing Technik

Instruments) according toDIN 53816 under

a pretension of 70mg, across a 10mmgauge

length, at 100 mm/min rate of extension.

The tests were conducted both in dry and

wet states, with 30 replicate measurements

per sample type.
Results and Discussion

Fluorescence Microscopy

The principle of fluorescence microscopy

tests is illustrated in Figure 1, which shows

photomicrographs of cross-sections of

untreated CLY fiber specimens immersed

in the FWA solution for different periods of

time. Semi-qualitative comparisons of por-

osity/accessibility in fiber structures may be

obtained from comparisons of FWA diffu-

sion and distribution within/across fiber

cross-sections. A distinct outer skin is

observed in CLY fibers, which is most

evident in cross-sections of fiber specimens

immersed in the FWA solution for 10 min.

The depths of FWA diffusion increases

with increase in immersion time, but the

rate of diffusion appears greater across fiber

bulk than through the fiber skin, indicating

that the outer skin in lyocell fibers may act

as a semi-permeable membrane. The lack

of FWA presence at fiber centers, even in

specimens immersed for 24 h, is indicative
, Weinheim www.ms-journal.de
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Figure 1.

FWA intrusion into CLY fiber cross-sections after 10 min (left), 4 h (center) and 24 h (right).[3]
of transitions in porosity/accessibility across

fiber structures, with porosity/accessibility

at the middle being significantly lower than

that at the peripheral regions in fibers.

Comparisons Between

Regenerated-Cellulosic Fibers

Distinct differences are observed in com-

parisons of FWA diffusion and distribution

across the cross-sections of untreated CLY,

CV, and CMD fibers; shown in Figure 2.
Figure 2.

Diffusion of FWA into CLY (top), CV (middle) and CMD (bo

4 h, and 24 h.[3]

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
In CLY specimens, the FWA diffusion

across fiber cross-sections increased with

increasing time of specimen immersion in

FWA solutions, and the depth of FWA was

greater in CLY as compared to CV and

CMD fiber types. In CV specimens, the

FWA diffusion across fiber cross-sections

was limited to shallower depths, but the

intensity of fluorescence at the peripheral

regions in fibers increased with time of

immersion. In CMD specimens, there was a
ttom) fibers immersed in the FWA solution for 10 min,

, Weinheim www.ms-journal.de
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limited diffusion of FWA in fiber cross-

sections, but there was also a limited

increase in fluorescence intensity with time.

There was a lack of FWA presence at fiber

centers in all fiber types, even after

immersion for 24 h in the FWA solution.

The differences in FWA distribution

across fiber cross-sections are indicative of

differences in morphology between the

three fiber types. CLY fibers exhibit greater

porosity/accessibility within the fiber bulk

compared to CV and CMD. CV and CMD

exhibit similar depths of FWA diffusion

within the fiber bulk, but the increased

fluorescence at fiber peripheries in CV

indicates a greater porosity/accessibility at

the peripheral region as compared to CMD.

In all fiber types, the porosity/accessibility

at the middle appears to be distinctly lower

than that at the peripheral regions.

Effect of Alkali Treatments On Fabrics

The depths of FWA penetration within

cross-sections of fiber specimens from

untreated and alkali-treated (105 g/L and

49 g/L NaOH respectively) CLY and CMD

fabrics after 10min, 4 h, and 24 h immersion

in FWA solution are plotted in Figure 3.

In general, a greater depth of FWA

penetration was observed in CLY as com-

pared to CMD fiber specimens. There ap-

peared no significant influence of either

alkali treatment or immersion time in FWA

solution on FWA penetration depths in

CMD fiber specimens. However, the fluor-

escence intensity was higher in the cross-

sections of fiber specimens from the alkali-
Figure 3.

Depth of FWA diffusion within cross-sections of fiber

(a) CMD (49 g/L NaOH), and (b) CLY (105 g/L NaOH). Ple

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
treated as compared to untreated CMD

fabric. The FWA penetration depths were

greater in fibers from the alkali-treated as

compared to untreated CLY fabric, among

specimens immersed in the FWA solution

for 4 h and 24 h. A higher intensity of

fluorescence was also observed in CLY

fiber specimens from the alkali-treated as

compared to untreated fabric. In all ins-

tances, there was a lack of FWApresence at

fiber centers.

These results indicate that, under the

respective conditions of treatment, there

was a greater change in porosity/accessi-

bility to greater depths in fiber specimens

from the CLY as compared to CMD fabric.

The increased fluorescence in cross-

sections of fibers from alkali-treated

CMD fabrics indicates increase in poros-

ity/accessibility that is limited to shallower

depths in the fiber.

Comparisons Between NaOH and KOH

Treatments on CLY Fabrics

The FWA penetration depths in fiber

specimens from untreated, NaOH-treated,

and KOH-treated CLY fabrics are plotted

in Figure 4. Significantly higher FWA pene-

tration depths were observed in specimens

from NaOH-treated as compared to KOH-

treated and untreated CLY fabrics at all

time-periods of fiber immersion in FWA

solution. In comparisons of FWA penetra-

tion depths between fiber specimens from

untreated and KOH-treated fabrics, the

values were greater in KOH-treated speci-

mens after 10 min immersion, that in the
specimens from untreated and alkali-treated fabrics:

ase note the different y-axis scales in the two plots.

, Weinheim www.ms-journal.de
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Figure 4.

FWA penetration depths in fiber specimens from untreated, NaOH-treated, and KOH-treated CLY fabrics,

immersed for 10 min, 4 h, and 24 h in FWA solution.
untreated were greater after 4 h immersion,

and there were no significant differences

between the two specimens after immer-

sion for 24 h. There was a lack of FWA

presence at centers of all fiber specimens,

even after 24 h immersion in the FWA

solution. In addition, the fluorescence

intensity among fiber cross-sections was

higher in the alkali-treated specimens as

compared to untreated, with the greatest

intensity being observed in KOH-treated

specimens.

These results indicate that both alkali

treatments increased porosity/accessibility
Figure 5.

Schematic illustration of tentative model of change in

NaOH and KOH.[16]

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
in fiber peripheral regions. The consistently

high levels of FWA penetration in NaOH-

treated specimens indicates increased por-

osity/accessibility to greater depths in fiber

peripheral regions. On the other hand, the

initially high then lower extents of FWA

penetration (as compared to untreated) in

the KOH-treated specimens as well as the

higher fluorescence intensities in these

samples indicate greater accessibility/por-

osity to shallower depths.

Hence, it appears there are differences

between the two alkali types (NaOH and

KOH) in the changes they bring about in
CLY fiber structure during and after treatments with

, Weinheim www.ms-journal.de
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CLY fiber structure during/after treat-

ments. It appears there may be a deeper

extent of NaOH diffusion through fibers,

resulting in changes to fiber porosity/

accessibility to greater depths. The extent

of KOH diffusion in fibers appears limited

to shallower depths, thus limiting the

changes in porosity/accessibility to shal-

lower depths in fibers. There is no definitive

evidence of changes or lack thereof in

porosity/accessibility at fiber centers. A

schematic illustration of this tentative

model is shown in Figure 5.

Alkali Treatment – Enzymatic Hydrolysis

The reducing sugar content in treatment

liquors after enzymatic hydrolysis as func-

tions of fiber type in fabrics and NaOH

concentration in alkali treatment is shown

in Figure 6. In general, in comparisons of

fiber type in fabrics, the degree of substrate

hydrolysis decreased in the order: CV>

CMD>CLY.

The content of reducing sugars in

treatment liquors after enzymatic hydro-

lysis in pretreated samples, as relative per-

centages of their respective controls, as

function of alkali-solution uptake in fabrics

is shown in Figure 7. The uptake of alkali-

solutions in fabric increased with increase

in alkali concentration of treatment liquor,

ranging from ca. 100% (w/w) at treatment

concentrations of 1 mol/L NaOH to 260%

(w/w) at 3.5 mol/L NaOH. Samples pre-
Figure 6.

Produced reducing sugars after one hour enzymatic

pretreatment fiber type.
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treated with 1 mol/L NaOH exhibited a

lower degree of hydrolysis as compared to

control samples, with CV and CMD exhi-

biting 90% and CLY 71% of the reducing

sugar contents observed with their respec-

tive controls. Samples pretreated with

2.2 mol/L NaOH exhibited a substantially

greater degrees of hydrolysis as compared

to control samples and those pretreated

with 1mol/LNaOH. The pretreatment with

3.5 mol/L NaOH further increased the

degree of hydrolysis in CV and CLY, but

not in CMD.

Enzymatic hydrolysis is believed to

occur predominantly at accessible amor-

phous regions in substrates.[5] The crystal-

linity among different fiber types decreases

in the order CLY>CMD>CV,[17] indicat-

ing that the proportion of amorphous

regions in the different fiber types decrea-

ses in the reverse order. The differences in

degree of hydrolysis between the different

fiber types may be attributed to differences

in their proportions of amorphous regions.

Swelling treatments in aqueous solutions

of alkali increase accessibility at amorphous

regions in cellulosics and are thus used for

‘activation’ of substrates.[18] The solubility,

and hence swelling, of cellulosics in NaOH

solutions passes through a maximum in the

concentration range of 2-3 mol/L alkali.[19]

The degree of swelling in substrates during

pretreatments in this work, estimated

from their values of alkali-solution uptake,
hydrolysis as function of concentration in alkaline

, Weinheim www.ms-journal.de
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Figure 7.

Coherence between degradation rate and alkali uptake. Rectangles indicate the alkali concentration in

pre-treatment solution.
indicate greater substrate swelling during

treatments with 2.2 mol/L and 3.5 mol/L

NaOH as compared to treatments with

1 mol/L NaOH. The higher extents of

hydrolysis in samples pretreated with 2.2

and 3.5 mol/L NaOH may be attributed to

increased accessibility due to greater sub-

strate swelling during these treatments. The

reasons for the lack of differences in

hydrolysis extents between CMD sub-

strates pretreated at 2.2 and 3.5 mol/L

NaOH are not clear.

Alkali treatment - crosslinking

The mean values of dimensional change

(DL), nitrogen content, yarn strength,

crease recovery angle (sum of values

obtained in warp and fill directions), and

mass loss in abrasion tests on untreated and
Table 2.
Results of sample evaluations.

Treatment DL [%] N-conten

Warp Fill [wt%]

Before crosslinking
Control – – 0.009
NaOH 6.6 3.0 –
KOH 12.0 4.7 –
After crosslinking
Control – – 0.301
NaOH 0.8 4.1 0.306
KOH 0.8 5.3 0.295
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alkali-treated CLY fabrics before and after

crosslinking treatment are shown in

Table 2.

The alkali treatments resulted in sample

shrinkage, with the KOH treatment causing

greater shrinkage than the NaOH treat-

ment. There was little difference in wet

pickup between samples during crosslink-

ing treatment; hence there were no sig-

nificant differences in crosslinker-content

between samples. Crosslinking increased

crease recovery in all samples, but the alkali

pretreated-crosslinked samples exhibited

lower crease recovery than the crosslin-

ked-control. The crosslinking treatment

reduced yarn strength and abrasion resis-

tance, with greater losses observed in

samples crosslinked after alkali pretreat-

ment compared to samples crosslinked
t Strength [N] CRAWþF Mass loss

Warp Fill [8] [%]

5.2 5.4 170 4.41
5.1 5.0 203 4.72
5.1 5.2 224 4.46

4.1 4.9 243 5.51
2.5 3.0 222 12.01
2.9 2.5 231 8.24
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without alkali pretreatment. A high con-

centration of crosslinker was observed on

fiber/fabric surfaces in the alkali pretreated

samples in contrast to a more uniform

distribution of crosslinker through sub-

strate in control samples.[20]

Strength loss in cellulosics due to cross-

linking is attributed to substrate hydrolysis

during the process and/or to substrate

embrittlement due to the formation of

crosslinks. Substrate hydrolysis leads to

an overall reduction in strength, while

embrittlement may lead to different types

of strength loss depending on the distribu-

tion of crosslinking reagent and catalyst in

the substrate. A higher surface concentra-

tion of crosslinker leads to decreased fabric

abrasion resistance[21,22] while a more uni-

form distribution of crosslinker through

fabric structures improves crease recovery

but decreases tenacity.[23,24]

In this investigation, the correlation of

high surface concentration of crosslinker

with low abrasion resistance and crease

recovery was observed to hold true. But the

correlation of uniform crosslinker distribu-

tion with decreased tenacity did not hold

true as the yarn strength in crosslinked-

control samples was higher than that in

samples crosslinked after alkali pretreat-

ments. The samples crosslinked after alkali

pretreatments exhibited greater overall

reduction in strength as compared to the

crosslinked-control. Hence, the strength

loss in the alkali-pretreated and crosslinked

samples cannot be attributed only to the

differential distribution of resin in the

substrates; it appears that other factors

may also be responsible for the results

observed. The greater overall reduction of

strength in the pretreated and crosslinked

samples is suggestive of a greater hydrolysis

in these samples as compared to the

crosslinked-control.

Model Calculations For Estimations of Reagent

Distribution During Pad-dry-cure Operations

In pad-dry-cure crosslinking treatments

with N-methylol reactants, catalyst (e.g.

MgCl2) and crosslinker (e.g. DMDHEU)

are padded with a certain liquor add-on,
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dried, and subjected to dry heat (curing) at

temperatures of ca. 160–180 8C. In such

treatments, the distribution of reagents in

fabric is a critical aspect that governs the

resulting properties of the final product.

When the knowledge about substrate

accessibility to chemicals presented in

Part 1 of this series is considered along

with literature data on sorption and exclu-

sion of reagents, it is to be expected that

there is redistribution of chemicals within

fabrics during the drying step in pad-

dry-cure treatments. The relevance of such

chemical redistributions within fabrics may

be demonstrated with model calculations.

The accessibility of MgCl2 in regener-

ated cellulosic fibers is estimated at 0.6 (i.e.

60% of the total volume of water in

substrate); which after NaOH treatments

increases to 0.9.[25] This implies that even

after NaOH treatment, MgCl2 is excluded

from 10% of the total water present in the

swollen fiber. The crosslinker DMDHEU

accesses only 40%of the total water present

in substrate, and this is not altered after

alkali treatment of fibers.

When a treatment formulation contain-

ing 0.1 mol/L of reagent is padded onto a

fabric at a wet pickup of 75% the resulting

amount of reagent on the fabric will be

0.075 mol/kg. This value represents the

overall content of the chemical in fabric;

however, depending on the degree of

accessibility, the actual local concentrations

of reagent will be higher as molecular

filtration limits the distribution of chemicals

through substrate.

The concentration of a reagent in the

accessible proportion of water within sub-

strates can be calculated according to

Equation 3.

cf ¼
cp � p

ðw� nÞ (3)

with

n ¼ WRV � E� 100 (4)

where, cf¼ concentration of reagent in

accessible solution within substrate (mol/

L); cp¼ concentration of reagent in pad-

liquor (mol/L); p¼ pickup of pad-liquor
, Weinheim www.ms-journal.de
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Figure 8.

Change in concentrations of finishing chemicals as function of residual water content in a cellulosic substrate

during drying. Initial concentration of both regants 0.1 mol/L (A¼MgCl2, B¼DMDHEU).
on substrate (%); w¼water content in

substrate during/after drying (%); n¼
proportion of water in substrate not accessi-

ble to reagent (%); WRV¼ substrate water

retention value (%); E¼ fraction of WRV

not accessible to reagent.

Using Equation 3 and 4 for model

calculations to simulate the change in solu-

tion concentrations within substrate of the

reagents MgCl2 (E¼ 0.1) and DMDHEU

(E¼ 0.6) during the drying step in pad-

dry-cure crosslinking treatments yields

remarkable results, plotted in Figure 8 as

a function of residual water content in

substrate.

Even though both reagents have been

added onto the cellulosic fabric from the

same pad-liquor, the volumes of water-

in-substrate accessible to the two reagents

is restricted to different degrees and the

resulting molecular filtration causes a

redistribution of chemicals within the subs-

trate structure. As seen in Figure 8, with

decrease in water content of substrate due

to evaporation during drying there is an

increase in concentration of MgCl2 and

DMDHEU as there is a decrease in their

respective volumes of accessible water.

While the increase in concentration of

MgCl2 is gradual due to its greater

accessibility, that of DMDHEU is substan-

tially more rapid due to its lower accessi-
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bility. At a residual water content of 40% in

substrate, the DMDHEU concentration

within its accessible water volume is nearly

2 mol/L, while that of MgCl2 reaches is

close to 0.2 mol/L, and this is in spite of the

fact that both reagents were present in the

pad-liquor at a concentration of 0.1 mol/L.

Another important fact related to the

abovementioned changes in concentrations

is reagent redistribution within substrates.

Assuming there is sufficient time for

diffusion-controlled leveling out of concen-

tration differences due to evaporation of

water from substrate during drying, a major

proportion of the dissolved MgCl2 will

reside in areas within the substrate to which

DMDHEU has no access. Hence, during

the curing step, the MgCl2 present in re-

gions with no DMDHEUwill cause hydrol-

ysis of the substrate leading to strength

losses. Thus, any changes of porosity, struc-

ture, and/or accessibility in substrates due

to alkali pretreatments can be expected to

exert a significant influence on the out-

comes of later chemical treatments, espe-

cially if the treatments involve a pad-

dry-cure operation such as in crosslinking

treatments.

Alkali Treatment - Pilling

The intensive restructuring of cellulose

fibers during alkali treatment can also be
, Weinheim www.ms-journal.de
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Table 3.
Physico-mechanical properties of fiber specimens from untreated and NaOH-treated knit CLY fabrics.

Property Untreated NaOH concentration in treatment (mol/L)

0.5 1.0 1.5 2.0 2.5 3.0

Wet Tenacity (cN/tex) 25.6 30.5 30.0 30.7 30.9 30.7 29.0
Dry Tenacity (cN/tex) 41.8 38.7 36.9 36.8 35.8 34.2 31.8
Wet Elongation (%) 14.8 14.4 13.4 13.0 10.8 11.8 12.1
Dry Elongation (%) 11.4 9.0 8.4 9.2 9.2 8.0 6.7
Fiber diameter (m) 13.2 14.2 14.1 14.3 14.7 14.8 14.0
WRV (g/g) 0.61 0.68 0.71 0.73 0.7 0.72 0.68
Wet abrasion resistance �95%
Confidence interval (counts)

37.3� 8.7 66.1� 15,0 60.9� 10.5 71.5� 13.4 69.7� 14.1 68.0� 12.0 57.1� 10.3
observed in changed physical properties,

which is reflected in pilling propensities of

knit materials. The physico-mechanical

properties of fiber specimens obtained from

untreated and NaOH-treated knit CLY

fabric are shown in Table 3.

The dry tenacity was lower in fiber

specimens from alkali-treated samples as

compared to the untreated sample, but the

reverse was true for the corresponding wet

tenacities. There was a decrease in both the

dry and wet elongation with NaOH treat-

ment and the losses increased with increase

in NaOH concentration in treatment. The

rate of decrease was greater in the dry than

in wet elongation. Both fiber diameter and

water retention values increased with

NaOH treatments. The greatest changes

were observed in fiber wet abrasion which

was greater in specimens from alkali-

treated samples as compared to the

untreated sample. In general, the wet
Figure 9.

Effect of sodium hydroxide concentrations on pilling o
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abrasion increased with increase in NaOH

concentration up to 1.5 mol/L beyond

which there was little change in fiber wet

abrasion with further increase in NaOH

concentration.

Fabric pilling propensities increase with

increase in fiber fibrillation, which in turn

decreases with increase in fiber wet abrasion

resistance. The fabric wet pilling propensi-

ties, shown in Figure 9, increased with

increase in abrasion cycles; and in concor-

dance with increased wet abrasion resistance

the pilling propensities decreased with

increase in NaOH concentration.
Conclusion

The internal pore structure and accessi-

bility of CLY, CV and CMD fibers were

assessed with fluorescence microscopy, by

comparing the diffusion and distribution
f CLY knit fabrics.
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of a FWA across cross-sections of speci-

mens from the three fiber types. The three

regenerated-cellulosic fibers studied in this

work, CV, CMD and CLY, exhibited

similar patterns of porosity/accessibility in

that the accessibility/porosity at fiber cen-

ters appeared to be significantly lower than

at the peripheral regions. CLY fibers

appeared to have greater accessibility/

porosity through the fiber bulk as compared

to CV and CMD, while CV fibers exhibited

greater porosity/accessibility at peripheral

regions than CMD fibers.

An increase in porosity/accessibility was

observed in fiber specimens from CLY and

CMD fabrics after treatments with NaOH

solutions. Swelling treatments of CLY

fabrics with NaOH and KOH solutions

brought about increases in their porosity/

accessibility, but there were qualitative

differences in the changes caused by the

two different alkali types. The diffusion of

NaOH appeared to reach greater depths

within fiber structures thereby resulting in

porosity/accessibility changes at greater

depths within fibers. In comparison, the

diffusion of KOH within fibers appeared

limited to shallower depths thereby limiting

changes in porosity/accessibility to fiber

peripheral regions.

The pretreatment of CLY, CV, and

CMD fabrics with NaOH solutions was

observed to increase the degree of substrate

degradation in subsequent enzymatic

hydrolysis steps. The increased degree of

degradation is most evident on substrates

pretreated with NaOH solutions at con-

centrations in the region where cellulosics

exhibit the maximum degree of swelling

and solubility. Enzymatic hydrolysis of

cellulosics involves the sorption of high-

molecular weight proteins (the enzymes)

onto accessible regions in cellulose. Hence,

pretreatments of cellulosics with alkali

concentrations in the region of their swel-

ling/solubility maxima will significantly

enhance accessibility in fiber structures

and thereby promote the sorption of

enzymes onto the substrate.

The influence of swelling pretreatments

with NaOH solutions pretreatment of CLY
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knit fabrics with NaOH solutions was

observed to influence the pilling propen-

sities in treated fabrics due to changes in

physico-mechanical properties of the con-

stituent fibers.

The pretreatment of CLY woven fabrics

with NaOH and KOH solutions was

observed to influence the final performance

of these fabrics after subsequent pad-

dry-cure crosslinking treatment. The alkali

pretreated fabrics exhibit greater strength

losses after crosslinking as compared to

samples crosslinked without pretreatment.

Differences were also observed in cross-

linker distribution between samples

crosslinked after and without alkali pre-

treatment, where the pretreated samples

exhibited a greater surface concentration of

the crosslinker while the non-pretreated

samples exhibited a more uniform distribu-

tion of crosslinker. It was shown with model

calculations that the differences in perfor-

mance between substrates crosslinked after

and without alkali pretreatments could be

attributed to enhanced substrate accessi-

bility of catalyst after pretreatments.

This communication highlights different

aspects of the changes in properties of

cellulosic substrate brought about after

swelling treatments with alkali solutions.

The wide-ranging changes in substrate

properties highlight the need for careful

selections of variables during treatment to

achieve desired end-properties in treated

substrates. More work is required to

gain better understanding of the results

discussed in this communication, which is

ongoing and will be reported in future

communications.
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acknowledges the Österreichischer Austausch-
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B. Siroka, T. Bechtold, Macromol. Symp. 2007, Under

Review.
, Weinheim www.ms-journal.de



Macromol. Symp. 2008, 262, 50–6464
[2] O. Biganska, PhD. thesis, L’Ecole Nationale des

Mines de Paris 2002.

[3] M. Abu Rous, K. Varga, T. Bechtold, K. C. Schuster,

J. Appl. Polym. Sci. 2007, 106, 2083.

[4] F. Carrillo, X. Colom, M. Lopez-Mesas, M. J. Lis, F.

Gonzalez, J. Valldeperas, Process Biochem. 2003, 39,

257.

[5] C. B. Schimper, R. Keckeis, C. Ibanescu,

E. Burtscher, A. P. Manian, T. Bechtold, Biocatal.

Biotransf. 2004, 22, 383.

[6] G. Buschle-Diller, S. H. Zeronian, Text. Res. J. 1994,

26, 17.

[7] J. P. H. van Wyk, Biotechnol. Tech. 1997, 11, 443.

[8] M. E. Vicker, N. P. Briggs, R. N. Ibbet, J. J. Payne, S. B.

Smith, Polymer 2001, 42, 8241.

[9] S. Okubayashi, T. Bechtold, Text. Res. J. 2005, 75,

288.

[10] H. M. Bui, A. Ehrhardt, T. Bechtold, Proceedings of

the 20th Scientific Conference - Hanoi University of

Technology, Hanoi, 2006.

[11] M. Abu Rous, A. P. Manian, T. Roeder, I. Lichtsheidl,

K. C. Schuster, Lenz. Ber. 2004, 83, 92.

[12] T. K. Ghose, Pure Appl. Chem. 1987, 59, 257.

[13] T. M. Wood, B. K. Mahlingeshwara, in: ‘‘Methods in

Enzymology Vol. 160’’, W. A. Wood, S. T. Kellogg, Eds.,

Academic Press Inc., New York 1988, 87 ff.
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
[14] A. Cavaco-Paulo, L. Almeida, D. Bishop, Text. Res. J.

1996, 66, 287.

[15] H. M. Bui, A. Ehrhardt, T. Bechtold, 7rd AUTEX

conference proceedings, Tampere, Finland, 2007.

[16] M. Abu-Rous, Ph. D. Thesis, University of In-

nsbruck, Austria, 2006.

[17] T. Kreze, S. Malej, Text. Res. J. 2003, 73, 675.

[18] D. Klemm, B. Philipp, T. Heinze, U. Heinze, W.

Wagenknecht, Comprehensive Cellulose Chemistry,

Vol. 1 – Fundamentals and Analytical Methods, Wiley-

VCH, Weinheim 1998.

[19] H. Rath, Lehrbuch der Textilchemie, Springer Verlag,

Berlin 1978.

[20] A. P. Manian, M. Abu Rous, K. C. Schuster, T.

Bechtold, J. Appl. Polym. Sci. 2006, 100, 3596.

[21] J. N. Grant, F. R. Andrews, L. C. Weiss, C. B.

Hassenboehler Jr., Text. Res. J. 1968, 38, 217.

[22] G. C. Lickfield, C. Q. Yang, M. J. Drews, J. R.

Aspland, National Textile Center Annual Report:

November 2001.

[23] S. P. Rowland, N. R. Bertoniere, W. D. King, Text.

Res. J. 1983, 53, 187.

[24] N. R. Bertoniere, W. D. King, S. P. Rowland, Text.

Res. J. 1981, 51, 242.

[25] A. Jaturapiree, Ph. D. Thesis, University of

Innsbruck, Austria 2007.
, Weinheim www.ms-journal.de


