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Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) and X-ray Photoelectron
Spectroscopy (XPS) have been used to characterise butanetetracarboxylic acid (BTCA)
powder and BTCA modified cotton fibre surface. The wash durability of crease resist BTCA
finish at the cotton surface has been demonstrated and enhanced binding of sodium
cations to the carboxyl rich fibre surface observed. Similarly increased affinity of copper
ions to the polycarboxylic acid treated cotton was observed. Domestic laundering of the
copper impregnated BTCA fabric in a perborate containing detergent produced increased
strength loss relative to comparably laundered unmodified cotton and DMDHEU treated
cotton fabric. © 2003 Kluwer Academic Publishers

1. Introduction

The consumer has increasingly demanded garments
manufactured to high specifications and performance.
Associated with this quality performance has been
the development of the ‘“easy care” label for gar-
ments with their wrinkle free appearance, dimen-
sional stability and ease of cleaning. For cellulosic-
based materials, however, an inherent problem is their
ease of creasing and poor crease shedding. To over-
come this technical deficiency and introduce “memory”’
into the fibre/fabric structure, formaldehyde-based
durable press (DP) reagents have been developed which
introduce covalent crosslinks between the adjacent cel-
lulosic chains [1-4]. These crosslinks introduce crease
resistance and crease recovery into the fabric so that
when the fibres, yarns and overall fabrics are dis-
torted in use or during laundering, the fabric will re-
turn to its original flat or creased (creases or pleats)
configuration when the crosslinks were originally in-
troduced. Most commonly the DP finish is applied by
a simple pad, dry, heat cure (160°-200°C) process to
white or coloured fabric or garments, with the major
formaldehyde-based DP reagent being 1,3-dimethylol-
4,5-dihydroxyethyleneurea (DMDHEU). However,
while formaldehyde is relatively cheap and an effec-
tive crosslinking agent for cellulosics and proteins, it is
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also an irritant, mutagenic in certain bacterial and ani-
mal species and is classified as a probable human car-
cinogen [2, 5, 6]. Therefore exposure limits have been
established in many countries and a concerted effort
has been undertaken to develop formaldehyde-free DP
finishing agents [4, 7]. One alternative development to
emerge has been based on polycarboxylic and (PCA)
systems where ester crosslinks rather than the ether-
type crosslinks of DMDHEU are introduced to impart
easy-care properties, Fig. 1.The best performing PCA
system is 1,2,3,4-butanetetracarboxylic acid (BTCA),
although citric, maleic, itaconic and polymaleic acid
derivatives have all been evaluated in terms of perfor-
mance, discolouration and cost [4].

In this study the effect of BTCA modification to
the surface chemical behaviour of cotton, its subse-
quent laundering and metal ion interactions are in-
vestigated. To comprehensively probe these modifica-
tions Time-of-Flight Secondary lon Mass Spectrometry
(ToF-SIMS) and X-ray Photoelectron Spectroscopy
(XPS) were utilised to study the fibre surface interface
where the interaction with any “aggressive” media is
greatest [8, 9]. The depth of analysis of these instrumen-
tal systems typically ranges from 1-10 nm and provides
the necessary analytical flexibility to fully characterise
the fibre surface.
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Figure 1 Typical crosslink introduced into cotton cellulose by esterifi-
cation with BTCA.

The surface sensitive XPS technique allows the
chemical species present at a fibre surface to be iden-
tified up to a depth of 3—10 nm. In XPS the diagnostic
parameter is the electron binding energy (BE), which is
determined (Equation 1) by measuring the kinetic en-
ergy (KE) of photoelectrons emitted by x-rays photons,
of energy hv, impinging on the sample surface:

KE = hv — BE (1)

The value of the binding energy is not only characteris-
tic of the emitting atom ( i.e. enables elemental identifi-
cation) but also has a precise value, which is dependent
on the chemical environment of that atom. In addition
to providing qualitative information, by measuring the
photoelectron peak intensity the surface composition
can also be quantified.

ToF-SIMS is also a surface sensitive technique able
to probe the outer 1-2 nm of materials. It involves bom-
barding the materials surface with a primary particle
beam and analysing the emitted secondary ions. In ad-
dition to providing elemental information the technique
is able to detect larger molecular species. Thus in com-
bination with XPS comprehensive characterisation of
fibre surfaces can be achieved.

2. Experimental

2.1. Materials

A plain woven, bleached, mercerised, 100% cotton fab-
ric was used throughout this study and was supplied by
Phoenix Calico Ltd., UK.

BTCA, sodium hypophosphite hydrate (SHP), cop-
per sulphate pentahydrate and magnesium chloride hex-
ahydrate were supplied by Aldrich Chemicals Ltd. The
sodium hypophosphite and magnesium chloride were
incorporated into the respective crease resist formula-
tions as recommended catalysts to optimise fibre mod-
ification. Fixapret CPN was kindly donated by BASF
and is a DMDHEU-based solution.

2.1.1. Chemical treatment

The cotton fabric was padded at 90% wet pick up
(w.p.u.) with a solution containing 8.0% BTCA and
4.1% SHP, dried at 85°C for 5 min, cured at 180°C for
90 sec, rinsed in running water and tumble dried. After
further drying at 105°C for 1.5 h the fabric weight gain
was determined to be 5.7% o.w.f.

The cotton fabric was padded at 80% w.p.u. with a so-
lution containing 6.0% Fixapret CPN and 1.2% MgCl,,
dried at 100°C for 5 min and cured at 160°C for 4 min,
rinsed in running water and tumble dried. After further
drying at 105°C for 1.5 h the fabric weight gain was
determined to be 2.7% o.w.f.
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The treated fabrics were washed in a domestic wash-
ing machine using a standard cotton cycle at 60°C with
an overall 1.5 kg load of cotton fabric. The detergent
used was the standard ECE detergent with the recom-
mended dosage of sodium perborate.

The untreated, Fixapret CPN and BTCA modified
cotton fabrics were gently agitated in a 50 ppm Cu’*
solution, pH 7, at 30°C, for 20 min with a liquor:goods
ratio of 30:1. The fabrics were then rinsed in excess
water and air dried.

2.2. Instrumental analysis

The spectral reflectance of the cotton fabrics were mea-
sured using a Spectraflash spectrophotometer, with a
10° standard observer and D65 illuminant, and were
the average of four measurements.

ToF-SIMS spectra were obtained under static con-
ditions using a PHI 7000 instrument equipped with
a reflectron analyser, a Cs™ ion source (8 eV, pulse
length 1.25 ns) and a pulsed electron flood source (50—
70 eV) for charge compensation. The operating pres-
sure was less than 5.33 uPa (4 x 10~%torr), primary
jon dose less than 1 x 10'2 jons cm~2, and an analysis
area of 300 um x 300 pum in the mass range m/z =
0-1000.

XPS spectra were obtained using an SSI M-Probe
instrument. The samples were analysed with an AlK«
radiation source (1486.6 eV) with an operating pres-
sure of better than 3 x 1078 torr and the binding energy
(BE) values calculated relative to the C (1s) photoelec-
tron peak at 285.0 eV. The C (1s) spectral peaks were
curve-fitted using the standard Gaussian-based soft-
ware in order to determine carbon species functionality
and concentration.

The surface analyses were typically performed in du-
plicate or triplicate to ensure reproducible sample sur-
face modification over the treated textile.

2.3. Strength measurement

The cotton fabrics were conditioned for 24 h at 20°C
and 65% RH prior to testing on an Instron Series IX test-
ing system. The tensile strength losses of the unwashed
and washed fabrics were determined as a percentage of
the original unwashed fabrics and were an average of
five measurements in the warp direction.

2.4. Crease recovery angle measurement
The crease recovery performances for the untreated fab-
ric, BTCA modified fabric and DMDHEU modified
fabric were determined according BS 3086 (1972) un-
der standard atmospheric conditions of 65% R.H. and
20°C. The samples were conditioned for 24 h prior to
testing. Ten samples were measured in the warp direc-
tion and ten in the weft direction. The value presented
is the sum of the warp and weft values.

3. Results and discussion

3.1. ToF-SIMS analysis of BTCA powder

The parent molecule is observed in the ToF-SIMS neg-
ative ion spectrum together with the anhydride form
and a range of sodiated and potassiated derivatives,
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Figure 2 Negative ion ToF-SIMS spectrum of 1,2,3,4-Butanetetracarboxylic acid (BTCA).

Figs 2 and 3. During the reaction of BTCA with cotton
cellulose it has been proposed that an acid anhydride
intermediate is formed, by acid dehydration at ele-
vated temperature, which then reacts with the cellulose
hydroxyls to introduce the crosslinking necessary for
durable press finishing [10, 11]. Therefore the detec-
tion of a strong anhydride species is probably a result
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Figure 3 Negative ion assignments in the ToF-SIMS spectrum of BTCA
powder.

of the low pressure analytical conditions favouring loss
of water.

The positive ion ToF-SIMS spectrum of the BTCA
powder shows strong signals for sodium and potassium
at m/z = 23" and 397, respectively, in the lower mass
range. In addition in the higher mass range the par-
ent molecular ion and the acid anhydride ion were ob-
served, Figs 4 and 5, together with a series of sodiated
and potassiated species at m/z = 257", 273*, 279+,
295%,301",311%,317+,323%,333%, 339" and 349+.

3.2. Modification of cotton with BTCA

The reaction of the polycarboxylic acid with cellulosic
polymers occurs through esterification of the hydroxyl,
Fig. 1, although not all the carboxylic acids will be
able to react with the cellulosic substrate. Examination
of the ToF-SIMS spectrum of BTCA modified cotton
fabric indicates little change in the m/z = 100—400*/~
region suggesting the covalently bound BTCA prefer-
entially fragments into smaller moieties during the pri-
mary ion sputtering. Similarly in the m/z = 0-100%/~
range although no “new” ion species could be detected,
clear changes in the spectral intensities were observed,
in particular the m/z = 45~ ion, assigned to a HCO;
ion showed an obvious increase. Quantification of ToF-
SIMS data can present difficulties due to the relatively
high proportion of neutral secondary particles produced
in comparison to positive and negative secondary ions.
However, previous ToF-SIMS studies have successfully
monitored the relative surface changes on a number of
organic systems using the formula /5 /(15 + I), where
14 and Iy are measured intensities of ions A and B, re-
spectively [12—-14]. For the calculations I corresponds
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Figure 4 Positive ion ToF-SIMS spectrum of 1,2,3,4-Butanetetracarboxylic acid (BTCA).

to the peak intensity of the m/z =45~ ion and /g to the
peak intensity of the signal at m/z = 25~ (HC; ), anon-
specific ion characteristic of organic surfaces, Table 1.
An alternative method of monitoring the surface car-
boxylic concentration involves determining the ratio of
I/ Total Ton Intensity. Again the overall relationship
is that by incorporating BTCA into the cotton fibre the
surface carboxylate intensity increases, Table 1.
Although the ToF-SIMS spectrum of BTCA mod-
ified cotton exhibits no distinct characteristic large
molecular ions attributable to BTCA, the XPS spectrum
does however show an increase in the C (1s) spectrum
at BE 289.0 eV, due to the incorporation of carboxyl
species, Figs 6 and 7. Both the untreated and BTCA
modified cotton show intensity at 286.6 eV which is at-
tributable to the cellulosic C—O species. In addition
spectral intensity at 285.0 eV and 288.0 eV can be
observed and is assigned to hydrocarbon-based mate-
rial, and either the expected O—C—O species or car-
bonyl species, respectively. The intensity ratio of the
C—O species, at BE 286.6 eV, to the O—C—O species,
at BE 288.0 eV, is approximately 5:1, which is the

‘0=C-CH,- CH—CH - CH, - CO,H m/z= 199" (¥)

| \
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Figure 5 Positive ion assignments in the ToF-SIMS spectrum of BTCA
powder.
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same as the theoretical stoichiometric ratio of the cellu-
lose polymer. However, there is an unexpectedly large
C—C/C—H component intensity, at BE 285.0 eV, which
has not been removed by wet processing and its nature
will be discussed in further detail elsewhere [15].

3.3. Laundering of BTCA modified cotton
Under alkaline conditions aliphatic esters are suscepti-
ble to hydrolysis and therefore in general are of limited
use in textiles. However, with the BTCA crosslinking of
cotton not all the carboxylic acids are reacted and hence
under alkaline conditions deprotonate to the negatively
charged carboxylic anion. These are able to provide
the necessary electrostatic repulsion of hydroxide ions
in the vicinity of the labile ester groups and hence the
crease resistant cotton has the necessary hydrolytic sta-
bility and durability to domestic alkaline laundering
conditions.

Washing the untreated and BTCA modified cotton
fabrics under domestic laundering conditions showed
an obvious difference in the m/z = 0-100" range,
where the anionically charged BTCA modified sam-
ple has far greater sodium ion signal than the com-
parable untreated, washed cotton, Figs 8 and 9. This
behaviour was observed after both 1 and 5 domestic

TABLE I Relative carboxyl content at the surface of cotton materials
(calculated from ToF-SIMS peak area data)

Ia

Sample IAITAIB x 100 Toa % 1000
Untreated cotton 4.6 1.1
BTCA modified cotton 18.2 4.5

Ia, m/z =457, HCO, .
Ig, m/z =257, HC;.
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Figure 7 C (1s) XPS spectrum of BTCA modified cotton fabric (--- represents spectral curve fits with assigned peaks located at 285.0 eV (+),

286.6 eV (%), 288.0 eV ([J) and 289.0 eV (0), respectively).

wash cycles. Examination of the higher mass range of
the ToF-SIMS positive and negative ion spectra of laun-
dered cotton samples indicates other surface adsorbates
are also present, however, their nature and behaviour
will be discussed in greater detail elsewhere [16].

While the increased binding of the sodium ions to
the BTCA modified cotton can be used as an indi-
cator of increased surface carboxyl content, the XPS
C(1s) spectrum of washed BTCA modified cotton in-
dicates some loss in the carboxyl signal contribution to
the total carbon 1s signal intensity. In the unmodified
cotton the carboxyl signal contribution to the overall
C(1s) intensity is 2.5% while for the BTCA modified
cotton and washed (x5 cycles) BTCA modified cot-
ton, the carboxyl contribution to the C(1s) peak are
7.2% and 3.8%, respectively. This apparent partial loss
may be due to the presence of overlying surface adsor-
bates and/ or actual loss of BTCA due to the “exposed”
nature of the BTCA ester linkages at the fibre/ liquid
interface.

A standard test to evaluate the “easy care” perfor-
mance of cotton-based fabrics involves measuring the
crease recovery angle of a folded fabric swatch, 5 min
after removing the deforming load, and its return to
a flat, crease-free form. The application of the BTCA
finish to the original cotton fabric raised the crease re-
covery angle (combined warp and weft values) from
162° to 254°. After the five wash cycles the crease
recovery angle of the BTCA-treated fabric was only
reduced to 223°, which probably reflects that this pa-
rameter is more influenced by bulk properties rather
than by surface modification.

3.4. Interaction of copper ions with BTCA
modified cotton

The introduction of ionic charge into cotton offers

many process possibilities, in particular, the dyeing of

the anionically charged, crease resist modified cotton

with cationic dyes [17, 18]. However, after the obvious
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Figure 8 Positive ion ToF-SIMS spectrum of untreated cotton fabric domestically laundered for five wash cycles (* Na™ ion, m/z = 23T).
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Figure 9 Positive ion ToF-SIMS spectrum of BTCA modified cotton fabric domestically laundered for five wash cycles (x Na® ion, m/z = 23%).

binding of the sodium ions to the negatively charged
cotton the potential for binding other metal ions, in
particular copper ions, was investigated. Examination
of the BTCA modified cotton fabric soaked in 50 ppm
Cu”* solution reveals it is obviously discoloured and
to a far greater degree than the comparable untreated
and the conventionally DMDHEU crease resist treated
cotton, Fig. 10. The binding of the copper ions was
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fast to thorough rinsing in water thus demonstrating
its substantivity. The related citric acid finish for cot-
ton, similarly containing unreacted carboxyl groups,
has also been demonstrated to bind effectively heavy
metal cations such as copper, silver and tin to impart
rot resistance [19].

While this observation is perhaps unsurprising in
the light of polycarboxylic acids functioning in water
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Figure 10 Reflectance spectra of copper ion impregnated cotton fabrics.

purification systems by metal complexation, it may
present a potential processing and end-use problem.
Therefore the effect of domestically laundering the cop-
per pretreated cotton fabrics in a perborate-based deter-
gent was evaluated. A relatively higher tensile strength
loss of 53% was observed for the copper doped BTCA
modified cotton after five domestic launderings rela-
tive to the comparable copper doped, untreated and
Fixapret CPN samples, 24% and 32% strength losses,
respectively. Again in the light of the well known heavy
metal catalysed decomposition of hydrogen peroxide it
is perhaps not unexpected the concomitant increase in
strength loss with increasing copper concentration.

4. Conclusions

The nature of BTCA powder and the surface of BTCA
modified cotton have been characterised by XPS and
ToF-SIMS and an increase in fibre surface carboxyl
content observed. The increased carboxyl concentra-
tion significantly increases the adsorption of sodium
ions during domestic laundering. Similarly the rela-
tive adsorption of copper ions from aqueous solution
is increased by the BTCA modification leading to ob-
vious discolouration. Washing of the copper doped,
BTCA modified cotton in a perborate-based detergent

formulation produces a greater strength loss than com-
parably treated unmodified and DMDHEU treated cot-
ton, due to the relatively higher levels of bound copper
ions.
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