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bstract

Surface chemistry and wetting properties of cotton fibres as affected by catalytic bleaching have been investigated. Two types of cotton fabric
ave been analysed: the regular and a model cotton fabric. In the regular – double scoured cotton fabric, cellulose was contaminated with both
on-removable and removable impurities including different pigments. The model cotton fabric, previously freed of most removable impurities,
as stained for the purpose of this study with one pigment only, i.e. morin, a component that is typically found in native cotton fibre. Bleaching

ffectiveness of the catalyst based bleaches has been compared to the non-catalyst based bleaching systems. Surface chemical changes of cotton
ave been identified by XPS. Contact angle and capillary constant of the cotton fabric have been measured applying the Washburn method.

his approach has provided the tool to explore and to quantify the chemical and physical effects on cotton fibre after catalytic bleaching. The

nterrelationship between an increase in capillary constant and the removal of non-cellulosic impurities, characterised by the C1 component in C
s XPS spectrum, has been elucidated.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

Generally speaking, bleaching of cotton is an important pro-
ess in the textile industry, being used to oxidise the impu-
ities and colouring matter contained in fibres. Our previous
esearch [1,2] has shown that short-time bleaching of cot-
on with hydrogen peroxide can be accomplished at temper-
tures as low as 30 ◦C by incorporating dinuclear tri-�-oxo
ridged manganese(IV) complex of the ligand 1,4,7-trimethyl-
,4,7-triazacyclononane (MnTACN) [3] as the catalyst in the
leaching solution. To understand the role of the catalyst
nTACN in the bleaching process as well as the overall mech-

nism of the reaction of catalytic oxidation of colouring matter

o colourless products, we have used a homogeneous model
ystem based on morin (3,5,7,2′,4′-pentahydroxylflavone) [4]

a pigment that is, together with gossypetin (3,5,7,8,3′4′-

∗ Corresponding author. Tel.: +31 53 4894860; fax: 31 53 4893849.
E-mail address: t.topalovic@utwente.nl (T. Topalovic).
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exahydroxyl flavone), typically found in native cotton fibre
5]. This study has pointed out the possibility of replacing H2O2
ith O2 as terminal oxidant in the catalytic bleaching system

6].
Nevertheless, the bleaching of cotton takes place in a hetero-

eneous system and phenomena other than interaction of active
leaching species with colouring matter present in fibres can
lso play an important role. Hence, the research has been taken
ne step further by investigating a heterogeneous system that
ncluded regular cotton fabric, as well as a model cotton fab-
ic that has been prepared by staining with morin in order to
imic a raw cotton material. This approach provided the tool

o explore and to quantify the chemical and physical effects on
he cotton fibre surface caused by catalytic bleaching. Chemical
urface changes on the cotton fibre are identified by X-ray Pho-
oelectron Spectroscopy (XPS), whereas the water contact angle

nd the capillary constant are measured applying the Washburn
ethod. The results obtained show an important interrelation-

hip between the removal of non-cellulosic compounds and an
ncrease in the capillary constant of the bleached cotton fabric.

mailto:t.topalovic@utwente.nl
dx.doi.org/10.1016/j.colsurfa.2006.09.026
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n order to get an integrated view, the results are compared to
he bleaching effectiveness.

. Surface chemistry of cotton

The chemical composition of cotton fibres varies with its
ariety and growth conditions [7,8]. Each cotton fibre is com-
osed of concentric layers. The cuticle layer on the fibre itself
s separable from the fibre and consists of wax and pectin mate-
ials. The primary wall, the most peripheral layer of the fibre,
s composed of cellulosic crystalline fibrils. The secondary wall
f the fibre consists of three distinct layers. All three layers of
he secondary wall include closely packed parallel fibrils with
piral winding of 25–35◦ and represent the majority of cellu-
ose within the fibre. The innermost part of cotton fibre – the
umen – is composed of the remains of the cell contents. Before
oll opening, the lumen is filled with liquid containing the cell
ucleus and protoplasm.

In general, cotton fibres are composed of mostly �-cellulose
88.0–96.5%). Non-cellulosic compounds in the fibres include
rotein (1.0–1.9%), wax (0.4–1.2%), pectin (0.4–1.2%), inor-
anics (0.7–1.6%), and other (0.6–8.0%) substances. Most of the
on-cellulosics are located on the outer layer of fibres, except for
rotein, inorganic salts and colouring matter, which have been
ound in the fibre lumen. While these non-cellulosic compounds
lay an important role during cell growth and development,
hey are presenting an impermeable barrier to liquor penetra-
ion and are responsible for yellow/brown appearance of native
otton. Thus, they have to be removed thoroughly by scouring
nd bleaching, in order to enable efficient subsequent wet pro-
essing of textile material (i.e. dyeing and finishing).

The current development of new fibre surface modification
ethods as well as need to fundamentally understand change

n surface fibre chemistry after conventional processes, such as
couring and bleaching and how it affects the properties of final
extile products, has highlighted the interest for the application
f the XPS technique. The use of XPS to study the chemistry of
hemically modified cotton fibres was pioneered by Soignet et
l. [9]. Since then, XPS has been used in many investigations of
urface chemistry of cellulosic fibres [10–13], including the sur-
ace composition of paper and wood fibres [14–16]. Mitchell et
l. [17] have recently published on surface chemical analysis of
aw, scoured and hydrogen peroxide bleached cotton material.
hey have successfully analysed the surface chemical compo-
ition of raw unscoured cotton by XPS and ToF-SIMS (Time
f Flight Secondary Ion Mass Spectrometry). The presence of
on-cellulosic material at the fibre surface has been established
nd determined to be a complex mixture of fatty acids, alcohols,
lkanes, esters and glycerides. The effect of bleaching and espe-
ially scouring was to reduce the surface concentration of these
aterials, but even after these treatments some non-cellulosic
aterial residue was still detected at the fibre surface.
. Wetting properties of cotton

For effective processing (dyeing and finishing) and mainte-
ance (cleaning) of cotton assemblies involving aqueous media,
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mproved and uniform water wetting is essential, because it
acilitates the transport of active reagents between and into the
bres. The purpose of scouring and bleaching is to confer these
roperties to cotton. Although it is commonly recognised that
emoval of non-cellulosic compounds improves water wetting
nd spreading on cotton, quantitative measurements of such a
elationship have not been clearly established. Theoretical [18]
nd experimental [19,20] approaches for quantitative determi-
ations of liquid wetting and retention in fibrous materials have
een documented.

In the case of textile materials, the interactions with liquids
re very complex. They involve several physical phenomena,
uch as wetting of fibre surfaces, spontaneous flow of a liquid
nto an assembly of fibres driven by capillary forces (wicking),
dsorption on the fibre surface and possible diffusion of the
iquid into the interior of the fibres [21,22]. In general, fibre
ssembly/liquid interactions depend on the wettability of fibres,
heir surface geometry, the capillary geometry of fabric, the
mount and the nature of test liquid, and external forces (such
s applied pressure).

Contact angles on single natural fibres can be measured either
irectly [23,24] or indirectly, using the modified Wilhelmy tech-
ique [22]. However, in the case of natural fibres the Wilhelmy
ethod is hardly applicable, due to the wide variation in fibre

erimeter and fibre shape [25]. Dimensional irregularities along
he cotton fibre axis and in cross-sectional shapes complicate
he measurements and thus affect the single-fibre contact angles.
reater variations in the measured contact angle might also be
ue to the inhomogeneous character of the fibre surfaces and
herefore varying fibre surface wettability. Hsieh et al. [19,20]
ompared the measured contact angles on a variety of fabrics
natural and man-made textile fibres) with the wetting prop-
rties of single fibres. They found that contact angles derived
rom fabrics and single-fibre measurements were identical and
hat neither the existence nor the magnitude of liquid retention
nterfered with the contact angle determination from fabrics.
owever, the error range was broader for contact angles mea-

ured on single fibres.

. Experimental

.1. Bleaching procedure and sample preparation

Bleaching experiments with both regular (designated as the
as received”) and model cotton fabric were carried out in 300 ml
ide neck Erlenmeyer flasks that were placed in a shaking
ater bath SW 21 (Julabo, Germany) controlled to ±0.2 ◦C

nd with a shaking frequency of 150 rpm. Each flask was filled
ith buffer solution and once the target temperature achieved,
cotton fabric sample was introduced and required amounts

f H2O2 (30 vol.%) and 1 mM stock solution of MnTACN
dded to make a final volume of 200 ml. In the experiments
here H2O2 was replaced with O2, the bleaching solution was

urged with air throughout the bleaching experiments. In each
leaching experiment 3 fabric strips with a total weight of 10 g
ere used. The conditions were as follows: liquor ratio, 20:1;

MnTACN], 10 �M; [H2O2], 0.1 M; NaHCO3/NaOH buffer
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Table 1
WI values for the “as received” fabric and model fabric before and after bleaching
at 30 ◦C, pH 10.5 for 15 min

Sample label Description WI (Berger)

a “as received” scoured once 46.00 ± 0.56
b “as received” scoured twice 71.30 ± 0.66
ca “b” treated in buffer solution 74.50 ± 0.33
d “b” bleached with O2/MnTACN 73.33 ± 0.42
e “b” bleached with H2O2 77.53 ± 0.46
f “b” bleached with H2O2/MnTACN 80.93 ± 0.08
gb “b” bleached with H2O2 (at 70 ◦C, pH 11) 81.92 ± 0.29
h “g” stained with morin (model fabric) 50.39 ± 1.10
ic “h” treated in buffer solution 56.64 ± 0.31
j “h” bleached with O2/MnTACN 59.08 ± 0.37
k “h” bleached with H2O2 61.03 ± 0.21
l “h” bleached with H2O2/MnTACN 79.70 ± 0.35

a Blank for the “as received” fabric bleaching experiments.
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geometry of the sample. Theoretically, the capillary constant
b Used for preparation of model fabric by staining it with morin.
c Blank for the model fabric bleaching experiments.

H 10.5, 30 ◦C, 150 rpm. After 15 min of the treatment the
amples were removed, rinsed thoroughly twice in hot water
nd once in cold water, and dried at room temperature over
ight.

For bleaching experiments, we used both the “as received”
nd model cotton fabric. The “as received” cotton fabric (100%
otton woven plain fabric with a weight of unit area 105 g m−2)
as previously desized and double scoured in industrial condi-

ions (sample b, Table 1). Its whiteness index (WI) was 71 Berger
nits. The “as received” cotton fabric, desized and scoured once
sample a, Table 1), served as a reference only. Both fabrics were
indly supplied by Vlisco (Helmond, the Netherlands).

The main idea of producing the model cotton fabric was
o take sufficiently white cotton fabric (which has most of the
mpurities removed) and to stain it in a controlled way with a pig-

ent (morin) that mimics the natural cotton coloured impurities.
ccordingly prepared model fabric mimics raw (unbleached)

otton fabric. The “as received” double scoured cotton fabric
sample b, Table 1) was used to produce the model fabric. To
emove the coloured matter thoroughly, bleaching with H2O2
as carried out under the conditions that are characteristic for

he conventional hydrogen peroxide bleaching process: liquor
atio, 20:1; [H2O2], 0.1 M; NaHCO3/NaOH buffer pH 11, 70 ◦C.
he bleached cotton fabric sample (sample g, Table 1) was sub-
equently stained with morin (sample h, Table 1). The staining
rocedure was as follows: liquor ratio, 20:1; [morin], 0.6 g/l;
NaCl], 2.5 g/l; NaHCO3/NaOH buffer pH 11, 30 ◦C; 60 min;
30 rpm. After staining, the samples were rinsed twice in cold
ater for 60 min at a liquor ratio of 160:1.

.2. Bleaching effectiveness

Bleaching effectiveness was evaluated by measuring the
hiteness index with a spectrophotometer 968 (X-Rite, USA)
et at 460 nm using D65 illuminant and observer 10◦. Four mea-
urements of WI per piece of fabric were carried out. The XYZ
cale was used to determine the WI applying the formula of

f

c
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erger [26] (Eq. (1)):

B = Y + 3.448Z − 3.904X (1)

.3. Surface chemical analysis

XPS analyses were performed to investigate the surface
hemical changes of the cotton fibres using a PHI Quantera
canning ESCA Microprobe spectrometer (Physical Electron-

cs, USA). Two different spots were analysed per sample. The
amples were irradiated with monochromatic Al K� X-rays
1486.6 eV) using a X-ray spot size with a diameter of 100 �m
nd a power of 25 W. The standard take-off angle used for anal-
sis was 45◦, producing a maximum analysis depth in the range
f 3–5 nm. Survey spectra were recorded with a pass energy of
24 eV (stepsize 0.8 eV), from which the surface chemical com-
ositions were determined. In addition, high-resolution carbon
1s) spectra were recorded with a pass energy of 26 eV (stepsize
.1 eV), from which the carbon chemical states were determined.
ll binding energies values were calculated relative to the car-
on (C 1s) photoelectron at 285 eV applying a linear background
ubstraction method followed by C 1s curve deconvolution into
hree Gaussian’s curves. Peak positions of these curves were
xed at 285.0 eV (C C/C H); 286.6 eV (C O); and 288.1 eV
C O/O C O) [27,28].

.4. Wetting measurements

The wetting behaviour of cotton was characterised, according
o the capillary-rise method, using a Processor Tensiometer K12
software version K121, Krüss, Germany). The evaluation of
he measured data was based on modifications of the Washburn
quation for a single capillary (Eq. (2)) [29],

os θ = 2

A2r

η

σρ2

m2

t
(2)

hich results from the combination of the expression for the
aplace pressure and the Hagen–Poiseuille equation for steady
ow conditions [30–32], where σ, the liquid surface tension; θ,

he solid/liquid contact angle; A, the cross-sectional area; r, the
adius of the capillary; η, the liquid viscosity; ρ, the liquid den-
ity; m, the weight of the liquid that penetrates into the capillary,
nd t, the penetration time.

In the case of fibre assemblies, the geometry of the capillary
ystem is unknown and, therefore, the factor [2/A2r] is replaced
y an unknown factor 1/c, which leads to the modified Washburn
quation (Eq. (3)):

os θ = 1

c

η

σρ2

m2

t
(3)

he factor η/(σρ2) reflects the properties of the test liquid, and
2/t is to be measured. The constant c reflects the capillary
or a porous solid is given by (Eq. (4)) [22]:

= 1

2
π2r5n2 (4)
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here r, the average capillary radius within the porous solid;
, the number of capillaries in the sample. From the Washburn
ata alone, r and n cannot be calculated independently, whereas
he c factor can be determined quite reproducibly. The modi-
ed Washburn equation (Eq. (3)) can be applied by making the
ollowing assumptions: (1) the liquid flow is predominantly lam-
nar in the “pore” spaces; (2) gravity is negligible; and (3) the
ore structure of the porous solid or fibre assemblies is constant
33].

A detailed experimental procedure was given elsewhere [22].
n our experiment n-decane was used as a total wetting liquid
cos θ = 1) to determine capillary constant c [34]. Both capillary
onstant c and contact angle θ were determined as an aver-
ge of five independent measurements performed always in the
arp direction on the 2 cm × 2 cm square fabric pieces cut from
ifferent (randomly chosen) locations on the sample. For each
easurement the initial slope m2/t of the function m2 = –t) was

etermined using a second-order polynomial fit.

. Results

.1. Bleaching effectiveness

The results obtained for the WI are presented in Table 1. As
t can be seen, the catalytic bleaching of the “as received” fabric
sample b) produces very high WI (∼81) (sample f), whereas
leaching with H2O2 alone (sample e) does not reach the target
alue (above 80) for the WI under the same conditions. The target
alue has been established on wide experience that the provider
f the cotton fabric has in industrial bleaching. The samples
reated by O2/MnTACN (sample d) and in buffer solution only
sample c) show a little change in WI.

For both the model fabric (sample h) and the “as received”
ouble scoured fabric (sample b), the H2O2/MnTACN bleaching
ystem is more effective in terms of WI produced (WI ∼ 81,
ample f; and WI ∼ 80, sample l) than the bleaching with H2O2
lone (WI ∼ 78, sample e; and WI ∼ 61, sample k).

.2. Surface chemical analysis of cotton fibre

The only atoms analysable by XPS in pure cellulosic fibres
re carbon and oxygen, since hydrogen cannot be detected due to
he technique limitation. The chemical shifts of carbon (C 1s) in
otton fibres can usually be easily classified into four categories
17]: unoxidised carbon (C C), carbon with one oxygen bond
C O), carbon with two oxygen bonds (O C O or C O) and
arbon with three oxygen bonds (O C O). A detailed analysis
f the oxygen (O ls) peak is generally less useful. Thus, quan-
itative data on the surface chemical composition are mainly
btained from the O/C atomic ratio and the relative amount of
ach type of carbon (C 1s).

A low-resolution XPS scan is run to determine the percent-
ges of the elements present at the cotton fibre surface before

nd after bleaching of both the “as received” cotton fabric and
odel cotton fabric (Fig. 1). As expected, the main elements

etected are carbon and oxygen. Using area sensitivity factors,
he oxygen-to-carbon (O/C) atomic ratio was calculated as an

a
b
m
c

ig. 1. Some XPS survey spectra of the “as received” (a) and model (b) cotton
abric before and after bleaching. Labelling scheme used in Table 1.

nitial indication of surface oxidation. The O/C atomic ratio
ound for the “as received” fabric scoured once is 0.32 (sam-
le a) and for the double scoured is 0.55 (sample b), while the
alue expected for pure cellulose is 0.83 (Table 2). The different
leaching treatments (H2O2/MnTACN; H2O2 or O2/MnTACN)
urther increase the O/C atomic ratio where the highest value of
.62 is obtained after the bleaching with the H2O2/MnTACN cat-
lytic system and H2O2 alone (samples f and e, respectively).
t is interesting to note that the treatment in a buffer solution
sample c) also leads to a significant increase in the O/C atomic
atio (0.60).

When the “as received” fabric is replaced with the model
abric, the difference in the O/C atomic ratio after the bleaching
ith H2O2/MnTACN (0.76, sample l) and H2O2 alone (0.69,

ample k) becomes noticeable. It is important to realise that the
as received” double scoured cotton fabric (sample b) is used
o produce the model fabric by staining it with morin (sample
) after it has been pre-treated with H2O2 at 70 ◦C (sample g).
nowing that, it is not surprising that sample g has the O/C

tomic ratio of 0.63, which is similar to that of samples e and f.
evertheless, the O/C of sample g is not significantly affected
fter staining it with morin (0.62). This cannot be explained
y the similarity in stoichiometry of cellulose (O/C = 0.83) and
orin (O/C = 0.47), but much lower proportion of morin when

ompared to that of cellulose at the cotton fibre surface.
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Table 2
XPS analysis of the “as received” and model fabric before and after bleaching

Sample labela O/C Binding energy (eV)

285.0 286.6 288.1

C C or C H
aliphatic

C OH or C O
alcohol, ether

O C O or C O
double ether, carbonyl

C1 (at.%) C2 (at.%) C3 (at.%)

a 0.32 ± 0.02 60 ± 2 32 ± 0 8 ± 2
b 0.55 ± 0.01 35 ± 2 52 ± 2 13 ± 1
c 0.60 ± 0.01 27 ± 1 58 ± 2 15 ± 1
d 0.60 ± 0.04 27 ± 2 60 ± 0 13 ± 1
e 0.62 ± 0.01 27 ± 1 59 ± 1 14 ± 0
f 0.62 ± 0.02 23 ± 3 59 ± 2 18 ± 1
g 0.63 ± 0.00 26 ± 2 58 ± 0 15 ± 2
h 0.62 ± 0.05 25 ± 2 59 ± 2 16 ± 1
i 0.67 ± 0.02 21 ± 1 64 ± 1 15 ± 1
j 0.69 ± 0.01 19 ± 1 66 ± 2 15 ± 1
k 0.69 ± 0.01 18 ± 0 66 ± 1 16 ± 1
l 0.76 ± 0.01 19 ± 2 69 ± 1 12 ± 3

Cellulose (theor.) 0.83
M
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a Labelling scheme used in Table 1.

Similar to the “as received” cotton fabric, the treatment of the
odel fabric in a buffer solution (sample i) contributes approx-

mately to the same increase in the O/C atomic ratio as in case
f bleaching with H2O2 (sample k) and O2/MnTACN (sam-
le j). On the other hand, after bleaching of model fabric with
he H2O2/MnTACN system, the O/C atomic ratio is remarkably
ncreased (up to 0.76) which is the highest value obtained and
ence the most comparable to the theoretical value for cellulose
0.83). The observed increase in the O/C atomic ratio cannot be
ssigned to the oxidation of morin at the fibre surface, as it has
een seen that staining with morin (sample h) had no impact on
he O/C atomic ratio of the original fabric (sample g). This indi-
ates that more complex phenomena occur during bleaching,
part from oxidation of pigment present in cotton fibre.

The fact that the O/C atomic ratio obtained for all sam-
les analysed (a–l) is much lower than in cellulose indicates
hat the surface of the unbleached cotton fibres and, to the less
xtent, of bleached cotton fibres, does not consist of pure cellu-
ose. The low O/C atomic ratios obtained are due considerable
mounts of carbon atoms without oxygen neighbours (C1 in
able 2) which should not be present in pure cellulose. It is
ell known that laminar layers of waxes, proteins and pectin,
hich originally more or less totally conceal the cellulose back-
one, cover natural cotton fibres. Since waxes consist mainly
f unoxidised type of carbon, C1 can be taken as a marker for
he presence of such substances together with the O/C atomic
atio.

To obtain more detailed information, a high-resolution scan
s conducted on the C 1s region for all samples listed in Table 2
n order to determine the types and amounts of carbon–oxygen

onds present (Figs. 2 and 3). The theoretical binding energies
nd corresponding bond types are shown in Table 2. Cellulose is
ade up of a chain of glucopyranose units, joined at the 1 and 4

ositions through elimination of water. Therefore, it is expected

t
a
t
e

hat pure cellulose exhibits a two-component C 1s XPS spectrum
C2 and C3 in Table 2), having the ratio of lower binding energy
EB = 286.6 eV) to higher binding energy (EB = 288.1 eV) com-
onents of 0.83:0.17 (or ∼5:1). That is, the carbon bonded to
wo ether linkages appears at higher EB while all other carbons,
hether bonded to an ether or alcohol oxygen, appear at the

ower EB (C3 and C2, respectively).
In practice, however, additional peaks are found because of

he presence of non-cellulosic impurities which, even though
ot considered to be covalently bound to the fibre, need to be
emoved in bleaching.

The C 1s XPS spectra and deconvolution peaks of the “as
eceived” and model fabrics before and after bleaching with

2O2/MnTACN and H2O2 are presented in Figs. 2 and 3,
espectively. The C 1s peak is deconvoluted into three sub-
eaks, C1, C2, and C3. The C1 peak does not include a
arbon–oxygen bond, whereas C2 and C3 both include a
arbon–oxygen bond. The experimentally determined ratios of
he subpeaks for the “as received” cotton fabric scoured once
sample a) and twice (sample b) are C1:C2:C3 = 0.60:0.32:0.08
nd C1:C2:C3 = 0.35:0.52:0.13, respectively (Fig. 2, Table 2),
s compared to the abovementioned theoretical values of
1:C2:C3 = 0:0.83:0.17. This shows that the major chemical
xidation state at cotton fibre surface occurs at binding energy of
85.0 eV after the first scouring process, attributed to aliphatic

C, C H bonding only, indicating that it is of non-cellulosic
rigin.

In addition, the second scouring produces a significant effect
n the C 1s XPS spectrum, where a reduction in the spec-
ral contribution of the C1 component from approximately 60

o 35 at.% takes place. The C 1s XPS spectrum of the H2O2
nd O2/MnTACN bleached fabric (sample e and sample b),
ogether with the blank (sample c), shows further, and to the same
xtent, decrease in component C1 (27 at.%) (Table 2). After the
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Fig. 2. XPS scan of C 1s region of the “as received” cotton fa

2O2/MnTACN bleaching (sample f), the minimum percentage
f this component is reached (23 at.%), showing that this sys-
em has the greatest effectiveness of removal of non-cellulosic
ompounds.

The lack of any further reduction in component C1 after
leaching of model fabric with H2O2/MnTACN (19 at.%, sam-
le l) as compared to that of model fabric bleached with H2O2
nd O2/MnTACN (18 and 19 at.%, samples k and j, respectively)
Table 2) suggests strong substantivity and inertness of the bound
rganic material. This is perhaps not entirely unexpected since
ven with “pure” cellulose materials there is always spectral
ntensity at 285 eV, typically contributing 10–20 at.% of the C
s XPS spectral intensity [9–13,17] indicating either hydrocar-
on contamination or polymer modification.

The magnitude of the C2 peak of the “as received” double

coured cotton fabric (52 at.%, sample b) is affected to approx-
mately the same extent after bleaching with H2O2/MnTACN
59 at.%, sample f) as after bleaching with O2/MnTACN and

2O2 (samples d and e, respectively) (Table 2), whereas the

t
t
l
s

efore and after bleaching. Labelling scheme used in Table 1.

2O2/MnTACN bleaching of the model fabric (sample h) leads
o a larger increase of spectral contribution of the C2 compo-
ent (69 at.%, sample l) than after the O2/MnTACN and H2O2
leaching (both 66 at.%, samples j and k, respectively).

Finally, it is shown in Table 2 that the H2O2/MnTACN bleach-
ng of the “as received” fabric results in a greater increase of the
pectral contribution of the C3 peak (from 13 to 18 at.%, sam-
le b and sample f) compared to the O2/MnTACN (sample d)
nd H2O2 bleaching (sample e) due to the formation of surface
arbonyl species, which in addition to the O C O spectral com-
onent, contributed to the observed spectral increase at the C 1s
inding energy of 288.1 eV. On the contrary, after the bleaching
f the model fabric (sample g) with H2O2/MnTACN (sample
), the contribution of the C3 component is reduced from 16 to
2 at.% suggesting that two concomitant processes could be pos-

ulated to interpret the effect of the H2O2/MnTACN activity on
he cellulose fibre surface: oxidative degradation and removal of
ow-molecular-weight carbonyl-rich products into the bleaching
olution.



82 T. Topalovic et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 296 (2007) 76–85

befo

5

f
t
o
l
m
h
a
“
c
c
p
X
t
c
p
c

t
o
m
c
t
b
p
p
r

(
b
b
a
B

Fig. 3. XPS scan of C 1s region of the model cotton fabric

.3. Contact angle and capillary constant

Water contact angles of the “as received” and model cotton
abric as a function of bleaching in the presence and absence of
he catalyst MnTACN are determined. The same contact angle
f ca. 50◦ is obtained for all bleached samples and the blanks
isted in Table 1. This is probably not surprising when having in

ind that the “as received” fabric is double scoured and therefore
ydrophilic in nature. Similar results regarding the contact angle
re obtained after bleaching of the model cotton fabric. The
as received” once scoured fabric (sample a) has, however, a
ontact angle above 90◦. This can be related to the chemical
omposition of the fibre surface (Fig. 2, Table 2), where it is
ossible to see that C1 component is predominant in the C 1s
PS spectrum of this sample (60 at.%). This is direct evidence
hat the fibre surface is to a very high extent covered with non-
ellulosic compounds. After the second scouring process, the
roportion of C1 component decreases from 60 to 35 at.%, which
ertainly leads to a remarkable decrease in contact angle. In

c
1
s
c

re and after bleaching. Labelling scheme used in Table 1.

his case, the bleaching (or the treatment in a buffer solution
nly) is not critical to the contact angle. It is likely that the
ajority of cotton fibre impurities that can strongly affect the

ontact angle are removed by repeated scouring rather than by
he bleaching process. On the contrary, even small differences
etween the different bleaching treatments can be registered by
lotting the capillary constant c (Fig. 4). The error bars in the
lot represent the standard deviation of the measured wetting
ate m2/t averaged over at least five single measurements.

Capillary constant c for the “as received” sample b
6.8 × 10−7 cm5) increases to 8.5 × 10−7 cm5 for the sample f
leached by H2O2/MnTACN. Interestingly, the treatment in a
uffer solution (sample c) is of the same effect (8.2 × 10−7 cm5)
s bleaching with H2O2 (sample e) under the conditions applied.
leaching of model fabric with H2O2/MnTACN (sample l)

auses a remarkable increase in the capillary constant (up to
0.2 × 10−7 cm5) when compared to that of the H2O2 bleached
ample (9.0 × 10−7 cm5, sample k). The increase in capillary
onstant c, i.e. the average capillary radius (Eq. (4)), is in
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molecules. On the other hand, in the absence of the (removable)
C1 impurities chain-breaking oxidative reactions are becoming
predominant since more cellulose bonds are vulnerable on the
“bare” surface.
Fig. 4. Capillary constant as a function of bleaching in the presence

greement with the results published recently by Volkov et al.
35] and indicate that simultaneously with the chemical action,
.e. discolouration of cotton fibre pigments, an increase in pore
ize takes place due to the partial removal of the bleaching
roducts.

.4. Capillary constant versus removal of the bleaching
roducts

It is evident from Eq. (4) that the capillary constant c is
ery sensitive to a change in average capillary radius within
he porous solid (c ∼ r5). An increase in the capillary constant
f cotton fabric after bleaching, i.e. an increase in the average
apillary radius, can be explained by a lower concentration of
omponent C1 (Fig. 5a) assigned to a removal of non-cellulosic
ompounds. A decrease in component C1 is followed by an
ncrease in component C2 (Table 2) that also correlates with an
ncrease in the capillary constant (Fig. 5a). Consequently, an
ncrease in the O/C atomic ratio interrelates with an increase in
he capillary constant (Fig. 5b). As it can be seen in Fig. 5, the
apillary constant changes exponentially with the percentage of
1 and C2 components and the O/C atomic ratio.

It is interesting to note that although the proportion of compo-
ent C1 slowly gets to 17–19 at.% (Fig. 5a), which is attributed
o the presence of non-removable impurities [17], the capillary
onstant continues with a considerable increase from 9.0 × 10−7

o 10.2 × 10−7 cm5. This means that a further increase in capil-
ary constant c, when only non-removable impurities are present
t the cotton fibre surface, can be related to the removal of chain-
hortened cellulose into the bleaching solution. It is well known
hat all cellulosic fibres can be damaged by oxidising bleaches
36,37]. Oxidation products are termed “oxycellulose”, whereby
OH groups are converted to aldehyde, ketone, and carboxyl
roups. Hydrolysis reactions sometimes occur during bleaching
ith the formation of chain-shortened “hydrocellulose” [38].
ydrocellulose formation breaks glycosidic bonds and produces
ne reducing (aldehyde) and one non-reducing end group.

At the same time, this can be an explanation for the decrease
n proportion of the C3 component at the fibre surface for the

odel fabric bleached with H2O2/MnTACN, whereas for the

as received” fabric proportion of the C3 component increases
Table 2). The different result concerning the change in C3
omponent obtained after the H2O2/MnTACN bleaching of the
as received” and model fabric is in fact the consequence of

F
C
s

bsence of the MnTACN catalyst. Labelling scheme used in Table 1.

he different chemical composition at the cotton fibre surface,
hereas the presence of C1 component plays an important role.

n the presence of a significant amount of C1 component at the
otton fibre surface, non-cellulosic compounds represented by
his component can be the target of catalytic action and there-
ore competitive with pigments and cellulose for the catalyst
ig. 5. Effect of removal of non-cellulosic compounds, represented by C1 and
2 component (a) and the O/C atomic ratio (b), on capillary constant. Labelling

cheme used in Table 1.
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. Conclusions

The bleaching experiments in this study were done with
wo different cotton fabrics: the regular (designated as the “as
eceived”) and model cotton fabric. The model fabric obtained
y staining with cotton pigment morin and containing mainly
on-removable non-cellulosic impurities provided the tool to
ifferentiate between pigment discolouration and other phe-
omena that occur during catalytic bleaching by examining the
hemical and physical effects on cotton fibre surface.

Apart from conferring the highest whiteness to both the “as
eceived” and model fabric, the ability of the H2O2/MnTACN
atalytic bleaching system to remove non-cellulosic compounds
as also remarkable compared to the non-catalytic H2O2 bleach-

ng system in case of the “as received” fabric. The use of model
abric showed that further removal of these impurities is very
ifficult indeed.

The capillary constant of the cotton fabric changed after
leaching. The highest values were obtained using the
2O2/MnTACN catalytic system in case of both the “as

eceived” and model fabric. The increase in capillary constant
indirectly showing the increase in the average capillary radius),
ndicated that simultaneously with the chemical action, i.e. dis-
olouration of cotton fibre pigments, an increase in pore size
ook place due to the partial removal of the bleaching products.
ence, the increase in capillary constant was interrelated with

he removal of non-cellulosic (“wax-type”, characterised by the
1 component in C 1s XPS spectrum) bleaching products during
leaching and subsequent rinsing operations.
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