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Extreme non-equilibrium oxygen plasma was used for the deep functionalisation of viscose materials
used for the healing of chronic wounds. Those thermal effects, which usually appear during plasma
treatment due to the influence of charged particles, were avoided effectively by using electrode-less
discharge at a very low power density of 25 W/l volume. A huge flux of neutrally reactive atoms at room
temperature of 3 x 1023 m~2 51, allowed for the effective diffusion of O-atoms into inter-fibril space and
thus the activation of fibrils throughout the non-woven materials. Apart from the standard Wilhelmy
balance and pedant drop method for determining the absorption dynamics on a macroscopic scale, optical
polarisation microscopy was applied for studying the microscopic effects. The sorption characteristics
were determined for saline solution, exudate, and blood and the results showed a dramatic improvement.
Focusing on hydrophobic recovery prevention, the modified samples were stored for 10 days in air,
nitrogen, and argon atmospheres. Some ageing effects occurred, whilst the absorption properties were
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independent of the storage atmosphere.
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1. Introduction

Wounds are considered as the major cause of morbidity and
impaired quality of life, especially by patients suffering from dia-
betes. It has been estimated that in 2010 over 1% of the world’s
population suffered from serious complications causing chronic
ulcer wounds. The average cost of a treatment cycle is estimated to
be about€6600 for leg ulcers and €10,000 for foot ulcers (Eucamed
Medical Technology, 2011).

Wound dressings are regarded as the medical means of clean-
ing and protecting wounds in order to facilitate and accelerate the
healing process. Although the healing process of wounds is a nat-
ural process, the speed of healing and fluid loss is still one of the
major challenges. Significant improvements in developing wound
dressing products have been recorded since the earliest century,
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but the properties of those materials currently used are still far
from challenging the characteristics that chronic wounds exhibit.

Cellulose in the form of a cotton fabric is technically still one of
more important composite components applied on wound dress-
ings as an absorbent. However, it is rarely used in its 100% form
because it sticks to the wound, as well as due to its rather low purity
and high production costs. Viscose in the form of woven or non-
woven textiles is more commonly used. Although the absorbency
of viscose is much higher compared to similar materials (e.g. modal
and lyocell), the capacities and rates are still insufficient when
considering absorbent applications. In addition, the absorbency
rate of viscose is definitely below the capacity of alginate (Rowe,
Sheskey, & Quinn, 2009) whilst, on the other hand, there is no
evidence suggesting that alginate wound dressings are more effec-
tive for healing diabetic foot ulcers than other types of dressings
(Dumville, O’'Meara, Deshpande, & Speak, 2012).

Several techniques have been developed for modifying viscose
materials in order to improve their absorption properties (Durso,
1978; Fengel & Wegener, 1984; Freytag & Donzé, 1983; Lewin,
1984). Amongst them, treatment by gaseous plasma is of partic-
ular interest (Canal, Erra, Molina, & Bertran, 2007; Canal, Gaboriau,
Villeger, Cvelbar, & Ricard, 2009; Gorensek, Gorjanc, Bukosek,
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Kovac, Petrovic, et al,, 2010; Gorensek, Gorjanc, Bukosek, Kovac,
Jovacic, et al., 2010; Gorjanc, Bukosek, Gorensek, & Vesel, 2010;
Mihailovic et al., 2010; Radetic, Jovancic, Puac, & Petrovic, 2005;
Ristic, Jovancic, Canal, & Jocic, 2009; Vesel et al., 2010) due to qual-
ity procedural standards regarding efficiency and homogeneity,
harmlessness of bulk properties, and the environmental impact.
It is well-known that plasma created in air or oxygen causes the
functionalisation of polymers with surface functional groups (Chan,
Ko, & Hiraoka, 1996; Guimond, Hanselman, Amberg, & Hegemann,
2010; Junkar, Cvelbar, Vesel, Hauptman, & Mozetic, 2009; Vesel,
2008), which in turn causes a dramatic improvement of the surface-
wetting characteristic, as one amongst the more important factors
affecting the absorbency rate and the capacity (Canal et al., 2007;
Ferrero, 2003; Hossain, Herrmann, & Hegemann, 2006; Morent
et al., 2008; Pandiyaraj & Selvarajan, 2008).

For many industrial applications (e.g. paper, food, ceramics,
agriculture, etc.) water, as a substance to be absorbed, is used ade-
quately for determining a material’s absorbing properties, whilst
it cannot be applied for assessing wounds. Assessing a wound
comprehensively requires not only the classifications of colour,
depth, shape, size, exudate amount, and wound location, but also an
understanding of wound dressings’ absorption behaviour regarding
exuding fluids. This phenomenon is addressed in this paper; and
the results are presented as systematic studies on micro and macro
scales.

It is well-known that plasma-treated surfaces undergo ageing,
known as hydrophobic recovery or surface recovery (Arpagaus,
Rossi, & von Rohr, 2005; Hegemann, Brunner, & Oehr, 2003; Hirotsu,
Ketelaars, & Nakayama, 2000). Several methods have been explored
for regressing the ageing, including optimisation of plasma treat-
ment parametres (Kim, Kim, Park, & Ryu, 2002; Lawton, Price,
Runge, Doherty, & Saavedra, 2005; Occhiello, Morra, Cinquina, &
Garbassi, 1992), cross-linking to limit the mobilities of surface
functional groups (Behnisch, Hollander, Zimmermann, 1993; Kim
et al,, 2002; Lawton et al., 2005; Nakamatsu, Delgado-Aparicio, &
Da Silva, 1999; Occhiello et al., 1992), and various ageing envi-
ronments (Brennan, Feast, Munro, & Walker, 1991; Canal, Molina,
Bertran, & Erra, 2004; Kim, Kim, Cho, & Park, 2001; Kim et al., 2002;
Lawton et al., 2005; Morra et al., 1990; Nakamatsu et al., 1999;
Occhiello et al., 1992; Takke, Behary, Perwuelz, & Campagne, 2009).
During some shelf-life investigations, nitrogen and argon atmo-
spheres were used to study the storage lives of fruits and vegetables
(Jamie & Saltveit, 2002; Klieber, Bagnato, Barrett, & Sedgley, 2002).
Within the context of medical dressings used for wound-healing,
it is important to establish the ageing characteristics of the materi-
als during the period from plasma treatment to application. Thus,
the objective of this investigation was not only to report the surface
modification of viscose non-woven by oxygen plasma immediately
after plasma treatment, but also ageing within air, argon, and nitro-
gen atmospheres over time periods of up to 10 days.

2. Experimental
2.1. Materials

Cellulose material was used as a regenerated cellulose fibre in its
non-woven form, as kindly provided by KEMEX, The Netherlands.
The specific surface mass of the material was 175 gm~2 (SIST ISO
3801). The air permeability at room temperature was 650 Lm—2 s~!
(SIST EN ISO 9237). The thickness of this material under normal
conditions was about 1.7 mm (SIST EN ISO 5084). The samples
were dried within a vacuum oven type VS-50SC (Kambic) under
a constant pressure of 100 mbar and at a temperature of 20°C for
24 h before plasma treatment. They were cut into pieces having
dimensions of 22 cm x 22 cm for performing the plasma treatment.

Systematic studies of the absorption properties were performed on
macroscopic and microscopic scales.

2.2. Liquids for absorption measurements

The absorption properties of the cellulose material were tested
with three different liquids: (1) saline solution, (2) synthetic blood
and (3) synthetic exudate. These liquids are often used during rou-
tine quality control procedures by producers of wound dressings
and other related products such as surgical gauzes, and tampons.
The composition and physical properties of the used liquids are pre-
sented in Table 1. The physical properties of the used liquids were
determined at 20°C, i.e. density was determined using a hydrom-
eter (ASTM 100) and viscosity by a Rheolab MC 100 Viscometer,
Physica, Germany. The liquids ‘surface tensions (y;) were mea-
sured using a Wilhelmy balance (Tensiometer Kriiss K12; ASTM
D1331) and the pedant-drop method (OCA 35 DataPhysic; ASTM
D3825-09).

2.3. Plasma treatment

The samples were exposed to oxygen plasma created within a
vacuum system pumped by a two-stage oil rotary pump with a
nominal pumping speed of 60 m3 h~! and ultimate pressure <1 Pa.
The discharge chamber was a 30cm long glass cylinder with an
inner diametre of 27cm capped by aluminium side-plates. The
plasma was excited in pure oxygen leaked into the system during
continuous pumping by a radio frequency (RF) generator operating
at the standard industrial frequency of 27.12 MHz, and a nominal
power of 5kW. A matching network was mounted between the
generator and the induction coil, thus allowing for adjustment of
the useful power according to the specific needs of the particu-
lar experiment, i.e. the output power was fixed at about 500 W.
Such a discharge created almost perfectly-uniform plasma for the
entire volume of the discharge chamber. The plasma parameters
were estimated using electrical and catalytic probes. At a pressure
of 75Pa, as was used in the current experiments, the density of
the charged-particles was of the order of 101> m~3 whilst the neu-
tral atom density, which depends slightly on the distance from the
side-plates, was about 2 x 1021 m~3 in the centre of the discharge
tube. A sample holder placed at the centre of the tube in order to fix
cellulose samples was made of glass in order to prevent substantial
drainage of O-atoms by heterogeneous surface recombination. The
flux (j) of neutral O-atoms on the surface was homogenous over
the entire sample’s surface and was calculated from the measured
O-atom density using the standard equation:

.1

= —nv 1
=3 (M
where n are the measured densities of the neutral O-atoms and v is
their average thermal velocity at room temperature.

2.4. Capillary rise technique

The absorbency rate and absorbent capacity are the two
more important performance parameters to be considered for the
absorbent application of non-woven. The absorbency rate is gov-
erned by the balance between the forces exerted by the capillaries
and the frictional drag offered by the fibre surfaces. The absorbent
capacity is mainly determined by the interstitial spaces between
the fibres, the absorbing and swelling characteristics of the mate-
rial, and the resiliency of the web in the wet state. The absorbency
rate is given by the slope of the weight gained due to liquid pen-
etration, as a function of time, whilst the absorbent capacity is
determined by the volume/mass of fluid absorbed at equilibrium
divided by the dry mass of the test specimen.
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Table 1

Composition and physical properties of liquids used in absorption measurements.

145

Saline solution

Synthetic blood?

Synthetic exudate

Composition 9g/L NaCl 70¢g Tylose H 20p 0.37 g/L CaClH,0
(99.5%; Merck KgaA, Germany) (regular grade; SE Tylose® GmbH & Co. KG, Wiesbaden, (97%; Sigma-Aldrich, Germany)

Germany) 8.3 g/L NaCl
50g NaCl (99.5%; Merck KgaA, Germany)
(99.5%; Merck KgaA, Germany)
20g NaHCO3
(99.5%; Merck KgaA, Germany)
5gCa24
(Biochema Schwaben, Memmingen)
5 g dye Brilliant ponceau 4RC 70E
(Simon & Werner GmbH, Flérsheim am Man, Germany)
500 g glycerine (Pharmaceutical quality, Merck KgaA,
Germany)

Density (g/cm?) 1.01 1.03 1.01

Viscosity (mPas) 1.75 7.93 7.45

pH 7 7 7

vi  (mN/m) 69.56 +£2.71 (WBT) 48.13+£0.17 (WBT) 66.49 +£2.10 (WBT)

67.14+2.27 (PDT)

45.07+1.93 (PDT)

66.25+1.82 (PDT)

WBT: Wilhelmy balance technique; PDT: pedant drop technique.
a Hy-Tec composition 5/94; Hy-Tec Hygene Technologie GmbH, Ratingen

The modified Washburn (Washburn, 1921) or capillary-rise
technique (Jakobasch, Grundke, Mdder, Freitag, & Panzer, 2003),
performed on a Kriiss K12 Tensiometer device, was used to study
the absorption properties of the cellulose material on a macroscopic
scale. The cellulose samples were cut into spherical discs of 2.5 cm
diametre and hung up on the sample holder in the Tensiometer
apparatus. The sample mass was monitored as a function of time
during the absorption experiment. The results are presented as
wetting rise curves (m?2/t), where m is the mass increase and t is the
time, and as the amount of liquid uptake (g fluid/g) in equilibrium.

2.5. Optical polarisation microscopy

Absorption kinetics on a microscopic scale for a single cel-
lulose fibre was investigated by optical polarisation microscopy
(Nikon Polarising Microscope Optiphot 2-pol). High resolution
video recordings of the absorption process were made within a
cross-polarisation regime. The fibres were pulled from non-woven
cellulose and placed between two glass plates. Drops of liquid were
placed along edge of the fibre and started to wet the fibre. The
change in the intensity of polarised light travelling through the fibre
is linked to the kinetics of the fluid absorption (Devetak et al., 2012)
Video recordings were decomposed into frames and numerical data
analysis was performed using Matlab software. The characteristic
times of the transmitted intensity modification were determined by
fitting the exponential saturation function (Karoglou, Moropoulou,
Giakoumaki, & Krokida, 2005).

3. Results and discussion
3.1. Absorption vs. plasma modification

The absorption properties on the macroscopic and micro-
scopic scales were monitored for all three liquids and the results
obtained for the non-treated material were compared with the oxy-
gen plasma modified materials. At least 10 measurements were
performed for each sample and each liquid, in order to obtain
statistically-significant results.

The macroscopic results are presented in Fig. 1 as the wetting
rise curves for the plasma treated sample, as obtained by repeatedly
monitoring the penetration flow of the synthetic blood.

Each wetting rise curve obtained for a single synthetic blood
penetration measurement of the plasma treated sample differed

slightly from the other measured curves. Similar results in terms of
reproducibility were also obtained for the other two liquids used,
as well as for the non-treated sample, and these results are not
presented here. The wetting curves, representing the absorbency
rate (see Fig. 1), were statistically processed (Karoglou et al., 2005)
and were taken into account as average curves for further analysis.

Fig. 2 shows the effect of oxygen plasma treatment on the capa-
bility of the viscose non-woven sample to up-take the liquid. The
results are presented as average wetting rise curves as obtained for
all the test liquids used.

The results shown in Fig. 2 demonstrate a dramatic increase in
the absorbency rate by oxygen plasma treated cellulose material as
compared to the non-treated sample. The wetting rise curves for
the saline solution and synthetic exudate increased by more than
an order of magnitude, whilst the increase for synthetic blood was
not as significant, but nevertheless noteworthy.

The plasma gained absorbent capacity, as the amount of test
liquid up-take in equilibrium, is presented in Table 2.

For the non-treated sample, the equilibrium by saline solution
and synthetic exudate uptake was established within 300s and
the sample was able to absorb between 1.1g and 1.3 g of liquid.
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Fig. 1. Wetting rise curves obtained with repeated monitoring of synthetic blood
sorption by plasma treated samples. Each curve represents the absorption measure-
ments from one sample. The average curve is also presented.
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Fig. 2. Average wetting rise curves for non-treated and plasma treated non-woven
viscose for three different liquids.

Table 2
Amount of liquid up-take in equilibrium for non-treated and oxygen plasma treated
viscose non-woven.

Sample Amount of liquid up-take (g liquid/g)

Saline solution Synthetic blood Synthetic exudate

Non-treated 1.1 +0.1 1.3 +£0.1
Oxygen plasma treated 1.1 £ 0.0 1.1+ 00

1.0 £ 0.1
1.0 £ 0.1

In the case of synthetic blood penetration, the equilibrium for the
non-treated sample was established no sooner than within 1200 s,
whilst the final absorbed uptake amounted to 1 g. It is worth men-
tioning that within 300 s, the non-treated sample was able to absorb
only half of the final amount of the synthetic blood. The plasma
treated sample was able to obtain the equilibrium uptake quicker,
i.e. for saline solution and synthetic exudate it was established
within 20s, whilst for the synthetic blood it took 60s. The final
amount for all the absorbed liquid was 1 g.

Polarisation optical microscopy was used to monitor the absorp-
tion properties for a single cellulose fibre on the microscopic scale.
Fig. 3 shows the relative modifications of the transmitted intensity,
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Fig. 3. Reproducibility of characteristic intensity change time measurements for
plasma treated samples soaked with exudate.
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Fig. 4. Typical characteristic intensity change time expressed as a bar chart, calcu-
lated for non-treated and plasma treated materials for three different liquids.

measured on 10 plasma treated fibres during the soaking of the
synthetic exudate.

It can be seen from Fig. 3, that the reproducibility of the results
was good. Similarly good reproducibility was obtained for the
other two liquids. The average intensity curves were fitted by
the exponential saturation function. The characteristic microscopic
absorption times were deduced. The results are presented as a bar
chart in Fig. 4.

Plasma treatment reduced the absorption times for all liquids
on the microscopic scale. This indicated a significant increase in the
kinetics of the absorption process on the microscopiclevel for saline
solution and synthetic exudate, whilst synthetic blood exhibited
only a minor change.

It is evident, that low-pressure plasma was proven to be very
efficient for textile fabric treatment. The low-pressure plasma
ensured a more intense high electron energy-tail, and consequently
a more efficient gas phase molecular fragmentation. From the
results obtained for freshly plasma treated samples it could be sug-
gested that plasma oxidation might induce different effects, i.e.
(i) cleaning, (ii) functionalisation, and (iii) etching. In our previ-
ous study (Persin, Vesel, Stana Kleinschek, & Mozetic, 2012), the
XPS survey spectra results for the oxygen plasma treated sample
indicated a decrease in carbon concentration (by 5 at%) and the C1
peak (by 26%) in relation to surface cleaning. The surface function-
alisation was illustrated by an increase in oxygen concentration
(by 5.7at%) and the formation of oxygen-containing functional
groups, as deduced from the C3 and C4 peaks. As a result, a huge
increase in polar components and, consequently, an increase in sur-
face energy were observed (Persin, Stenius, & Stana-Kleinschek,
2011). Besides the aforementioned, there was also an increase
in the sample’s surface area (Vesel, Junkar, Cvelbar, Kovac, &
Mozetic, 2008) resulting from etching and this had an influence on
hydrophilicity.

The penetration of the fragmented gas particles into the volu-
minous textile is also influenced by the textile geometry, i.e. the
distances between fibres in the textile. The non-woven sample
consists of a high amount of disorderly gathered-together fibres,
which also form the spaces between the fibres. At low-pressure,
the mean free path (the distance travelled by a molecule or atom
between successive collisions) during the gas phase are higher
than the textile distances, and the collision of gas molecules with
the fibre surface is enhanced as compared to gas-gas collision,
thus favouring a good penetration of plasma species into the
textile. Specifically, the obtained absorptivity of the looser struc-
tured non-woven had improved significantly. In addition, surface
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roughness on a larger scale, i.e. fine rough surface made of fibres,
can also enhance the macroscopically hydrophilic nature (Ren,
Cheng, Wang, & Li, 2010).

In addition, the absorbency rate and capacity also depend on the
liquids’ physical properties, e.g. viscosity and surface tension. The
saline solution had the lowest viscosity, whilst the synthetic blood
and exudate had the same and above all, higher values, respectively.
The faster absorbency rate obtained by the saline solution can be
attributed to its lower viscosity, meaning less resistance of the lig-
uid to penetration. Surprisingly, the absorbency rate for synthetic
blood was lower compared to synthetic exudate, although both
had the same viscosity. These indicate that the viscosity was influ-
enced by several factors, i.e. the compositions, sizes, and shapes
of the molecules, inter-molecular forces, and the temperature. The
composition of synthetic blood (see Table 1) consisted of a num-
ber of particles that differed in molecular size and shape. Since the
synthetic exudate consisted of a more liquid phase (only two com-
ponents were present) it could move more smoothly through the
sample, and therefore a higher absorbency rate was observed. In
practice, these factors were more pronounced. Namely, the blood
consisted of plasma and particles such as red blood cells. Blood
plasma is considered as a Newtonian liquid, whilst red blood cells
are not. On the other hand, with increased temperature, the vis-
cosity of the blood decreased. At 37°C the viscosity of blood is
normally around 3-4 mPas, whilst at 20°C it is around 10 mPas.
The results, as presented in Table 1, also indicate high values and
could therefore explain the lower absorbency rate by the syn-
thetic blood. Exudate is a serious liquid in a wound bed and is
considered as a part of normal healing in wounds. As fluid passes
through the inflamed vessel walls it may be seen that the wound
exudate is, in essence, modified serum and will therefore contain
similar solutes, i.e. mostly water and a small amount of albu-
min, electrolytes, and hormones. Since the synthetic exudate is
also considered to be a thin and watery solution, the obtained
absorbency rate could well fit into the real management of wound
exudate.

Surface tension is also one of the causes of penetration action.
Theresults in Table 1 show that the surface tensions obtained by the
Wilhelmy balance technique (WBT) were slightly higher compared
to the pendantdrop (PDT)results. Careful consideration of the listed
results seems to indicate that surface tension could be influenced
by the techniques used to obtain it. Namely, the liquid surface ten-
sion is time-dependent and sensitive to exposed air, particularly
by blood (Harkins & Harkins, 1929). When using a PDT method
the great disadvantage is to hold the bubble at its maximum pres-
sure for the time necessary to establish the equilibrium between
the interior of the blood sample, and its surface. Since the WBT
method requires the liquid sample to be placed in a vessel within
the apparatus, and the time needed to carry out the experiment
takes a few minutes, the obtained higher value could be explained.
However, the surface tension results for synthetic blood obtained
by both methods agreed well with the values of human blood found
by other authors (Morgan & Woodward, 1913; Harkins & Harkins,
1929; Krishnan, Wilson, Sturgeon, Siedlecki, & Vogler, 2005). The
results in Table 1 show that the saline solution had the high-
est surface tension, followed by synthetic exudate and synthetic
blood, regardless of the used experimental technique. All the used
liquids consisted of a certain amount of NaCl, that caused a low-
ering of surface tension regarding the water (yYwater = 72.8 mN/m;
Gebhardt, 1982). Therefore the less surface tension thus caused the
decreased penetration action. The synthetic exudate contained a
similar amount of NaCl as the saline solution, but also CaCl, that
in addition lowered the surface tension resulting in the slowest
absorption rate. Since the synthetic blood contained the highest
amount of NaCl, the lowest measured surface tension was reason-
able and thus the lowest absorption rate.

=—g== Saline plasma 0 days
Saline plasma 10 days
Exudate plasma 0 days
0.01 Exudate plasma 10 days
3 —s—Blood plasma 0 days
==¢==Blood plasma 10 days

0.1 1 10 100

Time (s)

Fig. 5. Wetting rise curves for plasma treated samples immediately after treatment
and ageing in air for 10 days; both axes have a logarithmic scale.

3.2. Absorption vs. ageing

An adequate study of absorption properties regarding any mate-
rial modified by non-equilibrium plasma treatment should include
the ageing effects. As has been shown by numerous authors (Van
der Mei, Stokroos, Schakenraad, & Busscher, 1991; Morra, Occhiello,
& Garbassi, 1993; Nakamatsu et al., 1999; Canal et al., 2004; Yun
etal.,2004) the highly polar functional groups generated on the sur-
face of organic materials are not stable, but tend to spontaneously
decay. The ageing is particularly pronounced for intrinsically-
hydrophobic polymers that have been activated by oxygen plasma
treatment (Williams, Wilson, & Rhodes, 2004; Yun et al., 2004).
In order to study the ageing effect of oxygen plasma treatment
regarding absorption properties, the samples were stored for 10
days within an acclimatised chamber at a temperature of 20 + 2 °C,
and 65 4 2% of relative humidity. Subsequently, systematic mea-
surements on macro and micro scales were performed and the
results are summarised in Figs. 5 and 6.

In Fig. 5 a logarithmic rather than a linear scale was used on the
axes in order to emphasise changes between aged and non-aged
samples. As with the freshly obtained results, the aged samples had
the same trend for wetting rise curves obtained from amongst the
liquids. Additionally, the aged sample reached the equilibrium of all
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Fig. 6. Characteristic intensity change time for plasma treated samples immediately
after treatment and ageing in air for 10 days.
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Table 3
Amount of liquid up-take in equilibrium for 10 days plasma aged viscose non-woven
as a function of storage atmosphere.

Storage atmosphere  Amount of liquid up-take (g liquid/g)

Saline solution ~ Synthetic blood  Synthetic exudate

Air 0.99 + 0.0 0.86 + 0.0 1.0 +£ 0.0
Nitrogen 0.95 + 0.0 0.90 + 0.1 1.0 +£ 0.0
Argon 1.0+ 0.1 0.93 + 0.1 1.0 £ 0.1

the liquids’ uptakes during the same time as the non-aged sample,
although the shapes of the curves indicated a lower rate. Similarly,
there were no significant differences in the uptake amount by aged
samples (i.e. 1 g of saline and synthetic exudate solution and 0.9 g
of synthetic blood) compared to the fresh one.

Itis apparent from Fig. 6 that on the microscopic scale there was
an ageing component whilst the plasma treated viscose material
was stored in air. However, the ageing, in terms of intensity change
time, was not a dominating factor.

The X-ray photoelectron spectroscopy measurements (XPS), as
obtained in our previous study (Persin et al., in press) indicated the
same amounts of the polar groups still present within the modified
region of the air stored samples, whilst the wetting rise curves (see
Fig. 5) suggest otherwise, although the hydrophobic recovery was
insignificant. This apparent anomaly could be explained by the rel-
ative surface sensitivities of the two techniques. By using the XPS
technique, elemental information was obtained from a depth of
about 3 nm. However, the absorption results suggest that the sur-
face sensitivity was of the order of 1nm and that a depletion in
surface concentration of the polar groups occurred following stor-
age in air. Furthermore, the polar groups could be located deeper
inside the polymer due to their migration from the surface into
the bulk. This mechanism could explain the loss of wettability,
thus demonstrating the lower absorption rate attributed to the
reorientation of very near-surface functional groups. In addition,
another mechanism could explain the loss of adsorption proper-
ties when stored in air, i.e. reorganisation of those free radicals
that were created during plasma oxidation, and/or their reactions
with unsaturated hydrocarbon molecules. It is also worth men-
tioning that auto-oxidation, due to the contact of trapped radical
sites within the sample surface with oxygen or water molecules
from the ambient air, could also have occurred. The latter could be
considered as a minor phenomenon compared to plasma oxidation.

Another explanation for minor hydrophobic recovery could
exist in the non-woven structure. Namely, in looser- structured
fabrics, long-living radicals and energetic particles assuredly move
into the inter-fibre spaces, that is to say that plasma species bom-
bardment with a higher surface area caused higher penetration
into the textiles (Hossain et al., 2006). This resulted in the desired
modification in bulk ensuring a minor loss of gained absorptivity.

3.3. Adsorption ageing vs. storage atmosphere

With the intention of seeking for better conditions that could
improve or even prevent ageing of the oxygen plasma treated
samples; the samples were stored for 10 days within different
atmospheres, i.e. air, argon, and nitrogen. The absorption properties
of 10 day plasma aged samples for all three liquids, as a function of
storage atmospheres, were evaluated on macro and micro scales.
The macro results, presented as wetting rise curves, are shown in
Figs. 7-9, and the liquid uptake amount is shown in Table 3. In Fig. 7
the results obtained for saline solution, in Fig. 8 the results as moni-
tored for synthetic exudate absorption, and in Fig. 9 the absorption
of synthetic blood, are presented. The characteristic microscopic
results for plasma aged samples, as a function of liquid absorption
and storage atmospheres, are presented in Fig. 10.
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The macroscopic results for the plasma aged samples indicated
no significant differences in wetting curves as a function of storage
atmospheres for synthetic blood and exudate (see Figs. 8 and 9).
The slight influences of atmospheres are evident for aged samples
from the absorption of saline solution (see Fig. 7). As well the aged
samples stored in nitrogen and argon atmospheres obtained the
equilibrium liquids uptake within the same time as those samples
stored in air. The results presented in Table 3 indicate that storage
atmosphere had no influence on the amount of the liquid’s up-take.

Fig. 10 displays that storage within the different atmospheres
modified the kinetic properties of the absorption process to some
extent. The absorption kinetics for different fluids had altered dif-
ferently. The exudate absorption kinetics was the least influenced
by the storage atmosphere whilst the blood absorption kinetics
displayed a stronger discrepancy between air and the other two
storage atmospheric gasses. This could have been related to the
lowest surface tension obtained by synthetic blood compared to
the other two liquids. Since the surface tension was directly con-
nected to the cohesive energy, it would appear that the ageing effect
and atmosphere storage affected the kinetics of the blood adhesion
to the fibre surface on the microscopic scale.

The macroscopic (Figs. 7-9) and microscopic (Fig. 10) results for
the plasma aged samples indicated no significant differences in the
absorption properties amongst the different atmospheres used for
storage. This could be explained by two hypotheses, i.e. saturation,
which is one of the important parametres resulting in a reduction
of the ageing effect after plasma treatment, and the influence
of atmospheric gas. Saturation may occur on a sufficiently thick
surface, as well as deep inside the material. This phenomenon
can be explained by the rather low penetration depth of reactive
plasma particles capable of surface reactions with cellulose mate-
rial, leading to the formation of highly polar functional groups.
The penetration depth depends on the stabilities of the reactive
gaseous particles during the gas phase, as well as on the surfaces.
The major mechanism of the loss of particles, such as positively
charged ions, neutral atoms, and metastable atoms and molecules,
which are rather stable at low pressures, is heterogeneous surface
recombination, neutralisation or relaxation. The neutralisation
of oppositely charged particles occurs at any surface with a high
probability, so they cannot penetrate into porous materials as long
as the electric field across the material is negligible. A high electric
field across the porous samples, on the other hand, often causes
extensive exothermic reactions leading to the thermal degradation
of cellulose. In order to avoid such effects it is better to use other
reactive particles for the functionalisation of porous materials. The

more suitable of such particles are neutral atoms in the ground
state, the relativities of which at room temperature are small
(Hody et al., 2006), as is the recombination coefficient on organic
materials (Aleksandrova, Grinevich, & Chesnokova, 1997; Junkar
et al.,, 2009). Neutral oxygen atoms abound in the experimental
reactor due to the choice of materials used for construction of the
discharge chamber. In this experimental work, the chamber was
made from Pyrex glass with a recombination coefficient in the
order of 104 (Wickramanayaka, Hosokawa, & Hatanaka, 1991).
The side-plates were made from polished and subsequently oxi-
dised aluminium with a similar inertness as neutral O atoms. The
atoms are therefore unlikely to be lost by surface recombination,
and since the pressure was low enough so that gas phase recombi-
nation by three-body collisions was unlikely, and the dissociation
fraction of oxygen molecules was large, notwithstanding the small
specific discharge power. The volume of the plasma chamber was
about 20 I, the power was approximately 500W, and therefore
the specific power was only 25 W/l volume. Such a low power was
very appropriate in order to prevent thermal degradation of the
cellulose during plasma treatment. The flux of O atoms onto the
sample surface was about 3 x 1023 m~2s~1, The surface density of
the atoms in a solid material was of the order of 101° m~2. If the
reaction probability was only 10~4, the surface would be saturated
with surface functional groups in less than 1s. In this study, how-
ever, the treatment time lasted for 10 min. Such a long treatment
time was necessary to allow for the diffusion of neutral oxygen
atoms throughout the cellulose material. The atoms were lost by
surface functionalisation as well as heterogeneous recombination,
and therefore the densities of the atoms inside the porous material
decreased. Following this, surface saturation with functional
groups deep inside the material can occur only at treatment times
much greater than the time needed for saturation of the samples’
surfaces, which is less than 1 s. In more powerful reactors this time
might be decreased significantly but one has to use the applied
discharge power carefully since the thermal effects may degrade
the cellulose material before achieving bulk functionalisation.

Atmospheres, rich in argon, are known to have diffusivity char-
acteristic that might influence the diffusion of O, from air (Burg &
Burg, 1965). The latter research work, carried-out on fruits, indi-
cated that a nitrogen atmosphere might reduce the gas diffusion
and increase the concentration gradient of O, between the inside
and outside of the material. Based on this mention, the obtained
absorption results for the aged samples, which were shown to
be practically independent of the storage atmosphere, could be
explained. In the light of the gained results, one can conclude that
the oxygen plasma treated cellulose sample could be stored in air.
Furthermore, no additional costs and supplementary equipment
would be needed to provide adequate conditions in order to main-
tain the plasma-induced absorbency within 10 days.

3.4. Comparison between the macroscopic and microscopic
absorption results

Since the dry sample in the form of fabric exhibits three stages
of transport behaviour when responding to an external liquid envi-
ronment, the comparison between the macro and micro absorption
results were reasonable. The macroscopic results (Figs. 2,5,7-9)
revealed more significant changes in the absorption properties
compared to the microscopic ones (Figs. 3, 4, 6 and 10) after plasma
treatment, as also for the aged samples, as well the same trend also
shown for those aged samples stored within different atmospheres.
The liquid diffusion into interfibrilar voids took place during the
first stage of the liquid transfer process. In addition the fibres’ sur-
faces were also covered rapidly with liquid. The second stage was
a relatively slow procedure where the sorption of liquid into the
fibres took place. The third stage was reached as a final steady-state
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where all the stages of the transport became steady. The differences
between the macro and micro scale results could be due to the fact
that the fibre itself had a limited absorption capacity compared to
the fabric. The fabric represented a container of capillaries that is
made of interconnected pores formed of fibres. Based on this and
the fact that diffusion was determined by liquid surface tension,
the virtual discrepancy between the macro and micro results could
be explained.

4. Conclusions

Cellulose material in its non-woven form was treated with
rather mild oxygen plasma in order to improve absorption proper-
ties. Instead of water, which is commonly-used for determining the
absorbency, three wound-relevant fluids, i.e. saline solution, syn-
thetic blood, and exudate were used. In order to obtain insight into
the absorption mechanism, two complementary methods were
applied. Ageing studies were also performed in order to exam-
ine the absorption durability of modified surfaces as function of
different storage atmospheres.

Both the macro and micro scale methods based on system-
atic measurements demonstrated a good reproducibility of results.
Plasma treatment had a significant effect on the macroscopic
results and demonstrated an increase in the absorbency rate and
the capacity, more pronounced for saline and exudate solutions.
The same trend was also observed for the kinetics of the absorp-
tion process on the micro scale level, although the changes were
less outstanding. The ageing effect was observed, but it was less
pronounced and was indicated as being independent of the stor-
age atmospheres. The discrepancy between the macroscopic and
microscopic measurements led to the conclusion that the heteroge-
neous complex structure and the liquid’s surface tension caused the
differences in the penetration action amongst the used test liquids.

Nevertheless, plasma as a uniquely effective surface engineer-
ing tool, streaming from its unparalleled physical, chemical and
thermal ranges, and its dry and environmentally-friendly nature,
offers substrate material suitable for application in wound dress-
ing practice. The gained knowledge from this research study and
an understanding of wound-relevant fluids’ absorption behaviour
combined with knowledge of the properties of non-woven mate-
rial, could contribute to an assessment of the healing process
leading to successful wound management.
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