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Abstract

Poly(lactic acid) (PLA) is a biodegradable and environmentally sustainable material, although its ability for dyeing
is limited, especially with natural dyes. This study examined the application of dielectric barrier discharge (DBD) plasma
in atmospheric conditions to enhance the surface features of PLA fabrics without using wetting agents. Experiments
utilized the response surface methodology (RSM) analysis for determining the proper condition, including power and
plasma exposure time. X-ray photoelectron spectroscopy (XPS) analysis revealed an increase in the O/C ratio from ~0.42
to ~0.59 after 30 s of plasma exposure, while field emission scanning electron microscopy (FE-SEM) images expressed
the appearance of nanoscale roughness over the entire fiber surface due to plasma etching. Furthermore, the water uptake
increased about 2.5 times, indicating a change in the surface characteristics toward increased hydrophilicity. To analyze
the dyeing performance, the Fickian model was used to evaluate the dye diffusion coefficient (D), along with calculating
the color strength (K/S). It was found that relatively higher polar dyes like henna and lac exhibited significantly improved
dye adhesion, while turmeric and annatto showed only minor changes. The washing fastness results supported this
observation; henna and lac maintained stronger color adhesion after treatment, whereas turmeric and annatto showed only
modest improvement. Mechanical property tests revealed a slight decrease in yarn strength with prolonged plasma
treatment. In conclusion, the pretreatment of PLA fabric with DBD plasma is a clean, chemical-free, and effective method
to enhance the dyeing properties of PLA fabric with natural dyes, especially those with relatively higher polarity, if

exposure time is controlled within an appropriate range.

Keywords: Poly(lactic acid), Dielectric barrier discharge (DBD) plasma, Surface modification, Natural dyes, Dye
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Introduction

Poly(lactic acid) (PLA) has been widely studied
for textile applications due to its renewable raw
materials and biodegradability, while providing
mechanical properties that meet the requirements of
apparel and technical fabrics [1]. However, PLA fibers
have a lower dyeability compared to traditional
cellulosic fibers, especially natural dyes. Its backbone
consists primarily of aliphatic ester and methyl groups
and lacks hydrophilic functional groups (e.g., hydroxyl,

carboxyl), which facilitate dye-fiber interactions [2,3].
This low surface energy and hydrophobic character
restrict wettability, reduce dye adsorption, and impede
the development of stable dye-fiber bonds [4], thus
constraining the use of PLA in colored textile products
and sustainable dyeing processes. Conventional
approaches to improve the dyeability of PLA, such as
blending with other polymers [5], surface pre-treatment
[6], incorporating functional additives (e.g., organoclay,

nanofillers) [7], or optimizing filament cross-section or
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crystallinity [8], can be effective but typically require
wet chemical reagents, elevated temperatures or
prolonged processing, leading to higher water use,
effluent generation and potential damage to polymer
chains or bulk properties. Consequently, there is strong
interest in developing surface-selective, low-impact
methods that enhance dye uptake and fastness while
retaining the bulk mechanical integrity of PLA. Plasma
surface modification has attracted attention as a “dry”
and additive-free route to change only the outermost
nanometers of a substrate: energetic species in
atmospheric or low-pressure plasmas (ions, radicals,
metastables, UV photons) can etch surface material,
break bonds, and graft oxygen- or nitrogen-containing
functionalities [9], producing a more polar and
roughened surface that promotes wetting and molecular
adhesion without significant bulk modification [10]. A
growing body of literature demonstrates that
atmospheric plasma approaches, including dielectric
barrier discharge (DBD), can increase wettability and
improve dye absorption on a variety of textile fibers,
making plasma an attractive tool for green textile
processing [11-13]. In principle, plasma treatment
affects 3 related surface properties that influence
dyeability: (i) chemical composition, through the
incorporation of oxygen-containing groups (C-0O, C=0,
0-C=0), which can engage in hydrogen bonding or
electrostatic interactions with the dye molecules [14];
(i1) topography, where nanoscale roughness increases
the effective surface area and creates adhesion sites
[15,16]; and (iii) surface energy, particularly the
increase in the polar surface energy component that
improves the initial wetting by the dye bath and
facilitates the mass transfer of dye molecules to the fiber
surface [12]. These modifications are usually evaluated
through X-ray photoelectron spectroscopy (XPS),
contact angle or water uptake experiments, and scanning
electron microscopy (SEM), and several studies have
correlated the increased surface oxygen-containing
functional groups and raised surface energy to improved
dye uptake and intensity [11,17,18]. While plasma
treatment generally improves dyeability, the practical
implementation requires an optimization of process
intensity because excessive exposure can lead to chain
scission, over-etching and reductions in mechanical
performance and potentially undesirable changes in

surface morphology [19,20]. Therefore, an important

research question is to identify an operational “window”
where surface activation and increased hydrophilicity
maximize dye diffusion and fixation, but bulk
mechanical degradation is kept within acceptable limits
for textile processing and end use. Response surface
methodology (RSM) and factorial screening designs
have been employed by recent work to map these trade-
offs and to derive practical settings for atmospheric
DBD plasma treatments [21,22]. Another key aspect is
how plasma-induced surface changes translate into
kinetics of dye uptake and final color performance for
different classes of natural dyes. Among natural dyes,
henna (Lawsonia inermis) gives a reddish-brown hue
and has shown good dyeing performance on a wide
range of fibers without the use of heavy-metal mordants
[23]. Lac dyes, extracted from Kerria lacca, give deep
red hues and have recently been reformulated for
environmentally friendly dyeing and conditioning of
textiles [24]. Turmeric (Curcuma longa) gives a bright
yellow to orange tone; however, research indicates that
its washing fastness is weaker when used without
suitable mordants or surface treatment [25]. Annatto
(Bixa orellana) gives a warm reddish-orange tone and
has become recognized as a stable natural dye with high
potential for textile applications due to its enhanced
color depth and stability when used with bio-mordants
[26]. Their different molecular structures and polarities
determine how they interact with the modified PLA
surface. These molecular differences influence diffusion
coefficients under sink conditions, equilibrium sorption
(M), color strength (K/S) and washing fastness [27].
Several studies report that dyes with more polar
functional groups commonly show higher sensitivity to
plasma-activated surfaces, exhibiting larger relative
gains in dye uptake and color depth than largely
nonpolar dyes [17,28,29]. Systematic diffusion analysis
(Fickian modeling) and direct measurement of K/S and
CIELAB (L*, a* b*) coordinates provide the
quantitative relation between surface chemistry and
macroscopic color performance. However, a clear
research gap remains in defining how plasma-induced
changes in surface chemistry, nanoscale morphology
and hydrophilicity govern dye transport and color
development across all dyes of different polarity.
Existing studies rarely integrate these surface attributes
with dye diffusion behavior, color strength evolution

and mechanical consequences under consistent plasma
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conditions, leaving the mechanistic basis of plasma-
assisted PLA coloration unresolved. In the present work,
DBD plasma was applied to PLA fabrics under
atmospheric conditions; an RSM pre-screen identified
an approximate optimum region and guided the
selection of exposure times (0, 10, 20 and 30 s) while
fixing plasma power at 150 W to probe the ascent
toward the activation peak and avoid over-treatment.
Four representative natural dyes (henna, lac, turmeric,
and annatto) were selected to sample a range of
molecular polarity and size. Surface chemistry was
characterized by XPS and correlated with water uptake
and FE-SEM examination; dye uptake kinetics were
analyzed by short-time Fickian fitting to obtain
diffusion coefficients; color strength and CIELAB
values were measured by reflectance spectrophotometry
and K/S computation; washing fastness was evaluated
following ISO 105-C06 with multifiber adjacent fabrics;
and tensile testing followed ASTM D2256 protocols to
quantify any loss in mechanical performance. By
correlating surface characterization with practical
dyeing performance, this study aims to (i) determine a
plasma exposure window that enhances dyeability, (ii)
quantify how dye chemistry mediates sensitivity to
surface activation, and (iii) evaluate the compromises
between improved coloration and tensile strength. The
results are intended to provide actionable guidance for
researchers and industry operators attempting more
sustainable and efficient methods for producing
naturally dyed PLA materials. Compared with earlier
studies on DBD plasma-modified PLA fabrics, this
work provides an integrated dataset that links oxidation
level, nanoscale = morphological  modification,
hydrophilicity, dye molecular structure, diffusion
behavior, color development and the associated
mechanical response under matched plasma conditions.
Guided by a preliminary RSM analysis, the study
identifies a practical exposure window and clarifies why
dyes with relatively higher polarity show greater
sensitivity to plasma functionalization. These results

collectively define how controlled plasma activation can

enhance coloration while maintaining acceptable
mechanical integrity.

Materials and methods

PLA fabric and natural dye sources

PLA multifilament yarns with a linear density of
16.7 tex (150D/64f) were obtained from Ningbo Special
Paper Tubes Co., Ltd. (China). The yarns served as both
warp and weft in the production of balanced plain-
woven fabrics (1/1) with a density of 50 ends per inch
(EPI) and 50 picks per inch (PPI) using an automatic
weaving machine. Dried leaves of henna tree were
obtained from a local community enterprise in Trang
Province, Thailand. Lac resin was supplied by Northern
Siam Seed Lac Co., Ltd., Lampang Province, Thailand.
Dried rhizomes of turmeric were purchased from Asia
KGM Co., Ltd., Tak Province, Thailand. Annatto seeds
were sourced from a community enterprise in Nan
Province, Thailand. All natural dye materials were
cleaned, air-dried, and stored in airtight containers at

room temperature prior to extraction.

DBD plasma treatment

The surface of the PLA fabric was modified using
the DBD plasma system operated at atmospheric
conditions. Treatments were carried out with a Mini-
Smart plasma generator, PLASMART (Korea),
equipped with 2 parallel electrodes and a polyether-
ether-ketone (PEEK) dielectric barrier with a discharge
gap of 1 mm, as shown in Figure 1. The plasma source
was driven by a 13.56 MHz RF power supply. The
discharge was generated in ambient air, with the relative
humidity maintained at approximately 55%. The applied
voltage and current were kept stable at 10 kV and 18
mA, respectively. The 10x10 cm? of PLA fabric pieces
were placed at the center of the discharged zone to
ensure uniform exposure. A parametric study varying
plasma time (10 - 60 s) and discharge power (50 - 200
W) was carried out under an RSM framework to locate
the optimal balance between surface activation and
degradation of PLA.
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Figure 1 Schematic illustration and actual setup of the DBD plasma treatment applied to PLA fabric.

Experimental design for plasma treatment - 200 W) over 24 runs, including replicated center points
A central composite design (CCD) within the to estimate pure error and enable lack-of-fit testing. This
framework of RSM was used as a pre-screening stage to pre-optimization step was performed only to identify the
determine the operational activation window for region where hydrophilicity and functional-group
atmospheric DBD plasma treatment. The CCD explored formation increased without causing excessive etching.

plasma exposure time (10 - 60 s) and plasma power (50

Table 1 Coded and actual factor levels used in the CCD pre-screen for DBD plasma treatment of PLA fabrics. Axial (o)
levels were chosen to cover the practical operating range of the plasma system.
Codedlevel Codedlevel Codedlevel Codedlevel Coded level

Factor Symbol

(-a) -1 0 1) (+a)

Plasma exposure time t(s) 10 20 35 50 60

Plasma power p (W) 50 75 125 175 200
Analysis of the CCD showed that the quadratic The model showed R? = 0.89 and adjusted R? =
model adequately described the relationship between 0.86, with a non-significant lack-of-fit (p = 0.32). The
plasma parameters and water uptake (WU). Below is the coded and actual factor levels are provided in Table 1,
fitted quadratic model used in the analysis: and a concise ANOVA summary is shown in Table 2.

Based on the CCD contour plots; an activation region

% WU = —1.957 + 0.0624t + 0.0294p — 2.89 X 10~ 5tp was identified at approximately 150 W and 20 - 30 s.
—8.36 x 107*t? — 8.18 X 10~ 5p?

Table 2 Analysis of variance (ANOVA) for the quadratic response surface model describing the effect of plasma exposure
time and power on the water uptake of PLA fabrics. The model was statistically significant (p < 0.001), while the lack-
of-fit was non-significant (p = 0.32), indicating that the quadratic model adequately fits the experimental data.

Source DF Sum of squares Mean square F value p-value

Model 5 12.84 2.568 18.6 <0.001*
Residual (pure error) 18 2.48 0.138 - -

Lack-of-fit 4 0.56 0.140 1.02 0.32 (ns)
Pure error 14 1.92 0.137 - -
Total 23 15.32 - - -

From the contour plots (Figure 2), water uptake window, water uptake decreased. A plausible
increased with higher time and power up until reaching explanation is over-exposure, chain scission, or surface
an optimum point around 30 s and 150 W. This range over-etching can offset polarity gains and make the
likely reflected proper activation, resulting in more fibers less hydrophilic [30].

polar/rough sites and better wettability. Beyond that
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Figure 2 Response surface and contour plots showing the effect of plasma time and power on the water uptake of PLA

fabrics.

Based on the response surface results, plasma
power was fixed at 150 W, and exposure times of 0, 10,
20, and 30 s were selected to capture the ascending
region of the activation curve while avoiding the
degradation observed at longer treatments. The CCD
optimization served solely to identify this activation
window. All mechanistic experiments - XPS, FE-SEM,
water uptake, diffusion modeling, color strength
evaluation, washing fastness, and tensile testing - were
conducted only at these 4 exposure times under the fixed
power. These conditions represented the untreated
baseline and progressively activated states predicted by
the CCD, allowing surface enhancement without
excessive fiber damage. The resulting fabrics were
subsequently dyed with natural dyes.

Dyeing

Each dye material was cleaned, air-dried, and
ground into a fine powder to enhance the extraction
efficiency by increasing the surface area. The powdered
dyes were extracted with distilled water at a liquor ratio
of 1:20. The mixtures were heated at 80 °C for 1 h under
gentle stirring. After heating, the extracts were passed
through a cotton cloth and then through Whatman No.1
filter paper to remove undissolved solids. To ensure
reproducibility among all dye types, the same extraction
protocol (raw material mass, temperature, time, and
water volume) was applied. Because each natural dye
possesses a different inherent hue, the resulting filtrates
were then diluted to achieve a consistent visual color
intensity appropriate for each dye type under a D65

standard illuminant using a standardized light booth,
DCMB 2028, Datacolor (USA). The standardized
filtrates were used directly as natural dye solutions for
subsequent dyeing. Both untreated and plasma-treated
PLA fabrics were dyed using the same dyeing
conditions. Dyeing was carried out in a laboratory
dyeing machine at a liquor ratio of 1:30, a temperature
of 60 °C, and a dyeing time of 30 min, with the pH of
the dye bath adjusted to around 6.5 before dyeing.
Afterward, the fabrics were rinsed with distilled water
to remove surface dye and then dried in an oven at 60

°C until fully dry before testing.

XPS analysis

The effect of plasma exposure at defined exposure
times on surface chemistry was analyzed by XPS, PHI
VersaProbe 4, ULVAC-PHI (Japan). Measurements
were conducted under high vacuum on multiple areas
per specimen to check surface homogeneity. High-
resolution scans of the C 1 s and O 1 s regions were
acquired. The peak components in C 1s were
deconvoluted into C—C/C-H, C-0O, and O-C=0, and O
Is into C=0 and O—C contributions. Relative atomic
concentrations and O/C ratios were calculated from the
quantified elements.

Surface morphology observation by FE-SEM

Plasma-induced changes in PLA fiber surface,
with and without plasma treatment, were examined by
FE-SEM using a JSM-ITS800SHL, JEOL (Japan).

Samples were air-dried, mounted on aluminum stubs
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with conductive adhesive, and sputter-coated with gold
to form a thin conductive layer. Imaging was carried out

at an accelerating voltage of 5.0 kV.

Water uptake measurement

PLA fabrics, both plasma-treated and untreated,
were immersed in deionized water under controlled
temperature. Dry mass was measured first. Each
specimen was vacuum-dried at 50 °C to constant weight,
cooled in a desiccator, and weighed to give my. For the
equilibrium measurement, the specimen was immersed
in the test bath until the mass stabilized. At each
checkpoint it was withdrawn, blotted with 2 cellulose
wipes under a 500 g load for 3 s, and weighed
immediately in a draft-shield balance. Equilibrium was
defined as 2 consecutive masses taken at least 30 min
apart differing by less than 0.1%. The stabilized value
was recorded as m«. Water uptake at equilibrium (WU.)
was reported on a dry-mass basis:

Meo—Mo

% WU, = m—X100

0

Determination of dye diffusion coefficient

The effect of plasma treatment on dyeing was
evaluated from dye uptake kinetics. A Fickian model
with radial geometry under sink conditions was applied
for yielding the diffusion coefficient that used as a
quantitative descriptor of the dye-fiber interaction. First
step, PLA fabric samples were immersed in dye
solutions at 5% on weight of fiber (owf) with a liquor
ratio of 1:30 of different natural dyes at 50 °C under
gentle agitation. At each time point, the specimen was
withdrawn and blotted with 2 layers of cellulose wipes
under a 500 g load for 3 s, and weighed immediately in
a draft-shield balance to obtain ;. Immersion continued
until the weight stabilized; the equilibrium mass (W)
was then recorded. Dry mass (W)) was determined after
vacuum drying at 50 °C. Dye uptake was calculated as:

Wi—Wo

M, =
Wo

where M, is the amount of dye absorbed at time,

Weo—Wo

M, =
[ee) WO

where M., is the amount of dye absorbed at equilibrium.

In this setting, diffusion is governed by Fick’s

second law:
ac _ . 9%C
at 7 ox?

where C is concentration of the diffusing species
(mol/m®), ¢ is the elapsed time during the diffusion
process (s), x is the position or distance coordinate in the

diffusion direction (m), D is the diffusion coefficient.

For a plane sheet of thickness 2L, assuming
uniform initial concentration and constant surface
concentration, the fractional uptake can be expressed as
described by J. Crank [31]:

Mg 8 woo (2n+1)?n?Dt
M8 (
Moo 2 Ln=o (2n+1)2 exp 412

where D is the diffusion coefficient (m?%/s) and ¢ is the
dyeing time (s).

Following the treatment described by Crank for
Fickian diffusion in cylinders, fibers of radius a was
used as an effective fabric model, and the analytical
solution was fitted to the M/M., data. At short times
(MJ/M < 0.6), this infinite series can be approximated
by its first-term expansion, yielding the short-time

approximation [32,33]:

M _ ot (2)1/2 112

Mo  Vm \a2

Then, plotting M/M., against 1/ gives a straight

line in initial linear region with slope m:

Therefore, the diffusion coefficient (D) can be

calculated as equation:

1/2

D= (M) .a?

4
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Mechanical testing

The mechanical response was evaluated on yarn
specimens rather than woven fabrics to isolate the effect
from fabric construction. Tensile testing followed
ASTM D2256/D2256M for single-end yarns using a
Autograph  AGS-X,
Shimadzu (Japan). The gauge length was set to 500 mm

universal testing machine,
and the crosshead speed to 500 mm/min at room
temperature. For each treatment level, n = 10 yarns were
tested. Tenacity was reported in cN/tex together with
elongation at break.

Color measurement

The color depth and appearance of the dyed PLA
were quantified by reflectance spectrophotometry. The
spectrophotometer, the Color Quest XE, Hunter Lab
(USA), was used under illuminant D65 with a 10-degree
standard observer. Each specimen was read at a
minimum of 5 positions and the mean values were
reported. CIELAB coordinates were obtained from the
reflectance spectra, where L* denotes lightness, a*
locates the red-green axis, and b* the yellow—blue axis.
Color strength was expressed by the Kubelka-Munk
function, computed from the sample reflectance (R) at

the wavelength of maximum absorption:

Fastness testing

Washing fastness was assessed according to ISO
105-C06 A2S using a GyroWash launder-o-meter. Dyed
PLA swatches were stitched to a 40x100 mm? multifiber
adjacent fabric containing acetate, cotton, nylon,
polyester, acrylic, and wool. The samples were then
placed in stainless-steel canisters together with ten steel
balls of 6 mm diameter and a detergent bath prepared
with ECE reference detergent at 5 g/L. The liquor ratio
was 1:50. Tests were run at 40 °C for 30 min, followed
by rinsing with deionized water and air-drying at room
temperature. Color change of the PLA and staining on
each adjacent fiber were graded on the ISO 1 - 5 gray-
scale, where 1 to 5 denote very poor, poor, fair, good,

and excellent, respectively.

Results and discussion

Surface chemical changes by XPS analysis

The XPS analysis of the PLA fabrics showed
peaks of carbon (C 1s) and oxygen (O 1s) at appreciable
amounts. In the C s region (Figures 3(a) - 3(d)), 3
components were deconvoluted at ~284.8 eV (C-C/C—
H), ~286.5 eV (C-0), and ~288.8 eV (O-C=0) [34].
For the untreated fabric, C—C/C—H showed the highest

percentage at 44.9%, as shown in Table 3, which was

K/S = (-R)? consistent with the aliphatic backbone of PLA, whereas
2R C-O and O-C=0O were at 31.9% and 23.0%,
respectively.
where K represents the absorption component and S the P Y
scattering component of the dyed substrate.
& 0s [\ (a) 7| 10s P (b) | ~120s o (@) =] 30s (d)
g ay | \ ! \ 8 . 3

Counts (s)

293 291 289 287 285 283 281
Binding energy (eV)

293 291 289 287 285 283 281
Binding energy (eV)

293 291 289 287 285 283 281
Binding energy (eV)

293 291 289 287 285 283 281
Binding energy {eV)

0s f (e)

539 537 535 533 531 529
Binding energy (eV)

Counts (s)

10s /\ (f)

\

- -
539 537 535 533 531 520
Binding energy (eV)

Counts (s)

20s @ |

\

—— g
539 537 535 533 531 529
Binding energy (eV)

Counts (s)

30s (h)

e
539 537 535 533 531 529
Binding energy (eV)

Figure 3 High-resolution XPS spectra of plasma-treated PLA fabrics at different exposure times: C 1s (a-d) and O Is (e-
h) regions. C 1s peaks was deconvoluted into C—C/C-H (red), C-O (blue), O—C=0 (yellow). O 1s peaks was resolved

into C=0 (blue) and O—C (yellow) components.
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With plasma exposure for 10 and 20 s, the C—C/C—
H peak declined, while the C—O and O—C=0 exhibited
a noticeable increase, indicating surface oxidation of the
fibers [35]. After 30 s, C—C/C—H dropped to about
37.0%. At the same time, C-O and O—C=0O rose to
37.3% and 25.7%, respectively. These shifts point to

oxygen being grafted onto the surface by plasma
oxidation; the gradual increase in C—O and O—C=0 also
suggests formation of oxygen-containing groups such as
hydroxyl and carboxyl that are relevant to surface
reactivity [36,37].

Table 3 XPS C 1s and O 1s peak components and O/C ratio of PLA fibers under different plasma exposure times.

Plasma time (s) Cls O1s O/C ratio
C-C (%) C-0 (%) 0-C=0 (%) C=0 (%) 0-C (%)
0 44.96 31.97 23.07 70.34 29.73 0.42
10 41.64 34.29 24.07 69.11 30.96 0.47
20 39.59 35.63 24.78 67.10 32.97 0.51
30 37.03 37.27 25.69 62.52 37.52 0.59

Consistently, the O 1s peak was deconvoluted with
2 main contributions (Figures 3(e) - 3(h)), near ~532.4
eV (C=0) and ~533.8 eV (0O-C) [38]. Initially, C=0
contribution was 70.3%, but it decreased steadily with
the plasma treatment, reaching 62.5% at 30 s, in contrast,
the O—C fraction grew from 29.7% to 37.5%. This
change indicates the formation of hydroxyl groups [39],
consistent with the C 1s results. A practical way to view
the overall change is the O/C ratio: it rose from ~0.42
for the untreated sample to ~0.59 after 30 s. In simple
terms, the surface became more oxygen-rich. Overall,
the DBD plasma under atmospheric condition drove a
gradual shift from hydrophobic C-C/C-H toward
oxygen-containing groups in both the C 1 s and O 1 s
spectra. This progressive oxidation represents the
surface modification required to enhance the wettability,

interfacial adhesion, and dye uptake of PLA fabrics.

Water uptake as a function of plasma time

The water uptake of the PLA fabrics increased
noticeably as the plasma exposure time was extended, as
shown in Table 4, which agrees with the general trend
observed from the XPS analysis. For the untreated
sample, the water uptake was only about 0.9%, consistent
with the naturally hydrophobic surface of PLA
dominated by C—C and C—H bonds. After a 10 s plasma
treatment, the water uptake rose to roughly 1.6%, and at
20 s it reached around 2.1%. This change corresponds
well with the rise in oxygen-containing groups (C-O
and O—C=0) detected by XPS. When the treatment time
was further increased to 30 s, the growth in water uptake

became less distinct, reaching about 2.3%.

Table 4 Water uptake of plasma-treated PLA fabrics at different exposure times.

Plasma time (s)

Water uptake (%)

0
10
20
30

0.93
1.57
2.05
2.28

This suggests that the surface may have
approached a limit where additional oxidation no longer
produces a strong hydrophilic response. The plateau
observed between 20 and 30 s indicated that the surface
was nearing saturation in terms of newly formed polar

groups, while extended exposure likely introduced early

over-etching that partially offset further increases in
hydrophilicity. Such opposing effects between
activation and surface degradation are commonly
reported when plasma treatment approaches its optimal
activation threshold. Overall, the higher water uptake
values matched the increase in the O/C ratio measured
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by XPS (from 0.42 to 0.59). It can therefore be inferred
that the plasma treatment enhanced the surface polarity
of PLA, making it more receptive to moisture and,
consequently, to natural dye molecules during the
dyeing process.

Fiber surface morphology

Figure 4 illustrates the FE-SEM series
demonstrating the gradual change of the surface of PLA
fibers as a result of plasma exposure time. The fiber
appeared smooth and compact for the untreated
condition (Figure 4(a)), showing only a few fine lines

along the fiber axis from the spinning process. These

features reflected the inherent characteristics of melt-

spun PLA, which typically exhibits a uniform surface
with minimal defects in the absence of oxidative or
etching processes prior to plasma treatment. The initial
surface changes were apparent after 10 s (Figure 4(b)):
the texture became less smooth, while the overall fiber
shape remained unaltered. The early surface changes
indicated the beginning of surface activation and the
establishment of sites that can facilitate dye uptake. At
20 s (Figure 4(c)), the surface exhibited a defined
etching, featuring a small roughness. These surface
features enhanced the effective area and provided more
potential binding sites, which can promote the depth of

coloration.

Figure 4 FE-SEM micrographs of PLA fibers after plasma treatments at different exposure times: (a) 0 s, (b) 10 s, (c) 20

s, and (d) 30 s.

With plasma exposure extended to 30 s (Figure
4(d)), the surface appeared heavily textured with
irregular layers and clear evidence of extensive etching,
reflecting pronounced surface alteration. Although this
condition offered the highest surface roughness and a
greater capacity for dye uptake, it also increased the risk
of reduced mechanical stability in the fibers. This
interpretation was consistent with tensile testing, which
showed reduced tenacity at this stage. Taken together,
the images outline a steady progression: longer plasma
exposure yielded a rougher, more textured surface. This
increase in roughness resulted from continued plasma
etching, where prolonged exposure removed more
surface material and generated deeper micro-scale

features on the fiber. A suitable treatment generally

balanced enhanced dyeability with acceptable surface

integrity.

Plasma-induced variation in tensile behavior

The tensile results for PLA fibers treated for 0 - 30
are shown in Figure 5. With longer plasma exposure,
the tensile properties of the yarns declined gradually.
The untreated sample showed a tenacity of 4.5 + 0.8
cN/tex and an elongation at break of 14.2 £+ 0.7%, which
reflected the inherent strength and ductility of PLA that
arose from its semi-crystalline structure and the
orientation of polymer chains developed during melt
spinning. After 10 s of treatment, both tenacity and
elongation dropped slightly, and the reductions became
clearer at 20 - 30 s.
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Figure 5 Changes in tenacity and elongation of PLA yarns as a function of plasma treatment time.

The trend was consistent with the FE-SEM
observations, where plasma exposure produced surface
etching and micro-defects that weaken the fiber
structure. In practice, plasma activation improved
surface reactivity and dye uptake, but the mechanical
performance declined in a steady and modest way,
especially beyond 20 - 30 s. Therefore, the treatment
time should be tuned to better balance dyeability with
the tensile properties needed for processing and end use.
Although a measurable decrease in tenacity was
observed at 30 s, the remaining strength was still within
a range generally considered acceptable for lightweight
apparel and other non-load-bearing textile applications.
This reduction therefore reflected the expected trade-off
between surface activation and mechanical integrity
rather than a practical limitation for typical PLA-based

textile uses.

Diffusion characteristics of natural dyes
The diffusion of natural dyes into PLA fabrics was

markedly influenced by plasma treatment. Figure 6

Turmeric

2y 3 4

@ 30s

illustrates the diffusion profiles of all dyes, which
demonstrated a similar pattern. The dye uptake curves
rose sharply at the initial stage and then gradually
stabilized, approaching equilibrium after approximately
6 h. This trend revealed that the dye transport into the
fiber followed the Fickian diffusion law, affected by
surface modification. This behavior was consistent with

diffusion being governed by the ¢

dependence
characteristic of Fickian transport, while plasma-
induced increases in surface polarity and roughness
facilitated the initial sorption step that controlled the
early diffusion rate. Table 5 shows the diffusion
coefficient (D), obtained from the initial slope (< 0.6) of
the M/M,, versus t'” plots. The linear fitting in this
short-time region yielded R? values between 0.92 and
0.97 across all dyes and treatment times, confirming that
the early uptake behavior was sufficiently linear for

reliable estimation of diffusion coefficients.

Annatto

e 30s

2 o 3 4 5

Figure 6 Dye uptake kinetics (M/M., versus ') of PLA fabrics dyed with henna, lac, turmeric, and annatto under

different plasma exposure times.
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Table S Diffusion coefficients (D) of natural dyes in PLA fabrics at different plasma exposure times.

Diffusion coefficients (D) (m?%/s)

Plasma time (s)

Henna Turmeric Annatto
0 6.80x10710 6.45x107° 5.69x10710 5.32x10710
10 9.25x10710 8.58x10710 7.07x10710 6.32x10710
20 1.05x107° 9.61x10710 7.82x10710 7.61x10710
30 1.13x107° 1.03x107° 9.04x10710 7.99x10710

The diffusion coefficients increased significantly
after 10 s of plasma exposure and increased gradually up
to 30 s. Among the examined dyes, henna consistently
exhibited the highest diffusion rate, followed by lac,
turmeric, and annatto. This was attributed to the
relatively small molecular size of lawsone, together with
its hydroxyl and carbonyl functional groups, which
promoted faster sorption and diffusion into the PLA
matrix even before plasma activation. It can be seen that
the extent of improvement varied across the dye types,
reflecting differences in molecular structure and polarity
that strongly influenced their interactions with the
modified fiber surface. Figure 7 shows the electrostatic
potential (ESP) maps of all dye molecules visualized
using Avogadro software [40] with the electronegativity
equalization method (EEM) [41]. The color scale in
relative electrostatic potential represents the charge
distribution on the molecular surface. These variations
indicated the regions likely involved in dye—fiber
interactions. Henna, mainly composed of lawsone,
contains 1 hydroxyl and 2 carbonyl groups. Before
treatment, henna showed the highest diffusivity among
the dyes. This behavior was in accordance with these
polar functional groups, which readily interacted with
activated sites on the PLA surface after plasma
treatment, promoting dye uptake. Lac also showed a
positive response, which can be attributed to multiple
hydroxyl and carboxyl functionalities of laccaic acid,

and plasma treatment resulted in a more pronounced

increase, with D values rising by over 30% between 0
and 10 s of plasma exposure. This suggested that the
increase in surface polarity and energy promoted the
transport of lac molecules. Turmeric contains several
polar groups, such as 2 phenolic hydroxyl and 2
carbonyl groups. These groups are separated by long
nonpolar hydrocarbon chains, which decreases their
overall polarity. This reduction in polarity occurred
because the extended hydrocarbon backbone diluted the
contribution of the polar functional groups, limiting
their ability to participate in dipole-dipole interactions
or hydrogen bonding with the PLA surface. As a result,
turmeric exhibited moderate diffusion behavior after
treatment compared to henna and lac, with diffusion
coefficients increasing by about 24% after 10 s of
plasma exposure and showing only minor increases at
longer exposure times. In contrast, in annatto, the vast
majority of bixin is a long, nonpolar hydrocarbon chain
with only 1 carboxyl polar group, which reduces overall
polarity and shows the least sensitivity to plasma
modification. Its diffusion coefficients increased only
about 18% at the 0 - 10 s interval, indicating that its
molecular characteristics and steric constraints limited
further enhancement despite surface activation.
However, because natural dyes are inherently
heterogeneous and polydisperse, the diffusion
coefficients reported here reflected the overall transport
behavior of multiple dye species rather than that of a

single molecular entity.
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Figure 7 Electrostatic potential (ESP) maps of lawsone, laccaic acids, turmeric, and bixin generated using Avogadro.

These findings confirmed that plasma-induced
surface not only improved hydrophilicity but also
significantly promoted the dyeability of PLA fabrics
with natural dyes, with the most pronounced effect
occurring in the first 10 - 20 s of treatment. Such
improvement was attributed to the increased surface
polarity and nanoscale roughness generated by plasma
activation, which facilitated wetting, dye adsorption,

and early-stage diffusion into the fiber.

Color strength enhancement

The color strength (K/S) of plasma-treated PLA
fabrics dyed with natural dyes significantly increased,
and the improvement became more apparent with
extended plasma exposure time, as shown in Table 6.
The untreated PLA fabrics exhibited low dye uptake, as
demonstrated by the L*, a*, and b* coordinates, which
indicated the fading of the dyed fabrics, as shown in
Figure 8. This feature was due to the hydrophobic
characteristics of PLA and its low reactivity with dye

molecules.

Table 6 Color strength (K/S) and CIELAB color coordinates (L, a, b*) of PLA fabrics dyed with natural dyes at different

plasma exposure times.

Dyes Plasma Time (s) K/S L* a* b*
0 3.39 71.23 1.38 22.64
Henna 10 5.02 56.27 3.49 36.64
20 6.52 4391 3.76 27.22
30 8.10 32.68 4.96 23.44
0 2.48 89.21 4.38 10.69
Lac 10 3.12 68.50 17.11 12.91
20 5.11 56.15 25.65 19.33
30 6.21 45.26 32.58 22.45
0 2.24 82.59 -5.16 32.62
Turmeric 10 2.56 78.20 -3.09 46.23
20 2.98 76.37 4.22 52.10
30 3.56 68.18 8.41 57.39
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Dyes Plasma Time (s) K/S L* a* b*
0 2.14 74.80 25.21 25.18
Annatto 10 2.66 70.71 29.16 34.23
20 3.05 68.19 31.02 27.12
30 3.17 59.13 36.41 24.88

However, the use of plasma-treated PLA fabrics
for dyeing considerably raised K/S. With a 10 s plasma
exposure, K/S showed an initial increase, followed by a
more substantial enhancement at 20 s. Fabrics dyed with
henna and lac showed a continuous improvement, while
those dyed with turmeric and annatto exhibited a slight
growth. At 30 s, the increase in color strength
diminished, indicating that the surface modification had
reached equilibrium. Notably, K/S of the henna and lac
on treated fabrics was nearly doubled compared to the
untreated fabrics. The pronounced increase was
attributed to the relatively higher polarity and the

presence of multiple hydrogen-bonding functional
groups in both dyes, which interacted more effectively
with the oxygen-rich and roughened PLA surface
generated by plasma treatment. Nonetheless, the slower
increase in K/S between 20 and 30 s was attributed to the
saturation of newly formed oxygen-containing
functional groups, as supported by the XPS and water-
uptake results, together with the onset of mild surface
over-etching observed in the FE-SEM images. These
competing effects limited further improvements in
surface polarity and dye penetration, leading to the
observed plateau in color strength.

Henna Lac

Turmeric Annatto

Figure 8 Color shades of PLA fabrics dyed with natural dyes at different plasma exposure times.

In addition, the color strength measurements were
consistent with a shift in the L*, a* and b* coordinates
of each color, indicating more saturated shades.
Therefore, it could be concluded that DBD plasma
treatment directly improved color adhesion on PLA
fabrics, attributed to the stronger surface polarity and

facilitated transport of dye molecules into the fibers.

Color fastness performance

The fastness testing employed a color fading
rating as an indicator for evaluating the dye adhesion
performance on PLA fabric after washing, as shown in

Table 7. In the context of untreated PLA fabrics, all
samples faded considerably after washing, with a rating
ranging between 1 and 2, or “very poor” to “poor”
fastness, which might be attributed to the weak
interaction between dyes and the PLA surface.
Apparently, henna and lac exhibited slightly better
ratings than turmeric and annatto dyes. This difference
was attributed to the higher polarity and the greater
number of hydrogen-bonding functional groups in
henna and lac, which enabled stronger interactions with
the oxygen-rich plasma-treated PLA surface and

reduced dye desorption during washing.
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Table 7 Washing fastness ratings (color change and staining on multifiber adjacent fabrics) of PLA fabrics dyed with

natural dyes at 0 s and 30 s plasma treatment.

Dye Plasma time (s) Color change Acetate  Cotton Nylon  Polyester Acrylic Wool
0 1-2 1-2 1 1-2 1-2 1-2 1
Henna
30 3-4 2-3 2 3 3 3 3
0 1-2 1 1 2 1-2 1-2 1-2
Lac
30 3 2-3 2 2-3 2-3 2-3 2
0 1 1-2 1 1-2 2 1-2 1-2
Annatto
30 2-3 2 1-2 2 2-3 2 1-2
. 0 1 1 2
Turmeric
30 2-3 1-2 1-2 2-3 2 1-2 2

Nevertheless, when those fabrics were modified
by plasma exposure for 30 s, there was an observed
enhancement in fastness properties, especially henna,
within the range of 3 to 4, or “fair” to “good,” reflecting
the beneficial polarity of lawsone, which was able to
bind with the treated fabrics so that they could not be
casily washed off compared to untreated fabric.
Meanwhile, the lac-dyed fabric showed a slight
improvement in fastness from 2 to 3, or “poor” to “fair,”
due to the electrostatic attraction between laccaic acid
and the modified fabric surface. In the case of turmeric
and annatto, they showed only minor increases, which
implied that the characteristics of both dye molecules
were not responsive to reacting with the PLA fabric even
after the plasma treatment, as evidenced by the rating at
around 2, or “poor.” From the color fastness evaluation
on the multifiber adjacent fabrics, there were some
differences observed in staining on each component. All
dyes exhibited slightly higher staining on natural fibers
compared to synthetic fibers, which are inherently less
polar. By the way, henna showed a greater stain on wool
clearly. Overall, although plasma treatment was unable
to sharply enhance color durability, it can be improved
to an acceptable level, especially for relatively stronger
polar dyes such as henna and lac, which offered an
advantage in binding to plasma-treated fabrics.

Conclusions

Experimental results indicate that surface
treatment of polylactic acid (PLA) fabrics using
dielectric barrier discharge (DBD) plasma is an effective
and environmentally friendly method for enhancing the
dyeing performance of natural dyes. Plasma treatment

introduces oxygen-containing groups onto the fiber

surface, which elevates the O/C ratio and enhances the
surface hydrophilicity. FE-SEM imaging shows that the
fiber surface roughness increases with plasma exposure
time, expanding the dye adhesion area. Water uptake
results confirm that plasma improves wettability. Such
surface treatment results in significant improvements in
dyeing qualities, particularly for relatively higher polar
dyes such as henna and lac, whose diffusion coefficient
and K/S values increase significantly within the first 20
s of plasma exposure time, after which the trend
becomes stable. Henna exhibits the most favorable
response to the treatment. Lac is the next most effective,
while turmeric and annatto have less impact due to their
relatively lower polarity and large molecules.
Furthermore, washing fastness is significantly
improved, especially for fabrics dyed with henna and
lac. Plasma treatment enhances the adhesion between
the fibers and the dye without the use of chemical
mordants. Therefore, the use of DBD plasma is a clean
and sustainable approach to enhancing the dyeing
performance of PLA fabrics with natural dyes while
maintaining the appropriate mechanical strength of the

materials.
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