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a  b  s  t  r  a  c  t

Surface  properties  of  water-based  pigmented  inks  for ink-jet  printed  polyester  fabrics  were  modified
with  atmospheric-pressure  air/He  plasma  to improve  the  color  strength  and  pigment  adhesion  of  the
treated  surfaces.  The  influence  of  various  parameters,  including  the  surface  morphology,  chemical  com-
positions,  surface  energy  and  dynamic  contact  angles  of the  control  and  plasma  treated  samples  was
studied.  Color  strength  and  edge  definition  were  used  to evaluate  the  ink-jet  printing  performance  of
fabrics.  The  change  in  pigment  adhesion  to  polyester  fibers  was analyzed  by SEM  (scanning  electron
microscopy).  AFM  (Atomic  force microscope)  and  XPS  (X-ray  photoelectron  spectroscopy)  analyses  indi-om

.cn

urface modification
olyester fabric
igment  adhesion
olor  strength

nk-jet printing

cated  the  increase  in surface  roughness  and  the  oxygen-containing  polar  groups(C  O,  C OH  and  COOH)
reinforced  the  fixation  of pigments  on  the  fiber  surface.  The  result  from  this  study  suggested  that  the
improved  pigment  color  yield  was  clearly  affected  by  alteration  of  pigment  adhesion  enhanced  by plasma
surface  modification.  Polyester  fabrics  exhibited  better  surface  property  and  ink-jet  printing  performance
after  the air/He  mixture  plasma  treatment  comparing  with  those  after  air  plasma  treatment.

© 2016  Elsevier  B.V.  All  rights  reserved.m.c
. Introduction

Nowadays, digital ink-jet printing rapidly grows with favorable
cceptance and has found an increasing number of applications
n today’s textile printing. The technique offers benefits such as
igh-quality printed pattern, little pollution and fast response of
arment customization [1,2]. Pigment-based inks are often used
s inkjet printing media since they have no selection on fabrics.
owever, patterns directly printed on polyester fabrics often have

ow color strength and blurred edge definition [3]. Therefore, pre-
rocessing of printing substrate must be done to acquire better
erformance of inkjet printing. Compared to traditional methods

or producing high-quality color reproduction, the advantages of
lasma surface modification are: be particularly suitable for tex-
ile processing because most textile materials are heat sensitive
olymers; no production of waste water; higher security and lower
hemical consumption; environmentally friendly and matching the

www.sp
efinition of ecological textile manufacturing [4].
Recently, plasma has been widely employed to modify surfaces

f textile fabrics for functional finishing and improving dyeing

∗ Corresponding author at: College of Textiles and Clothing, Qingdao University,
ingdao  266071, China.

E-mail  address: zcm1229@126.com (C. Zhang).

ttp://dx.doi.org/10.1016/j.apsusc.2016.12.096
169-4332/© 2016 Elsevier B.V. All rights reserved.
behaviors. Pandiyaraj et al. [5] modified polypropylene films using
various gaseous plasma treatments to increase its surface energy.
Shahidi et al. [6] studied dyeing properties of polypropylene fab-
rics treated with dielectric barrier discharge plasma. They increased
the K/S (Kubelka-Munk coefficient) values of the dyed fabrics of
which the tensile strength has not been changed. Zhang and Elabid
[7] used atmospheric pressure plasma with fine and uniform fila-
ment discharge operated at 20 kHz to improve the low temperature
dyeability of PET (polyethylene terephthalate) fabric. Pransilp and
Kiatkamjornwong [8] studied the influences of oxygen, nitrogen
and SF6 gas plasma on color reproduction and color adhesion of the
treated cotton fabric surface printed with water-based pigmented
inkjet ink.

In  our previous work, the effects of exposure time and aging
of surface properties on the polyester fabrics printed by the pig-
mented jet inks were investigated [9,10]. Nevertheless, there are
few literatures about the influence of atmospheric plasma on pig-
mental adhesion properties of polyester fibers. In this paper, the
polyester fabrics were surface modified with atmospheric-pressure
air/He plasma to improve ink absorption of water-based pigmented
inkjet inks and color reproduction of the treated surfaces. An in-

depth study of the influence of various parameters, including the
surface morphology, chemical compositions, surface energy and
dynamic contact angles of the plasma treated samples was car-
ried out. AFM and XPS were used to characterize the influence of

dx.doi.org/10.1016/j.apsusc.2016.12.096
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Table 1
Test  liquids and their surface tension components.

Liquids Temperature (◦C) Surface tension data
(mN/m)

�L �d
L

�p
L

m

C. Zhang et al. / Applied Sur

lasma treatment on surface morphology and chemical compo-
ents of the specimens. The pigment adhesion on polyester fibers
as also investigated by SEM.

. Experimental

.1. Raw materials

The  fabric specimens were 100% polyester plain weave fabric
58 g/m2, Wuxi bleaching and dyeing plant, Wuxi, China) without
hemical processing. Pigment-based ink (NDC, Key Laboratory for
co-Textiles Ministry of Education, Wuxi, Jiangnan University) was
sed in all ink-jet printing experiments.

.2. Plasma treatments

All  surface modification in this study was carried out in a
BD (dielectric barrier discharge) plasma reactor (ST/RI, Shang-
ai Textile Research Institute, Shanghai, China). As schematically
hown in Fig. 1, the experimental equipment has an approximately
5 cm × 25 cm active exposure area of between two copper elec-
rodes, both of which is embedded in a 6 mm thick glass dielectric
arrier. The plasma system was first evacuated and then filled with
he gas up to the atmospheric pressure. The entire DBD was per-
ormed at a mixed ambience of atmospheric air and 10% helium
nd lasted for a period of time. The facility is conducted by a range
f 0–500 W power supply operating in the frequency of 1 kHz. The
amples directly put into the reactor were treated at a total power
f 300 W,  dielectrics space 3 mm for 120 s.

.3. Inkjet printing procedure

The  modified and control fabrics were digitally printed using
n ink-jet printer (JV4-180, Mimaki Company, Nagano, Japan) and
ubsequently baked at 120 ◦C for 3 min  with baker (Minni thermo-
50, Roaches Company, West Yorkshire, England).

.4. Measurements

Morphological and topographical modifications of the polyester
ber surface, resulting from plasma treatment, were investigated
sing an AFM (CSPM4000, Benyuan Company, Guangzhou, China).
he vertical resolution of the machine is 0.1 nm,  while the hori-
ontal resolution is 0.2 nm.  Squares of 5.0 �m side were scanned in
ontact mode and all AFM images were collected at room temper-
ture in atmosphere.

Surface  chemical composition of fabric surface was  determined
y XPS (PHI-5000C ESCA, Perkin Elmer, Waltham, United States),
sing Mg  K� radiation (h� = 1253.6 eV) operated at 14.0 kV and
50W with a detection angle at 54◦. The spectra were in reference
o the C C peak positioned at 284.6 eV.

The  contact angles were investigated through the Wilhelmy
late technique by dynamic contact angle measurement equip-
ent (CDCD-100F, Camtel Ltd Company, England). The Wilhelm
ethod measures the pull force or the push force and the wetting

orce, to measure the contact angles [11]. The experiments were
erformed at room temperature and 65% relative humidity shortly
fter the plasma modification. Measurement velocity is 0.3 mm/s.
thanediol and distilled water were selected as the probe liquid.
ive different positions were measured and the average values were
alculated. The data for the test liquid surface tension and surface
ension components at 20 ◦C was given in Table 1 [12,13].

www.sp
Surface energy of the substrate can be counted from the con-
act angle values determined in previous study. Some calculation
quations are listed as follow [12]. The total surface energy can be
eemed as consisted of two parts, the Lifshitz-vander Waals and
Distilled water (H2O) 20 72.8 21.8 51.0
Ethylene glycol (C2H6O2) 20 48.0 29.0 19.0

the acid-base component. The former indicates the dipole–dipole
(Keesom), induction (Debye) and dispersion forces, and latter rep-
resents the H-bonding or acid-base interactions. Hence, for a solid
phase S, the total surface energy can be expressed as:

�s = �ps + �ds (1)

According  to Fowkes, the total interaction between solid phase
S and liquid phase L can be expressed as:

�SL = [(�dS )
1/2 − (�dL )

1/2
]
2

+ [(�pS )
1/2 − (�pL )

1/2
]
2

(2)

Young’s  equation correlates the contact angle to the three inter-
facial tensions:

cos � = �S − �SL
�L

(3)

By  rearranging Eqs. (2) and (3), the relationship between contact
angle and surface energy can be expressed as:

�L(1 + cos �) = 2(�pS �
p
L )

1/2 + 2(�dS �
d
L )

1/2
(4)

Where  � is the contact angle, �S , �dS , �pS represent total surface
energy, dispersion component, and polar component of the fabric,
respectively. �L , �dL and �pL represent total surface tension, disper-
sion component, and polar component of the liquids, respectively.
From Eq. (4), using two  liquids, water and glycol, we can calculate
the �dS , �pS and �S for the tested fabric.

Surface morphology of the control and plasma treated fiber was
investigated using SEM (JSM-5610, Japan Electron Optics Labora-
tory, Tokyo, Japan). The polyester fiber samples were observed at
2400 magnification to inspect the pigment adhesion on fibers.

2.5.  Printing performance

Edge  definition, K/S, L and C values were measured to evalu-
ate the anti-bleeding performance and color strength of samples.
A digital camera (IXY DIGITAL 50, Canon, Tokyo, Japan) and
color measurement system (X-Rite Premier 8400, X-Rite Company,
Michigan, United States) were employed in this study.

3.  Results and discussion

3.1.  Surface morphology

Surface  morphology of the polyester fiber can be revealed in
Fig. 2. The AFM images of 5.0 �m × 5.0 �m show the topographical
modifications of specimens before and after plasma treatments. As
seen in Fig. 2(a), a relatively smooth surface of the untreated fiber is
clearly observed. However, after the atmospheric-pressure plasma
processing, the original structure was  changed. As illustrated in
Fig. 2(b) and (c), the fibril structure is not visible and replaced by
a number of pit-like structures formed on the fiber surface. This is
due to the sputtering etching effect of the plasma modification.

.co
m.cn
According to literatures, the main species in the plasma which
are responsible for the etching effect are positive ions and pho-
tons, with ability of breaking primary chemical bonds and inducing
cross-linking [14].

zhk
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Fig. 1. Schematic view of e

Table 2
Relative chemical composition and atomic ratios of polyester fabrics determined by
XPS.

Samples Chemical composition Atomic ratios

C1 s (%) O1 s (%) O/C

Untreated 81.77 15.23 0.19
Air plasma treated 71.45 25.36 0.35

T

3

r
p
w
w
p
e
r

o
h
t
a
r
t
2
a
C
s
a
t
i
fi
m

R

R

R

R

m

Air/He plasma treated 69.38 27.55 0.40

he sample was treated by a power 300 W for 120 s.

.2. Surface chemistry

The surface chemical composition which is shown in Table 2
eveals the chemical nature of the polyester surface before and after
lasma modification. The oxygen concentration increased over 10%,
hile the carbon containing reduced similar percentage. Compared
ith the control sample, the O/C ratio of plasma modified sam-

le significantly increased 0.16 and 0.21, respectively. It can be
xpected that the oxygen-containing polar groups were incorpo-
ate into the polyester surface when processed by plasma.

In  order to identify what chemical groups have been introduced
nto polyester fabric surface, deconvolution analysis of C1s peaks
as been executed. Each component was characterized by the posi-
ion on the energy scale (fixed to a certain value), the intensity
nd the width (determined by the fit procedure, respectively). The
esults are shown in Fig. 3. As reported in literatures, the spec-
rum of the original polyester contains three peaks at 284.60 eV,
86.10 eV, 288.10 eV and 288.75 eV, which may  be respectively
ssigned to C C/C H, C O (and/or C OH), C O and O C O (and/or
OOH) [15–17]. The content variation of each chemical compo-
ition which can be seen in Table 3 indicated that the sub-peak
t 284.6 eV evidently decreased after plasma modification while
he sub-peaks at 286.1 eV and 288.75 eV appears to have a large
ncrease. It was generally agreed that when natural and synthetic
bers were processed by plasma, the following chemical reactions
ay occur on the fiber surface [18].

H → R• + H•;

• + O2 → ROO•;

www.sp
OO• + R1H → ROOH + R1
•;

• + O• → RO•;
xperimental set-up.

RO• + R1H → R• + R1OH;

RO• + H• → ROH.

This result implied that many C C bonds in polyester fiber
surface was  broken by the plasma treatment, subsequently the
fractured C C bonds will recombine with oxygen atoms such
as C O, C OH and COOH generated in plasma to form the
oxygen-containing polar groups as reported in literatures [19]. The
experimental data indicate that the air/He mixture plasma was
more effective than air plasma at the same treatment time. A simi-
lar result was  found in our previous research when air/Ar was  used
as discharge gas [20]. Different from former researches, this phe-
nomenon can be explained as that the breakdown voltage of helium
is far lower than that of air under the same condition [21]. The mix-
ture of helium reinforced the discharge of plasma and made the
modification more sufficient.

3.3. Contact angles

The  influence of plasma surface modification on hydrophilic-
ity was  investigated by dynamic contact angle measurement. As
shown in Table 4, the distilled water and glycol contact angle val-
ues of control fabric was  85◦ and 72◦, respectively. This result is not
only attributed to the surface chemical properties of specimen but
also the surface roughness of the fibril structures [22]. However, the
water and glycol contact angles obviously decreased to 29◦ and 18◦

after the plasma processing. The results implied that the wettability
of the fabric had been significantly improved by the surface mod-
ification. It is speculated that the air/He plasma introduced polar
groups into the fiber surface while etching the polyester fiber. In
addition, the effects will be further verified in surface energy study.

3.4. Surface energy

Plugging  the contact angle values into equation 4, the total sur-
face energy (�S), dispersion component (�dS ) and polar component
(�pS ) of the fabrics can be calculated.

It is clearly seen in Table 5 that the total surface energy dra-
matically increased after plasma modification. Moreover, the polar
component is also markedly altered compared to the dispersion

.co
m.cn
component. The increase of surface energy is usually ascribed to
the polar component since plasma introduced oxygen containing
polar groups onto the material surface. The consequence is also
approved the result of XPS analysis.
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Fig. 2. AFM images of the polyester fibers, (a) untreated; (b) air plasma treated; (c) air/He plasma treated. The samples were treated at a power of 300 W for 120 s.
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Fig. 3. XPS spectra of polyester fabrics, (a) untreated; (b) air plasma treated; (c) air/He plasma treated. The samples were treated at a power of 300 W for 120 s.
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Table  3
Results of deconvolution of C1s peaks for polyester fabrics.

Binding energy (eV) Untreated (%) Air plasma treated (%) Air/He plasma treated (%) Possible functional groups

284.6 70.6 55.7 51.9 C C
286.1 15.4 21.6 23.2 C O (and/or C OH)
288.1  0 2.5 3.1 C O
288.75 14.0 20.2 21.8 O C O (and/or COOH)

The sample was treated by a power 300 W for 120 s.

Table 4
Contact angle of liquids measured on the polyester fabrics.

Liquids Contact angle (◦)

�1 (Untreated) �2 (air/He plasma treated)

Distilled water 85  ± 2 29  ± 2
Glycol 72 ± 2 18 ± 2

The sample was treated by a power 300 W for 120 s.

Table 5
Surface energy results of untreated and plasma treated fabrics.

Samples �S(mN/m) �dS (mN/m) �p
S

(mN/m)

Untreated 22.68 12.05 10.63
Air/He plasma treated 71.99 4.13 67.86
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Fig. 4. SEM images of the pigment fixation on (a) untreated and (b) air/He plasma
treated  fibers.

Table 6
Color  measurement results of untreated and plasma treated fabrics.

Samples K/S L C

magenta cyan magenta cyan magenta cyan

Untreated 3.09 2.27 56.72 51.75 46.27 39.18
Air/He plasma treated 3.71 2.64 52.33 48.32 49.36 42.23

The sample was  treated by a power 300 W for 120 s.

m.co
m.cn
he sample was treated by a power 300 W for 120 s.

.5. Pigment adhesion

In  order to investigate the pigment adhesion on polyester fibers,
he scanning electron microscopy was also employed to observe
he surface fixation of pigments with a magnification of 2400
imes. As presented in Fig. 4(a), because of the original chemical
roperties and smooth surface of polyester fibers, the pigment par-
icles were difficult to be fixated on them and disorderly move
n the fiber surface even into the gaps between two fibers. This
esult could directly explain the bleeding phenomenon examined
y video focus-exchanged microscope. By contrast, an even dis-
ribution of pigment particles on the treated fibers can be seen in
ig. 4(b). This indicated that the hydrophilicity and rough surface of
lasma modified fibers could offer more capacities for the fabric to
apture inks and also facilitate the penetration of colorant particles
nto the polyester fabric [23,24].

.6. Color strength

Digital  inkjet printing was carried out to evaluate the effect of
he plasma modification on printing performance. Color blocks and
ines were printed with magenta and cyan ink on the substrates
nd images captured by digital camera. It is clearly seen in Fig. 5(a)
hat the bleeding phenomena is very serious along both weft and
arp edge. As can be imagined, the actual printing pattern must

e indistinct under this circumstance. Compared to that, the edge
efinition was observed to be much more legible in Fig. 5(b). This

s due to the fact that the anti-bleeding property of the sample has
een dramatically improved after plasma processing.

The K/S values which are considered as representations of color
trength on the inkjet printing samples are shown in Table 6. The
bservably increased K/S values symbolize an enhancement of the
hroma of the plasma modified fabrics. This result can also be sup-
orted by the previous study. It is considered that the improvement
f the anti-bleeding property increased the amount of ink colorants

www.sp
tayed on per area of the fabric.
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Fig. 5. Anti-bleeding performance of (a) untreated and (b) air/He plasma treated
polyester  fabrics.
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4. Conclusions

The ink absorption of water-based pigmented inkjet inks and
color reproduction of polyester fabrics can be improved by sur-
face modification of atmospheric-pressure air and air/He mixture
plasma. AFM investigation shows a number of pit-like structures
formed on the fiber surface, indicating that the surface morphol-
ogy of polyester fiber had been changed by plasma. XPS analysis
reveals some oxygen-containing polar groups such as C O, C OH
and COOH generated by plasma were implanted onto fiber surface.
As a consequent, the wettability of the fabric had been significantly
improved which has been identified by contact angle and surface
energy study. Furthermore, the performance of ink jet printing
of polyester fabrics was  found to be preferable according to the
higher color strength and clearer edge definition. SEM observations
indicated that the improved pigment color yield was clearly con-
tributed by the alteration of pigment adhesion. Given the above,
plasma surface modification has been found to be an effective way
to enhance the pigmental adhesion properties and ink-jet printing
performance of polyester fabrics. The air/He mixture plasma was
more effective than air plasma at the same treatment time.
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