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Tubes are indispensable in our daily life, mechanical engineering and biomedical fields. However, the
practical applications of tubes are sometimes limited by their poor wettability. Reported herein is
hydrophilization of the tube inner wall by transferred atmospheric pressure plasma (TAPP). An Ar atmo-
spheric pressure plasma jet (APP]) is used to induce He TAPP inside polytetrafluoroethylene (PTFE) tube
to perform inner wall surface modification. Optical emission spectrum (OES) is used to investigate the
distribution of active species, which are known as enablers for surface modification, along the TAPP.
Keywords: . Tubes’ surface properties demonstrate that after TAPP treatment, the wettability of the tube inner wall
Atmospheric pressure plasma . ) ) .
Tube is well improved due to the decrease of surface roughness, the removal of surface fluorine and introduc-
tion of oxygen. Notably, a deep surface modification can significantly retard the aging of the obtained

Wettability

Surface modification hydrophilicity. The results presented here clearly demonstrate the great potential of TAPP for surface

Aging modification of the inner wall of tube or other hollow bodies, and thus a uniform, effective and long-
lasting surface modification of tube with any length can be easily realized by moving the tube along its
axis.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Polymer tubes are widely used in our daily life and engineering
(e.g. mechanical and biomedical fields). However, their hydropho-
bic nature limits the applications in many fields where good contact
or even adhesion with other liquids/materials is required. For
example, when these tubes are employed in biomedical engineer-
ing, the poor wettability would result in the reduction of cell
attachment on their surface [1-5], which further leads to poor
biocompatibility and even some critical medical accidents. In the
case of bonding, low adhesion strength resulting from the poor
adhesion of the surfaces [6-8] would reduce their service life and
cause some hidden troubles for their applications. Therefore, sur-
face modification of polymer tubes is of great importance before
their usage. Wet chemical method and low-pressure plasma treat-
ment are both well-known and frequently-used tools for surface
modification of polymers, but the former one always involves some
corrosive chemicals (e.g. trichloroisocyanuric acid solution [8] and
H,0,/H;S04 [9]) that are environmentally harmful. As an envi-
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ronmentally benign and effective method, low-pressure plasma
exposure is widely used in polymers modification [10-13], includ-
ing some works on surface modification of tube inner wall [14-16].
Plasma treatment can modify the surface properties of polymers
without changing their bulk properties.

However, low-pressure plasma requires expensive vacuum
equipment to create low pressure environment, which undoubt-
edly increases the cost and greatly limits the treated sample size
and processing efficiency. In recent years, atmospheric pressure
plasmas (APPs) realize the transportation of plasma from the point
of generation to the point of interaction with the material [17],
and thus the low-cost, easy-to-handle and efficient APPs replace
low-pressure plasma to be widely used in some situations, includ-
ing surface modification of polymers [18-21]. Notably, tube-APPs
interaction has attracted researchers’ keen interests. Tubes were
widely used as a channel to transport plasma [22-26], which were
further demonstrated to be a promising tool in many fields, such as
biomedical applications [27-32] and surface modification [33-36].
Li et al. [34] modified the inner wall surface of quartz tube by
argon/oxygen APP generated inside the tube by single needle dis-
charge, and the results showed that the treated tube possessed
better wettability. Onyshchenko et al. [35] performed hydrophilic
modification of polymeric tube inner wall surface by penetrating
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atmospheric-pressure plasma jet (APPJ]) into the tube. But the treat-
ment non-uniformity of the two methods was inevitable due to the
non-uniform distribution of active species along the tube. Pavlinak
et al. [36] inserted a PTFE tube vertically into oxalic acid solution
and filled the tube with the identical solution, and then the liquid
volumes were used as electrodes to ignite surface dielectric barrier
discharge at the tube surface. The generated plasma thus realized
hydrophilization of PTFE tube wall surfaces. However, the above
mentioned methods could not perform well in terms of treatment
efficiency and application scope, especially for long tube, since the
treated length would be greatly limited by the length of APPJ itself
or the complexity of the discharge units. Therefore, it is urgently
needed to develop an easy and high-efficient method to modify
the inner walls of tubes with any length.

Actually, the key for plasma surface modification of tube inner
wall is to generate or introduce plasma inside the tube. Lu et al.
[37,38] found that when a helium APPJ contacted with a dielectric
tube, the charges deposited on the dielectric tube wall could gener-
ate alocal electric field and induce a second plasma inside the tube.
Therefore, transferred atmospheric pressure plasma (TAPP), gener-
ated by directing a source plasma upon a tube filled with flowing
working gas at atmospheric pressure, can be an alternative tool for
the surface modification of tubes. Li et al. [39] obtained He TAPP
by pointing an Ar APPJ at a tube with He flow, and found that
photoionization mechanism had little effect on the generation of
TAPP. They also found that when the APP] was perpendicular to the
tube, the generated TAPP had nearly equal length on both sides (i.e.
the upstream and downstream) of the Ar APPJ acting point. Xiong
et al. [40] further studied the mechanism of TAPP by simulations
and experiments, and demonstrated that the primary ionization
wave propagated across the inter-tube gap and upon impingement
induced two secondary ionization waves propagating in opposite
directions in the transfer tube. They also found that the preioniza-
tion density was crucial for the ignition of the secondary ionization
waves in the transfer tube, because a critical plasma density was
required to produce sufficient space charge in the head of the ion-
ization wave to initiate avalanche.

In this paper, we use Ar APP] as source plasma to generate He
TAPP inside a PTFE tube which is widely used in engineering but
intrinsically hydrophobic, to demonstrate the great potential of
TAPP for tube inner wall surface modification. The optical emission
spectroscopy (OES) is used to detect the active species contained in
the He TAPP. Water contact angle (WCA) measurements, atomic
force microscopy (AFM) and X-ray photoelectron spectroscopy
(XPS) are employed to characterize the surface modification of the
tube inner wall.

2. Experimental
2.1. Materials

Transparent PTFE tubes with different outer diameters
(ODs) and inner diameters (IDs) (4mm x 3 mm, 3 mm x 2 mm,
3mm x 1.5mm, 2mm x 1mm and 1.5mm x 0.5mm) were pur-
chased from Shanghai Huafang Rubber and Plastic Co. Ltd. (China).

2.2. Transferred atmospheric pressure plasma

The schematic of the experimental set-up is shown in Fig. 1.
A stainless steel tube with ID of 1.4mm and OD of 1.8 mm was
inserted in a quartz tube (ID: 2.0 mm, OD: 4.0 mm) and served as
both high voltage electrode and working gas channel. The stain-
less steel tube was flushed with argon (of purity 99.999%, Dalian
Special Gases CO., LTD.), and the gas flow rate was controlled by
a mass flow controller (MFC, CS200, Beijing Sevenstar Electronics
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Fig. 1. Illustration of the set-up for the surface modification of PTFE tube inner wall
by TAPP.

CO., LTD., China). PTFE tube was placed perpendicularly to the axis
of the quartz tube, and the distance (d) between the outlet of the
quartz tube and the outer wall of the PTFE tube varied from 0.5
to 1.5cm. The PTFE tube was connected to MFC by a one-touch
fitting (PG series, AirTAC Corporation in China) and was flowed
with helium (of purity 99.999%, containing 1 ppm O, and 3 ppm
H,0, Dalian Special Gases CO., LTD.). AC power supply (Nanjing
Suman Electronics, CTP-2000 K) fixed at a frequency of 60 kHz was
used as driving source. After applying high enough voltage, an Ar
APPJ] was generated and impinged upon the PTFE tube, then He
TAPP appeared inside the tube. We set the He flow direction as x
axis, and the Ar APP] impinging point was marked as 0, while the
upstream and downstream were respectively labelled as positive
and negative half axis.

2.3. Plasma diagnoses

The applied voltage and the discharge current were recorded by
a digital oscilloscope (Tektronix TPO 2014B) with a high-voltage
(HV) probe (Tektronix Tek6015A) and a current coil (Pearson 2877),
respectively. The root mean square (RMS) value of applied voltage
was reported in this paper. The discharge images were captured
with a digital camera (Konica Minolta DiIMAGE A200) to esti-
mate the plasma length, and the exposure time was 2.0s. The
optical emission spectrum (OES) was measured by an Andor SR-
750i grating monochromator (grating groove: 1200 grooves/mm,
glancing wavelength: 500 nm). After the diffraction of the grat-
ing, the output spectral light could be transformed into a digital
signal by CCD (Newton DU940P-BV, 100 ms exposure time) and
recorded on a computer. A piece of black paper with a pinhole was
carefully placed to avoid the interference from Ar APP] while col-
lecting the OES of He TAPP. LIFBASE developed by Luque et al. [41]
was employed to calculate the rotational temperature (Tyo¢) of OH
(A2X* — X211) band transition. The radiant temperature profile of
He TAPP was measured using an infrared thermal imager (Fluke
Ti10, Fluke Inc., America).

2.4. Surface modification
For the surface modification, PTFE tubes with length of 15cm

were employed and connected to MFC. Firstly, 2.0 SLM (standard
liter per minute) Ar was introduced into the stainless steel tube, and
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after applied voltage was increased to 4.4kV, an Ar APPJ generated
and impinged at the center of the PTFE tube. Then when 3.0 SLM
He flowed through the PTFE tube, TAPP was generated inside the
tube and the plasma treatment of tube inner wall started. After 30 s
plasma exposure, the plasma treatment was stopped by turning off
the AC power. The time difference of every treatment was less than
0.2s. The average power consumption P of the discharge system
was obtained by the measured voltage-current waveforms and the
following equation:

t+T

1
P= T/I(t)V(t)clt (1)

where T is the period of the discharge. When the applied voltage
was 4.4kV and the PTFE tube was not flushed with He, only the
Ar APPJ] was ignited, and the calculated power consumption was
about 3.1 W. While He flowed through the PTFE tube and TAPP was
ignited, the power increased to 4.2 W. Therefore we could conclude
that the power delivered to the plasma inside the tube alone was
approximately 1.1 W.

2.5. Aging effect

The treated tubes were placed in an atmospheric air environ-
ment at room temperature (~25 °C) and relative humidity of 30%
for more than 180 days to study their aging behavior. A constant
climate chamber (DHTC-27-40-P-SD, Doaho (Shanghai) CO., LTD)
was used to control the temperature and relative humidity. The
fluctuations of temperature and relative humidity were less than
2 °C and 3%, respectively. The WCAs were recorded to characterize
the aging behavior of the TAPP treated PTFE tubes.

2.6. Samples characterization

2.6.1. Water contact angle (WCA) measurements

The tubes were cut along its length to meet the requirements
of WCA measurements, and every tube segment with a length of
~5mm was used (e.g., the reported WCA of position x =0 cm were
obtained from the tube segment between x = —0.25 and x = 0.25 cm,
while that of position x=7.5 cm were obtained from the tube seg-
ment between x=7.0 and x=7.5cm). WCAs were measured by an
optical contact angle meter (Kriiss, DSA100, Germany) at room tem-
perature. The precise drop size of the used liquid was controlled by
a high precision liquid microliter syringe. Deionized water droplet
with a variable volume of 0.1-2.0 pL was carefully placed on the
tube inner wall through the tube opening. Droplets with differ-
ent volumes that could be put on the tube inner wall through the
tube opening were used to estimate the influence of droplet vol-
ume on the measured WCA and was demonstrated to be negligible.
Images of water droplets were then captured by a digital CCD cam-
era (Microvision, MV-VDO030SC). The profiles of the tube inner wall
surface were manually detected and then the WCAs were calcu-
lated using Tangent 1 method by software (OEG GmbH SURFTENS
Universal, Surftens4.3, Germany).

2.6.2. Atomic force microscopy (AFM)

The tube segments (ID=2.0 mm) depicted above were further
cut axially to obtain strips to expose their inner wall surface. Then
the PTFE strip was adhered to glass slide to characterize their sur-
face morphologies. The surface morphology and roughness of the
samples were characterized by AFM (Picoplus I1, America), which
was performed in tapping (non-contact) mode with a sampling
range of 4 x 4 um? at the center of the strip. The root mean square
(RMS) roughness was calculated by the instrument software.

2.6.3. X-ray photoelectron spectroscopy (XPS)

The surface chemical compositions of the tubes (ID=2.0 mm)
were analyzed by XPS, and the tube strips were used as test
samples. XPS spectra were recorded by Thermo ESCALAB 250Xi
instrument equipped with a monochromatic Al Ko X-ray beam
(hv=1486.6eV). The power of this source was set to 150W and
the beam was focused at the center of the strip. Survey scans and
high-resolution C 1s peaks were recorded at a take-off angle of 45
° relative to the sample surface. The pass energy and energy step
of survey scans were respectively 70.0 and 1.0 eV, while those of
C 1s individual high-resolution spectra were respectively 30.0 and
0.05 eV. The binding energy of C 1s in hydrocarbon (284.6 eV) was
used as calibration reference. High-resolution C 1s spectra were
deconvoluted into different carbon-containing chemical groups
with mixed Lorentzian-Gaussian components by XPS Peak v4.1 fit-
ting software. A Shirley-type background subtraction was used and
the full-width at half maximum (FWHM) of each line-shape was
allowed to vary from 1.4 to 2.2 eV for the untreated surfaces and
from 1.2 to 2.0 eV for the plasma treated surfaces.

3. Results and discussion
3.1. He TAPP discharge images

Fig. 2(a) shows the side view of TAPP generated in PTFE tube
(ID=2.0mm) at various applied voltages. The TAPP lengths in
upstream and downstream both significantly increased with the
applied voltage, which was consistent with the results of Li et al.
[39]. Additionally, the luminous intensity of Ar APPJ and He TAPP
increased with the applied voltage. When the applied voltage
increased, the Ar discharge was directly enhanced, resulting in
obviously strengthened emission intensity and charge deposition
on the PTFE tube wall. Therefore, an increased magnitude of the
electric field across the PTFE tube wall formed and thus the plasma
length and emission intensity of the TAPP increased. Fig. 2(b) shows
the length of TAPP as a function of Ar and He gas flow rate when
applied voltage was 4.0kV. When Ar flow rate was fixed at 2.0
SLM, the plasma length increased with He flow rate and reached its
maximum at 5.0 SLM, after which gradually decreased due to the
transition from a laminar to turbulent flow [42]. Similarly, when He
flow rate was fixed at 3.0 SLM, the TAPP length firstly increased and
peaked at 2.0 SLM and then continuously decreased. This could be
attributed to the change of discharge characteristics of Ar APP] due
to the heat removal by increased Ar gas flow [43], which further
caused the reduction of charge deposited on the PTFE tube wall.
As a result, the induced local electric field was weakened and the
plasma length decreased. The experiments reported below were
all conducted by fixing Ar and He flow rates at 2.0 and 3.0 SLM,
respectively. Fig. 2(c) shows the influence of distance (d) between
the outlet of the quartz tube and the outer wall of the PTFE tube on
TAPP at applied voltages of 3.0 and 3.5 kV. It could be clearly seen
that d had an obvious impact on TAPP, and the smaller d the longer
TAPP. When applied voltage was 3.0kV, the TAPP with d=0.5cm
was about 12 cm long while that with d=1.5 cm was almost invisi-
ble. Fig. 2(d) illustrates the discharge images of TAPP in tubes with
different ID (left) at applied voltage of 3.5 kV, and the corresponding
magnified images on the right were taken from the same positions
shown in the yellow dashed boxes. When the tube ID increased
from 0.5 to 3.0 mm, the TAPP length decreased from ~21 to ~7 cm,
and the luminous intensity of the TAPP also gradually decreased,
which demonstrated that the TAPP was greatly influenced by the
tube ID: the smaller ID, the longer TAPP and the stronger discharge
inside the tube.



970

ID=0.5mm

ID=2.0mm

F. Chen et al. / Applied Surface Science 389 (2016) 967-976

1cm

(b) 21 —O— Ar (when fixing He at 3.0 SLM)
—O— He (when fixing Ar at 2.0 SLM)
18t
L
IS}
c
2450
@
IS
(2]
©
Q121
9 1 1 1 1
0 2 4 6 8 10

Gas flow rate (SLM)

3.5 kV

d

Fig. 2. (a) Side views of TAPP inside a PTFE tube (ID =2.0 mm) under different applied voltage; (b) the influence of Ar and He gas flow on the TAPP length; (c) The influence
of d on TAPP at applied voltages of 3.0 and 3.5 kV; (d) The discharge images of TAPP in tubes with different ID (left) at applied voltage of 3.5 kV, the corresponding magnified
images (right) were taken from the same positions shown in the yellow dashed boxes. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

(a) 2000 N2(C-B) (b)
T 2000 |- | —o— OH (309.6 nm)

3000 ‘ —0O— He (706.5 nm)
g . —A—0 (7774 nm)
& & 1500 -
2 2500 N3(B-X) =
2 He 2
9] 2
E 2000 € 1000
= [ =
2 S
8 a
‘€ 1500f0H € 500 |-
i I u i i

1000 = oL4 s ) s ; , .

300 350 400 650 700 750 800 -75 50 25 00 25 50 75

Wavelength (nm) Position x (cm)
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different positions of the PTFE tube.

3.2. OES and plasma gas temperature in the range of 300-450nm were dominated by the vibration

transitions of Np(C3ITy — B3I1g) and N+ 2(B2X+u— X2 X +g). We
observed intensive He emission lines at 667.9, 706.6 and 728.1 nm
from excited He atoms which could be produced by electron-

Fig. 3(a) shows the typical OES of He TAPP at x=0 with the
wavelength range between 300 and 800 nm. The OES spectrum
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Fig. 5. Images of water droplets on inner wall of untreated and treated tubes with different IDs: (a) ID=3 mm, (b) ID=2mm and (c) ID=1 mm.

impact reactions and ion-electron recombination [44]. In addition,
some UV radiation observed from the spectra at approximately
306-310 nm can be referenced to the emission of OH(A2 X+ — X2I1)
band transition. Ha at 656.3 nm and atomic O at 777.4nm were
also detected. The presence of these radicals in He TAPP was
due to the direct electron impact dissociation or excitation trans-
fer reactions of a small amount of impurities (e.g. H,O molecule,
nitrogen and oxygen) in the feed gas and on the tube wall of
the gas delivery system or diffusion through the tube [45,46].
Therefore, it was evident that the He TAPP contained many active
species and offered high plasma chemical activity, and these rad-
icals could play important roles in applications such as surface
modification and biomedicine. Fig. 3(b) depicts the emission inten-

sities of OH(A2X* — X2T1, 309.6 nm), He(3s3S — 2p3P, 706.5nm)
and O(3p°P — 3s°S, 777.4nm) in the He TAPP at different positions
of the PTFE tube. It clearly shows that the emission intensity of
these species peaked around the position x=0 cm, while gradually
decreased along the two directions.

As an important parameter of gas discharge plasma, rotational
temperature (Trot) is always obtained by comparison between
experimental data and theoretical spectrum of OH(A2E* — X211)
emission bands [47-50]. Fig. 4(a) depicts the experimental data
(x=0 cm) and simulated spectra of the OH(A2X* — X2I1) band
from 306.5 to 309.8 nm, indicating that the Ty, of He TAPP at
the position of x=0cm was about 3504+ 10 K. Gas temperature
is one of the most important parameters for plasma applications,
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which can be roughly estimated by Tro:, because Tyo: is always
considered to be equal to the gas temperature of APPs [51,52]. How-
ever, some recent works demonstrated that the T;or determined
by OH(A2X* — X2I1) band was much higher than the measured
plasma gas temperature due to the overpopulation of high rota-
tional states of OH(A2 X*)[49,50]. So we employed thermal imaging
analysis to map the plasma gas temperature profile of He TAPP, and
the result was shown in Fig. 4(b). The thermographic images clearly
indicated that the temperature of He TAPP at position of x=0cm
was about 64.8°C (~338K), which was close to the simulated
results in Fig. 4(a). Therefore, Tt obtained from spectra-fitting
could be used to roughly estimate the gas temperature of TAPP in
our study. The T;o; at different positions along He TAPP are shown
in Fig. 4(c), from which one could clearly see that the temperature
maximized at the position around x=0cm (~350K) and gradually
decreased along the two directions to nearly 320 + 10 K. This also
demonstrated that the TAPP inside the tube had a low temperature,
so the TAPP was an excellent candidate for surface modification of
tubes, especially for those made of heat-sensitive materials.

3.3. WCA measurements

During the surface modification, the center of PTFE tube was
fixed at x=0cm (Fig. 2(a)), while the gas inlet and outlet were
respectively at x=—7.5 and 7.5 cm. Fig. 5 shows the images of the
water droplets on inner wall (x=0cm) of untreated and treated
tubes with ID of 3, 2 and 1 mm, and the volume of the used water
droplets were respectively 2.0, 1.5 and 0.3 p.L. The WCAs of these
untreated tube inner walls at the position of x=0cm were about
100+ 2°, and the values decreased to 28 +10° after TAPP treat-
ment for 30s, which clearly exhibited enhanced hydrophilicity
upon plasma treatment.

Fig. 6 depicts the WCAs of different positions on the inner wall
surface of treated PTFE tubes with different IDs. It clearly shows
that the treatment was lengthwise non-uniform and the wetta-
bility improved the most at the position x=0cm for all tubes,
and the improvement degree gradually decreased along two direc-
tions. This can be explained by the distribution of reactive species
along the whole PTFE tube, as shown in Fig. 3. Since the emis-
sion intensities of these species peaked around x=0cm and then
decreased towards the two directions, the treatment effect was
therefore weakened as the distance to x=0 increased. However,
when the PTFE tube was moved along its axial direction, uniform
hydropholicity could be obtained for tubes with any length. Fig. 6
also indicates that the lowest WCA was found on the surface of tube
with smallest ID (0.5 mm) and that the WCAs at a similar position

tended to rise with increasing ID. Therefore a better modification
efficiency was obtained for the tubes with smaller ID. According to
the results obtained by both simulations an d experiments, for the
plasma generated inside a tube, the decrease of tube ID results in
the increase of average electron density and the number density of
reactive species [53-56], Fig. 2(d) also demonstrated that the dis-
charge intensity in tube with smaller ID was more intense, so tube
with smaller ID experienced more intense surface modification in
our conditions.

3.4. Surface morphology and roughness

Fig. 7 shows the typical 2D AFM images and RMS roughness of
inner wall surfaces of untreated and treated PTFE tube (ID = 2.0 mm)
at different positions. For the original PTFE tube, the inner wall sur-
face shown in Fig. 7(a) was characterized by some stripy textures,
which may be formed during manufacture, and the RMS roughness
was 16.24 + 6.38 nm. After TAPP exposure for 30 s, the perthitic fea-
tures were greatly reduced and the surfaces became smooth and
uniform. The RMS roughness of the plasma treated inner wall sur-
faces decreased after TAPP treatment for 30 s. Most obviously, at
the position of x =0 cm, where the induced discharge was the most
intense and the reactive species were the richest (Fig. 3), the lowest
roughness of 5.47 +0.32 nm could be seen.

Both the chemically reactive species and the non-reactive but
energetic species (e.g. photons, electrons, non-reactive ions and
non-reactive excited species) are responsible for plasma etching
(including physical sputtering and chemical etching) under atmo-
spheric pressure [18,57]. During our surface modification of PTFE,
He metastables and reactive O atoms were undoubtedly responsi-
ble for the scission of —(CF,),— chains and the subsequent surface
modification. Helium metastables are highly energetic species (e.g.,
the energy of 23S and 2'S helium states are respectively 19.82
and 20.62 eV), so they can easily break organic bonds, such as C—C
(3.8eV) and C-F (4.7eV). O can easily react chemically with the
polymer (selective chemical etching or oxygen-containing groups’
introduction) creating surface modifications. According to the pre-
vious studies about plasma treatment of PTFE [57-60], O,-free
plasmas treatment was dominated by physical etching without
any preferential orientation and always resulted in a hydrophilic
surface, while O,-containing plasmas exposure was mainly accom-
panied by selective chemical etching of the amorphous phase and
usually increased the roughness and obtained (super)hydrophobic
surface. Under our experimental conditions, the treated PTFE tube
inner wall became hydrophilic and smoother in comparison with
the untreated one, we could conclude that the selective chemical
etching was negligible.

3.5. Surface chemical composition

Fig. 8 shows the XPS spectra of untreated inner wall surface and
treated one at different positions. It can be easily found that the
surfaces were all composed of elements F, O, N and C with differ-
ent relative contents (at.%). The relative contents of F and O for the
untreated tube inner wall surface were respectively 70.71 and 0.38
at.%.But the amount of these elements changed after He TAPP treat-
ment, especially at the positions of x=0 and +0.5 cm, as shown in
Fig. 8(b). At the position of x=0cm of the treated tube inner wall,
the amount of O increased to 8.41 at.%, while the F content signif-
icantly decreased to 50.49 at.%. For other positions of the treated
tube inner wall, though the F (O) increased (decreased) along each
direction in comparison with x = 0 cm, the content of F(O) was lower
(larger) than that of the untreated tube inner wall. Therefore we can
conclude that the surface wettability change of the tube inner wall
agreed well with the surface F and O distribution along the tube,
which was consistent with the study of D. Pavlinak et al. [36], who
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Fig. 7. Typical 2D AFM images (a)-(h) and RMS roughness (i) of inner wall surfaces of untreated and treated tubes (ID=2.0 mm).

found that the replacement of surface F by O was responsible for
the wettability improvement of plasma treated PTFE surface.
High-resolution C 1s XPS peak fitting was performed to investi-
gate the change of surface chemical groups in detail. Fig. 9(a)-(h)
shows the peak-fitted C 1s XPS spectra for untreated and treated
inner wall surfaces at different positions. The C 1s spectra were
deconvoluted into seven components [61,62]: C—C/C—H peak cen-
tered at 284.7+0.1 eV, C—O/C—OH/C—CF group at 286.1+0.1 eV,
C=0/0—C—0 component at 287.34+0.1eV, 0—C=0/COOH group
at 288.8+0.1eV, —CF at 290.0+0.2eV, —CF,/-CF-O moiety at
291.8+0.5eV and —CF3/—CF,—0 group at 293.5+0.5eV. The rel-

ative concentrations (%) of the fitted chemical groups are shown
in Table 1. According to the results present in Fig. 9(a)-(h) and
Table 1, the original inner wall surface was dominated by fluorine
containing groups, which determined its natural hydrophobicity.
After He TAPP treatment, the contents of fluorine containing groups
decreased while oxygen containing groups increased, especially at
the position of x=0cm where saw the most fluorine containing
groups decrease and oxygen containing groups increase. Fig. 9(i)
shows the high-resolution O 1s XPS spectra for untreated and
treated inner wall surfaces, which clearly demonstrated that the
O 1s peak intensity reached its maximum at x =0 cm and decreased
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Fig. 9. (a)-(h) Peak-fitted high-resolution C 1 s XPS spectra and (i) high-resolution O 1s XPS spectra for untreated and treated inner wall surfaces at different positions.

Table 1

The relative concentrations (%) of the peaks for C 1s of untreated and treated inner wall surfaces.

Moieties Binding energy(eV) Untreated Treated (x (cm))

-7.5 -25 -0.5 0.0 0.5 2.5 7.5
C—C/C—H 284.7+0.1 5.6 8.7 52 8.1 221 8.3 10.7 6.6
C—0/C—OH/C—CF 286.1+0.1 0 2.8 34 2.2 8.2 5.9 4.0 55
C=0/0—C—0 287.3+0.1 0 2.5 4.1 4.6 11.2 5.9 4.8 4.3
0—C=0/COOH 288.8+0.1 0 3.2 7.9 10.8 10.5 8.9 6.6 52
-CF 290.0+0.2 3.9 5.4 6.0 6.2 4.2 5.9 6.3 3.7
-CF,/—CF—0 291.8+0.5 68.3 70.2 67.3 63.6 41.0 58.4 63.0 68.4
-CF3/—CF,—0 293.5+0.5 222 7.2 6.1 4.5 2.8 6.7 4.6 6.3
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Fig. 10. Aging effect of the treated PTFE tube inner wall during 180 days: (a) tubes with different ID at x=0cm and (b) tube with ID of 2.0 mm at different positions x.

along two directions, but the intensities were all higher than that of
untreated surface. As we know, fluorine (oxygen) containing groups
represent low (high) surface energy, which is crucial for surface
hydrophobicity (hydrophilicity). Therefore, the decrease of fluorine
containing groups and increase of oxygen containing groups con-
tributed to the improved wettability of PTFE tube inner wall after
TAPP treatment.

3.6. Aging effect

Stability of plasma-induced hydrophilicity is always an impor-
tant issue, because the treated surface always recover its original
wettability (i.e. aging effect) [63-66]. After plasma exposure, the
treated surface tends to reorganize in order to minimize its energy
and return to equilibrium. Some mechanisms, including reori-
entation of modified chemical groups into the bulk, diffusion of
non-modified species from the bulk to the top layer and adsorption
of organic contaminants from air, are supposed to be respon-
sible for aging behavior. The WCAs of the treated tubes during
180 days’ aging were recorded and plotted in Fig. 10. Results shown
in Fig. 10(a) present the WCAs at x=0cm of treated tubes with dif-
ferent IDs as a function of storage time. It clearly indicated that
the WCAs at x=0cm increased slightly during the storage, espe-
cially for the tube with smaller ID, and that the treated PTFE tubes
retained its hydrophilicity at this position even after 180 days’ stor-
age. Fig. 10(b) illustrates the aging effect of different positions on
treated tube with ID of 2.0 mm, and it shows that the aging speeds
of surfaces at x=0, +0.5 and +2.5 cm were much slower than that
of the ones at x=47.5 cm, demonstrating that the more intense
surface modification, the better wettability stability, because the
polymer chain reorientations were retarded for the deeply modi-
fied one [67].

4. Conclusions

In summary, we reported hydrophilization of tube inner wall
by TAPP. Illustrated herein was surface modification of PTFE tube
inner wall by He TAPP inside the tube induced by an Ar APP].
Results demonstrated that the wettability of the tube inner wall
was improved by both plasma etching and plasma oxidation. The
surface modification and the subsequent aging exhibited some
non-uniformity along the PTFE tube, which was originated from
the inhomogeneity of active species contained by the He TAPP. The
improvement and stability of the wettability around the position
of x=0cm were much better than those of other positions. How-
ever, we could easily realize a homogeneous and long-lasting TAPP
treatment on the inner wall surface of tube with any length via
feeding the tube along its axis. This could overcome the challenge
that previous works faced [34-36]. Furthermore, TAPP could have

great application potentials in surface engineering and biomedical
fields of tubes and other hollow bodies, such as tube inner wall
cleaning and less invasive plasma triggered endoscopy [68].
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