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Abstract
A nanomaterial in the form of zinc oxide-doped multiwall carbon nanotubes (MWCNTs-ZnO) was synthesized, and new 
nanocomposites were prepared by blending together different amounts of poly(phenylene sulfide) (PPS) as matrix and 
MWCNTs–ZnO as fillers in a torque rheometer with an internal mixer. MWCNTs-ZnO enhanced the barrier performance of 
PPS in terms of crystallinity, path blocking, and coordination reaction. Through tensile test, scanning electron microscopy, 
X-ray diffraction, differential scanning calorimetry, thermogravimetric analysis, evaluation of Escherichia coli inhibition, 
and water permeability, the properties of pure PPS and PPS/MWCNTs-ZnO nanocomposites were characterized and com-
pared. The results showed that MWCNTs-ZnO played a role in heterogeneous nucleation. When the content of MWCNTs-
ZnO was 0.4 phr, the crystallization temperature, thermostability, tensile strength, elongation at break, and hydrophilicity 
approached maximum values, and the microscopic morphology changed from the original brittle fracture to a ductile fracture. 
PPS/MWCNTs-ZnO nanocomposites showed improved barrier performance due to three possible factors: (1) extending 
the transmission path due to the presence of nanofillers; (2) enhancing crystallization; (3) coordination between PPS and 
MWCNTs-ZnO. Finally, FTIR analysis showed that PPS and MWCNTs-ZnO formed coordination between them, which 
improved the properties of nanocomposites.

Keywords  Polyphenylene sulfide · Zinc oxide-doped multiwall carbon nanotubes · Tensile properties · Crystallinity · 
Antibacterial evaluation · Water permeability · Coordination · Hydrophilicity

Introduction

Carbon nanotubes (CNTs) originated from the contributions 
of Smally and his collaborators to fullerene chemistry [1]. 
Since then, research on the synthesis of CNTs has started. 
CNTs are hollow structures of graphene coiled around con-
centric axis. They can be divided into single-wall carbon 
nanotubes and multiwall carbon nanotubes (MWCNTs), 
depending on the number of coiled layers. In recent years, 
CNTs have achieved excellent overall properties such as 
thermal, mechanical, optical, and electrical properties [2]. 
They are widely used as a reinforcing modifier in polymer 
nanocomposites. Aboutalebi et al. [3] prepared a new nano-
composite graphene oxide/MWCNTs supercapacitor. Its 
capacitance increased by 120%; thus, it was expected to be 
used in energy storage equipment. Lu et al. [4] explored 
the mechanical and frictional properties of nanocompos-
ites containing different proportions of MWCNTs and 
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polyoxybenzoic acid, which were prepared through solu-
tion mixing, and they effectively improved the mechani-
cal strength and frictional resistance of concrete. There are 
numerous studies on carbon nano-fillers, as well as on inor-
ganic nano-fillers such as nano-zinc oxide (ZnO). Nano-ZnO 
is a white solid powder with low toxicity (i.e., friendly to the 
environment), and it has good thermal stability [5]. Because 
of the different polarity planes of zinc and oxygen atoms 
in the nano-ZnO molecular structure, nano-ZnO has strong 
self-polarization. Due to its excellent antibacterial proper-
ties, photocatalytic effect, and special mechanical proper-
ties, nano-ZnO has been widely used in optics, electronics, 
medicine, and other fields. In a study on nano-ZnO, Zhang 
et al. [6] deposited ZnO on graphene by means of ultra-
sonic spray pyrolysis. The prepared graphene-ZnO film had 
stronger capacitive behavior, better reversible charge and 
discharge capability, and higher capacitance. Zhou et al. [7] 
initially added ZnO to a monomer, and then polymerized 
them in an ultraviolet environment, so that ZnO was evenly 
dispersed in the polymer. The prepared polymer films had 
good thermal stability and improved transparency.

Poly(phenylene sulfide) (PPS) is one of the six special 
engineering plastics with excellent overall performance. PPS 
has excellent high temperature resistance, corrosion resist-
ance, excellent insulation performance, balanced physical 
and mechanical properties, and excellent dimensional sta-
bility. However, it has poor toughness and brittleness, so 
it is modified with fillers to make various functional films 
and coatings, high-performance fibers, and textiles. PPS is 
often widely used as matrix in nanocomposite materials. 
Liang [8] prepared a glass fiber-reinforced PPS nanocom-
posite filled with nano-CaCO3 in a twin-screw extruder. The 
results showed that nano-CaCO3 had a significant reinforc-
ing and toughening effect on PPS. Kuang et al. [9] prepared 
in solution a stable nanocomposite of hyperbranched PPS 
with silver nanoparticles, and found that it had excellent 
inhibitory effect on the growth of a common bacteria (E. 
coli). Najim and Ola [10] prepared samples of TiO2 nano-
composites with different proportions of the components 
through melt-mixing in a double-screw extruder. The rela-
tionship between the tribological and mechanical properties 
of PPS nanocomposites was discussed. It was found that 
nanoparticles further improved the tribological properties, 
and the mechanical properties, impact strength, and hardness 
were also improved. Wang et al. [11] modified PPS with 
nano-SiO2 and added various additives. It was found that the 
uniform dispersion of nano-SiO2 in PPS reduced the water 
absorption and temperature expansion coefficient, improved 
the mechanical and thermal properties, and increased the 
service life of PPS. As such, it met the strict requirements 
of electronic packaging materials. Yang et al. [12] prepared 
MWCNTs-PPS nanocomposites by simple melt-mixing, and 
at the same time, Raman spectra showed that the electrical 

and mechanical properties were greatly improved due to the 
π-π stacking between PPS and MWCNTs and the strong 
interaction between the filler and the matrix. Zhang et al. 
[13] used blending method to prepare conductive PPS/fuller-
ene nanocomposites, which not only increased the mechani-
cal strength of PPS, but also gave PPS good conductivity.

MWCNTs and nano-ZnO exhibit excellent characteris-
tics, so they can be combined to prepare MWCNTs-ZnO. 
Sui et al. synthesized MWCNTs-ZnO and reported that it 
was an excellent antibacterial nanomaterial [14]. However, 
MWCNTs-ZnO could have other functions such as a good 
polymer additive. Hence, in this study, MWCNTs-ZnO was 
synthesized and used as an additive to prepare PPS/MWC-
NTs-ZnO nanocomposites with different proportions of 
MWCNTs-ZnO by melt-blending. Thermal crystallization, 
decomposition, mechanical tensile, fractured section mor-
phology, antibacterial evaluation, and other tests were car-
ried out. Through comprehensive analysis of various tests, 
we expected to achieve a PPS nanocomposite material with 
excellent overall performance (Table 1).

Experimental

Materials and equipment

Synthesis of MWCNTs‑ZnO

ZnO (see Fig. S1) was coated on the surface of MWCNTs 
through a wetting dispersion method. The ratio of MWC-
NTs to ZnO was 6:4. MWCNTs was added to an ethanol 
solution, and it was dispersed using an ultrasonic bath (FS-
1088 N Ultrasonic processor, SXSONIC Co. Ltd., Shang-
hai, China) for 3 h. Subsequently, ZnO was mixed with the 
MWCNTs-ethanol solution in the ultrasonic bath, and the 
mixture was held there for 3 h to avoid aggregation. The 
solution was filtered to separate ethanol; subsequently, the 
mixture was placed in an oven at 50 °C for 2 h to evaporate 
the residual ethanol; then, the oven temperature was adjusted 
to 150 °C to administer thermal treatment for 1 h. Finally, 
MWCNTs-ZnO was obtained. Figure 1 shows the synthesis 
of MWCNTs-ZnO.

The SEM morphology of MWCNTs-ZnO is depicted 
in Fig. S2a, which shows that MWCNTs was coated by 
nano-ZnO with a flaky structure. Hence, the morphology 
of MWCNTs in MWCNTs-ZnO is not evident. To delineate 
clearly the morphology of MWCNTs-ZnO, TEM images of 
MWCNTs-ZnO (Fig. S2b) were also provided. Because ZnO 
flakes, with a diameter of 100–300 nm, were shown to coat 
MWCNTs, as observed from the TEM image (Fig. S2b), 
ultrasonic vibration was applied to a solution of MWCNTs-
ZnO, so as to expose a small amount of MWCNTs on the 
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surface. This enabled to capture the TEM image of MWC-
NTs from a MWCNTs-ZnO sample.

Figure S3 illustrates EDX data for MWCNTs-ZnO, and 
Table S1 lists the elemental composition of MWCNTs-ZnO. 
Table S1 indicates the presence of a lot of C element in 
MWCNTs-ZnO, and that the weight ratio of MWCNTs to 
ZnO is about 1.5:1.

Figure 2 shows the XRD image of MWCNTs and MWCNTs-
ZnO. Typical characteristic diffraction peaks of MWCNTs were 
indicated at 2θ = 25.96 and 43.25°. MWCNTs-ZnO had many 
characteristic peaks. Nano-ZnO also had many characteristic 
peaks.[15]. Table 2 provides data on the peaks of MWCNTs-
ZnO. The average particle size was calculated using Scherrer 
equation. The average particle size of MWCNTs-ZnO powder 
was 35.36 nm, which is far less than 100 nm, which means it is 
nano-powder.

Sample preparation

MWCNTs-ZnO and PPS were dried in an oven at 40 
and 130 °C for 4 h, respectively. PPS/MWCNTs-ZnO 
nanocomposites were prepared by blending different 

proportions of MWCNTs-ZnO and PPS in an internal 
mixer chamber. The mixing conditions were as follows—
mixing: low speed, 80 rmp, 3 min; high speed, 200 rmp, 
3 min; chamber temperature: 295 °C; MWCNTs-ZnO 
content: 0.1–0.5 phr; feeding order: PPS matrix was ini-
tially added, then the torque-time curve was observed, 
and when the curve jitter was little and became stable, 
MWCNTs-ZnO powder was quickly introduced to reduce 
the loss of the mixing rotor and to ensure uniform mixing. 
Figure 1 shows the process of preparing PPS/MWCNTs-
ZnO nanocomposites.

Performance test

1.	 Tensile property test (mechanical property)

PPS/MWCNTs-ZnO nanocomposite materials were ther-
mally pressed into a film by using a vulcanizing machine, and 
samples were prepared according to ASTM D-882 standard. 
PPS/MWCNTs-ZnO samples with different proportions of 
MWCNTs-ZnO and PPS were prepared and heat-treated at 
130 °C for 4 h. Tensile experiment tests were carried out 

Table 1   Instruments and materials

Instrument and chemicals Description/Model Manufacturer Details

PPS PPS- B8 Sichuan Zhongke Xingye Material 
Co. Ltd

Melting point = 283° C; Density = 1.36 g/mL 
at 25 °C; Appearance = granular;

Tensile strength = 62.6 ± 3.2 MPa
MWCNTs Purified MWCNTs Zehan Co. Ltd Length = 6.5 ± 5.5 μm; Outer diam-

eter = 20 ± 5 nm
Nano-ZnO ZS-20 nm Zhixiangyi Technology Co. Ltd Thickness = 20 nm; Diameter = 100–350 nm
Torque rheometer 567–002 Thermo Fisher Technology Co. 

Ltd
/

Manual vulcanizer QYL3 Shanghai Dingye Machinery 
Manufacturing Co. Ltd

/

Portable autoclave sterilizer DSX-30L Shanghai Shen’an Medical 
Instrument Factory

/

Constant-temperature biochemical 
incubator (150 L)

LRH-150 Shanghai Yiheng Scientific 
Instrument Co. Ltd

/

Constant-temperature shaking incubator BS-1E Changzhou Jintan Liangyou 
Instrument Co. Ltd

/

Microcomputer-controlled electronic 
universal testing machine

FBS10KNW Xiamen Forbes Testing Co. Ltd /

Single-sided vertical laminar flow clean 
worktable

SW-CJ-1FD Suzhou Antai Air Technology Co. 
Ltd

/

Differential scanning calorimetry Q2000 TA Delaware, USA /
Scanning electron
microscopy

FESEM,
MIRA3 FEG-SEM

Tescan /

TGA​ HTG-1 Beijing Hengjiu Experimental 
Equipment Co. Ltd

/

X-ray diffraction D2-PHASER Bruker, Germany /
Contact angle tester JC2000D Shanghai

Zhongchen Digital Technology 
Equipment Co. Ltd

/
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using a microcomputer-controlled electronic universal testing 
machine; the tensile speed was 20 mm/min.

The calculation of stress was as follows:

where σ was the stress (N/mm2), F the force (N), and A the 
cross-sectional area (mm2).

The calculation of strain was as follows:

where ε was the strain, Δl the deformation (m), and L the 
sample original length (m).

2.	 Differential scanning calorimetry

Samples were characterized using differential scan-
ning calorimetry (DSC). Starting from room temperature, 
a 5-mg sample was heated at a rate of 10 °C/min until it 
reached 320 °C. This temperature was maintained constant 
for 3 min, and then the temperature was quickly reduced. 
The temperature was raised for the second time at a rate 
of 10 °C/min (as it was in the first heating). Then, the 
temperature was lowered to room temperature at a rate of 
10 °C/min, and heating and cooling data were recorded.

(1)� =
F

A

(2)� =
Δl

L

3.	 Scanning electron microscopy

The morphology of tensile fractured section was 
observed under various magnifications by using scanning 
electron microscopy (SEM, Czech VEGA 3 SBU). The test 
conditions were as follows: the surface was gold-plated 
prior to observing the cross section; images of different 
areas were observed at multiple magnifications of 1, 2, 
and 5 kx; and the energy spectrum of Zn on the material 
surface was obtained at 500 × and 20 kv.

4.	 Thermogravimetric analysis

Samples were subjected to thermogravimetric analysis 
(TGA). A 10-mg heat-treated sample was weighed, and 
its temperature was raised to 200 °C at 10 °C/min, which 
was held constant for 10 min, and then the temperature was 
raised to 800 °C at 10 °C/min.

5.	 X-ray diffraction analysis

The powder diffraction curve of nano-ZnO was meas-
ured using X-ray diffraction (XRD, German Bruker D2 
PHASER). The size of the nano-filler was calculated using 
Scherrer equation, and the phase structure of the nano-ZnO-
PPS nanocomposite was determined at the same time. The 
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Fig. 1   Synthesis of MWCNTs-ZnO and preparation of PPS/MWCNTs-ZnO nanocomposites
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XRD data of heat-treated and unheated samples were com-
pared. Test conditions were conducted at 5°–60° and a dif-
fraction chamber interval of 0.1 s. Scherrer equation for 
calculating the size of nanomaterials is given as follows:

K is Scherrer constant, D the average thickness of the 
crystal grain perpendicular to the crystal plane, B the 

(3)D =
K�

B cos �

half-height or integral width of the diffraction peak of the 
measured sample, θ the Bragg angle, and γ the X-ray wave-
length (1.54056 Å).

6.	 Analysis of Escherichia coli inhibition

Samples of heat-treated nanocomposite films with the 
same thickness (surface area) and mass were prepared 
for later use. The samples amounted to a total of 6 pieces 

Fig. 2   XRD patterns of (a)
MWCNTs; (b)MWCNTs-ZnO
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(including pure PPS). Agar was removed and nutrient mate-
rials were added, depending on the nutrient proportion of the 
culture medium. The liquid culture medium was prepared, 
and the solution was divided into six Erlenmeyer flasks, 
marked with 0, 0.1, 0.2, …, and 0.5 phr. The flasks were 
wrapped, sterilized, and cooled in ultra-clean platform, then 
inoculated against the same micro-amount of bacterial solu-
tion and shaken. The samples were placed in each of the six 
labeled Erlenmeyer flasks, wrapped, and shaken for 12 h in 
the shaking incubator.

The analysis involved the preparation of a culture 
medium, mixing of materials following a procedure, pH 
adjustment, heating and dissolution, sterilization, and use 
of super clean table for cooling and standby. The dilution 
of a sample, such as pure PPS culture medium or PPS/
MWCNTs-ZnO-0.1phr culture medium, was as follows. 
Eight long cylindrical test tubes were prepared, each marked 
as 10, 102, …, and 108, into which 9 mL sterile water was 
added. Pure PPS culture medium contained in an Erlenmeyer 
flask was diluted ten-fold, then a sterile pipette was used to 
remove 1 mL of the pure PPS culture medium broth, and 
it was added to the test tube labeled “10”; afterward, the 
tube was shaken in an even fashion. The pipette tube was 
replaced, and 1 mL of liquid was drawn or taken from the 
10-mark test tube. The diluent was added to the 102-labeled 
test tube, which was then shaken evenly. The operation was 
repeated until the 108-labeled test tube was 108-fold diluted. 
During the seventh and eighth dilutions, 0.1 mL liquid was 
taken from the middle part of the petri dish, then the culture 
medium was poured into a petri dish in batches and cooled 
to about 45° C, with slight horizontal shaking of the dish, 
so that the culture medium was mixed fully and the bacterial 
solution solidified horizontally. After 24 h of incubation in 
the incubator, counting of surviving colonies was done (3 
groups of dilution were selected, and the average value was 
taken). The operation was repeated in counting the number 
of surviving colonies for the other nanocomposite materials. 

At the same time, it should be noted that the number of 
colonies selected should be less than 30, between 30 and 
300, or greater than 300, and the dilution ratio should be 
reduced or expanded.

7.	 Water permeability

A Languang W3/060 water vapor transmission rate test 
system was used to evaluate the water vapor permeability, 
which was measured through a vapor-permeable cup weigh-
ing method.

The nanocomposite material was passed through a vulcan-
izer, where it was hot-pressed, then quickly cooled to form 
a film. A standard circular cutter was used to prepare film 
samples in the form of standard water-permeable circular 
samples (4 samples for each nanocomposite containing the 
same proportion of components) for the water vapor trans-
mission rate test. Two of the samples were heat-treated in an 
oven at 230 °C for 4 h to prepare heat-treated water-permeable 
test samples, which were fixed on a moisture-permeable cup 
for testing. The test parameters were as follows: humidity of 
instrument chamber: 90%; test temperature: 38 °C; test inter-
val: 4 h/time (4 times for each sample, one cycle every 16 h). 
And the moisture permeability coefficient for the film was 
recorded.

8.	 Water contact angle

A certain area of a rectangular mechanical film was 
cut, and it was tested on a contact angle measuring instru-
ment at 26 °C. To eliminate the influence of gravity on the 
contact angle, a micro syringe was used to measure and 
control the volume of the water droplet at about 2 μL. The 
contact angle for a drop of water contacting the sample 
was measured after 15 s. Each sample was subjected to 
4–5 repeated contact angle determinations, and the aver-
age value was taken.

The larger the contact angle, the lower the wettability 
of liquid to solid. An enlarged view of the contact angle of 
a certain sample is shown in Fig. S4. The contact angle is 
calculated through a five-point fitting method, by using the 
following contact angle equilibrium mechanics equation:

where Rsv, Rsl, and Rlv are the equilibrium forces experi-
enced by water molecules at the point of intersection of 
solid, liquid, and gas. After simplification, the vertical down-
ward gravity and vertical upward supporting force of water 
molecules are drawn. Rsv represents the outward traction 
force of water molecules from the surface free energy of 
solid and gas; Rsl refers to the internal traction force of liquid 
from the surface free energy of solid and liquid; Rlv stands 

Rsy = Rsl + Rlycos�

Table 2   XRD data for pure MWCNTs-ZnO

2θ(°) FWHM (half-peak 
width)(°)

2θ(°) FWHM (half-peak 
width)(°)

11.03 0.191 34.33 0.278
16.397 0.157 36.248 0.249
21.942 0.219 37.775 0.239
22.4 0.169 44.711 0.317
24.689 0.212 46.245 0.346
28.02 0.215 51.571 0.208
30.25 0.203 53.991 0.371
30.949 0.245 58.119 0.23
32.716 0.213 59.398 0.308
33.385 0.209 61.026 0.421
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for the tangential traction force of droplets from the surface 
free energy of liquid and gas; θ is the contact angle. When 
the solid, liquid, and gas phases are determined, the contact 
angle is the fixed value.

Results and discussion

Tensile properties

Figure 3 shows the tensile strength and elongation at break of 
PPS/MWCNTs-ZnO nanocomposites with different amounts 
of MWCNTs-ZnO. It can be seen that when MWCNTs-ZnO 
nano-filler was added, the tensile strength and rupture of the 
nanocomposites increased with the MWCNTs-ZnO content. 
When the MWCNTs-ZnO content increased to 0.4 phr, the 
elongation and strength of the sample reached a maximum 
value of 7.9% and 77.5 MPa, respectively. As the MWCNTs-
ZnO content increased to 0.5 phr, there was a tendency for 
MWCNTs-ZnO to agglomerate [16], and this led to a decrease 
in the mechanical properties of the nanocomposites.

Scanning electron microscopy images

Figure 4 illustrates the morphology of the tensile fractured 
surface of pure PPS and PPS/MWCNTs-ZnO nanocom-
posites with different amounts of MWCNTs-ZnO. Figure 5 
depicts the surface scanning energy spectra of various PPS/
MWCNTs-ZnO nanocomposites. When the MWCNTs-
ZnO content was 0.1–0.4 phr, the fillers could be evenly 
dispersed in the PPS matrix. The fractured surface of 

pure PPS showed a brittle fracture, and a large number of 
residual fragments on the fractured section was visible. 
When 0.1 phr MWCNTs-ZnO was added, the residual mass 
on the cross-section of the nanocomposite material was 
reduced. As shown in Fig. 4b, the brittle fractured phase 
of the material was greatly lessened. With increase in the 
content of fillers, the brittle fracture gradually decreased 
or even disappeared, and the fractured surface gradually 
became smooth. When the concentration of fillers was 0.4 
phr, the fractured surface was completely transformed into 
a more ductile fracture, and some crazing fracture creases 
appeared [17]. At this point, the fracture morphology was 
uniform, and at this condition, macroscopic mechanical 
properties were maximum [18]. Figure 5 shows the distri-
bution of Zn element in the nanocomposites. The disper-
sion of nano-fillers in the PPS substrate can be directly 
proved from the distribution of the Zn element. As 
expected, zinc was not present in pure PPS (see Fig. 5a). 
From Fig. 5b–e, it can be observed that MWCNTs-ZnO 
was evenly dispersed and well distributed. Figure 5f shows 
that the nano-filler has partial agglomeration. From the 
comparison between Figs. 4f and 5f (MWCNTs-ZnO con-
tent was 0.5 phr), the fracture surface was fragmentary, 
and large areas with depressed parts appeared, due to the 
high filler content in the nanocomposite. Excessive fill-
ers resulted in agglomeration. As shown in Fig. 5f, many 
MWCNTs-ZnO particles are indicated by enclosing them 
with white circles, while the other parts show a small num-
ber of particles, and the remaining parts have no particles. 
Therefore, it can be concluded that stress was not concen-
trated, and mechanical properties were decreased.

Fig. 3   Tensile strength and 
elongation at break of various 
PPS/MWCNTs-ZnO nanocom-
posites
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X‑ray diffraction spectra

Figure 6 shows the XRD diffraction patterns (crystallinity 
data) of PPS and PPS/MWCNTs-ZnO nanocomposites. In 
Fig. 1, it can be observed that the MWCNTs-ZnO sample 
had a strong diffraction peak at about 2θ = 11°, which is a 
typical ZnO peak. But for the nanocomposites, there is no 
diffraction peak at 11° because of the low content of fill-
ers. Peaks at 2θ = 18.63 and 20.35 refer to the characteristic 

peaks of PPS. When the MWCNTs-ZnO was increased, 
the peaks did not shift, indicating no change in the lattice 
type of the PPS crystal. MWCNTs-ZnO particles occupied 
a certain position in the PPS crystal lattice [19], which had 
a heterogeneous effect on PPS and accelerated the crystal-
lization. More positions in the PPS crystal lattice would be 
occupied with the addition of more MWCNTs-ZnO, result-
ing in further acceleration of the crystallization rate and 
increase in crystallinity of PPS. When the concentration 

Fig. 4   SEM images of various 
PPS/MWCNTs-ZnO nanocom-
posites

(a) PPS (b) PPS/MWCNTs-ZnO-0.1

(c) PPS/MWCNTs-ZnO-0.2 (d) PPS/MWCNTs-ZnO-0.3

(e) PPS/MWCNTs-ZnO-0.4   (f) PPS/MWCNTs-ZnO-0.5
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of fillers reached 0.4 phr, the nanocomposite crystallinity 
reached its maximum, and the uniformly dispersed filler in 
the PPS matrix reached saturation [20]. Although the addi-
tion of more MWCNTs-ZnO accelerated the crystallization 
of PPS, filler agglomeration appeared within the crystal gaps 
due to the high content of MWCNTs-ZnO. Even the PPS 
crystallization sites were occupied by several MWCNTs-
ZnO; as such, complete crystallization was not attained, so 
the overall crystallinity was decreased.

DSC curve analysis

Figure 7 provides the following data: recrystallization from 
second heating curves (Fig. 7a), melting temperature from 
second heating curves (Fig. 7b), crystallization from cooling 

curves (Fig. 7c), and glass transition temperature (Tg) from 
second heating curves (Fig. 7d). Figure 7b, d and Table 3 
show that melting and glass transition temperatures basi-
cally had little change. As the content of MWCNTs-ZnO 
increased, Tc shifted significantly to the right, and it was 
higher than that of pure PPS. When the content of MWCNTs-
ZnO increased to 0.4 phr, Tc shifted to the right, and Tc sig-
nificantly increased by 11 °C. Further increasing the content 
of MWCNTs-ZnO to 0.5 phr decreased Tc. The results also 
showed that MWCNTs-ZnO could play a role in nucleation 
and could increase the crystallization rate. When the content 
of MWCNTs-ZnO was too high, fillers would agglomerate, 
which cause slight reduction in the crystallization rate. At 
the same time, the recrystallization temperature (Tc1) was 
the lowest when the content of MWCNTs-ZnO reached 0.4 

Fig. 5   EDS of various PPS/
MWCNTs-ZnO nanocomposites

(a) PPS (b) PPS/MWCNTs-ZnO-0.1

(c) PPS/MWCNTs-ZnO-0.2 (d) PPS/MWCNTs-ZnO-0.3

(e) PPS/MWCNTs-ZnO-0.5 (f) PPS/MWCNTs-ZnO-0.5
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phr, providing evidence that the crystallization rate of PPS 
could reach the highest at 0.4 phr MWCNTs-ZnO [21–23].

The calculation formula for Xc is as follows:

where Xc
w: melting crystallinity; ΔHm: melting enthalpy; 

ΔHc: melting enthalpy of 100% crystalline PPS (= − 80.94 J/g) 
[24]; Xc: modified crystallinity of PPS nanocomposite.

From Table  3, the crystallinity of nanocomposites 
increased with the filler content (the addition of MWC-
NTs-ZnO was up to 0.4 phr). Then, the crystallinity clearly 
decreased when the filler content was 0.5 phr. The trend in 
the change of crystallinity is similar to that in the previous 
discussion of XRD.

Data from thermogravimetric analysis

A data chart for water loss as a function of temperature 
in the range 200–800 °C is given in Fig. 8, which shows 
TGA (under nitrogen atmosphere) for PPS/MWCNT-ZnO 
nanocomposites with different proportions (0–0.5 phr) of 
MWCNT-ZnO and PPS. Tables 3 and 4 list the tempera-
ture corresponding to the highest decomposition rate for 

(4)X
w

c
=

ΔH
m

ΔH
C

(5)X
c
= (1 +

Pr

100
)Xw

c

PPS/MWCNT-ZnO nanocomposites. When the tempera-
ture reached 600 °C, the weight loss of pure PPS exceeded 
80%. Increasing the filler content not only could slow down 
the thermal degradation of PPS nanocomposites, but also 
could reduce the weight loss at high temperatures. Accord-
ing to the TGA diagram, the decomposition of pure PPS 
was equal to 510.69 °C at Tdmax (the temperature at the 
maximum decomposition rate). Tdmax of the PPS nanocom-
posite material increased with the modifier content. When 
the content of MWCNTs-ZnO increased to 0.4 phr, Tdmax of 
the nanocomposite material reached the maximum value of 
552.39 °C. When MWCNTs-ZnO was further added, Tdmax 
of the PPS nanocomposite was still 39.88 °C higher than that 
of pure PPS, although it decreased compared with Tdmax in 
the case of the nanocomposite with 0.4 phr modifier. That 
is to say, the addition of MWCNTs-ZnO increased not only 
the thermal stability of PPS, but also the residual weight loss 
of the nanocomposite (see Table 4). This may be because 
MWCNTs-ZnO occupied the PPS lattice points, accelerated 
the crystallization of PPS, and reduced the intermolecular 
gap between the molecules [25]. At the same time, the 
chemical bond energy of the crystal formed by MWCNTs-
ZnO and PPS was higher than that of pure PPS crystal. As 
the MWCNTs-ZnO content increased, more and more PPS 
molecular chains were linked by MWCNTS-ZnO, so more 
thermal energy was required to break them [26]. Kissinger 
method [27, 28] can be used to calculate the trend in activa-
tion energy change. The equation is as follows:

Fig. 6   X-ray diffraction patterns 
of PPS and various PPS/MWC-
NTs-ZnO nanocomposite films
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where β is the heating rate: 10 °C/min; Tdmax the temperature 
corresponding to the maximum heating rate, °C; A the pre-
exponential factor for pure PPS: 2.9×109 kJ/mol; R the gas 
constant: 8.314×10–3 kJ/(mol·K); Ea the reaction activation 
energy at the temperature corresponding to Tdmax.

(6)ln

(

�

T
dmax

)

= ln
AR

E
a

−
E
a

RT
dmax

Data on activation energy are given in Table 4. The acti-
vation energy increases with the addition of MWCNTs-ZnO 
(≤ 0.4 phr), and the activation energy of PPS/MWCNTs-
ZnO nanocomposites at Tdmax also increases, indicating that 
the nanocomposites require more energy for decomposition 
and fracture. When the content of MWCNTs-ZnO = 0.5 phr, 
the activation energy at Tdmax became smaller, and it may 
be due to the agglomeration of excess MWCNTs-ZnO or 
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Fig. 7   Non-isothermal DSC curves for PPS and various PPS/MWC-
NTs-ZnO nanocomposites: (a) second heating curves indicating 
recrystallization peaks; (b) second heating curves indicating melting 

peaks; (c) cooling curves indicating crystallization peaks; (d) second 
heating curves indicating glass transition temperatures

Table 3   DSC parameters 
for PPS and various PPS/
MWCNTs-ZnO nanocomposites

PPS Tg (℃) Tc1 (℃) Tm (℃) ΔHm (J/g) Xc (%) Tc (℃)

PPS 91.0 128.3 283.1  − 38.90 48.06 218.6
PPS/MWCNTs-ZnO-0.1 88.4 127.9 282.3  − 38.98 48.16 223.8
PPS/MWCNTs-ZnO-0.2 89.7 129.5 282.9  − 39.11 48.46 223.7
PPS/MWCNTs-ZnO-0.3 89.5 129 283.4  − 40.11 49.66 224.6
PPS/MWCNTs-ZnO-0.4 88.5 126.7 282.5  − 40.67 50.44 229.6
PPS/MWCNTs-ZnO-0.5 88.1 128 282.4  − 39.87 49.51 228.4
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its dispersion between the PPS crystals in the nanocom-
posite material. But it could not be combined with the PPS 
crystals and distributed between them, which increased the 
gap between adjacent crystals and greatly reduced the Van 
der Waals force between the PPS crystals, resulting in the 
decrease of the overall bond energy, thereby decreasing the 
thermal stability of the nanocomposite [29].

Antimicrobial activity

Figure 9 compares the number of E. coli colonies in nano-
composite PPS/MWCNTs-ZnO materials with various 
proportions of MWCNTs-ZnO and PPS. The effect of pure 
PPS on E. coli was minimal. When 0.1 phr MWCNTs-ZnO 
was initially added, the nanocomposite already had excel-
lent antibacterial properties. MWCNTs-ZnO occupied the 

PPS crystal array and formed mosaic or uniform dispersion 
around or even inside the nanocomposite. When it came into 
contact with E. coli, MWCNTs-ZnO played a role: Zn2+ 
entered into E. coli and destroyed the cell structure, thereby 
inactivating E. coli and reducing it to an E. coli strain [30]. 
The number of colonies per milliliter dropped rapidly, and 
then as the filler amount increased, there were more and 
more uniform nano-fillers in the nanocomposite material. 
At the same time, the contact area between the nano-fillers 
and E. coli continued to enlarge, which led to a continuous 
defeat of E. coli. When the content of nano-fillers increased 
to 0.5 phr, the fillers were already in the saturation stage and 
tended to agglomerate. Too much MWCNTs–ZnO led to its 
complete exposure, and the contact with E. coli resulted in 
a rapid decline in the number of bacterial strains.

Permeability coefficient

Figure 10 presents a diagram of water permeability for PPS/
MWCNTs-ZnO nanocomposites containing various propor-
tions of MWCNTs-ZnO and PPS. The permeability coeffi-
cient of pure PPS material was 12.69 × 10−15 g.cm/cm2.s.Pa. 
With the addition of MWCNTs-ZnO, the permeability coef-
ficient of PPS nanocomposites changed. There are three pos-
sible reasons for this change. First, the initial small amount 
of MWCNTs-ZnO was used for heterogeneous nucleation, 
and it affected the crystallization of the PPS matrix. Sec-
ond, the permeation path of water would be extended on 
account of the MWCNTs-ZnO barrier, whose effect was to 

Fig. 8   TGA diagrams for 
various PPS/MWCnTs-ZnO 
nanocomposites
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Table 4   Temperature corresponding to maximum decomposition rate 
for various PPS/MWCNTs-ZnO nanocomposites

Sample Tdmax
(°C)

Activation 
energy for Tdmax
(KJ/mol)

Residual 
at 800 °C
(%)

PPS 510.69 146.69 9.77
PPS/MWCNTs-ZnO-0.1 525.03 149.53 11.48
PPS/MWCNTs-ZnO-0.2 544.14 153.43 12.84
PPS/MWCNTs-ZnO-0.3 551.73 154.69 14.65
PPS/MWCNTs-ZnO-0.4 552.39 154.76 16.22
PPS/MWCNTs-ZnO-0.5 550.57 154.19 17.60
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prevent water vapor transmission. The crystallinity of PPS 
was expanded, the arrangement was more orderly, and the 
internal gap was reduced; as a result, the water molecules 
were unable to pass through and the permeability coefficient 
of the nanocomposite material was reduced [31]. The higher 

the MWCNTs-ZnO, the lower the permeability coefficient, 
and the PPS matrix crystallinity further expanded and more 
and more PPS matrix changed from an unsteady phase to 
a crystalline phase, making it more difficult for water mol-
ecules to pass through. When the MWCNTs-ZnO content 

Fig. 9   Number of Escherichia 
coli colonies in PPS and various 
PPS/MWCNTs-ZnO nanocom-
posites
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Fig. 10   Water permeability coef-
ficient of various PP/MWCNTS-
ZnO nanocomposites
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reached 0.4 phr, the permeability coefficient of water mol-
ecules reached the minimum value of 6.2018 × 10−15 g.m/
cm2.s.Pa, and the reduction ratio was more than 50% of 
the ratio for pure PPS. When MWCNTs-ZnO was continu-
ally added until it reached 0.5 phr, packing phenomenon 
occurred in the nanocomposites. This packing restricted the 
PPS crystallization and increased difficulty of crystalliza-
tion, leading to decreased crystallization [32]. The nanocom-
posite may even be transformed near the crystalline phase, 

at which the particles apparently clustered together, creating 
internal spaces in the nanocomposite material. This defect 
increased the chances for water molecules to go through, 
increasing the permeability coefficient of the PPS nanocom-
posite with 0.5 phr MWCNTs-ZnO.

The third reason for improving the barrier efficiency is that 
the change in the permeability coefficient may be due to the 
formation of coordination bond between the sulfur atoms in 
PPS and Zn2+ in MWCNT-ZnO [33]. The result was to make 

Fig. 11   (a) Formation of 
coordination bonds between 
sulfur atoms in PPS and Zn2+ 
in MWCNT-ZnO; (b) barrier 
to water vapor permeation 
imposed by MWCNTs-ZnO 
added to PPS matrix
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the PPS crystals closer to each other, as shown in Fig. 11a. The 
red coordination bond induced the combination of MWCNTs-
ZnO and PPS to form steric hindrance effect [34]. When a small 
amount of MWCNTs-ZnO was added, the nanocomposite filler 
could be evenly dispersed between the PPS molecular chains, 
due to the high steric hindrance effect of MWCNTs [35–37]. As 
the filler amount increased, more and more gaps between the 
PPS molecular chains (crystalline and amorphous phases) were 

occupied by the filler-doped nanocomposite, so that the water 
molecules must take a longer path to pass through, resulting in 
decreased permeability coefficient, as shown in Fig. 11b. The 
permeation path of water molecules expanded, and the permea-
tion efficiency decreased. When the nanocomposite filler content 
reached 0.5 phr, a large amount of MWCNTs-ZnO occupied the 
PPS crystalline lattice to form hollow points in the nanocom-
posite material, which in turn expanded the voids in the PPS 

Fig. 12   FTIR diagram for 
MWCNTs-ZnO and various 
PPS/MWCNTs-ZnO nanocom-
posites
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matrix, and this is conducive to the penetration of water mol-
ecules, resulting in an expansion of the permeability coefficient.

Figure 12 shows the FTIR data for PPS and various PPS/
MWCNTs-ZnO nanocomposites, as well as for MWCNTs-
ZnO. A wavenumber of 3440 cm−1 referred to the O − H 
vibration peak, which was caused by a small amount of water 
molecules in the PPS molecule and the water molecules 
brought in by MWCNTs. Relative to pure PPS, new bands 
at 2923 and 2849 cm−1 described stretching vibration peaks 
and deformation vibration peaks of –CH3 and –CH2– in the 
MWCNTs, as shown in Fig. 12b. The C = O stretching vibra-
tion peak at 1620 cm−1 may come from –COOH of MWCNTs 
in MWCNTs-ZnO (Fig. 12b), which could form hydrogen 
bonds with PPS [38], promoting the improvement of mechan-
ical properties. In addition, the nanocomposite material had a 
new weak peak at 1180 cm−1, which might be the symmetric 
stretching vibration of sulfonyl (–SO2–) or thionyl (–S = O) 
[39, 40]. This may be due to the presence of vacant orbitals in 
the isolated MWCNTs-Zn2+O2− and the metal Zn2+ exposed 
by MWCNT-Zn2+ in the nanocomposite material, forming 
coordination bonds with –S–, which caused ph–S-ph to be 
positively charged (2 +) to satisfy Hund's rule [41]. The elec-
tron pair of O2− entered the S orbital to form a covalent bond, 
forming an –S = O bond. With the increase in nanomateri-
als, a large number of MWCNTS-Zn2+ formed coordination 
bonds with S atoms, which increased the ph–S-ph positive 
state, and more and more O2− entered the electron orbitals 

of S atoms, resulting in the formation of –SO2–. Thus, the 
tensile and barrier properties were greatly improved.

Water contact angle

Figure 13 is a chart showing the trend of contact angles for 
PPS and PPS/MWCNTs-ZnO materials. The contact angle 
of pure PPS was 45.3°. When MWCNTs-ZnO was added, 
the contact angle of the resulting nanocomposite material 
changed significantly. The contact angle increased as the 
content of MWCNTs-ZnO increased. When the content of 
MWCNTs-ZnO was 0.4 phr, the contact angle reached the 
maximum value of 92.1°. The presence of MWCNTs-ZnO 
exerted an effect, which was to improve the compactness 
of the nanocomposite structure, leading to improved crys-
tallinity and increased hydrophobicity of PPS. When the 
nano-filler was 0.4 phr, the structure of the nanocomposite 
material was most compact, which provided further proof 
for the best barrier capacity [42, 43]. MWCNTs-ZnO was 
continuously added until its composition in the nanocom-
posite reached 0.5 phr. As a result, MWCNTs-ZnO began to 
agglomerate, and the smooth surface of the nanocomposite 
material was reduced and defects, such as micropores, also 
formed [44]. A rough surface with defects when in contact 
with water droplets would made it easier for the water mol-
ecules to enter the interior of the nanocomposite material. 
As such, the contact angle decreased [45].

Fig. 13   Water contact angle of 
PPS and various PPS/MWC-
NTS-ZnO nanocomposites
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Conclusion

PPS/MWCNTs-ZnO nanocomposites were prepared by 
simple mixing and melt blending. A content of ≤ 0.4 phr 
MWCNTs-ZnO could be uniformly dispersed in the PPS 
matrix, and this could enhance the performance of PPS. 
The nanocomposite material with 0.4 phr fillers had the 
best overall performance. A comprehensive comparison of 
the SEM microscopic morphology and tensile properties 
of each tensile section showed that the fractured section 
changed from the initial brittle fracture to a ductile fracture.

When the MWCNTs-ZnO content was 0.4 phr, it played 
a crucial role in heterogeneous nucleation in terms of accel-
erating the crystallization rate of PPS and increasing the 
crystallinity of PPS. At the same time, MWCNTs-ZnO occu-
pied the PPS crystal lattice points (crystal array of PPS), and 
this led to stronger interaction between PPS chain bonds 
and greater bond energy. Relative to pure PPS, therefore, 
the nanocomposite material experienced not only increased 
Tdmax (an increase by 41.7 °C), but also higher residual 
thermogravimetric loss (residual weight loss) of the PPS 
nanocomposites.

The change in the permeability coefficient of PPS/
MWCNTs-ZnO nanocomposites may be ascribed to three 
reasons. First reason was the expansion of crystallinity, 
which caused the permeability coefficient of PPS nano-
composites to decrease with the increase in nanocomposite 
fillers. Second was the formation of coordination bonds 
between a small amount of Zn2+ and the S atom in PPS 
molecular chains, making the chains more compact. For 
the third and final reason, a small amount of MWCNTs-
ZnO was evenly dispersed in the PPS matrix. When MWC-
NTs were dispersed in the PPS matrix, an effective steric 
hindrance was formed, causing the water molecules to be 
more compact. The permeation of water molecules must 
go through a longer path, which reduced the water vapor 
transmission rate. Regardless of the reason, the explanation 
can be obtained from a macroscopic viewpoint. The water 
molecule barrier effect for the PPS nanocomposite was the 
best when the MWCNTs-ZnO content was 0.4 phr. The 
water permeability coefficient was the lowest, and various 
properties approached the highest value. This new type of 
nanocomposite, which had potential to be a new type of 
engineering nanocomposite, could deliver excellent overall 
performance with the addition of an optimal content of 
nano-fillers. Finally, FTIR analysis also proved that PPS 
and MWCNTs-ZnO interacted with each other through 
some form of coordination, which greatly enhanced the 
properties of the nanocomposites.
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