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ABSTRACT: Hydrophobically modified polyester was
synthesized via copolymerization between hydroxy-fluoro-
silicone polymer (FGX) and bis(2-hydroxyethyl) terephtha-
late (BHET), which was named as CMPET. The relations
between surface properties of CMPET and FGX viscosity
and dosage were studied by contact angle measurements.
An optimized synthesis route was determined. b-CMPET
with better hydrophobic property was obtained by adding
polytetrafluoroethylene (PTFE) into CMPET. A full charac-
terization were given to both CMPET and b-CMPET, in-
cluding TH-NMR, ESCA, mechanical properties, water
absorption, contact angle and surface energy analysis. It
was found that chemical bondings were formed between

FGX and BHET in c-CMPET via copolymerization. The
addition of 12% FGX with viscosity of 2000CP after the sys-
tem pressure reached the low pressure for 20 min is an op-
timum condition. The modified polyester (CMPET-12)
shows the best hydrophobic effect. Blending a certain
amount of PTFE powder with low-surface energy can fur-
ther enhance the hydrophobic properties of CMPET, due to
a strong tendency of PTFE migrate to the sample surface to-
gether with organic fluorine-silicon segments. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 120: 2760-2766, 2011
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INTRODUCTION

Due to the excellent anti-fouling, oil repellency, and
other special properties, hydrophobic material has
broad applications in the daily life, industrial and
agricultural production, and military defense. How-
ever, most polymer materials do not have good
hydrophobic properties. The fluorine-silicon poly-
mers with low surface energy, water- and oil-repel-
lency characteristics show high-thermal stability and
low-glass transition temperature. Introducing fluo-
rine- or silicon-containing group into these materials
can effectively reduce the materials’ surface energy
and improve their hydrophobic properties.'™ To
date, the development of low-surface energy materi-
als has mainly focused on the introduction of or-
ganic fluorine or silicone polymer to improve the
materials’ hydrophobicity.*” Among those studies,
however, the modified polymers mostly involved
with polyurethane, polyethylene, polyacrylate. The
study related to hydrophobic modification of polyes-
ter has been rarely reported.

In this article, we reported hydrophobic modifica-
tions of polyester by the method of co-polymeriza-
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tion and blending. Modified polyester (CMPET) was
synthesized via polycondensation between bis(2-
hydroxyethyl) terephthalate (BHET) and hydroxy-
fluorosilicone polymer (FGX), which has the same
dihydroxy structure as ethylene glycol. b-CMPET
was obtained by adding certain amount of polytetra-
fluoroethylene (PTFE) powder into CMPET.

EXPERIMENTAL
Materials

Bis(2-hydroxyethyl) terephthalate (BHET), industrial
grade; Ethylene glycol (EG), industrial grade;
hydroxy-fluorosilicone polymer (FGX) with viscosity
of 100CP, 1000CP, 2000CP, 5000CP, and 30000CP,
industrial grade; Polytetrafluoroethylene powder
(PTFE), particle size <1 pm, industrial grade; Sb,O;,
analytical regent (AR) grade; Acetone, AR grade;
Ethanol, AR grade were included in this study.

Preparation of samples

Copolymerization

Firstly, the reactants, including BHET, excess EG,
and catalyst Sb,O3 (accounting for 0.01% mass frac-
tion of BHET), were added into the reactor. During
the reaction, modifier FGX (accounting for 6-20%
mass fraction of BHET) with different viscosities was
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Figure 1 Schematic illustration of synthesis route to
CMPET.

added at a certain time, as illustrated in Figure 1.
The experiment was carried out under reduced pres-
sure at elevated temperature. The reaction was termi-
nated, when the desired polymerization degree was
achieved (determined by the stirring power). The
CMPET melt was then cast into strip and cooled in
cold water. The different time to add FGX is repre-
sented by 1), @), @ as shown in Figure 1, respec-
tively. (1) refers to the time to add FGX together
with the BHET, (2) refers to the time to add FGX af-
ter the system pressure reduced to 1000-2000 Pa for
20 min, (3) refers to the time to add FGX after the
system pressure reduced to 1000-2000 Pa for 1 h.

Blending

CMPET was fully mixed with PTFE powder at a cer-
tain ratio, and then extruded into film by using
HAAKE rheometer at 285°C and 35 rpm. The b-
CMPET film was cooled in the air and wound up.

Characterizations

Contact angle (CA) measurement

The modified polyester was melt and pressed into a
small piece of plate with a smooth surface. The CA
of the plate was measured at room temperature by a
contact angle meter (JC98A, Shanghai Zhongchen
Economic Developing Co., China). The triple dis-
tilled water droplet is of 1 pL used and the CA
value reported in this articel was the average of five
measurements for each sample.

"H-NMR analysis

The 'H-NMR spectra were obtained from a NMR
system (INOVA-500,Varian company, US). CMPET
before and after purification were analyzed by 'H-
NMR spectra, respectively. The Purification was
especially given to the sample before NMR analysis
following the method of dissolution-deposition. The
CMPET was dissolved in phenol and tetrachloro-
ethane solvent, and then precipitated in acetone. The
precipitate was washed with ethanol several times,
and then centrifuged and dried in oven.

Thermogravimetric analysis (TGA)

The thermal properties of the modifier (FGX) was
analyzed by TGA (Perkin-Elmer Pyris 1, USA) in
nitrogen at a heating rate of 10°C/min within the
temperature range of 30-450°C.

Mechanical property test

The mechanical properties of the samples were
tested by the universal material testing machine
(INSTRON 5500, USA) with the size of 30 mm x 15
mm x 0.5 mm.

Water absorption test

The originally dried sample with the mass of m, was
soaked in distilled water for a period of time and
then removed. The sample was wiped quickly for
removing water on the surface and then weighed.
After that, the sample was soaked in water and
weighed out again, until the value of the sample
weight (m;) was stable. The water absorption ratio
was calculated by the following equation:

A= (m1 - ﬂ’lo)/mo x 100%. (1)

Surface morphology observation

The surface morphology of the sample was observed
under scanning electron microscopy (SEM) (JSM-
6360, JEOL, Japan) at the different magnifications..

Electron spectroscopy for chemical analysis (ESCA)

ESCA data were obtained from a electron spectrom-
eter (K-Alpha, USA). The X-ray source was used
under vacuum of 1.33 x 10° Pa and current of 15
KV-10 mA. The penetration depth of the tested sam-
ple was 10 nm.

RESULTS AND DISCUSSION
Hydrophobicity of modified polyester(CMPET)
Viscosity and adding time of FGX

Figure 2 shows the water contact angle (WCA) of
CMPET against the viscosity and adding time of the
FGX with 6% mass fraction of BHET. It was found
that the WCA increased with the increase of FGX's
viscosity. When the viscosity of FGX was 2000CP,
the WCA reached its maximum, and then leveled
off. By comparison the WCA of CMPET with differ-
ent adding time of FGX, the best hydrophobic prop-
erty was found when FGX was added after the sys-
tem pressure reached low vacuum for 20 min. As a
result, FGX with viscosity of 2000CP and adding
FGX at the moment of (2) was selected as an
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Figure 2 The influence of the viscosity and adding time
of FGX on the contact angle of the CMPET.

optimum condition. The product prepared under
this condition was named as CMPET-6.

The dosage of FGX

The contact angle and the surface energy of polymer
indirectly reflect the wetting properties of solid sur-
face. To determine the surface energy of a material,
Fowkes proposed that the solid surface free-energy
(y) of organic compounds consists of dispersion
component (v") and polar component (y’). Namely:

r=r 4. )

Owen and Wendt® developed Fowkes’ theory and
put forward the following formula,

(1 + cos0) = 207 x )2 422, x £)Y2 (3)

where 0 is the contact angle. v, and v, represent
the surface tension of liquids and the surface energy
of solids, respectively.

If the surface tension, dispersion component, and
polar component of any two different liquids are
known, the dispersion component, polar component,
and surface energy of an unknown solid surface can
be calculated after measuring its contact angle.
Water and hexadecane are selected to measure the
contact angle of samples. The dispersion component
and polar component of the water are 22.1 mN m ™"
and 50.7 mN m . Those of hexadecane are 26.0 mN
m ! and 0.0 mN m}, respectively.

The relations between the dosage of FGX and the
contact angle as well as surface energy of the
CMPET-6 were studied as shown in Figure 3. It
reveals that the contact angle increased and the sur-
face energy reduced as the FGX increased. When the
weight fraction of FGX is 6%, the contact angle of
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CMPET-6 is 95.2° and its surface energy of CMPET-
6 is 24.65m] m 2. As the mass fraction of FGX is
12%, the contact angle of CMPET-12 increased to
97.2° and the surface energy of CMPET-12 reduced
to 23.4 mJ m 2, which approaches the surface energy
of modifier CH,—CF; of 20 m] m 2 Keep on
increasing the amount of FGX, the contact angle
changes slightly. It is mainly because that the inter-
molecular forces between the molecules on the sur-
face are different from that in bulk. That is the rea-
son for the existing surface energy of materials.
According to the surface thermodynamic theory, for
an isothermal system with constant volume, it has a
strong tendency to adjust its state by itself until its
Helmholtz free energy reach its minimum value.’
Compared with molecular chains of PET, fluorine-
silicon containing chain segments have a lower sur-
face energy. It is possible to reduce the surface
energy of PET if introducing a certain amount of
FGX. It was reported in some literatures that organic
silicon chain and fluoroalkyl chains have the tend-
ency to migrate to the surface of the material.'*"?
The results also showed that, with the increase of
FGX, the fluorinated chain segments tended to accu-
mulate on the surface of the CMPET, so that the
surface tension decreased and its hydrophobicity
increased. When the fluoride content on the surface
of CMPET reached a certain value, the surface
energy of CMPET reached the similar level to that of
FGX. That was the reason why there was no signifi-
cant change in both contact angle and surface energy
with increase of fluoride content after exceeding the
threshold value.

"H-NMR analysis
Qualitative analysis

Figure 4 shows the 'H-NMR spectroscopy for the
PET and the CMPET. The typical spectrum of PET is
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Figure 3 The relations between the dosage of FGX and
contact angle as well as surface energy of CMPET.
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Figure 4 1H-NMR spectroscopy of PET and CMPET-6: (a) The chemical formula of CMPET; (b) THNMR spectrum of

PET; (b') 1TH-NMR spectrum of CMPET-6.

shown in Figure 4(b), which shows the characteristic
signals at 6;=8.157 ppm (benzene ring hydrogen),
0, =4.659-5.082 ppm (methylene hydrogen), and at
0p=4.208 ppm (hydroxyl hydrogen). The spectrum
including peak assignment of CMPET is shown in
Figure 4(b’), in which there are some new character-
istic peaks compared with that of PET, such as
0p=2.150-2.163 ppm (C—CH,—CF; hydrogen),
81=0.888-0.915 ppm (Si—CH,—C hydrogen), and at
0p=0.289 ppm (Si—CH; hydrogen). The protons
peak of C—CH,—C is at 6y=1.25 ppm. The electro-
negativity of Si is so weak that the electron cloud
density of protons in the methylene connected with
Si increases, and the deshielding effect weakens,
which results in a shift of the protons peak to the
high-field. In contrast, because the electronegativity
of the F is the strongest in all atoms, the protons
around the F are strongly induced, which results in
a decrease in the electron cloud density and a peak
shift to the low-field."> By comparison of the 'H-
NMR spectroscopy of PET, the characteristic peaks
of the FGX are found in the spectrum of CMPET,
which indicates that the CMPET has been synthe-
sized successfully.

Quantitative analysis

Base on the "H-NMR spectrum, a quantitative calcu-
lation can be carried out to calculate the molar ratio

(o : B) of unit I and unit I in CMPET. The calcula-
tion of the copolymerization ratio is based on the in-
tegral area ratio of the proton peak. The proton peak
of benzene ring is at 6=8.184ppm, whose integral
high is defined as h;; the proton peak of
—O(CH,),0— is at dy=4.664-5.001ppm, whose inte-
gral high is defined as h,. The two peaks are the
characteristic proton peak of PET. The proton peak
of methyl which connected with the silicon is at
8p=0.289ppm, whose integral high is defined as hs.
According to eq. (4), the hydrogen content ratio of

—O(CH,),0— to benzene ring is nearly 1 : 1 in the
1004 — .
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Figure 5 TG analysis of FGX.
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TABLE 1
The Content of FGX in CMPET
FGX'/BHET FGX?/BHET FGX/R Conversion
(Wt%) (Wt%) (Wt%) ratio (%)

CMPET-6 (pure) 6 5.12 2.48 56.5
CMPET-6 (impure) 4.39

CMPET-12 (pure) 12 10.24 5 56.8
CMPET-12 (impure) 8.8

FGX!, the actual feeding amount of FGX; FGX?, the FGX after removing low molar
mass substances; R, _CH2CH20_('E_©_'C?_O_ in CMPET.

CMPET, which indicated that the data of '"H-NMR is
reliable.

n(benzene ring hydrogen) : n(—O(CH),0—)

(4)

N
w5

b h
a(unit I) : B(unit II):leé’.

©)
The TG analysis was also given to FGX as shown in
Figure 5. It was found that initial decomposition
temperature is at 288°C (T;) and the maximum
decomposition occurs at 342°C (T,). When the tem-
perature reaches 280°C, the weight loss is 14.7%, cor-
responding to substances with low molar mass,
which play a trivial role in hydrophobicity modifica-
tion by using FGX. The FGX content in purified
CMPET and non-purified CMPET are listed in Table
I. From the table, we can see that in the purified
CMPET, the copolymerization ratio of FGX and
BHET is less than the actual feed ratio, which may
be related to difference in the reactivity FGX and
BHET. In the non-purified CMPET, the chain seg-
ment ratio of FGX and BHET is the similar to the
feed ratio, which illustrates that most FGX reacted
with BHET and the rest of FGX was blended in the
CMPET. Both of them can play an effective role in
lowering the surface energy of the materials.

Hydrophobicity of modified PET by both
copolymerization and blending

Effect of PTFE powder addition on the hydrophobic
properties of b-CMPET

Compared with CMPET-6, the amount of FGX was
doubled in CMPET-12, but the contact angle only
increased 2°. Considering the contribution of FGX
and the cost of production, the CMPET-6 was cho-
sen as a control polymer for this blending study.
When the dosage of FGX is fixed as 6%, it is found
that the addition of PTFE powder has an obvious
influence on properties of the modified material. Ta-
ble II showed that the hydrophobic performance of
the b-CMPET enhanced but the mechanical proper-
ties decreased with the increase of the amount of
PTFE powder.

The increase in hydrophobicity of b-CMPET is
possibly because of the immiscibility of component
having different values of solubility parameter. The
solubility parameter of PTFE and the FGX is about
12.7 7% em 2 and 10 J*? ecm */?, respectively.
However, the solubility parameter of polyester is
21.9 7% cm %2 The large difference in solubility
parameter could induce microphase separation in
the bulk of b-CMPET. According to the Thermody-
namic Theory of Miscibility,'* PTFE powder tends to
accumulate in the surrounding of fluorine-silicon
chains. And fluorine-silicon chains trends to migrate
to the surface of the material. During the process of

TABLE II
The Properties of Modified PET with Different Amount of PTFE Powder

Content of Content of Tensile strength Water absorption Water contact Surface energy
Sample FGX (%) PTFE (%) (Mpa) ratio (%) angle (°) (mJ m™?)
PET 0 0 45.60 0.82 78.0 33.23
CMPET-6 512 0 37.57 0.81 95.2 24.65
b-CMPET-1 5.12 1 36.13 0.80 99.0 23.39
b-CMPET-2 5.12 3 30.12 0.69 102.0 22.65
b-CMPET-3 512 5 29.30 0.60 102.1 21.96
b-CMPET-4 5.12 10 14.02 0.58 100.3 21.68
b-CMPET-5 5.12 15 17.18 0.55 103.5 20.55
b-CMPET-6 512 20 12.91 0.48 104.0 20.06
b-CMPET-7 5.12 25 12.04 0.43 105.8 19.97

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 SEM micrographs of the samples: (a) b-CMPET-1; (b) b-CMPET-3; (c) b-CMPET-5; (d) b-CMPET-7.

migration, PTFE powder moved to the material sur-
face together with FGX. Therefore, water contact
angle further increased. The combined effect of
PTFE powder and FGX results in a material with
better hydrophobic property. It was also found that
too much addition of PTFE powder will weaken the
mechanical properties of modified material. As
shown in Table II, there are no obvious changes in
mechanical properties when the powder addition is
less than 5%. However, when the amount of powder
exceeds 5%, the sample became brittle and its tensile
strength decreased greatly.

The surface morphology of b-CMPET mixed with
a certain amout of PTFE powder was observed
under SEM, as seen in Figure 6. It is clear that the
surface roughness of b-CMPET increased by increas-
ing the amount of PTFE. By covering with PTFE, a
material with lower surface energy could be
obtained. According to the theory of relations
between the roughness and contact angle proposed
by Wenzel,'” we can see that increasing the surface
roughness of hydrophobic CMPET can further
enhance the hydrophobic properties of the material.
The PTFE powder can improve the hydrophobic
properties of the material from combining its special
property of low-surface energy and increasing the
surface roughness of modified material.

Effect of thermal treatment on surface
properties of b-CMPET

The samples were annealed for 12 h at the tempera-
ture of 95°C in a vacuum oven. The effect of anneal-
ing on the surface properties of b-CMPET is shown
in Table IIl. It was found that the water contact
angle of annealed samples increased obviously,
which indicated an enhancement of hydrophobic
property in annealed samples. This is mainly due to
the migration of fluorinated chains toward the sur-
face is a thermodynamic equilibrium process. Dur-
ing the thermal treatment, the annealing temperature

TABLE III
The Influence of Thermal Treatment on the Surface
Property of Blended Copolymer

Content  Content Water Water

of FGX  of PTFE  contact  contact angle

Sample (%) (%) angle (°)  (annealed) (°)
CMPET-6 5.12 0 95.2 97.5
b-CMPET-1 5.12 1 99.0 103.0
b-CMPET-2 512 3 102.0 104.5
b-CMPET-3 5.12 5 102.1 106.0
b-CMPET-4 512 10 100.3 103.3
b-CMPET-5 512 15 103.5 106.2
b-CMPET-6 5.12 20 104.0 107.0
b-CMPET-7 512 25 105.8 110.3
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TABLE IV
Surface Element Composition of the Samples

Theoretical atom
percentage (%)

Experimental atom
percentage (%)

sample C Si F C Si F
CMPET-6 81.60  3.89 184 7050 037 111
b-CMPET-1 6944 589 1063 7020 037 166
b-CMPET-2 6637 9.04 1018 6962 036 271
b-CMPET-3  57.14 869 1946 69.04 035 373

is 95°C, which is above the glass transition tempera-
ture of the samples. The internal chain segments of
the b-CMPET can obtain high enough energy to
move around. In order to decrease the system
energy and achieve thermodynamic equilibrium
state, the organic fluorine and silicone chain segment
with the lower surface energy prefer to migrate to
the surface. And PTFE nano-particle with low-sur-
face energy also migrate to the surface together with
the fluorine and silicone chain segments.'®"”

Electron s eCtI’OSC(()fy for chemical analysis
(ESCA) of modified PET

The chemical composition of the hydrophobically
modified PET was analyzed via ESCA. The penetra-
tion depth of X-ray beam is around 10 nm. The
results are listed in Table IV. By comparison of ex-
perimental and theoretical atomic percentage on the
surface, it is found that experimental values of the F
and Si atom are much greater than the theoretical
values, indicating the occurrence of F and Si atom
migration to the surface of the modified material.

4. CONCLUSION

The synthesis route of CMPET was optimized by
investigating the relations between contact angle and
the viscosity and dosage of the FGX. CMPET with
low-fluorine content and excellent hydrophobic per-
formance was prepared under optimum conditions.
b-CMPET with further enhanced hydrophobic
properties was made by blending a certain amount
of PTFE powder into CMPET. The further improved
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hydrophobicity is thought to be related to the micro-
phase separation of each component with different
solubility parameters. Organic fluorine-silicon seg-
ments and PTFE have strong tendency to migrate to
the sample surface in order to lower the system
energy. The migration of PTFE powder onto the
sample surface also lead to the increase of surface
roughness, which has a positive contribution to
increase the hydrophobicity. The contact angle of
modified PET increases some degrees after thermal
treatment at 95°C, which is also due to the migration
of PTFE and fluorine-silicon chain segments.
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