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ABSTRACT: A siloxane/polydimethylsiloxane (PDMS) hybrid membrane containing fluorinated side chains was prepared by a conven-
ient and mild sol-gel process and a crosslinking reaction. The effects of the supercritical carbon dioxide (scCO,) conditions (i.e.,
treatment temperature, treatment time, and treatment pressure) on the permeation properties of fluorinated PDMS containing hybrid
membrane were investigated. The chemical structure, microstructure, and physical performance of the membranes treated before and
after were also discussed. The chemical structure of the PDMS membranes did not change with the scCO, treatment conditions. The
membranes still retained better membrane-forming abilities, higher permeability, and selectivity than normal PDMS membranes.
Compared to those of the membrane with membrane formation after scCO, treatment, the oxygen permeability coefficient and
oxygen/nitrogen separation factor of the membrane with scCO, treatment before membrane formation were higher and were up to
7.11 x 10~% cm’ (STP) cm/(cm® s cmHg) and 3.27, respectively. The permeation properties of the hybrid membrane were obviously
higher than those of Robeson’s upper bound. The high air-purification performance of the hybrid membrane may have been due to
the introduction of fluorine atoms into PDMS membrane, and the increase in free volume resulted from the plasticizing function of

the scCO, treatment. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000000, 2012
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INTRODUCTION

For many years, polydimethylsiloxane (PDMS) has received con-
siderable attention as a special membrane material for gas sepa-
ration because of its intrinsically high permeation rate."* There-
fore, PDMS has become one of the most important transport
membranes for oxygen among commercially available polymeric
membranes. However, its oxygen/nitrogen ideal separation fac-
tor is very low, and its membrane-forming ability is so poor
that direct applications are limited. At present, organic—inor-
ganic hybrid membranes have attracted considerable attention
as potential next-generation membrane materials because such
hybrid materials have the potential to combine the desired
properties of organic and inorganic systems, for example, to
improve the thermal properties of inorganic ones with the flexi-
bility and selectivity of organic ones.”™® In a previous work,” we
prepared a siloxane/(PDMS) hybrid membrane containing fluo-
rinated side chains with a convenient and mild sol-gel process
and a crosslinking reaction. The oxygen permeability coefficient
was 6.02 x 107% cm® (STP) cm/(cm” s cmHg) and the oxygen/
nitrogen separation factor was up to 3.47. The permeation
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properties of the fluorinated hybrid membrane were obviously
higher than those of Robeson’s upper bound and normal PDMS
membranes.

Supercritical carbon dioxide (scCO,) is a clean and versatile sol-
vent and a promising alternative to noxious organic solvents
and chlorofluorocarbons. It has attracted particular attention as
a supercritical fluid in chemical synthesis and in processing
areas for polymers because of its appealing and unique proper-
ties. It is a green medium because of its nontoxic, nonflam-
mable, chemically inert, inexpensive, and environmentally
friendly properties.'® In addition, scCO, has attracted a great
deal of interest in both the academic and industrial fields for
polymeric applications, such as polymer modification,'" poly-
mer blending,'? the formation of polymer composites,'> micro-
cellular foaming,'* particle production,'”> and polymerization,'®
where CO, plays the role of a plasticizer, solvent, or antisolvent.

scCO, is a good solvent for many nonpolar (and some polar)
compounds with low molecular weight'” and for a few polymers,
such as certain amorphous fluoropolymers and silicon-contain-
ing polymers.'®>! Only fluoropolymers and silicon-containing

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38350



ARTICLE

polymers can be dissolved in scCO,; carbon-chain polymers and
heterochain polymers are indissoluble, but they can be swelled
and plasticized. Thereby, scCO, may be used as a plasticizing
agent and a swelling agent and can enhance the free volume of
some carbon-chain polymers and heterochain polymers. Koros**
reported that scCO, tends to plasticize glassy polymers and
reduce the separating efficiency of the membrane. It is clear that
the use of scCO, is becoming more prevalent and that polymeric
membranes can play an important role in the purification and
reuse of CO, in the supercritical state. Nevertheless, few studies
have explored the application of scCO, conditions in the field of
high-performance rubber polymer membranes for gas
separation.*>**

The objective of this study was to improve the air-purification
performance of PDMS membrane materials by means of scCO,.
In this study, a PDMS hybrid membrane containing fluorinated
side chains was first prepared, and the effects of the scCO, con-
ditions on the permeation properties of the PDMS hybrid
membrane were investigated.

EXPERIMENTAL

Materials

PDMS, polymethylhydrosiloxane, and chloroplatinic acid solu-
tion (as a catalyst) were purchased from the Research Center of
Organic Silicone (Chengdu, China). The number-average molec-
ular weight of PDMS was 500,000, and the vinyl content was 10
mol %. The hydrogen content of polymethylhydrosiloxane was
1.5 mass %. Vinyl trimethoxysilane and 13-fluorinated triethox-
ysilane were supplied by Fine Chemical Institute of Silicone and
Fluoride (Guangzhou, China). All other solvents and chemical
agents were analytical grade and were used without further pu-
rification. Pure gases, O, and N,, were purchased from Guangz-
hou Gas, Ltd., China. All of the gases used had a minimum pu-
rity of 99.9%.

Preparation of the Crosslinking Agent and the

Hybrid Solution

The preparation of the crosslinking agent and the hybrid solu-
tion were reported in our previous work.’

Preparation of the Crosslinking Agent

According to a molar ratio of 1:1, polymethylhydrosiloxane and
vinyl trimethoxysilane were mixed in an ice bath under vigorous
mechanical stirring. Proper chloroplatinic acid solutions were
added slowly to the mixed solution under a nitrogen inlet. The
reaction times continued for 2 h at room temperature, for 2 h
at 40°C, and for 12 h at 60°C under mechanical stirring. A
straw-yellow transparent crosslinking agent was obtained.

Preparation of the Hybrid Solution

PDMS (1.0 g) was dissolved in 25 mL of tetrahydrofuran (THF)
under continuous mechanical agitation to form a PDMS solu-
tion. The previous crosslinking agent (0.265 g) and appropriate
chloroplatinic acid solutions were dropped slowly into the
PDMS solution and stirred for 1 h at room temperature. The
mass percentages (10 wt %) of 13-fluorinated triethoxysilane
were added to the PDMS solution. The solutions were hydro-
lyzed in the presence of an acid catalyst by the addition of an
appropriate amount of 0.5 M HCI, and the pH values of the sol
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Table 1. scCO, Treatment Conditions of the PDMS Solutions

Treatment Treatment
temperature pressure Treatment
No. C) (MPa) time (h)
1 30 10 2=3
2 40 10 2-3
3 50 10 2=3
4 60 10 2-3
5 60 15 2-3
6 60 20 2-3
7 60 25 2-3
8 60 15 4-5
9 60 15 1-2

were adjusted to 4 at room temperature. After 1 h, the solutions
with various proportions of 13-fluorinated triethoxysilane sol
were obtained.

scCO, Treatment Conditions and Membrane Preparation

The scCO, treatment conditions of the previous PDMS solu-
tions are listed in Table I. We prepared the PDMS hybrid mem-
branes by casting the sol onto a poly(ethylene terephthalate)
sheet at room temperature. The resulting membranes were easily
removed after 12 h, and then, they were dried in a vacuum for
24 h at 65°C to remove any residual solvent. The flexible and
transparent hybrid membranes were approximately 40 um thick;
this was roughly calculated by the determination of the thick-
ness of more than five locations on any of the membranes.

To further determine the effects of the scCO, conditions on the
permeation properties of the PDMS hybrid membrane, a series
of membranes were prepared by scCO, treatment after mem-
brane formation; that is, the hybrid membrane was prepared
first with the PDMS hybrid solutions, and then, the hybrid
membrane was treated according to previous scCO, treatment
conditions.

Characterizations

Fourier Transform Infrared (FTIR) Spectroscopy Measurement. FTIR
spectra of the membrane samples with membrane formation af-
ter scCO, treatment and scCO, treatment after membrane for-
mation were obtained with a Bruker EQUINX 55 (Ettlingen,
Germany). Each sample was vacuum-dried at 80°C for 24 h to
remove the absorbed water in the membranes.

Scanning Electron Microscopy (SEM) Observation. The sub-
strate-facing surface (SFS) and the fracture surface (FS) of the
hybrid membrane samples with membrane formation after
scCO, treatment and scCO, treatment after membrane forma-
tion were coated with gold and observed with a scanning elec-
tron microscope (JEOL JSM-T300, Miinchen, Germany).

Swelling Testing. To determine the relationship between the
physical performance and the chemical crosslinking degree, the
swelling behavior of the hybrid membranes with membrane for-
mation after scCO, treatment and scCO, treatment after mem-
brane formation were studied. The swelling index (SI), which is
the slope of the rebound curve of the void ratio versus the
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Figure 1. FTIR spectra of the membrane samples with (a) no treatment,

(b) membrane formation after scCO, treatment, and (c) scCO, treatment
after membrane formation.

logarithm of the effective pressure curve, was used to estimate
the consolidation settlement of overconsolidated fine grained
soils. The membranes were dipped in THE, xylene, toluene, and
chloroform, respectively, for 4 h at room temperature. The SI
was calculated by the following equation:

SI(%) = (W, — Wp)/W; x 100 (1)

where W) and W, are the initial and final (swollen) weights of
the sample, respectively.*®

Mechanical Properties. The mechanical properties of the
hybrid membranes with membrane formation after scCO, treat-
ment and scCO, treatment after membrane formation were
measured with a Shimadzu AG-I (Japan). The samples prepared
were 20 mm (length) x 100 pm (thickness) x 16 mm (width),
and the elongation rate was 30 mm/min. Every sample was
tested three times at room temperature.

Permeation Measurements. According to the constant pres-
sure/variable-volume method of Stern,”® the oxygen and nitro-
gen permeability coefficients of the hybrid membranes were
measured. The apparatus and experimental procedure used for
the gas permeability measurements were described in the litera-
ture.””° The oxygen permeability coefficient, nitrogen perme-
ability coefficient, and ideal separation factor were calculated
according to our previous reports and other literature.”?*~>°

RESULTS AND DISCUSSION

Characterization

Chemical Structure Analysis. The chemical structure changes
under the scCO, treatment conditions were monitored by FTIR
spectroscopy and are shown in Figure 1. The structural character-
istics of the membrane samples with no treatment [Figure 1(a)],
membrane formation after scCO, treatment [Figure 1(b)], and
scCO, treatment after membrane formation [Figure 1(c)] were
characterized with FTIR analysis. As shown in Figure 1, the char-
acteristic peaks of the O—Si—O groups at 1408 and 787 cm™'
were in the FTIR spectra, and the characteristic peaks of C—F
groups at 1258 and 1009 cm™ ' were also in the spectra. These
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suggested that the chemical structure of the hybrid membrane
showed no change after and before scCO, treatment.

Morphological Analysis of the Hybrid Membrane. The mor-
phology of the hybrid membrane samples was further studied
by SEM imaging. The characteristics of SFS and FS for the
hybrid membrane under scCO, conditions were examined, as
shown in Figure 2. As indicated in Figure 2, the membranes
showed a completely amorphous morphology, either SES or FS.
The hybrid membrane had better membrane-forming proper-
ties, which were attributed to the occurrence of covalent bonds
and the mutual network between the organic phase and the
inorganic phase. The high transparency of the hybrid membrane
implied that there should have been no macrophase separation
and that there was good compatibility between the polymeric
component and inorganic component.

Swelling Properties of the Membranes. Because the cross-
linked polymers only swelled but did not dissolve in the organic
solvents, the swelling degrees of the crosslinked membranes
reflected their crosslinking degree chemically. Hence, the swel-
ling degrees of the membranes for some typical solvents, such
as xylene, THE, and chloroform were measured at room temper-
ature to estimate their crosslinking behavior. The swelling test
was carried out to make a membrane sample immersed in a sol-
vent at 30°C for 4 h. The SIs of the membranes for different
solvents, calculated according to the testing results, are listed in
Table II. It can be seen that the SIs of the hybrid membrane
under scCO, conditions were smaller than those of the pure
PDMS membrane for the same solvents.

Mechanical Properties of the Hybrid Membrane. In general,
the mechanical properties can show membrane-forming ability,
segmental flexibility, structure—property relationships, and
permselectivity of polymeric membranes. So, we investigated the
mechanical properties of the hybrid membranes under scCO,
conditions. The results are summarized in Table III. The me-
chanical properties of the hybrid membranes were related to the
scCO, treatment conditions. The strain, stress, and elongation
values of the hybrid membranes under scCO, conditions
decreased significantly because of the swelling properties of the
hybrid membranes under scCO, conditions. The results for the
mechanical properties of the hybrid membranes under scCO,
conditions were in accordance with the swelling properties.
Therefore, we speculated that the scCO, treatment conditions
had an effect on the gas separation properties of the hybrid
membrane.

Effects of the scCO, Treatment Conditions on the

Permeation Properties

On the basis of a convenient and mild sol-gel process and a
crosslinking reaction, the hybrid membrane containing fluori-
nated side chains was also prepared with 13-fluorinated trie-
thoxysilane and PDMS containing vinyl groups as matrix mate-
rials. According to the previous characterization, the chemical
structure and morphology of the hybrid membrane showed lit-
tle or no change after and before scCO, treatment. Previous
research demonstrated that crosslinking can be a powerful
approach for improving the performance of rubbery poly-

mers.””® Crosslinking can provide enhanced plasticization
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Figure 2. SEM photographs of the hybrid membranes with (a) no treatment, (b) membrane formation after scCO, treatment, and (c) scCO, treatment

after membrane formation. The figure shows the SFS and the FS.

resistance and can also provide intrinsic selectivity increases in
23,31,32 .. . .

some cases.”>”"*? In addition, the mechanical properties of

scCO, are highly dependent on the pressure and temperature;

Table II. Swelling Indices of the PDMS Hybrid Membranes under scCO,
Conditions for Several Different Solvents

Membrane Xylene THF  Chloroform
Untreated 1.08+0.01 1.00 0.97 +0.02
Membrane 1.05+001 1.00 091 +0.02
formation after
scCO, treatment
scCOs5 treatment after 1.03 + 0.02 1.00 0.94 = 0.01

membrane formation
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this makes it possible to fine-tune the reaction environment.
Therefore, we investigated the effects of the scCO, conditions
on the permeation properties of the fluorinated PDMS hybrid
membrane. The effects of different treatment temperatures,
treatment times, and treatment pressures on the oxygen
permeability coefficient, nitrogen permeability coefficient, and
oxygen/nitrogen separation factor are listed in Table IV (testing
temperature = 30°C and pressure difference = 0.1 MPa).

Treatment Pressure. The properties of scCO, are very sensitive
to small changes in the pressure and temperature and may have
influenced the permselectivity of the hybrid membrane. As
shown in Table IV, the oxygen permeability coefficient and
nitrogen permeability coefficient of the hybrid membranes with
membrane formation after scCO, treatment and scCO, treat-
ment after membrane formation exhibited little or no change
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Table III. Mechanical Performances of the Hybrid Membrane under scCO, Conditions

Membrane Strain at break (%) Stress at break (MPa) Elastic (MPa)

Untreated membrane 1.965 = 0.003 1.611 = 0.004 0.820 = 0.005
Membrane formation after scCO» treatment 1.814 = 0.002 1.512 = 0.004 0.781 + 0.003
scCO» treatment after membrane formation 1.823 = 0.003 1.595 = 0.002 0.802 = 0.002

with increasing treatment pressure. For the hybrid membrane
under scCO, treatment after membrane formation, the oxygen/
nitrogen separation factor increased with increasing treatment
pressure and was up to 3.32 under a treatment temperature of
60°C, a treatment time of 2 h, and a treatment pressure of 25
MPa. However, for the hybrid membrane with membrane for-
mation after scCO, treatment, the oxygen/nitrogen separation
factor decreased with increasing treatment pressure.

Treatment Temperature. For the hybrid membrane with mem-
brane formation after scCO, treatment, the oxygen permeability
coefficient and nitrogen permeability coefficient decreased, and
the oxygen/nitrogen separation factor increased with increasing
treatment temperature. For the hybrid membrane with scCO,
treatment after membrane formation, the oxygen permeability
coefficient and nitrogen permeability coefficient increased with
increasing treatment temperature, and the oxygen/nitrogen sep-
aration factor remained between 3.1 and 3.3.

Treatment Time. The oxygen permeability coefficient and
nitrogen permeability coefficient of the hybrid membranes with

membrane formation after scCO, treatment and scCO, treatment
after membrane formation exhibited little or no change with
increasing treatment time. For the hybrid membrane with mem-
brane formation after scCO, treatment, the oxygen/nitrogen sep-
aration factor increased with increasing treatment time. However,
for the hybrid membrane under scCO, treatment after membrane
formation, the oxygen/nitrogen separation factor increased first
and then decreased with increasing treatment time.

Treatment Method. The oxygen/nitrogen separation factors of
the hybrid membrane with membrane formation after scCO,
treatment and for scCO, treatment after membrane formation
were smaller than those of the untreated hybrid membrane.
However, the oxygen permeability coefficients and nitrogen per-
meability coefficients of the hybrid membrane with scCO, treat-
ment after membrane formation were larger than those of the
untreated hybrid membrane and the hybrid membrane with
membrane formation after scCO, treatment.

According to previous reports, only fluoropolymers and silicon-
containing polymers can be dissolved in scCO,; other polymers

Table IV. Permeability Coefficient and Ideal Separation Factor of the Hybrid Membrane under Different scCO, Conditions

ScCOs treatment

O, permeability

N> permeability 05/N5 separation

Membrane conditions coefficient (Barrer) coefficient (Barrer) factor
Untreated 649.1 + 0.5 1908 + 0.2 3.40
Membrane formation after 30°C, 10 MPa, 2-3 h 665.8 = 0.8 2148 0.1 3.10
scCO, treatment
40°C, 10 MPa, 2-3 h 5716 = 0.7 1809 + 0.2 3.16
50°C, 10 MPa, 2-3 h 5642 +1.2 1769+ 0.4 3.19
60°C, 10 MPa,2-3 h 551.3 + 0.6 171.7 =01 3.32
60°C, 15 MPa, 2-3 h 5481 = 0.5 171.3+0.3 3.20
60°C, 20 MPa, 2-3 h 5443 + 0.8 1712 +0.2 3.18
60°C, 25 MPa, 2-3 h 536.4 = 1.3 1703+ 0.3 3.15
60°C, 15 MPa, 1-2 h 5451 = 0.3 1703+ 0.2 3.20
60°C, 15 MPa, 4-5h 5473 +0.2 169.4 + 0.4 3.23
scCO, treatment after 30°C, 10 MPa, 2-3 h 6735+ 04 2152 = 0.5 3.13
membrane formation
40°C, 10 MPa, 2-3 h 6934 + 0.1 2160+ 01 321
50°C, 10 MPa, 2-3 h 7116 + 0.2 2176 0.2 3.27
60°C, 10 MPa, 2-3 h 7248 + 0.5 2196 0.2 3.20
60°C, 15 MPa, 2-3 h 7201 + 0.6 2195+ 01 3.28
60°C, 20 MPa, 2-3 h 7285 + 0.3 2214 +01 3.29
60°C, 25 MPa, 2-3 h 7352 + 0.2 2214 +0.2 3.32
60°C, 15 MPa, 1-2 h 718.4 + 0.8 2224 +0.2 3.23
60°C, 15 MPa, 4-5 h 7228 + 0.1 221.7 + 0.4 3.26

Testing temperature = 30°C and pressure difference = 0.1 MPa.
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are indissoluble but can be swollen and plasticized. On the basis
of the previous experimental characterization, the chemical
structure and morphology of the hybrid membrane before and
after scCO, treatment showed no change. So, the scCO, condi-
tions had no obvious effect on the permeation properties of the
hybrid membrane.

Early researchers recognized that fluorinated polymers possess
many unique and useful properties, such as chemical and ther-
mal stability. In this study, hybrid membranes under scCO,
treatment conditions still possessed better oxygen permeabilities
and oxygen/nitrogen selectivities. These attributes stemmed
from their strong covalent carbon—carbon and carbon—fluorine
bonds and the protective sheath of fluorine atoms around the
carbon backbone.”

CONCLUSIONS

scCO, is commonly used for the synthesis and modification of
polymers because of its accessible critical conditions, low cost,
and low toxicity. In this study, novel PDMS hybrid membranes
containing fluorinated side chains were first prepared by a mild
sol-gel process and a crosslinking reaction. The effects of the
scCO, treatment conditions, such as treatment temperature,
treatment time, and treatment pressure, on the permeation
properties of the containing fluorinated membrane were investi-
gated. Surprisingly, the scCO, conditions had no obvious effect
on the permselectivity of the membrane, and the membrane still
possessed better permeabilities and selectivities. Before and after
scCO, treatment, the separation factors for the hybrid mem-
branes remained relatively unchanged, and the permeability
coefficient of the membrane with scCO, treatment after mem-
brane formation increased slightly. These results may have been
due to the enhancements of additional free volume under
scCO, conditions.
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