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ABSTRACT: The removal of dissolved oxygen (DO) from water is an essential and important step in many industrial applications. The

membrane technique offers much potential superiority over conventional physical and chemical processes. The development of a

high-performance membrane is the core of the membrane separation technique. In this study, a crosslinked matrix composed of a

polydimethylsiloxane (PDMS) membrane with incorporated silica networks by the sol–gel method was manufactured. The application

of the membrane method for the removal of DO from water on the laboratory scale was studied. The membrane properties and mor-

phological structure were characterized by Fourier transform infrared spectroscopy, scanning electron microscopy, crosslinking den-

sity, and mechanical measurements. The PDMS hybrid membranes on the deoxygenation experiment by a vacuum degassing process

were investigated. The results show that the crosslinked PDMS hybrid membranes effectively improved the oxygen-removal efficiency

with increasing tetraethoxysilane (TEOS) content, and the best performance was obtained when the weight ratio of PDMS–TEOS

concentrations was 10:5. The optimal conditions for the deoxygenation performance were also investigated, and the results indicate

that the degassing performances were related to the operating temperature, vacuum level, and feed flow rate. The PDMS nonporous

composite membranes showed superior performances and have good potential for applications in industry for the removal of DO

from water. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41350.
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INTRODUCTION

Dissolved oxygen (DO) is oxygen molecules from ambient air dis-

solved in water. The DO has strong oxidative properties under

high temperature and high pressure; this readily accelerates metal

oxidation and corrosion and has adverse effects in industrial

applications. The removal of DO from water is a necessary proc-

esses that is applied in various industries; this includes semicon-

ductor manufacturing, power plants, food, and pharmaceutical

productions.1–3 For instance, a desired DO concentration in water

on the parts per billion level has been stipulated for boiler feed

water in power plants.4,5 In the semiconductor process, the con-

centration of DO in ultrapure rinse water is also controlled

strictly as it can result in the growth of undesirable native silica

oxide.6,7 All of these reasons establish industrial importance for

the removal of DO from water.

There are several traditional methods used for DO removal; these

include thermal degassing, vacuum degassing, purging with nitrogen,

and oxidation–reduction reaction by the addition of sodium sulfite

or hydrazine.5 The conventional physical methods often have bulky

constructions and high operating costs, and the chemical methods

are not very desirable because of problems in changing the water

quality affected by the reducing agents (e.g., toxicity or the ionic con-

tent of water). Nowadays, the membrane process has attracted more

and more attention because of its great advantages over conventional

deoxygenation processes;8–11 these advantages include a faster mass-

transfer efficiency, larger surface area per unit volume, tighter modu-

lar construction, environmental protection, higher efficiency, and

lower energy costs.12–15 These unique properties make the membrane

method a competitive new technology compared to traditional tech-

nologies in achieving mass transfer between two phases. Gradually,

the membrane method has become an attractive and competitive

choice for the removal of dissolved components from water.16,17

Membrane contactors have been applied to different processes in liq-

uid–gas membrane separation technology.18–20

In membrane degassing, the membrane provides the liquid–gas

mass-transfer interface. Water is fed on one side of the mem-

brane module and a vacuum is applied on the other side. With

the vacuum, the partial pressure difference of oxygen drives the
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oxygen permeation rate through the membrane, and the differ-

ence in the partial pressure of vapor drives vapor permeation.21

When the deoxygenation membrane has a dense layer and a

nonporous structure, the process is described by the solution–

diffusion model. It is held that the mass-transport process con-

sists of three fundamental processes: (1) selective sorption into

the membrane top layer, (2) diffusion of the dissolved species

across the membrane matrix, and (3) desorption and diffusion

to the permeate side of the membrane with a vacuum. The core

of the membrane separation technique is the fabrication of a

high-performance membrane and the choice of the correct

membrane material. For many years, a lot of attention has been

paid to polydimethylsiloxane (PDMS) as one of the most widely

used membrane materials for gas separation.22,23 PDMS can be

crosslinked into networks, and the elastomer has excellent per-

meability to small molecules;24,25 this is attributed to its large

free volume from the high flexibility of the siloxane (ASiAOA)

chains. Therefore, PDMS could be a suitable membrane mate-

rial for oxygen permeation.

However, the pure PDMS membrane often has a relatively low

permselectivity and poor mechanical strength. Various modifica-

tions have been attempted to enhance the selectivity and

membrane-forming ability of elastomeric PDMS to acquire better

and wider applications; these include filling, grafting, crosslink-

ing, blending, and copolymerization. In recent years, PDMS has

been used widely to manufacture polymer–inorganic hybrid

membranes.26–29 The introduction of inorganic fillers into elasto-

mers in many cases could significantly improve the properties of

the membranes because of the intermolecular interactions

between inorganic and organic materials.30–33 For this purpose,

inorganic fillers have been introduced into the backbone of

PDMS. The common methods for fabricating PDMS hybrid

membranes include physical blending and the sol–gel

method.34–37

Over the past several years, research in membrane technology for

the deoxygenation process has focused mainly on the improve-

ment of design membrane modules and devices; research on the

fabrication of high-performance membranes for DO removal

from water has been less studied.38–40 The main objective of this

study was to develop high-performance membranes for the deox-

ygenation process and to improve the DO-removal efficiency. The

PDMS matrix membranes in this study were prepared by the

incorporation of organic polymers with alkoxysilanes. In this

study, tetraethoxysilane (TEOS) was used as a silica precursor to

prepare PDMS–silica mixed-matrix membranes. The idea of the

incorporation of TEOS was based on the similar structure of

PDMS, which consists of SiAOASi bonds, to that of silica gel.

The sol–gel method started from a homogeneous solution, gave

better control of the mixed-matrix membrane, and prevented the

problems of mechanical blending. By properly controlling the

hydrolysis and condensation reactions of TEOS in the presence of

a preformed organic polymer, we found it to be possible to obtain

highly permeable and permselective PDMS matrix membranes.

The membranes were characterized by Fourier transform infrared

(FTIR) spectroscopy, scanning electron microscopy (SEM), and

thermal analysis. The membrane separation performance was

evaluated by the deoxygenation process on a laboratory scale. The

effects of the feed temperature, feed flow rate, and operating vac-

uum level on the membrane performance were examined.

EXPERIMENTAL

Materials

TEOS, ethanol, hydrochloric acid, n-heptane, and dibutyltin dilau-

rate were obtained from Sinopharm Chemical Reagent Co., Ltd.

(China). The hydroxyl-terminated PDMS {HOA[Si(CH3)2O]nAH;

the corresponding average molecular weight was 3.6 3 105 g/mol}

was purchased from Beijing Chemical Co. (China). The poly(viny-

lidene fluoride) ultrafiltration membranes were from China Devel-

opment Center of Water Treatment Technology and were used as

the supporting layer. All of the other reagents were analytical grade

and were used without further purification. Deionized water from

a Millipore ultrapure water system was used in all of the

experiments.

Preparation of the PDMS Mixed-Matrix Membranes

For the sol–gel chemistry, TEOS was used as a precursor. TEOS

was previously diluted in ethanol and then added to PDMS

under magnetic stirring at room temperature. An HCl solution

was dropped into the PDMS–TEOS mixed solution to adjust

Figure 1. Interaction between TEOS and PDMS.
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the pH at 4.5 and maintain the hydrolysis reaction for 30 min.

Then, a small amount of dibutyltin dilaurate was added to the

solutions; this served as a catalyst for the crosslinking reaction

of PDMS and TEOS. After undergoing 24 h of the crosslinking

reaction, the solutions were kept in a vacuum oven to remove

air bubbles. Then, they were cast onto a poly(vinylidene fluo-

ride) porous support membrane at room temperature. The

membranes were kept in vacuo at 80�C for 24 h to accomplish

a deep crosslinking process and evaporate the solvent. All of the

samples were stored in a dust-free and dry environment before

the deoxygenation measurements. The interaction between

TEOS and PDMS mainly included hydrolysis and condensation

reactions. As shown in Figure 1, an approach that combined the

polymerization of PDMS with silica precipitation was developed

to prepare the PDMS mixed-matrix membranes. TEOS served

not only as the silicon precursor but also as the crosslinking

agent for PDMS. To obtain various hybrid membranes with dif-

ferent SiO2 contents, the weight ratio between PDMS and

TEOS was changed to 10:1, 10:2, 10:3, 10:4, 10:5, and 10:6.

Those samples were designated as PDMS-1, PDMS-2, PDMS-3,

PDMS-4, PDMS-5, and PDMS-6, respectively.

Characterization of the PDMS Mixed-Matrix Membranes

FTIR Analysis. The attenuated total reflectance (ATR)–FTIR

spectrum was measured with a Nicolet Avatar 360 FTIR spectro-

photometer in the scanning range 4000–500 cm21.

Morphological Analysis. The surface morphology of the PDMS

hybrid membranes was observed with SEM (FEI Quanta 200,

Holland). The membranes were sputter-coated with a thin film

of gold.

Crosslinking Density and Swelling Degree (SD) Measure-

ments. The crosslinking density and SD values of the mem-

brane were determined by the equilibrium swelling method.

The crosslinking density was based on the swelling of rubber in

a solvent at equilibrium; the diffusion rate of the solvent mole-

cules into the crosslinking network was equal to the effusion

rate. The dry PDMS hybrid membranes were immersed in

heptane at 25�C until equilibrium swelling was reached. The

membranes samples were weighed carefully before and after

they were swollen. All of the obtained values were the average

of five different measurements.

The crosslinking density was calculated according to the Flory–

Rehner equation:41

ve52
ln ð12v2Þ1v21vv2

2

vðv1=3
2 2v2=2Þ

(1)

where me is the crosslinking density of the membrane (mol/cm3),

t is the molar volume of heptane (cm3 mol), v is the

interaction parameter between PDMS and heptane (0.49 in

this study), and m2 is the volume fraction of the PDMS

membrane.

m2 was calculated by eq. (2):

v25
w1=q1

ðw12w1Þ
q1

1w1=q1

3100% (2)

where q1 and q2 are the densities of the PDMS and heptane (g/

m3), respectively, and W1 and W2 are the weights of the dried

and swollen membranes (g), respectively.

The SD of the dense membrane was calculated by eq. (3):

SD5
w22w1

w1

3100% (3)

Mechanical Properties. The mechanical properties of the

PDMS mixed-matrix membranes in the dry state were measured

on a universal testing machine (CMT6350, Shenzhen SANS Test

Machine Co., Ltd., China). The samples were tested at least

three times, and the average value was recorded. The measure-

ments were carried out at room temperature with a rate of pull

of 2 mm/min.

Performance of the Membranes in DO Removal

The DO-removal experiments were conducted on a laboratory-

scale circulating unit, as shown in Figure 2. The membrane was

installed in a stainless membrane cell with an effective surface

Figure 2. Schematic diagram of the experimental apparatus for DO removal: (1) feed tank, (2) heating unit, (3) DO meter, (4) flow control pump, (5)

rotameter, (6) membrane cell, (7) collecting bottle, (8) liquid nitrogen cold trap, (9) buffer vessel, and (10) vacuum pump. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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area of 51.35 cm2 in contact with the feed water. The feed water

saturated with DO was continuously circulated through a

micropump. The vacuum was exerted on the membrane unit by

a vacuum pump. The water was pumped instantly through the

downstream side of the membrane cell while the vacuum was

applied at the upstream side to pull oxygen out of the water.

The performances of membranes were determined by the con-

tinuous observation and analysis of the DO concentrations in

the feed water with a DO meter (HQ30d, HACH Co.). During

the deoxygenation experimental runs, the DO concentrations

were measured over a predetermined time after the system tem-

peratures reached steady state. The volume of the feed tank was

5.2 L, and the weight of oxygen removal from water could be

calculated by the differences in the DO concentrations in the

feed tank because it was a sealed system.

The permeation flux of oxygen (Jo; g m22 h21) and the permea-

tion flux of water (Jw; g m22 h21) were calculated by eqs. (4)

and (5), respectively:

J0 g=m2 h
� �

5
Q

ADT
(4)

Jw g=m2 h
� �

5
Qw

ADT
(5)

where Q is the weight of oxygen removed (g) over a predeter-

mined time, DT is the run time of the DO-removal process (h),

and A is the effective membrane area (m2).

The separation factor (a) was calculated by eq. (6):

a5
yoxygen=ywater

xoxygen=wwater

(6)

where xoxygen, xwater, yoxygen, and ywater are the molar fractions of

oxygen and water in the feed and permeate, respectively.

To investigate the effect of the PDMS hybrid membranes and

operating conditions on the DO-removal performance, the

experimental variables in the study, including the TEOS con-

tent, feed water flow rate, operating temperature, and vacuum

level, were included. All of the tests were repeated several times

to ensure the repeatability of consequence, and a maximum

fluctuation of 2% was obtained.

RESULTS AND DISCUSSION

Characterization of SiO2 Particles and Hybrid Membranes

FTIR Spectroscopy. The structural characterization of the

membranes was carried out by ATR–FTIR spectroscopy. The IR

spectra of the PDMS mixed-matrix membranes with different

TEOS contents are shown in Figure 3. As shown in Figure 3,

the IR spectra was normalized corresponding to the vibration of

the SiAOASi bonds in the PDMS–silica networks. The absorp-

tion peak that was observed at 1010 cm21 in the spectrum was

attributed to SiAOASi symmetric stretching vibrations. The

absorption peak at 787 cm21 was the symmetric stretching

vibrations of the SiAOASi groups. Furthermore, in a compari-

son of the different TEOS concentrations of the membranes, the

spectra showed that the peak intensities of the SiAOASi groups

at 1010 and 787 cm21 were significantly enhanced when the sil-

icon precursor content was increased; this indicated the forma-

tion of the hybrid network in the hybrid material and the

higher weight fraction of SiO2 in the PDMS–silica mixed-

matrix membranes. The characteristic absorption band of the

SiAOH groups at 3300 and 950 cm21 did not appear in the

spectrum, which indicated that most of the terminal hydroxyl

groups of PDMS were removed during the crosslinking reaction.

Therefore, the hydrolyzed TEOS already formed the three-

dimensional SiAOASi network.

Morphological Analysis. The characteristics of the surface mor-

phologies of the PDMS mixed-matrix membranes with various

TEOS contents are shown in Figure 4. As mentioned earlier,

TEOS served as not only the silicon precursor but also the

crosslinking agent for PDMS. When the TEOS concentration

was lower, the TEOS mainly participated in the crosslinking

process, reacted with PDMS, and formed the three-dimensional

network. As shown in the SEM images in Figure 4(A–C), there

was a general tendency for the membrane surface structures to

become dense and smooth. When the TEOS concentration was

higher, TEOS was involved in the sol–gel reaction and formed

nanosilica particles within the PDMS matrix. The results show

that the particles were homogeneously dispersed in the mem-

brane matrix. Because of the flexible chains of the silicon rub-

ber, the PDMS matrix network filled up the membrane defect

immediately. The presence of TEOS promoted better mixing of

the organic phase and inorganic phase, and the favorable com-

patibility between the PDMS matrix and the SiO2 inorganic

particles promoted the homogeneous dispersion.

Crosslinking Density and SD Measurements. The crosslinking

density and SD were also important parameters for defining the

properties of the membranes. Figure 5 displays the effect of the

TEOS content on the crosslinking density and SD of the PDMS

hybrid membranes. As shown in Figure 5, the crosslinking den-

sity in the PDMS–silica hybrid membranes increased remarkably

with the addition of TEOS and then slightly increased with the

increasing TEOS–PDMS ratio from 0.5 to 0.6. This means that

TEOS contributed to the crosslinking process of the polymer

networks; the silica particles provided a number of additional

Figure 3. ATR–FTIR spectra of the PDMS hybrid membranes. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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crosslinking points, which increased the crosslinking density of

the PDMS matrix. We also observed that the higher content of

TEOS in the PDMS membrane led to a lower degree of mem-

brane swelling. In general, the SD of the membrane decreased

with increasing crosslinking density. The higher amounts of

crosslinking points offered stronger elastic resistance, which led

to a lower SD of the membranes.

Mechanical Properties. The testing results of the mechanical

stability, including the tensile strength and strain at break, are

listed in Table I. The mechanical stability of the membranes was

enhanced with increasing TEOS content. This trend was inter-

preted by the strong interactions between the silica and PDMS

via the hydrogen bonds between the silanol groups on the silica

surface and the oxygen atoms on the polymer chains. Silica was

generated by the hydrolysis of TEOS, and the silica particles

acted as crosslinking points in the composite membranes to

link the polymeric chains and increase their rigidity; this indi-

cated that more energy was needed to break down the bond

between the silica and PDMS. As a result, the addition of a suit-

able amount of TEOS into the membranes improved the

mechanical properties of the composite membranes. Li et al.36

also observed the a mechanical stability for inorganic particles

on PDMS membranes with similar trends.

Membrane Deoxygenation Performances

Effect of the SiO2 Content in the Hybrid Membranes. The

effect of the TEOS contents of the hybrid membrane on the

oxygen–water permeability was investigated, as shown in Figure

6. The DO concentration in the feed water was kept at 9 mg/L,

and the performed experiments had a duration time of 1 h. As

shown in Figure 6, with increasing TEOS content, the separa-

tion factor of oxygen and water increased, and the Jo and Jw val-

ues of the hybrid membrane increased from PDMS-1 to PDMS-

5. This was followed by a slight decrease when the TEOS–

PDMS ratio was 0.6 (PDMS-6). With the TEOS–PDMS ratio

increasing from 0.1 to 0.5, the oxygen flux increased from 1275

to 2182 mg�m22�h21 whereas the selectivity increased from

109.8 to 139.7. These figures indicate that not only the flux but

also the separation factor were strongly dependent on the TEOS

content.

The rubbery PDMS had great potential in the separation of gas

and small molecules on the basis of the solution–diffusion

mechanism. The diameters of oxygen and water molecules were

Figure 4. SEM images of the membrane surface structures of (A) PDMS-1, (B) PDMS-3, and (C) PDMS-5 at 5003 magnification. SEM images of the

membrane surface structures of (a) PDMS-1, (b) PDMS-3, and (c) PDMS-5 at 10,0003 magnification. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 5. Effect of the TEOS content on the crosslinking density and the

SD of the PDMS hybrid membranes. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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about 0.29 and 0.4 nm. Generally, smaller molecules (oxygen)

diffused faster than larger molecules (water) because of a high

fraction of free-volume voids available for smaller penetrant

molecules. Moreover, the PDMS networks had excellent perme-

ability to gas molecules; this was attributed to the high flexibil-

ity of the siloxane (ASiAOA) chains, whereas water had a

lower solubility and permeability because the PDMS chains con-

tained ASiACH3 groups, which made the PDMS membranes

hydrophobic. Consequently, during the deoxygenation process,

oxygen was the more permselective component through the

membrane.

In general, the permselectivity through mixed-matrix mem-

branes strongly depends on their morphology: the volume frac-

tion and the size and shape of the dispersed and continuous

phases.42 Smaller particles provide more polymer–particle inter-

facial area and enhance the polymer–filler interface contact. The

incorporation of SiO2 particles into the PDMS matrix provided

extra free volume to the polymer chains, enhanced the size of

the network pores, and prevented the polymer chains from

packing tightly; therefore, the oxygen and water molecules per-

meated more easily than they did through the pure PDMS

membrane. On the other hand, when the concentration of sili-

con precursors increased, the PDMS mixed-matrix membranes

offered more diffusion paths for those penetrant molecules.

Consequently, the silica particles offered spaces for oxygen and

water molecules to permeate through the membranes. However,

when excessive silica particles were incorporated, the fractional

free volume decreased accordingly; meanwhile, the mass-transfer

resistance of the membrane increased, and this resulted in a

negative effect on the permeability. These results show that the

proper TEOS content was beneficial for oxygen permselectivity.

A similar behavior was observed by Aroon et al.,26 in which the

introduction of inorganic fillers into PDMS significantly

improved the properties of membranes because of the intermo-

lecular interactions between inorganic and organic materials.

Effect of the Operating Temperature. The temperature is an

important operating parameter in deoxygenation because it

affects both the sorption and diffusion rates. The effects of the

operating temperature for the vacuum degassing process

through PDMS hybrid membranes are shown in Figure 7; the

downstream absolute pressure was kept at 100 Pa, and the dura-

tion was 1 h. As shown in Figure 7(a), Jo slightly improved

when the temperature was increased from 293 to 313 K, and Jw

[Figure 7(b)] showed a visible increase. As a result, the separa-

tion factor decreased sharply [as shown in Figure 7(c)]. Both Jo

and Jw increased at higher temperatures because of the higher

partial pressures and high-frequency vibration of the polymer

chains; these offered extra free volume within the polymer

matrix and resulted in more molecules permeating the mem-

brane. The diffusion rates of oxygen and water molecules were

enhanced, and this led to a high permeation flux (J). The con-

centration of water was much higher than that of oxygen in the

feed solution; the increase in the feed temperature weakened the

difference in the solubility and diffusion rates of oxygen and

water molecules and caused a decrease in the separation factor.

The temperature dependence of J could be expressed by an

Arrhenius relationship according to eq. (7):43

J5Apexp
2EA

RT

� �
(7)

where AP is a constant, EA is the apparent activation energy for

the permeation flux, T is the absolute temperature, and R is the

gas constant.

Figure 8 shows Arrhenius plots (ln J vs 1/T) through the PDMS

membranes according to eq. (7). The temperature dependence

of J agreed well with the Arrhenius relationship. The fitted

apparent activation energies of the PDMS-5 membrane from

Table I. Mechanical Properties of the Membranes

Membrane Tensile strength (MPa) Strain at break (%)

PDMS-1 5.63 6 0.12 41.03 6 0.86

PDMS-2 5.88 6 0.15 50.70 6 1.29

PDMS-3 6.92 6 0.09 65.78 6 0.89

PDMS-4 7.07 6 0.16 67.48 6 1.53

PDMS-5 7.39 6 0.15 71.04 6 1.44

PDMS-6 7.57 6 0.13 74.85 6 1.35

Figure 6. (a) Jo and Jw and (b) separation factor values with different

TEOS contents (experimental conditions: DO concentration in feed

water 5 9 mg/L, operating temperature 5 293 K, water flow rate 5 160 L/

h, vacuum level 5 100 Pa, and operating time 5 1 h). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the slope were Eoxygen 5 8.39 kJ/mol and Ewater 5 21.71 kJ/mol

at a DO concentration of 9 mg/L; this indicated that the trans-

port of oxygen molecules through the membrane occurred

more readily than water under the operating temperature.

Effect of the Operating Vacuum. It is well known that the

chemical potential difference between the permeate side and the

feed side, which is created by the application of vacuum or a

sweep gas to the permeate side of the membrane, is a critical

mass-transfer driving force for the deoxygenation process. The

operating vacuum is an important factor in the liquid–gas

membrane separation process, and the effect of the operation of

a vacuum on the oxygen-removal performances with the

PDMS-5 membrane is revealed in Figure 9; the water flow rate

was kept constant at 160 L/h with an operating temperature at

293 K and a running time of 1 h. The results show that Jo and

Jw decreased as expected when the vacuum level (absolute pres-

sure) in the downstream side of the apparatus increased from

100 Pa to 20 kPa. The vacuum applied underneath the mem-

brane cell caused a drop in the oxygen partial pressure and pro-

vided the driving force for the degassing process. The Jo values

were improved with an increase in the driving force. At a

deeper vacuum level, the DO-removal efficiency increased, and

this led to a high differential pressure of oxygen. Therefore, it

was possible to achieve a higher DO-removal performance

through a reduction in the absolute pressure. To achieve a supe-

rior removal performance, a deep vacuum level is needed.

Effect of the Water Flow Rate. The effect of the water flow rate

on the DO-removal performance with the PDMS-3 membrane

is shown in Figure 10; the absolute pressure was kept at 100 Pa,

and the operating temperature was maintained at 293 K with a

running time of 1 h. The J values and the separation factor

both increased measurably with the increase in the water flow

rate up to 160 L/h and then slightly increased with the further

increase in the water flow rate from 160 to 200 L/h. This may

have been due to the decrease in the liquid film resistance in

the liquid side of membrane at a higher water flow rate,44

which promoted the mass transfer of both oxygen and water

and resulted in an increase in the J values. Therefore, a higher

oxygen-removal efficiency was obtained at a higher water flow

rate. From an economic point of view, a water flow rate of

160 L/h was chosen for DO removal.

Long-Term Experiment. For industrial applications of vacuum

degassing with a membrane process, it is expected that the level

of DO concentration in water can reduced to a low level by

membrane module. PDMS-1 and PDMS-5 membranes were

Figure 7. Effect of the operating temperature on the (a) Jo, (b) Jw, and (c) separation factor values with different TEOS contents (experimental condi-

tions: DO concentration in feed water 5 9 mg/L, water flow rate 5 160 L/h, vacuum level 5 100 Pa, and operating time 5 1 h). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Temperature dependence of the (a) Jo and (b) Jw values (experi-

mental conditions: DO concentration in feed water 5 9 mg/L, water flow

rate 5 160 L/h, vacuum level 5 100 Pa, and operating time 5 1 h). [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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tested in a long-term deoxygenation experiment. Figure 11

shows the oxygen concentration for a prolonged duration while

the feed flow rate was kept at 160 L/h, the operating tempera-

ture was 293 K, and the vacuum level was 100 Pa. The DO con-

centration of the two membranes decreased to the same value

of 0.015 mg/L finally, and the DO-removal efficiency was

99.8%. According to the mass-transfer model, oxygen transport

through the membrane was achieved through maintenance of a

lower pressure on the permeate side of the membrane. Figure

11 also shows that the equilibrium time of PDMS-5 was shorter

than that of PDMS-1; this suggested that the PDMS mixed-

matrix membrane showed enhanced productivity and efficiency.

The PDMS membrane has good potential to improve perform-

ance in industrial degassing applications.

CONCLUSIONS

In this study, the fabrication of mixed-matrix membranes was

carried out with TEOS and siloxane polymers via the sol–gel

process. Hydroxyl-terminated siloxane polymers were reactive

enough to be incorporated into the silica networks. Silica par-

ticles were generated in situ by the hydrolysis reaction of TEOS.

The membrane properties and morphological structure were

characterized, and the crosslinking density was measured.

The results indicate that the introduction of TEOS sol affected the

morphologies and properties significantly. The hybrid membranes

improved the oxygen-removal efficiency remarkably, and a maxi-

mum J was obtained when the weight ratio of PDMS to TEOS was

10:5. An improved PDMS membrane was obtained, and it

enhanced the DO-removal performance through the control of the

TEOS concentration in the PDMS mixed-matrix membranes.

The effects of the operating parameters, such as the water tem-

perature, operating vacuum, and water flow rate, were also

investigated. A low temperature enhanced the membrane per-

formance. The lower absolute pressure applied to the membrane

was a very suitable method for removing DO from water. The

results show that this kind of composite membrane efficiently

removed DO, and the silica particles could be formed in situ

and homogeneously embedded into the polymer matrix to

render membranes with tunable free-volume properties and

superior separation performance. This high-performance

Figure 9. Effect of the operating vacuum on the oxygen-removal perform-

ance with the PDMS-5 membrane (experimental conditions: DO concen-

tration in feed water 5 9 mg/L, operating temperature 5 293 K, water flow

rate 5 160 L/h, and operating time 5 1 h). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. Effect of the water flow rate on the (a) Jo and Jw and (b) sepa-

ration factor values with the PDMS-5 membrane (experimental condi-

tions: DO concentration in feed water 5 9 mg/L, operating

temperature 5 293 K, vacuum level 5 100 Pa, and operating time 5 1 h).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 11. Effect of the long-term operating time with PDMS-1 and

PDMS-5 (experimental conditions: DO concentration in feed

water 5 9 mg/L, operating temperature 5 293 K, water flow rate 5 160 L/

h, and vacuum level 5 100 Pa). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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separation PDMS membrane showed great potential in the

deoxygenation process.
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