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Polysulfone (PSF) membranes are broadly applied in many fields owing to good physicochemical stability,
resistance to oxidation and chlorine. But when treated with wastewater containing oil, PSF membranes
are easily contaminated due to their hydrophilicity, causing declining flux and lifespan of the mem-
branes thereby limiting their large scale applications. In order to enhance the hydrophilic and anti-fouling
capability of PSF membranes for treating wastewater containing oil, sulfated Y-doped zirconia particles
(S042%~/Zr0,-Y,03 or SZY particles) were firstly synthesized and then doped into polysulfone to fabri-
cate a novel hybrid membrane (SZY/PSF). The optimum preparation conditions of SZY particles were
studied and determined. SZY particles were characterized by X-ray diffraction (XRD), Fourier transform
infrared (FTIR), specific surface area and transmission electron microscopy (TEM). Wastewater contain-
ing oil (80 mg/L) was used to investigate the separation properties of SZY/PSF membranes. The results
show that the oil concentration in the permeation is 0.67 mg/L, which meets the recycle standard of the
Chinese oil-field (SY/T 5329-94, oil concentration <10 mg/L). It is concluded that doping SZY particles into
polysulfone can reasonably resist membrane fouling and SZY/PSF membranes can be considered feasible
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in treating wastewater containing oil.
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1. Introduction

A great deal of wastewater containing oil is generated from
petrochemical industries, which not only pollutes the environment
but also wastes crude oil and water resources. Thus, wastewa-
ter containing oil needs to be treated effectively. There are many
conventional methods used to treat wastewater, such as gravity
setting, flocculating and fiber adsorption. However, soluble oil in
the wastewater cannot be entirely eliminated by these methods.
Membrane technology offers an effective solution to the problem
of treating wastewater containing oil mentioned above [1]. This is
because it has a lot of advantages such as easy operation, low cost
and capability of reducing contaminants. At present, polysulfone
(PSF) membranes are regularly used in the treatment of wastewa-
ter containing oil owing to their good physicochemical stability and
resistance to oxidation and chlorine [2-6]. However, oil droplets
in the wastewater cause PSF membrane fouling, which shortens
the lifetime and limits the application area of the PSF membrane
[3]- Therefore, enhancing the hydrophilic property and anti-fouling
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capability of PSF membrane is now the focus of many research
groups.

Nowadays many methods to enhance the hydrophilicity of
polymer membrane have been reported. Among these methods,
doping inorganic oxide particles (such as SiO,, TiO,, Al,03, ZrO,)
to polymers to produce organic-inorganic composite membranes is
attractive, owing to its simple preparation process and advantages
of both organic membranes and inorganic particles [6-9]. Though
properties of polymer membranes can be enhanced by adding inor-
ganic oxide particles, further enhancement of polymer membranes’
properties is limited. That is because there are few hydroxide radi-
cals on the surface of inorganic oxide particles with stoichiometric
structure [10]. In contrast, there are various point defects inside
and numerous exposed hydroxide radicals on the surface of non-
stoichiometric inorganic oxide particles. So these particles show
stronger activity in the course of chemical bonding than inorganic
oxide particles with stoichiometric structure [11].

In recent years, materials doped with rare earth elements (such
as Ce, La or Y) and materials activated by H,SO4 have become two
research focuses [12-16]. Zhang et al. [17] prepared the Ce-doped
silicas (CexSij_xO5_s_700) withx =0.06-0.08 which have the smaller
pore size, larger specific surface area, many Lewis acid sites and a
better hydrophilic property. Besides, it is reported from the work
of Boulouz that proper addition of Y503 can stabilize tetragonal
structure of ZrO, which has a higher chemical reaction activity
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at room temperature [18]. Moreover, it is well known that the
interaction between sulfated oxides and metals leads to the for-
mation of materials with greater acidity and surface areas than
that one of non-sulfated oxides [19]. In the work of Jong et al.
[20] and Reddy et al. [21], the surface acidity property of ZrO,
can be obviously improved by H,SO4 activation. Zhang et al. [22]
added Ce-doped nonstoichiometric nanosilica to PSF membranes
to prepare Ce-doped nonstoichiometric nanosilica/PSF composite
membranes and investigated the effect of adding inorganic oxide
particles on the improvement of properties of PSF membranes.
These reports indicate that doping nonstoichiometric inorganic
oxide particles (ZrO, or SiO,) modified by sulfuric acid to poly-
mer membranes may produce composite membranes with better
properties. Therefore, studying and developing sulfated nonstoi-
chiometric inorganic oxide particles have important significance
to enhance the hydrophilic property, antifouling capability, tensile
strength and anti-compaction property of PSF membranes.

In this paper, in order to enhance the hydrophilic and anti-
fouling capability of PSF membranes for treating wastewater
containing oil, SZY particles were firstly synthesized and then
doped into PSF to fabricate SZY/PSF membranes by a sol-gel pro-
cess. The optimum preparation conditions of SZY particles were
studied and determined; SZY particles were characterized by XRD,
FTIR, Specific surface area and TEM etc.; the hydrophilic property,
antifouling capability, tensile strength and anti-compaction prop-
erty of SZP/PSF membranes were also investigated.

2. Experimental
2.1. Materials and reagents

Y,03, ZrOCl,-8H,0, SiO, and nonionic surfactant - fatty alco-
hol polyoxyethylene ether (SA-20) were obtained from Tianjin
Jiangtian Chemical Technology Co. Ltd. (China). N-Butyl alcohol
and NHs3-H,0 were supplied by Tianjin Jinyu Fine Chemical Fac-
tory (China). PSF was purchased from Dalian Polysulfone Co. Ltd.
(China); its MW and polydispersity were 84,400Da and 1.37,
respectively.

2.2. Preparation of SZY particles and SZY/PSF membrane

2.2.1. Preparation of SZY particles

Y,03, ZrOCl,-8H,0 and surfactant SA-20 with different molar
ratios were dissolved in a hydrochloride solution of 1 mol/L under
stirring while heating at 40-50°C. Aqueous ammonia of 2 mol/L
was then added into the mixed solution until the pH value was
adjusted to about 10.0. After aging for 12 h at 25 °C, the ZrO,-Y»03
gel particles were washed with deionized water to remove chlo-
ride ions. After chloride ions removal, ZrO,-Y, 03 gel particles were
washed with n-butyl alcohol for several times and vacuum dried at
110°C to form ZrO,-Y,03 powder particles. Then the ZrO,-Y,03
powder particles were dipped in H,SO4 solutions of different con-
centration while stirring for 30 min, filtered by the Buchner funnel,
dried at 110°C and finally sintered at different temperatures for
2 h. Finally, a series of SZY particles with yttrium of different molar
ratio were obtained.

2.2.2. Preparation of SZY/PSF membrane

The preparation process of the membranes is similar to the
literature [23]. In this paper, SZY particles were used as the fill-
ing materials to prepare the SZY/PSF membrane (the mass ratio
of SZY/PSF was 15%). The PSF membrane and SiO,/PSF membrane
(the mass ratio of SiO,/PSF was also 15%) were used as comparison
samples.
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Fig. 1. Schematic diagram of the experimental device.

2.3. Characterization of SZY particles and SZY/PSF membrane

XRD measurement of SZY particles was performed using a D8
Advance X-ray diffraction (Bruker Corporation, Germany) with Co
Ky (A=0.17890 nm) radiation, a scanning range (26) from 10° to
90°, the sampling pitch 0.02°, the tube voltage 40 kV and the tube
electric current 40 mA. Samples were tested after grinding and
pressing a tablet.

Specific surface area of SZY particles was determined by a NOVA-
2000 specific surface area and porosity analyzer (Quantachrome
Instruments, USA).

SZY particles were investigated by the Nicolet NEXUS Fourier
transform infrared (FTIR) spectra (Thermo Scientific Corporation,
USA), by the KBr method, with Acc Voltage 10kV. And the TEM
images of the samples were recorded on a JEM-100CX II trans-
mission electron microscope (JEOL Corporation, Japan) with the
operating voltage of 100 kV.

Membrane surfaces and cross-section were observed under a
Nanosem 430 scanning electron microscope (FEI Corporation, USA)
with the voltage of 10kV. An even specimen of fabricated mem-
brane was tested with an Instron 5543 material extensometer
(Instron Corporation, USA). The operation conditions were stroke
speed 15 mm/min, measuring range 0-4 MPa and test temperature
21°C.

2.4. Studies of properties of membranes doped with SZY particles

2.4.1. Anti-compaction experiment of membranes

It is known that both membrane contamination and membrane
compaction lead to flux changes. Because pure water was used as
the feed solution in this experiment, the negative effect of mem-
brane contamination on the flux of membrane was eliminated.
Therefore, the anti-compaction property of SZY/PSF membrane,
SiO,/PSF membrane and PSF membrane can be evaluated by the
pure water flux of these membranes. Fig. 1 shows a schematic dia-
gram of the experimental set-up used in this paper. Feed solution
(pure water) was transported to the membrane groupware by a
diaphragm pump. Flow was regulated using a valve V1 while the
pressure on the membrane was adjusted by another valve V2. The
feed stream split into two streams: the one which contained non-
passing components was returned to the feed tank; the other one
contained components passing through the membrane and it was
measured by a measuring cylinder. The permeation was returned
to the feed tank in order to keep a constant feed concentration. The
permeation volume of pure water was recorded per 1h and the
operating pressure was 0.20 MPa. Permeation flux of pure water is
calculated by the following equation:

%4

I=571

(1)
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where J is the permeation flux (L/(m?2 h)), V the permeation volume
(L), S the effective membrane area (m?) and t the operating time.

After a certain time, flux declination occurred and it can be cal-
culated by the equation:

Jo—1Jt
Jo

FD = x 100% 2)

where FD is the flux declination (%), Jo is the initial permeation flux
(L/(m?2 h)) and J; is the permeation flux at t time (L/(m? h)).

2.4.2. Hydrophilicity experiment of membranes

The permeation flux test of membranes for wastewater contain-
ing oil was carried out under the operating pressure of 0.20 MPa
for 11 h (oil concentration of the wastewater is 80 mg/L). To take
into consideration the negative effect of membrane compaction
on the flux of the membrane, SZY/PSF membrane, SiO,/PSF mem-
brane and PSF membrane which had been operated for 30h in
the anti-compaction experiment were used in this hydrophilic-
ity experiment. Thereby, the permeation flux of membranes can
be used to represent the hydrophilicity of membranes. The exper-
imental set-up was the same as used in the anti-compaction
experiment (Fig. 1) and the procedure was similar with that
in the anti-compaction experiment except wastewater contain-
ing oil was used as the feed solution in the permeation flux
experiment.

The oil concentration in the permeation was determined by UV
spectrophotometer (PE Co. Ltd., USA) at 225 nm [24,25] and the
retention rate R is calculated by the following equation:

(CG1-G)
1

R= x 100% (3)

where R is the retention rate (%), C; the oil concentration in the feed
solution (80 mg/L) and C; the oil concentration in the permeation
(mg/L).

Moreover, membranes without compaction treatment were
tested by the 1501 type contact anglometer (Micromeritics Cor-
poration, USA) in order to show the hydrophilicity of these
membranes.

2.4.3. Permeation flux recovery experiment of membranes

After working for a period, the permeation flux of membrane
tends to decline and can recover to some degree by the flushing pro-
cess. The filling effect of SZY particles on the integrative properties
of PSF membrane including the hydrophilic property, antifouling
capability and anti-compaction property was investigated via the
permeation flux recovery of membranes after backflushing and
chemical cleaning.

The operating conditions for the backflushing experiment were:
backflushed once after each 11 h for one 20 min period; the oper-
ating condition for chemical cleaning experiment was: chemical
cleaning once every month for one 30 min period. The chemical
cleaning process was as follows:

(1) Clean membranes with 3% NaOH solution, and then rinse with
pure water.

(2) Clean membranes with 3% HCI solution, and then rinse with
pure water to obtain a neutral state.

The permeation flux recovery of membranes experiment was
carried out at the condition of oil concentration of wastewater
80 mg/L, temperature 25 °C and operating pressure 0.20 MPa.
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Fig. 2. X-ray diffraction patterns of SZY particles doped with molar ratios of
yttrium/zirconium 2%, 4%, 6% and 8%.

3. Results and discussion

3.1. Determination of optimum preparation conditions for SZY
particles

3.1.1. Effect of the yttrium element concentration

As shown in Fig. 2, X-ray diffraction peaks of SZY particles at
260=30.15°,35.18° and 50.56° can be observed, attributed to crystal
face (111),(200) and (22 0) of the tetragonal ZrO, phase respec-
tively [26]. It is also observed from Fig. 2 that when the molar
ratio of yttrium/zirconium is 6%, the diffraction peaks for tetrag-
onal ZrO, system are strongest, which suggests that the content of
tetragonal ZrO, phase in SZY particles reaches the maximum [27].
However, the diffraction peaks weaken when the molar ratio of
yttrium/zirconium exceeds 6% and there is no diffraction peak of
Y,03 in X-ray diffraction patterns of particles, which shows that
the Y3* cations have been doped into the frame structure of ZrO,.
It can be determined from the results that the appropriate molar
ratio of yttrium/zirconium is 6% and this is the appropriate concen-
tration of yttrium element that can inhibit the crystal transition of
ZrO, system from tetragonal phase to monoclinic phase.

3.1.2. Effect of the surfactant concentration and H,SOy4 solution
concentration

In this paper, nonionic surfactant SA-20 with hydrophobic
aliphatic alcohol and hydrophilic epoxyethane was used to prepare
SZP particles. The size and specific surface area of SZY particles con-
trolled by the concentration of surfactant SA-20 and H,SO4 solution
were studied. Results are shown in the Table 1 and Fig. 3, respec-
tively. The average particle size of SZY particles is calculated by the

Scherrer formula:
KA

D= -2 4

B cosb )

Table 1
Effects of the surfactant SA-20 concentration on properties of SZY particles.

No. Surfactant Specific surface Average particle
concentration (wt%) area (m2g1) size (nm)

1 1 165.3 53

2 3 220.8 36

3 5 210.6 45

4 7 1724 50
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Fig. 3. Effect of H,SO4 solution concentration on specific surface area of SZY parti-
cles.

where D is the average diameter of particles; A is the X-ray wave-
length; K is a constant 0.89; § is the half peak width of X-ray
diffraction peak at 260 =30.15°.

As it is shown in Table 1, when the surfactant SA-20 concentra-
tion is 3 wt%, the average particle size of SZY particles reaches the
minimum value 36 nm and the specific surface area of SZY particles
reaches the maximum value 220.8 m2 g~!. In order to synthesize
SZY particles with better properties, the appropriate concentration
of surfactant SA-20 is 3 wt%.

Moreover, it can be observed from Fig. 3 that when H,SO4 solu-
tion concentration is less than 1.0 mol/L, the specific surface area
of SZY particles increases rapidly with increasing of H,SO4 solution
concentration. This is because aggregation between SZY parti-
cles can be effectively inhibited when the concentration of H,SO4
solution is less than 1.0 mol/L. In contrast, when H,SO4 solution
concentration is more than 1.0 mol/L, the superfluous H,SO4 can
react with ZrO; to form Zr(SO4);, [28]. After sintering, Zr(SO4), can
decompose and generate ZrO, which causes SZY particles to aggre-
gate. Thereby, the specific surface area of SZY particles decreases
rapidly when the H,SO4 solution concentration exceeds 1.0 mol/L.
So the appropriate concentration of H,SO,4 solution is 1.0 mol/L,
because under this condition the maximum surface area of SZY
particles can be obtained.

3.1.3. Effect of sintering temperature

Fig. 4 represents the X-ray diffraction patterns of SZY particles
that were sintered at different temperatures for 2 h. The molar
ratio of yttrium/zirconium is 6%. It can be observed from Fig. 4
that when sintering temperature reaches 700°C, characteristic
diffraction peaks of monoclinic SZY particles system (26 =28.16°
and 20 =31.44°) appear and the characteristic peaks of tetragonal
SZY particles system (26 =30.15°) weaken significantly. This result
suggests that some SZY particles have changed from tetragonal
phase to monoclinic phase. In addition, the characteristic diffrac-
tion peaks of the tetragonal SZY particles system (at 260=30.15°)
are strongest at 650 °C, which suggests that the appropriate sin-
tering temperature of SZY particles should be 650 °C. Furthermore,
based on the report that pure ZrO, crystal is in a tetragonal phase
at 1100-2300°C [26], the analyses above show that adding yttrium
and introducing SO42~ group could prevent the transition of SZY
particles from tetragonal phase to monoclinic phase at low tem-
peratures.
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Fig. 4. X-ray diffraction patterns of SZY particles sintered at different temperatures
(the molar ratio of yttrium/zirconium is 6%).

The average particle size, the specific surface area of SZY parti-
cles and sulfur content on the surface of SZY particles sintered at
different temperature for 2 h were measured and results are shown
in Table 2. With increasing sintering temperature, the average size
of SZY particles increases gradually whereas their specific surface
area and sulfur content decrease gradually. When the sintering
temperature is higher, SZY particles can melt and aggregate to form
larger particles, which finally results in the increase of particle size
and the decrease of specific surface area. According to the analy-
ses above, the optimum sintering temperature of SZY particles is
650°C.

It can be determined from analyses above that optimum
preparation conditions for SZY particles are: the molar ratio for
yttrium/zirconium 6%, the surfactant SA-20 concentration 3 wt%,
the H,SO,4 concentration 1mol/L and the sintering temperature
650°C for 2 h.

3.2. FTIR analysis of sample particles

SZY particles (these particles were prepared under the opti-
mum conditions listed previously: molar ratio yttrium/zirconium
6%, surfactant SA-20 concentration 3 wt% and H,SO4 concentration
1 mol/L) were characterized by FTIR.

The FTIR spectra of particles are shown in Fig. 5. The peaks at
3400 cm~! and 1627 cm~! are attributed to the stretching vibration
and distorting vibration of OH group, respectively. Compared with
FTIR spectra for ZrO, particles, the characteristic vibration peaks
of OH group for SZY particles are stronger. A stretching vibration
peak of Zr-O-Zr bond of ZrO, particles is at 500cm~! (a); in con-
trast, stretching vibration peaks of Zr-O-Zr bond of SZY particles
are at 460cm~! (b) and 469 cm™! (c), respectively, which move
toward the lower wave number region. These results indicate that
Zr-0-Y bond is formed and the Y3* cations are doped into the ZrO,
frame structure [29]. The conclusion is in accord with the conclu-

Table 2
Effect of sintering temperature on properties of SZY particles.
T(°C) Sintering Average particle Specific surface SO3 (Wt%)
time (h) size (nm) area (m?g')
550 2 14 264.1 7.9
600 2 23 240.3 5.1
650 2 36 220.8 3.6
700 2 69 1135 23
800 2 86 78.03 1.1
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Fig. 5. FTIR spectra of ZrO, particles, SZY particles sintered at 600°C and 650°C
respectively.

sion of X-ray diffraction patterns of SZY particles in Fig. 2. The weak
absorption band at 2928 cm~! is the characteristic peak of ZrO;. It is
also observed in the FTIR spectrum (b) and (c) [30]. The peak of S=0
covalent band at 1390cm~"! is a characteristic peak of H,SO,4 and
the bands at 1070 cm~! are assigned to a chemical bond formed by
chelate reactions between sulfate and metal ions on the surface of
the ZrO,. These results suggest that Y3* cations have entered into
the ZrO, frame structure and partly replaced Zr** cations inside
the ZrO,. Furthermore, it is reported that the characteristic peak
strength of the Lewis acid site (around 1450 cm~!) and the Bronsted
acid site (around 1530-1550cm™1) are reduced at 423 K with the
comparison of those at 298K [31]. When the sintering tempera-
ture exceeds 600°C, the two characteristic peaks will gradually
disappear. Therefore, they are not observed in spectrum (b) and

(c).

3.3. TEM analysis of sample particles and SEM of SZY/PSF
membrane

When preparing SZY particles for TEM analysis, ZrO,-Y,03 gel
particles were first washed by deionized water, then were dipped in
H,S04 solution, dried and sintered, respectively. Finally, SZY parti-
cles (a) were obtained. Similarly, SZY particles (b) were obtained by
following procedure: ZrO,-Y,03 gel particles were firstly washed
by deionized water and n-butyl alcohol, dipped in H,SO4 solu-
tion, dried and sintered, respectively. SZY particles (a) and (b) were

Table 3
Tensile strength of pure PSF, 15 wt% SiO, /PSF and 15 wt% SZY/PSF membranes.

Type of membrane Tensile strength (MPa)

Pure PSF membrane 1.925
15 wt% SiO, /PSF membrane 2.101
15 wt% SZY/PSF membrane 3.315

synthesized under the optimum preparation conditions: the molar
ratio for yttrium/zirconium 6%, the surfactant SA-20 concentration
3 wt%, the H,SO4 concentration 1 mol/L and the sintering temper-
ature 650°C for 2 h.

Fig. 6(a) shows the TEM images of SZY particles (a) washed by
deionized water; Fig. 6(b) shows the TEM images of SZY particles (b)
washed with deionized water and n-butyl alcohol. It can be seen
from Fig. 6 that SZY particles are basically spherical shape with
the particle diameter between 30 nm and 50 nm. Furthermore, it is
apparent that sample (a)’s aggregation is stronger than that of sam-
ple (b) and sample (a) particles disperse unevenly. It is because that
after washing with n-butyl alcohol, ZrO,-Y, 05 gel particles adsorb
the layers of n-butyl alcohol to inhibit the aggregation between SZY
particles. In addition, when ZrO,-Y, 03 gel particles are sintered, n-
butyl alcohol molecules (boiling pointat 117.7 °C) decomposed into
gas molecules to form space steric hindrance, which also effectively
inhibits the aggregation between SZY particles.

Fig. 7 shows the SEM images of the cross section and surface of
the 15 wt% SZY/PSF membrane. It is observed in Fig. 7(a)—(c) that
dispersibility of SZY particles in the PSF membrane is relatively uni-
form. In addition, it indicates from Fig. 7(a) that SZY particles are
doped into the PSF membrane structure and have good compatibil-
ity with the PSF membrane, which can improve the tensile strength
and anti-compaction capability of the hybrid membrane. As indi-
cated from Fig. 7(b) SZY particles disperse on the top surface of the
hybrid membrane and addition of SZY particles causes the surface
of the SZY/PSF membrane to appear a little rough.

3.4. Anti-compaction test of membrane

It can be observed from Fig. 8 that the pure water flux of mem-
branes decreases rapidly at the initial stage, then changes slowly
after operating for about 2 h. The pure water flux for SZY/PSF hybrid
membrane at the steady stage (125.6 L/(m? h)) is the highest among
the three kinds of membranes, which suggests that SZY/PSF hybrid
membrane gains better anti-compaction properties than SiO,/PSF
and PSF membranes. The tensile strength of the three membranes is
shown in Table 3. The tensile strength of membranes is improved
from 1.925 MPa to 3.315MPa and tensile strength of the SZY/PSF
membrane is higher than SiO,/PSF membranes (2.101 MPa). It is
because the dispersion property and polysulfone compatibility of
SZY particles in the hybrid membrane is better than SiO, parti-

Fig. 6. TEM images of SZY particles with molar ratio of yttrium/zirconium 6% and sintered at 650 °C (magnification: (a) x140,000; (b) x70,000).
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Fig. 7. SEM of the cross section and surface of the 15 wt% SZY/PSF membrane: (a)
cross section x60,000, (b) top surface x60,000, (c) bottom surface x30,000.
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Fig. 8. Permeation flux of different membranes for pure water.

cles. Results show that doping SZY particles into PSF membranes
effectively improves mechanical performance and anti-compaction
properties of the SZY/PSF hybrid membrane.

3.5. Hydrophilicity test of membrane

Fig. 9 shows the relationship of permeation flux of compressed
membranes and operation time when treating wastewater con-
taining oil. Permeation flux of SZY/PSF membrane for wastewater
containing oil reaches steady state (110L/(m? h)) after operating
for 8 h, which is higher than that of SiO,/PSF and PSF membranes
(90L/(m? h) and 60 L/(m? h), respectively). FD of SZY/PSF, SiO; /PSF
and PSF membranes at 11 h is 53.25%, 54.58% and 60% respectively.
Itis reported that as time extends, the membrane resistance caused
by membrane surface fouling is the main reason for the flux decline
[2]. It can be observed that FD of SZY/PSF membrane is minimum,
which exactly shows that doping SZY particles into PSF membrane
can improve hydrophilic properties of the SZY/PSF membrane to
decrease membrane fouling. It is because SZY particles with more
OH groups and Lewis acid sites are dispersed inside SZY/PSF hybrid
membrane, which makes SZY/PSF hybrid membrane have better
hydrophilic properties. Table 4 shows the results of water samples
treated by different membranes for 11 h. The oil concentration in
permeation treated by the SZY/PSF membrane is 0.67 mg/mL, which
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Fig. 9. Permeation flux of different compressed membranes for wastewater con-
taining oil.
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Fig. 10. The anti-fouling mechanism of the SZY/PSF hybrid membrane.

meets the recycle standard of Chinese oil-filed (SY/T 5329-94, oil
concentration <10 mg/L). The results indicate that SZY/PSF mem-
branes have a potential application in treatment of wastewater
containing oil.

It can be also observed from Fig. 10 that when wastewater con-
taining oil flow through the surface of the hybrid membrane, a
water layer is formed between water molecules and SZY particles
by hydrogen bond, which can effectively inhibit oil drops to pass
through the hybrid membrane. After operating for a period, the gel
layer formed on the surface of the water layer was accumulated
to a certain thickness and easily washed off by wastewater. With
extended operation time, this procedure promotes the SZY/PSF
hybrid membrane to obtain hydrophilicity and antifouling proper-
ties. The analyses above suggest that the SZY/PSF hybrid membrane
has a potential application in treating wastewater containing oil
due to its strong hydrophilic property and anti-fouling capability.

In order to further validate the effect of SZY particles on the
hydrophilic property of membranes, the contact angles of mem-
branes were tested and results were presented in Fig. 11. As it is
shown in Fig. 11, the contact angle of membranes reduces from
78.1° to 45.2° and the contact angle of SZY/PSF membrane is less
than that of the SiO,/PSF membrane. It indicates that doping par-
ticles into PSF membrane can improve the hydrophilic property of
membrane and the hydrophilic property of SZY/PSF membrane is
best among the three kinds of membranes. It is because that there
are more OH groups on the surface of SZY particles than that on
the surface of SiO, particles. Furthermore, after the Y3* cations
replace some Zr** cations in the ZrO, crystal lattice, more oxygen
vacancies and defects are generated. And more Lewis acid sites are
generated after combining SO42~ group with ZrO,, which enhances
hydrophilic capability of the SZY/PSF membrane.

3.6. Effects of backflushing and chemical cleaning on permeation
flux of membranes

It is observed from Figs. 8 and 9 that with extending opera-
tion time, the flux of membranes declines. It is mainly due to the
membrane fouling caused by both the cake layer (the effect that
backflushing can decrease) and adsorption or pore plugging (the
effect that backflushing cannot decrease) [32]. Results of perme-
ation flux recovery after backflushing are shown in Fig. 12. The
final permeation flux of SZY/PSF membrane for wastewater con-

Table 4
Results of water samples after treatment.

Membrane Oil concentration in Qil retention
the permeation (mg/L)  rate (%)

Oil concentration in the feed solution  80.00 -

PSF membrane 5.00 93.75
15%Si0, /PSF membrane 2.68 96.65
15%SZY|PSF membrane 0.67 99.16

.,

PSF membrane

(a) contact angle of PSF membrane

15wt. % Si02/PSF membrane

(b) contact angle of 15wt. % SiO»/PSF membrane

15wt. % SZY/PSF membrane

(c) contact angle of 15wt. % SZY/PSF membrane

565

Fig. 11. (a) Contact angle of PSF membrane. (b) Contact angle of 15 wt% SiO, /PSF
membrane. (c) Contact angle of 15 wt% SZY/PSF membrane.
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Fig. 12. Effect of backflushing on permeation flux recovery of membranes for
wastewater containing oil.
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Fig. 13. Effect of chemical cleaning on permeation flux recovery of membranes for
wastewater containing oil.

taining oil is 104.5L/(m2 h) and FD is 5% which is less than that
of both SiO,/PSF and PSF membranes. These results indicate that
backflushing can effectively restore the flux of SZY/PSF membrane
to its original level. This is because stronger hydrophilicity of SZY
particles can decrease the PSF membrane fouling caused by the cake
layer, which is already explained in 3.5.

Results of permeation flux recovery after chemical cleaning are
shown in Fig. 13. Comparing with both PSF and SiO,/PSF mem-
branes, the SZY/PSF membrane has a better capability of flux
recovery. It indicates that chemical cleaning has a positive effect
on resuming the permeation flux of membranes and hence pro-
ducing SZY/PSF membrane with a long service life which can be
recycled. Therefore, SZY/PSF membranes have potential practical
applications in treating wastewater containing oil.

4. Conclusions

The optimum preparation conditions of SZY particles are: the
molar ratio for yttrium/zirconium 6%, the surfactant SA-20 concen-
tration 3 wt%, the H,SO4 concentration 1 mol/L and the sintering
temperature 650°C for 2 h. The appropriate addition of yttrium
element and introducing SO42~ group can prevent the transition

of SZY particles from the tetragonal system to the monoclinic
system. SZY particles improve the anti-compaction property of
SZY|PSF hybrid membranes. After backflushing and chemical clean-
ing, the permeation flux recovery of SZY/PSF membrane was better
than SiO,/PSF and PSF membranes. Therefore, SZY/PSF hybrid
membranes with strong hydrophilic properties and antifouling
capability have potential practical applications in treating wastew-
ater containing oil.
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