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ABSTRACT

Yttria-stabilized zirconia (YSZ) hollow fiber ceramic membranes for microfiltration applica-
tions were prepared by the phase inversion and sintering technique. The influence of sus-
pension solid content on the rheological behavior of suspension, and the microstructure and
properties of the hollow fiber membranes were investigated. With the addition of YSZ pow-
der, the viscosity of the spinning suspension increased obviously, and the rheological
behavior of the suspension changed from Newtonian fluid into thinning behavior fluid. The
increment of suspension viscosity upon the YSZ content led to a more porous inner surface,
larger inner finger-like pores extending outward, and reduced outer finger-like layer for the
prepared hollow fiber membrane. When the YSZ content was increased to 65%, a double-
layer structure mostly consisting of outer sponge-like layer and inner finger-like structure
layer was formed. The pure water flux of the hollow fiber membrane decreased with the
increment of YSZ content, while the bending strength showed obvious enhancement. The
prepared membranes showed good oil/water separation performance, and steady permeate
flux of more than 0.85 m3/(m2 h bar) and high oil rejection rate of 99.2–99.7% were attained.
Transmembrane resistance analysis indicated that the membranes prepared at 50 and 65%
YSZ content had different dominant fouling mechanism in oil/water separation process.

Keywords: Hollow fiber ceramic membrane; Yttria-stabilized zirconia; Microfiltration;
Microstructure evolution; Water flux; Oil/water separation

1. Introduction

Ceramic hollow fiber membranes fabricated by the
phase inversion method have attracted considerable

attention in the membrane community during the past
10 years [1–11]. Many special advantages offered by
this type of membrane include large membrane area
per unit volume (≥1,000 m2/m3) and excellent
permeability due to the self-supporting asymmetrical
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structure with thin separation layer [8,9]. Furthermore,
with the employment of phase inversion method, the
asymmetrical ceramic membranes can be fabricated in
one step and with only once high-temperature sinter-
ing. Hence, the quality stability of the membrane can
be improved, and the energy consumption and thus
the cost of production is likely to be greatly reduced,
compared to the traditional multi-layer ceramic mem-
brane, whose preparation procedure involves multiple
coating and sintering, and is time-consuming and
costly [8,12]. Up to now, the ceramic hollow fiber
membranes have gained extensive applications in
many fields, including water treatment (e.g. oil/water
separation and desalination) [13,14], gas separation
[1–3], high temperature membrane reactors [15], solid
oxide fuel cells [4,5], and membrane contactors [16] as
well as supports for composite membranes [17] and
catalysts [18].

Fabrication of ceramic hollow fiber membranes
with both desirable morphology and separation per-
formance for specific applications is still challenging.
Many researches have verified that microstructure of
the hollow fiber membranes plays a significant role in
determining the membrane performance [3,8,14,19].
Actually, one of the unique advantages possessed by
the phase inversion method lies in that the derived
microstructure of the membranes is adjustable with
good flexibility by choosing proper materials and by
controlling the composition of suspension, related
spinning parameters and sintering conditions. As
shown by Liu et al., the YSZ hollow fiber membrane
demonstrates a sandwich structure with the sponge-
like layer in the middle and finger-like layer at the
inner and outer sides when water is used as both the
internal and external coagulants. This kind of struc-
ture is beneficial to increase the gas-tightness and
bending strength of hollow fiber membranes after sin-
tering at an enough temperature, and facilitates the
YSZ membrane to be applied as the electrolyte of
micro-SOFCs, oxygen separation membranes, etc. [10].
However, highly permeable asymmetrical porous YSZ
hollow fiber membranes with excellent water perme-
ability were attained when the composition of the
internal/external coagulants is 90–100% NMP/water
or water/ethanol in our previous work [8,14]. The air
gap during spinning, particle size of ceramic powder
and sintering temperature were also found to affect
the microstructure and properties [11,20,21]. The com-
position of suspension composed of solid particle,
polymer, solvent, and even non-solvent, is another sig-
nificant factor to affect the membrane structure and
performance in a more complex way, since it determi-
nes the initial thermodynamic and dynamic conditions
for phase inversion and could influence the sintering

process. It was found that varying the viscosity of the
spinning suspension by adding water (non-solvent),
the fiber morphology can be changed greatly [20].
However, few research involves the effects of solid
content on the rheological behavior of suspension, and
the microstructure, pore size distribution, porosity,
water flux, and separation performance of hollow fiber
membrane up to now. In this work, porous YSZ
hollow fiber microfiltration (MF) membranes were
prepared from suspensions with different solid
content (at fixed polymer/solvent ratio). We investi-
gated the influences of suspension solid content (YSZ
content) on the viscosity and phase inversion process
of suspensions and thus the microstructure and per-
formance of derived hollow fiber MF membranes. The
oil/water emulsion separation performance was also
investigated for the resultant YSZ hollow fiber
membranes with different microstructures. This would
contribute to further fundamental understanding of
phase inversion process of ceramic powder/poly-
mer/solvent system, and is beneficial for optimizing
the microstructure and performance of hollow fiber
MF membranes for wastewater treatment.

2. Experimental

2.1. Materials

Yttria-stabilized zirconia (YSZ) powder was
purchased from Jiujiang Fanmeiya Advanced
Materials Co., Ltd. The YSZ powder has a narrow
particle size distribution mainly in the range of
0.4–1.5 μm with a d50 = 0.8 μm. To prepare the poly-
mer solutions, polyethersulfone (PES, ultrason E2010,
from BASF chemical company, Germany) and
N-methyl-2-pyrrolidinone (NMP, CP Grade, Sino-
pharm Chemical Reagent Co., Ltd, China) were used
as the polymer binder and the solvent, respectively.
Tap water was used as both the external and internal
coagulants for the gelation of the extruded hollow
fiber membrane precursors.

2.2. Preparation of YSZ hollow fiber membranes

The YSZ hollow fiber membranes were shaped by
the immersion-induced phase inversion method based
on a dry/wet spinning process, followed by heat-treat-
ment at high temperature. The detailed preparation
procedures were described elsewhere [8]. In this
study, the spinning suspensions of polymer/solvent/
ceramic powder system were prepared with different
amount of YSZ powder (50, 55, 60, and 65% in mass
fraction, the same below) and PES and NMP (the mass
ratio of PES to NMP is fixed at 1:4). Tap water was
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used as both the external and internal coagulants. The
temperature of both coagulants is about 25˚C, and the
relative humidity of environment is 71%. The tube-in-
orifice spinneret has an orifice diameter and inner
diameter of 2.5 and 1.0 mm, respectively, and the
degassed suspension was extruded through the spin-
neret at a nitrogen pressure of 0.3–0.7 bar. The injec-
tion rate of internal coagulant was kept at 30 ml/min.
The fibers emerging from the spinneret at about
4.0 m/min passed through an air gap of 2 cm and
were immersed in the water bath for complete solidifi-
cation. The sintering process was conducted at the sta-
tic air atmosphere. The dried YSZ hollow fiber
membranes precursors were firstly heated up to 650˚C
for 2 h at 2˚C/min to remove the organic polymer bin-
der and additive, and were then further increased to
1,350˚C for 4 h at 5˚C/min.

2.3. Characterization

The particle size of YSZ powder was measured
using laser particle size analyzer (Mastersizer 2000,
Malvern instruments Ltd, UK). The rheological behav-
ior (viscosity) of the PES/NMP/YSZ system suspen-
sions was measured by the Bohlin V88 Viscometer
(Malvern instruments Ltd, UK), with shear rate rang-
ing from 0.1 to 400/s. The temperature was controlled
by a heated and refrigerated Circulator, (F32, Julabo,
Houston, USA). For comparison, the viscosity of 20%
(mass fraction, the same below) PES solution in NMP
without ceramic powder was also measured at the
same conditions. Thermal behavior of the hollow fiber
precursors from room temperature to 1,000˚C was
examined by differential thermal analysis (DTA) and
thermogravimetric (TG) measurement using a DTG-
60H Thermal Analyzer (Shimadzu Scientific Instru-
ments, Inc., Japan), with a heating rate of 10˚C/min.
Microstructure of the sintered hollow fiber membranes
was observed with a scanning electron microscopy
(SEM, model JSM-6390, JEOL, Japan) under the emis-
sion of secondary electrons. The pore size distribution
(PSD) of the membranes was measured by a pore size
analyzer (PSDA 20, Gaoqian Functional Materials Co.,
Ltd, China) based on the gas–liquid displacement
technique, i.e. the so-called bubble point method. The
samples were soaked in a mixture solution of organic
solvents with low surface tension for 1 h under vac-
uum before the measurement. The porosity of hollow
fiber membrane was measured by Archimedes method
with pure water as the immersion liquid medium. The
samples were cut into about 4 cm in length. To mea-
sure the quality of well-wetted samples more accu-
rately, the outer surface was wiped with a wetted
cotton cloth, followed by pulling a fine wetted cotton

string, which was connected to a straight silver wire
(diameter: 0.6 mm), through the lumen of the fiber in
order to remove the water on both surfaces after the
sample was taken out from the water. The pure water
flux was measured in a dead-end permeation appara-
tus with applied transmembrane pressure in the range
of 0.5–3.0 bar. Before the measurements of pure water
permeate flux, all the samples were well wetted with
the pure water. The mechanical strength was
determined by a standard three point bending method
using a universal testing machine (Instron 5566,
Instron, America), with a crosshead speed of
0.50 mm/min and span length of 30 mm. The bending
strength (σF) was calculated according to Eq. (1) [9]:

rF ¼ 8FLD

pðD4 � d4
Þ (1)

where F is the measured force at which the fracture
occurred and L, D, and d are the length (30 mm), the
outside diameter (OD), and the inside diameter (ID) of
the hollow fibers, respectively.

2.4. Filtration experiments

The prepared hollow fiber membranes were
applied to separate the oil/water emulsion through
the cross-flow filtration experiments conducted on a
homemade filtration apparatus using an external pres-
sure-type hollow fiber membrane module with 20 cm
length fibers. The apparatus was run at a feed velocity
of 3 m/s with a transmembrane pressure difference of
1.5 bar and a constant temperature of about 25˚C. The
constant feed concentration was maintained by recy-
cling the filtrate back into the feed tank.

The oil/water emulsion used in this study was
prepared by mixing mineral oil with pure water and
surfactant (Tween-80 and Span-80) for 15 min using a
blender (Fluko Equipment Shanghai Co., Ltd, China)
at a different speeds (1,000–5,000 rpm), and the mass
ratio of oil:Tween-80:Span-80 is 8:1:1. The oil concen-
tration in water was 4 g/L. As shown in Fig. 1, the
prepared stable oil/water emulsion has an average
droplet size of 3.2 μm with more than 90% of the oil
droplets being in the range of 1–10 μm as measured
by a laser particle size analyzer (Mastersizer 2000,
Malvern). The oil concentration was measured by an
infrared photometric oil analyzer (ET1200, Euro,
Shanghai, China). The well-known resistance-in-series
(RIS) model that describes the membrane resistances
was applied to investigate the fouling mechanism of
the hollow fiber membranes. The RIS model can be
expressed by Eq. (2) [22]:
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J ¼ DPm

lðRtÞ
¼ DPm

lðRm þ Rre þ RirrÞ (2)

where J is the permeate flux (m/s), ΔP is transmem-
brane pressure (Pa), μ is dynamic viscosity (Pa/s), Rt

is total membrane resistance (1/m), Rm is new clean
membrane hydraulic resistance (1/m), Rirr is irre-
versible resistance (due to adsorption, internal pore
blockage, etc.) (1/m), and Rre is the reversible resis-
tance (due to concentration polarization and/or cake
layer formation) (1/m). The experimental procedure to
determine each resistance value in the RIS model was
described as following: (1) Rm was calculated by
measuring the pure water flux at 25˚C (without Rirr

and Rre); (2) Rt was evaluated by the steady flux in
the filtration of emulsion at 25˚C; and (3) The mem-
brane was then backflushed with pure water. The
pure water flux was measured again at 25˚C, to deter-
mine the resistance of Rm + Rirr. The irreversible resis-
tance (Rirr) was calculated from steps (1) and (3) and
the reversible resistance (Rre) from steps (2) and (3).

3. Results and discussion

3.1. Rheological property of suspensions

As for the hollow fiber membranes prepared by
the immersion-induced phase inversion method, the
rheological property of suspension (casting solution) is
a very important factor influencing the membrane’s
properties and structure [23]. The PES/NMP system
solution (20% PES) without YSZ powder showed an
almost constant viscosity of about 0.75 Pa s with the
shear rate ranging from 0.1 to 400/s, as is similar to
the rheological behavior of Newtonian fluid. Fig. 2
shows the rheological behavior of PES/NMP/YSZ

system suspensions with YSZ content in the range of
50–65%. As can be seen, the addition of YSZ powder
greatly increases the viscosity and completely alters
the rheological property of polymeric solution. The
viscosity of all the suspensions with different YSZ
contents decreases with the increment of shear rate,
showing a typical shear thinning behavior (i.e. pseu-
doplastic flow behavior) [24]. The shear thinning
behavior is caused by the destruction of gel structure
(the interaction between particles) under applied shear
stress. It can be found from Fig. 2 that higher YSZ
content in suspension could lead to more obvious
shear thinning behavior. But when the shear rate is
increased up to more than 200/s, the change of the
suspension viscosity becomes relatively small. There-
fore, in the spinning process of suspensions with high
solid content and thus high viscosity, it is necessary to
appropriately increase the shear stress (i.e. increase
the extrusion pressure) in order to reduce the viscosity
and consequently obtain good fluidity of suspension.

3.2. Thermal analysis of hollow fiber precursor

Fig. 3 presents the DTA–TGA curves of dry YSZ
hollow fiber precursor derived from the suspension
having a solid content of 60%. The TGA curve indi-
cates an obvious mass loss (about 10%) in the range of
500–600˚C, and accordingly a very strong exothermic
peak exists in the DTA curve, which could be attribu-
ted to the burnout of polymer PES. In addition, there
is a weak exothermic peak in DTA curve at about
340˚C, associated with a mass loss of 0.4%. This may
be due to the volatilization of residual solvent NMP
with low molecular weight, and indicates that most of
the solvent NMP has been eliminated in the mass
transfer process (exchange of solvent and non-solvent)

Fig. 1. Oil droplet size distribution of the feed emulsion. Fig. 2. Rheological behavior of the suspensions with
different YSZ content.
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when the nascent wet membrane was immersed into
the coagulant of water. Based on the results of thermal
analysis, a low heating rate of 2˚C/min below 650˚C
was chosen for the sintering of membrane, in order to
avoid possible cracking and collapsing of the hollow
fiber membrane.

3.3. Microstructure of the hollow fiber membranes

Fig. 4 shows the cross-sectional SEM images of the
YSZ hollow fiber membranes derived from the sus-
pensions with different YSZ content and sintered at
1,350˚C for 4 h. It can be seen from Fig. 4(a)–(d) that
the OD and ID of the prepared hollow fiber are about
1.5 and 1.2 mm, respectively. The micrograph of
Fig. 4(A) illustrates that with the YSZ content of 50%,
the prepared hollow fiber membrane possesses a typi-
cal sandwich structure, i.e. a sponge-like layer in the

center and short finger-like structure at the inner and
outer sides. This appearance of the membrane
microstructure can be attributed to rapid precipitation
occurring at both sides resulting in finger-like struc-
ture, and slow precipitation giving the sponge-like
structure in the middle of the fiber cross-section [10].
Nevertheless, the inner finger-like structure layer
shows larger pore size than the outer counterpart,
though they have similar thickness. This may be due
to the existence of a 2-cm air gap, where simultaneous
moisture absorption and solvent evaporation cause a
local viscosity increase in the outer region of the fiber
prior to immersion, and to some extent inhibit the
growth of the outside finger-like structure [20]. It can
be observed from Fig. 4(A), in combination with
Fig. 5(a) and (A), very thin skin layers are also formed
at both sides, and the produced finger-like pores do
not penetrate through to the inner and outer surfaces.
In the spinning process, once the nascent wet mem-
brane precursor was in contact with the external and
internal coagulants (water), rapid exchange of the sol-
vent NMP, and water occurred near the surfaces,
resulting in a sudden increase in the surface polymer
concentration and consequently the polymer solidified
to form the thin skin layers. According to the phase
inversion mechanism, it is generally believed, that the
formation of the inner and outer skin layers follows
the spinodal decomposition mechanism, while the for-
mation of the finger-like structure can be ascribed to
the nucleation and growth of the polymer lean phase,
i.e. the nuclei of the polymer lean phase grow up to
form the finger-like pores [25–27]. The exchange of
solvent and coagulant becomes difficult in the middle
of fiber cross-section, and thus the growth of the

Fig. 3. TGA–DTA curves of the YSZ hollow fiber
precursor.

(a) (b) (c) (d)

(A) (B) (D)(C)

Fig. 4. Cross-sectional SEM images of the YSZ hollow fiber membrane prepared with suspensions of different YSZ content
(1,350˚C/4 h): (a–d) overall view, (A–D) cross section; (a and A) 50%, (b and B) 55%, (c and C) 60%, (d and D) 65%.
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nuclei is hindered resulting in the formation of the
sponge-like structure layer [25]. When the YSZ content
is increased to 55%, as can be found in Fig. 4(B), the
inner finger-like structure layer enlarges toward the
outside to occupy about 50% of the fiber cross-section,
while the outer finger-like structure layer diminishes
to be about 15% of the fiber cross-section with much
smaller and shorter finger-like pores.

Fig. 4(C) and (D) demonstrate that when the solid
content of the suspension is further increased to 60
and 65%, the outer finger-like structure almost disap-
pears, and mostly a two-layer structure is formed with
inner large finger-like structure layer and outer
sponge-like layer. Furthermore, the relative thickness
and pore size of the inner finger-like layer are
enhanced obviously with the increment of YSZ con-
tent. The SEM analysis clearly manifests that the solid
content (YSZ content) has significant effect on the
microstructure of the resultant hollow fiber mem-
branes. According to the phase inversion mechanisms,
the phase inversion process for membrane formation
is determined by the thermodynamic and dynamic
conditions, as well as the interactions between the
components. In this research, the PES/NMP ratio of
the suspensions and the spinning parameters were
kept unchanged, and the thermodynamic conditions
in theory is mainly dependent on the composition of
polymer solution. Hence, the microstructure evolution
shown in Fig. 4 mostly results from the variation of
dynamic condition of phase inversion. Actually, the
greatly increased viscosity (shown in Fig. 2) resulted
from the addition of YSZ powder has changed the
dynamic condition of phase inversion. The above-
described microstructure evolution upon the increase

in YSZ content can be interpreted in terms of the sus-
pension viscosity as well as the applied spinning
parameters (mainly relative humidity and air gap). On
the one hand, for the outside surface region, the incre-
ment of YSZ content from 50 to 55% obviously
increases the local viscosity. In addition, with the exis-
tence of air gap, moisture absorption, and some water
diffusion from the inner side prior to immersion fur-
ther increase the viscosity of the outer region. Once
the wet membrane precursor is immersed into the
external coagulant, the high viscosity of the outer
region inhibits the phase inversion process, and at the
same time leads to slow nucleation and growth, for
which only short and small finger-like pores are
formed in the outer side. When the YSZ content is
increased to 60 and 65%, the viscosity of the outer
region of wet membrane prior to immersion has
reached or even exceeded the upper critical value for
rapid precipitation to take place. As a result, slow pre-
cipitation occurs to produce the sponge-like structure
layer. On the other hand, for the inner region of the
nascent membrane, the increase in suspension viscos-
ity would also reduce the phase inversion rate to some
extent (but the phase inversion process is still rapid
precipitation), and the solidifying rate of the inner
region decreases accordingly. Under this circumstance,
more water can penetrate towards outside by means
of mass transfer and exchange, facilitating the phase
inversion to advance outward, and large finger-like
structure takes shape since the advantage of nucle-
ation and growth is not restrained. Therefore, it can be
anticipated that a symmetrical structure will be
formed for the hollow fiber membrane if the viscosity
of the suspension is increased up to a critical point at

(a) (b) (c) (d)

(D)(A) (B) (C)

Fig. 5. Surface SEM images of the YSZ hollow fiber membrane prepared with suspensions of different YSZ content
(1,350˚C/4 h): (a–d) inner surface, (A–D) outer surface; (a and A) 50%, (b and B) 55%, (c and C) 60%, (d and D) 65%.
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a certain higher YSZ content, where the phase inver-
sion at both sides would be greatly retarded because
of very low mass transfer rate between solvent (NMP)
and coagulant (water). Similar phenomenon was
observed by Kingsbury and Li in the preparation of
Al2O3 hollow fiber membranes [20]. When non-solvent
of water was added into the suspension, the increase
in suspension viscosity led to the inhibited phase sep-
aration, and symmetric Al2O3 hollow fiber membrane
was obtained with the addition of 10% water.

Fig. 5 shows the inner and outer surface SEM
images of the YSZ hollow fiber membranes prepared
at different YSZ content of suspension and sintered at
1,350˚C for 4 h. As illustrated in the figures, the inner
surface shows a much more porous structure than the
outer surface at the same YSZ content, and the pore
size and roughness of the inner surface increase with
the increment of YSZ content. This can be explained
as follows: (1) the flow of internal coagulant, which
imposes a shear stress to the inner surface of the nas-
cent wet membrane, brings the YSZ particles which
are still not immobilized by the polymer to move, and
makes the inner surface unable to form a relatively
dense skin layer as the outer surface; (2) the increase
in suspension viscosity at higher YSZ content reduces
the mass exchange rate of internal coagulant (water)
and solvent (NMP) near the inner surface, and thus
the solidifying rate of the inner surface. In this case,
small YSZ particles on the inner surface are more
likely to be driven to move by the internal flow. This
eventually results in a rougher and more porous inner
surface as shown in Fig. 5(a)–(d). The micrographs of
Fig. 5(A)–(D) illustrate that the prepared hollow fiber
membranes possess a homogeneous and smooth outer
surface with well-distributed small pores. With a close
observation, it can also be found that the outer surface
porosity increases gradually with the increment of
YSZ content from 50 to 60%, but shows no obvious
change with further increment from 60 to 65%. This
can also be attributed to the depressed precipitation
dynamic condition resulting from the increased viscos-
ity of suspension at higher YSZ content [23]. Higher
rapid precipitation rate is more favorable to form the
dense skin layer. The microstructure observation also
indicates that in actual liquid filtration applications,
the prepared hollow fiber membranes are suitable to
be used in the external-pressure operation mode with
outer skin layer as the separation layer [8].

It is worth noting that the solid content of suspen-
sions also has significant effect on the flexibility of the
solidified hollow fiber membrane precursors. For the
suspension with a YSZ content of 50 and 65%, dried
hollow fiber membrane after phase inversion has a
corresponding YSZ content of about 83.3 and 90.3%,

respectively (assuming that no NMP remained in the
membranes after phase inversion). More YSZ solid
particles are incorporated into the hollow fiber mem-
brane at higher YSZ content, and the dried membrane
would become more brittle. Our experiments show
the YSZ content should be no more than 65% at a
NMP/PES ratio of 4, otherwise the dried hollow fiber
membrane is easy to fracture in the following fabrica-
tion process because of the increased brittleness.

3.4. Porosity and PSD

Fig. 6 presents the porosity of the YSZ hollow fiber
membranes prepared at different YSZ content and sin-
tered at 1,350˚C for 4 h. As can be seen, the porosity
of the membranes obviously decreases with the YSZ
content, and the hollow fiber membrane derived from
the suspension with 65% YSZ shows the smallest
porosity of 42.7%. This seems conflicting with the
morphology observations in Fig. 4(A)–(D), where the
finger-like pores become larger and the inner surface
gets more porous with the increase in YSZ content in
the suspension. It can be found from Fig. 7 that the
particle packing density of the sponge-like layer and
the finger-like pore wall of the prepared hollow fiber
membranes increase significantly with the increment
of YSZ content from 50 to 65%. So, the decrease in
membrane porosity may be ascribed to the much den-
ser sponge-like layer and finger-like pore wall. But
despite this, the overall porosity (47.8–42.7%) of the
prepared hollow fiber membranes is much higher than
the common planar and tubular ceramic MF mem-
brane (about 35%). This can be contributed to the
highly asymmetrical structure with the porous inner

Fig. 6. Porosity and MPS of the YSZ hollow fiber
membranes as a function of YSZ content in the suspensions.
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surface and large finger-like pores. Generally, higher
porosity is beneficial to decrease the transmembrane
resistance and increase the water permeability of hol-
low fiber membranes for water treatment applications.

Fig. 6 also shows the mean pore size (MPS) of the
prepared hollow fiber MF membranes. In this study,
the PSD and MPS of hollow fiber membranes are mea-
sured by means of the bubble point method. So, it is
reasonable to consider that the measured results
mainly represent the pore size of the outer skin layer,
based on microstructure analyses shown in Figs. 4, 5,
and 7. As can be seen in Fig. 6, the variation of MPS
with YSZ content is minor compared to porosity. The
hollow fiber membrane prepared with the suspension
solid content of 50% has a MPS of 0.19 μm, and a
small increase in MPS is observed with solid content
increasing to 60%, where a maximal MPS of 0.24 μm is
obtained. Hereafter, no obvious change occurs with
further increment of YSZ content to 65%. The change
of MPS agrees well with the observation of Fig. 4(A)–
(D). Fig. 8 shows the corresponding PSDs of the YSZ
hollow fiber membranes prepared at different solid
content of the suspension. As can be seen, the hollow
fiber membrane prepared with 50% YSZ in the sus-
pension shows the narrowest PSD. With the increment
of YSZ content, the PSD of the membrane becomes
wider, especially when the YSZ content reaches up to

60%. But on the whole, the PSDs of the prepared
hollow fiber membranes are much narrower than that
of ceramic membrane which is prepared by dip-
coating technique on support and has similar MPS.
For the latter, the largest pore size is often 3–5 times
of the MPS [12]. In a word, the achieved narrow PSD
and homogeneous morphology of the prepared hollow
fiber membranes should be attributed to the

Fig. 7. Sponge-like layer (a and b) and finger-like pore (A and B) SEM images of the hollow fiber membranes with (a and
A) 50% and (b and B) 65% YSZ content and sintered at 1,350˚C for 4 h.

Fig. 8. PSDs of the YSZ hollow fiber membranes prepared
at different suspension solid content.
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advantages of phase inversion method, as well as the
narrow particle size distribution of the used YSZ
powder. The prepared hollow fiber membranes with
narrow PSD would have good potential for some fine
microfiltration applications, e.g. water treatment, juice
clarification, beer sterilization, drug separation, and
purification.

3.5. Pure water flux and bending strength

Pure water flux can be used to evaluate the
transmembrane resistance. The influence of YSZ
content on the pure water flux of the prepared YSZ
hollow fiber membranes is illustrated in Fig. 9. As can
be seen, the pure water flux decreases with the incre-
ment of YSZ content in the suspension, being 3.07 and
2.13 m3/(m2 h bar) at the YSZ content of 50 and 65%,
respectively. Li et al. presented a model to describe
the relationship between pure water flux and struc-
tural parameters of sintered ceramic membranes [28].
The model can be expressed in the form of the modi-
fied Carman–Kozeny equation (Eq. (3)) and applied in
Darcy’s Law.

J ¼ dk2m e
3DP

k1lLð1� eÞ2 (3)

where J is the pure water flux, ΔP is the transmem-
brane pressure difference, ε is the porosity, dm is the
MPS, L is the membrane thickness, and μ is the pure
water viscosity, k1 and k2 are the constant developed
by experimental data as correction factors for the
deformation of ceramic particles and change in

particle aggregation. Fung et al. verified that the modi-
fied equation can be applied to estimate the MPS of
active layer (separation layer) of ceramic hollow fiber
membranes with good fitness using the measured val-
ues of pure water flux and porosity [19]. Eq. (3) indi-
cates that high porosity and large MPS are desirable
to achieve higher pure water flux and thus lower per-
meate resistance of membranes. Hence, the obvious
decrease in pure water flux with the increment of YSZ
content in Fig. 9 may be mostly ascribed to the reduc-
tion of porosity, though the MPS shows a minor incre-
ment. Based on the foregoing microstructure analysis,
it can be concluded that the permeate resistance of the
prepared hollow fiber membranes are mostly derived
from relative dense outer skin layer and sponge-like
structure layer. As can be observed in Fig. 7, the com-
pactness of sponge-like layer obviously increases with
the increment of YSZ content. As a consequence,
although the increment of solid content could increase
the size of inner finger-like pores and lead to more
porous inner surface, contributing to lower permeate
resistance to some extent, the decrease in porosity of
sponge-like layer and finger-like pore wall has become
the dominant factor resulting in the decrease in pure
water flux. Actually, in our previous study, it is found
that thin thickness or the elimination of sponge-like
layer could lead to greatly increased water permeabil-
ity and thus much lower permeation resistance of hol-
low fiber membranes [8].

For porous ceramic materials with certain composi-
tion, their porosity or density, pore size, and shape
have significant effect on the mechancial strength. On
the one hand, the reduction in porosity (increase in
density) is beneficial to raise the mechanical stength,
on the other hand, even few large pores would be
fatal to the strength. Fig. 9 shows the bending strength
of the prepared YSZ hollow fiber membranes. As can
be seen, the increase in YSZ content leads to the
enhancement of bending strength, until the YSZ con-
tent of 60% is reached and the bending strength starts
to decrease when the YSZ content is further raised.
The lowest bending strength is 177.3 MPa at a YSZ
content of 50%, while the highest value of 217.5 MPa
is attained when the YSZ content is raised to 60%. The
influence of YSZ content on the bending strength can
be explained by the above-described change of mic-
trostructure and porosity of the hollow fiber mem-
branes. As can be observed in Fig. 7(a), for the
membrane prepared at the YSZ content of 50% and
sintered at 1,350˚C for 4 h, the YSZ particles are
loosely connected, leading to high porosity (47.8%)
and bad bonding strength between most of the parti-
cles, and accordingly the mechanical strength of the
hollow fiber membranes is low. When the YSZ content

Fig. 9. Pure water flux and bending strength of the YSZ
hollow fiber membranes as a function of YSZ content in
the suspension.
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was raised to 60%, the membrane should have much
higher original packing density of particles, which
promotes the sintering and densification of mem-
branes at the same sintering conditions. Actually, by
comparing Fig. 7(a) and (b), it is found that much bet-
ter neck-bonding between particles is achieved in this
case. Furthermore, the porosity decreases to 44.1%. All
these contribute to the enhancement of bending
strength with the increment of YSZ content from 50 to
60%. However, the bending strength decreases
to 205.1 MPa with further increment of YSZ content to
65%, even though the membrane has the lowest poros-
ity. This may be due to the existence of more large fin-
ger-like pores, which causes significant adverse effect
to the mechanical strength.

3.6. Oil/water emulsion separation properties

The hollow fiber membranes of two different
asymmetrical microstructures, which were prepared at
50 and 65% YSZ content, respectively, were applied to
separate the oil/water emulsion. The oil/water emul-
sion separation properties were measured after run-
ning for 5 min and with a transmembrane pressure of
1.5 bar. Fig. 10 illustrates the permeate flux and oil
rejection rate of the two hollow fiber membranes with
a run-time of 3 h. As can be seen, for each hollow
fiber membrane, its flux in oil/water separation is
much lower than the pure water flux shown in Fig. 9,
and the permeate flux decreases significantly during
the initial 20–25 min for the two membranes. This is
caused by the well-known concentration polarization,
cake layer formation, internal adsorption, and/or pore
plugging [29]. The pure water flux of the membrane
prepared with 50% YSZ content is 44.1% higher than

that of the membrane prepared with 65% YSZ content
in the suspension. Nevertheless, the difference in per-
meate flux decreases obviously with run-time in the
oil/water separation process as shown in Fig. 10. After
running for 3 h, the membranes show similar steady
flux, being 0.91 and 0.85 m3/(m2 h bar) at the YSZ
content of 50 and 65%, respectively. This indicates that
the membrane fouling resulting from the emulsion has
increased the permeate resistance of the two mem-
branes at different levels, as could be ascribed to their
different microstructure characteristics. Hence, in
order to clarify the fouling mechanism of membranes
with different microstructure, the well-known resis-
tance-in-series (RIS) model was applied to investigate
individual resistances of the two membranes during
the separation process. The contribution of each kind
of resistance was evaluated separately, and the results
were summarized in Table 1. It is found that the hol-
low fiber membrane prepared at 50% YSZ content
shows much higher fouling resistance (the sum of Rirr

and Rre) than that prepared at 65% YSZ content,
though the former shows much lower intrinsic
hydraulic resistance (Rm). The reversible fouling resis-
tance (Rre) due to cake formation is dominant in deter-
mining the overall filtration resistance for the
membrane prepared at 50% YSZ content, while both
the intrinsic hydraulic resistance and reversible resis-
tance play a significant role for the membrane pre-
pared at 65% YSZ content. The irreversible fouling
resistance (Rirr) derived from the surfactant and oil
adsorption and/or pore plugging by oil droplets is
also the main cause of membrane fouling. As shown
in Table 1, for the membrane prepared at 50% YSZ
content, the Rirr accounts for 17.4% of the total resis-
tance. However, the ratio of Rirr/Rt decreases to only
10.5% when the YSZ content was increased to 65%.
The fouling resistance analysis indicates that the hol-
low fiber membrane prepared with suspension of 65%
YSZ would be favorable to decrease the overall foul-
ing resistance. Since both membranes have similar
pore size which is much smaller than the oil droplet
size, the larger fouling resistance of the former maybe
due to the much higher initial water flux. Higher
water flux drives more oil droplets to deposit on the
membrane surface to form the cake layer quickly, and
some small droplets are more likely to deform and
dragged into the pores, resulting in more serious sur-
face fouling, internal adsorption, and even plugging.
According to the flux attenuation tendency with run-
time shown in Fig. 10, it can be inferred that the hol-
low fiber membrane prepared at 50% YSZ content
would lose its advantage in the long-term permeate
flux to the hollow fiber membrane prepared at 65%
YSZ content at the same filtration operation condi-

Fig. 10. Permeate flux and oil rejection rate in oil/water
separation of the YSZ hollow fiber membranes prepared at
the YSZ content of 50 and 65%.
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tions. Therefore, it can be concluded that the hollow
fiber membrane with higher pure water flux does not
necessarily possess high permeate flux in the filtration
of oily water. But the improvement of oil/water
separation performance for the membrane prepared at
50% YSZ content is possible by further optimization
of related operation conditions according to the
membrane characteristics, such as transmembrane
pressure, feed cross-flow velocity, and cleaning pro-
cess. Overall, the permeate flux values of the prepared
YSZ hollow fiber membranes are much higher than
those of the common tubular ceramic MF membranes
with close pore size, which are usually less than
0.5 m3/(m2 h bar) [29–31]. For the latter, the percent-
age of irreversible resistance which is difficult to be
eliminated, is often more than 30%.

It can be seen from Fig. 10 that the oil rejection rate
increases sharply for both membranes in the initial
20 min and then reaches high values in the range of
99.2–99.7%. In the initial stage, the membrane pre-
pared at 50% YSZ content shows a little lower rejec-
tion rate than that prepared at 65% YSZ content. This
is maybe because stable cake layer is still not formed
at this time and more small oil droplets can penetrate
through the membrane in the case of much higher
flux. Overall, the difference in oil rejection rate of both
membranes is minor in this study. According to the
obtained filtration results, it can be concluded that the
prepared YSZ hollow fiber membranes have excellent
performance in the microfiltration separation of oil/
water emulsion. This must be ascribed to the asym-
metrical structure with high porosity and thin wall
thickness to decrease the intrinsic permeate resistance,
as well as narrow PSD to reduce internal fouling and
increase oil rejection. Therefore, the prepared hollow
fiber membranes would have a good prospect in the
treatment of industrial oily wastewater. But the
optimization of operation parameters, such as trans-
membrane pressure, feed cross-flow velocity, oil
concentration of feed and oil droplet size, is still
needed according to the nature of oily water in practi-
cal applications.

4. Conclusions

Porous YSZ hollow fiber ceramic membranes for
microfiltration can be fabricated with 50–65% YSZ
solid content of suspension by the combination of
phase inversion method and sintering at 1,350˚C for
4 h. The addition of ceramic powder altered the rheo-
logical behavior of suspension changing from the
Newtonian fluid into the thinning behavior fluid, and
the viscosity of the suspension increased greatly with
the increment of YSZ content. The microstructure
and properties of porous YSZ hollow fiber mem-
branes can be tailored by changing the YSZ content
and thus the viscosity of the suspension. Relative
low viscosity at the YSZ content of 50% led to a typi-
cal sandwich structure mostly composed of finger-
like structure at both sides and sponge-like layer in
the middle. The increment of suspension viscosity
due to increasing solid content resulted in larger
inner finger-like pores extending outward, reduced
outer finger-like layer, and more porous inner sur-
face. The hollow fiber membrane derived from the
suspension with 65% YSZ had the highest viscosity,
and showed a double-layer structure mostly
consisting of outer sponge-like layer and inner large
finger-like structure. The porosity of the membranes
decreased with the increment of YSZ content, while
the MPS showed a minor increase from 0.19 to
0.24 μm and the PSD became wider. The increment
of YSZ content also led to obvious reduction of pure
water flux and the enhancement of bending strength.
In the separation of oil/water emulsion, the hollow
fiber membranes prepared at 50% YSZ content
showed much higher initial permeate flux, but also
faster decay than that prepared at 65% YSZ content.
This resulted in close steady permeate flux for the
two membranes after run 3 h. The oil rejection rate
enhanced sharply during the initial stage and a high
rejection rate of 99.2–99.7% was attained after run for
20–30 min for both membranes. Transmembrane
resistance analysis according to the RIS model
showed that the reversible fouling resistance due to

Table 1
Fouling resistances of the hollow fiber membranes prepared at 50 and 60% YSZ content of suspension after run for 3 h

Fouling resistances Membrane at 50% YSZ Membrane at 65% YSZ

Rt (10
11/m) 3.63 3.89

Rm (1011/m) 1.31 1.89
Rirr (10

11/m) 0.63 0.41
Rre (10

11/m) 1.69 1.59
Rm/Rt (%) 36.1 48.6
Rirr/Rt (%) 17.4 10.5
Rr/Rt (%) 46.5 40.9
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cake formation was dominant in determining the
total resistance for the membrane prepared with 50%
YSZ content, while both the intrinsic hydraulic resis-
tance and reversible resistance played a significant
role for the membrane prepared with 65% YSZ
content. This work shows the feasibility to design
and modulate the microstructure and properties of
porous ceramic hollow fiber membranes for specific
separation applications through optimizing the
suspension solid content.
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