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This paper reports the effect of sol size on nanofiltration performances of sol–gel derived microporous zirconia
membranes. Microstructure, pure water flux, molecular weight cut-off (MWCO) and salt retention of zirconia
membranes derived from zirconia sols with different sizes were characterized. Thermal evolution, phase compo-
sition, microstructure and chemical stability of unsupported zirconia membranes (powder) were determined by
thermogravimetric and differential thermal analysis, X-ray diffraction, nitrogen adsorption–desorption and static
solubility measurements. Results show that nanofiltration performance of zirconia membranes is highly depen-
dent on sol size. The sol with an average size of 3.8 nm,which is smaller than the pore size of the γ-Al2O3 support
(pore size: 5–6 nm), forms a discontinuous zirconia separation layer because of excessive penetration of sol into
the support. This zirconiamembrane displays aMWCOvalue towards polyethylene glycol higher than 4000Da. A
smooth and defect-free zirconiamembranewith aMWCOvalue of 1195Da (pore size: 1.75nm) and relative high
retention rates towards MgCl2 (76%) and CaCl2 (64%) was successfully fabricated by dip-coating the sol with an
appropriate size of 8.6 nm. Zirconia sol with an average size of 12 nm exhibits colloidal nature and forms a
zirconia membrane with a MWCO value of 2332 Da (pore size: 2.47 nm). This promising microporous zirconia
membrane presents sufficiently high chemical stability in a wide pH range of 1–12.
© 2014 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
1. Introduction

Ceramic membranes have drawn a great deal of attention in the
recent two decades because of their high chemical, thermal and me-
chanical stability in comparison with polymeric membranes. Ceramic
membranes can be generally categorized into macroporous, mesopo-
rous and microporous membranes based on the pore size [1]. In terms
of the fabrication of macro- and mesoporous ceramic membranes,
suspensions or colloidal sols are normally deposited onto the porous
support, with subsequent sintering or calcination process. The pore
structure is formed through particle packing and the relationship be-
tween the particle size of the starting material and the resulting pore
size of the membrane can be quantitatively calculated [2]. Microporous
ceramic membranes, including γ-Al2O3 [3], SiO2 [4], TiO2 [5], ZrO2 [6]
and HfO2 [7], are hot topics in membrane research field in recent
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years, owing to their great potential applications in nanofiltration
(NF), pervaporation (PV) and gas separation. Among them, TiO2

and ZrO2 are the most promising materials due to their high stability
in harsh environments, especially long-term stability in a large pH
range [1].

Polymeric sol–gel process is considered to be the most appropriate
route for the fabrication of microporous ceramic membranes [1]. It is
based on the chemistry of metal organic precursors in organic solvents.
The first stage in the polymeric sol–gel process consists in the synthesis
of a sol using molecular precursors (metal organics). Then the conden-
sation reactions occur at the sol stage with the formation of polymeric
clusters which interpenetrate with each other at the final stage to
form the gel [8]. However, the extremely high hydrolysis and condensa-
tion rate of alkoxide precursors is one of themain hurdles for the synthe-
sis of titania and/or zirconia polymeric sols and, further, quantitatively
controls the sol size [9,10].

Table 1 summarizes the effect of sol size on the performance of
microporous ceramic membranes. Polymeric hybrid SiO2 sol presents
an average size of 1.4 nm, which is much smaller than the pore size of
the support, resulting in a discontinuous separation layer with a thick-
ness less than 30 nm. The hybrid silica membrane fabricated by such
sol exhibits a much lower separation factor of 8 for a mixture of
n-butanol and water (95/5 , mass ratio) during PV processes [11]. On
the other hand, a hybrid SiO2 membrane fabricated with a polymeric
ustry Press. All rights reserved.
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Table 1
The effect of sol size on performance of microporous ceramic membranes

Membrane material Average sol size
/nm

Support Membrane thickness/nm
(micrograph)

PV or NF performance Reference

Hybrid SiO2 1.4 Tubular γ-Al2O3

(pore size: 5–6 nm)
30
(not clear)

α = 8 [11]

8 120
(continuous and defect-free)

α = 300

13 N1000
(visible cracks)

–

Hybrid SiO2 3.3 Tubular γ-Al2O3

(pore size: 4 nm)
150
(continuous and defect-free)

α = 361 [12]

5.7 250
(continuous and defect-free)

α = 2695

ZrO2 2 Tubular γ-Al2O3

(pore size: 4 nm)
b10
(not clear)

– [13]

3 110
(many defects)

–

10 ~150
(continuous and defect-free)

α = 171361

ZrO2 About 6 Tubular γ-Al2O3

(pore size: 4 nm)
~200
(clear)

No water permeation [14]

5–10 50
(clear)

MWCO b 300, pure water
permeability: 0.256 L·m−2·h−1·MPa−1

[15]

TiO2 3 Tubular γ-Al2O3 (pore size: 4 nm) 20–30 – [13]
10 150

(smooth and defect-free)
α = 171 361

SiO2–ZrO2

(mole ratio = 9:1)
11 Tubular

SiO2–ZrO2

(pore size: 3 nm)

– MWCO = 200 [16]
13 – MWCO = 500
16 – MWCO = 1000

ZrO2 3.8 Disk γ-Al2O3 (pore size: 5–6 nm) (Discontinuous) MWCO N 4000 This work
8.6 (Smooth, continuous and defect-free) MWCO = 1195
12 (Continuous and defect-free) MWCO = 2332

α: separation factor towards a mixture of n-butanol and water (95/5, mass ratio) operated at 95 °C (PV performance).

32 G. Zhu et al. / Chinese Journal of Chemical Engineering 23 (2015) 31–41
sol size of 13 nm, which is larger than the pore size of the support, ex-
hibits visible cracks [11]. This phenomenon can be attributed to the
fact that the membrane thickness is larger than the critical value. A mi-
croporous SiO2-based membrane, fabricated by dip-coating a hybrid
SiO2 sol with an average size of 8 nm, gives a separation factor (α) of
300 for a mixture of n-butanol and water (95/5, mass ratio) during PV
process [11]. It is also reported that a hybrid SiO2 sol with an average
size of 5–6 nm is suitable for fabrication of SiO2-based membranes
[12,17–19]. Although the relationship between silica-based sol size
and PV performance of microporous SiO2 membranes is clear, few
silica-based NF membranes are reported due to its chemical instability
in extreme pH environments. In comparisonwith SiO2-basedmaterials,
TiO2 and ZrO2 materials exhibit much higher chemical stability and,
hence, much research work is focused on the development of TiO2

and ZrO2 NF membranes [1]. These NF membranes hold great promise
for the separation and purification of catalyst [20], dyes [21], and
heavy mental ions [22,23] via the charging mechanism and sieving ef-
fect. However, the investigation on the relationship between titania
and/or zirconia sol size and NF performance of those membranes is
scarce. More importantly, appropriate sol size for fabrication of TiO2

and/or ZrO2 nanofiltration membrane is still ambiguous. As can be
seen in Table 1, a zirconia membrane derived from a zirconia sol with
an average size of 2–3 nm shows a discontinuous separation layer
with many defects [13]. A dense zirconia membrane fabricated by
using the sol with a size of about 6 nm cannot permeate water even
under a trans-membrane pressure as high as 1.0 MPa [14]. It is also re-
ported that a zirconia nanofiltration membrane, fabricated by dip-
coating zirconia sol with particle size in the range of 5–10 nm, presents
aMWCO b 300 and a purewater flux of 0.256 L·m−2·h−1·MPa−1 [15].
Therefore, more information on the effect of sol size on nanofiltration
performance of zirconiamembranes is urgently needed. Such investiga-
tion will guide the fabrication of zirconia nanofiltration membranes.

In previous work [24], we synthesized stable zirconia polymeric sols
with the average sizes in the range of 1–12 nm and investigated the ef-
fects of the processing parameters (e.g. hydrolysis time, hydrolysis
temperature, hydrolysis ratio and doping of chelating agent) on the
state and average size of ZrO2 sols. The aim of this work is to systemat-
ically investigate the effect of sol size onNF performance ofmicroporous
zirconia membranes. High quality supportedmesoporous γ-Al2O3 layer
with controlled pore size (5–6 nm) is used as the support for dip-
coating. Microstructure, pure water flux, molecular weight cut-off
(MWCO) and salt retention of zirconia membranes from zirconia sols
with different sizes are characterized. The properties of unsupported
zirconiamembranes (powder) are also determined byXRD, TG/DTA, ni-
trogen adsorption–desorption and static solubility measurements.

2. Experimental

2.1. Synthesis of ZrO2 sols and fabrication of ZrO2 membranes

Zirconia sols were synthesized through polymeric sol–gel route by
using zirconium n-propoxide (70% in propanol, ABCR GmbH & Co., de-
noted as ZnP) as a precursor and diethanolamine (DEA, Shanghai
Lingfeng Chemical Reagent Co.) as a chelating agent. Recipes for the
synthesis of ZrO2 sols are displayed in Table 2. The general procedure
for the preparation of a ZrO2 sol is as follows. 4.5 ml ZnP was added
into 20 ml 1-propanol (Shanghai Lingfeng Chemical Reagent Co.), and
then a certain quantity of DEA was drop-wise introduced into the ZnP
solution under vigorous stirring. Both operations were carried out in a
nitrogen glove box. The mixture was immediately placed into an ice
bath to prevent premature hydrolysis. Deionized water was drop-wise
added into the solution under vigorous stirring and subsequentlymain-
tained at a fixed temperature for a certain period of time. The obtained
ZrO2 sols (referred to as DZ sols) were cooled down to room tempera-
ture and diluted 6 times with 1-propanol before dip-coating. Dip-
coating is the most commonly used method for the formation of a
membrane layer on porous supports. With a disk support withdrawn
from a sol in a well-defined manner, a wet layer covering the substrate
can be obtained either through capillary filtration or film-coating
mechanism. In this study, supported ZrO2 membranes were fabricated



Table 2
Recipes for the synthesis of ZrO2 sols

Sol number Hydrolysis temperature/°C Hydrolysis time/min [H2O]/[ZnP] (molar ratio) [DEA]/[ZnP] (molar ratio) Particle size distribution/nm Viscosity/Pa·s

DZ-1 0 12 5.0 2.2 2.7–15.2 3.02 × 10-3

DZ-2 40 180 9.4 2.2 5.4–21.5 3.10 × 10-3

DZ-3 40 180 9.4 1.3 7.6–51.1 3.32 × 10-3
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through dip-coating the DZ sols onto home-made disk α-alumina sup-
ported mesoporous γ-alumina layers (pore size: 5–6 nm) under clean
room (class 1000) conditions. Then ZrO2 membranes were calcined
under air at 400 °C for 3 h (denoted asDZmembranes)with the heating
and cooling rates of 0.5 °C·min−1. Zirconia powder (designated as DZ
powder) was obtained by drying corresponding DZ sols in a Petri dish
overnight, followed by calcination procedures the same as that for
supported DZ membranes.
2.2. Characterization of sols and membranes

Effective particle sizes in the ZrO2 sols were measured by Dynamic
Light Scattering using a Zetatrac analyzer (Microtrac Inc.). The average
hydrodynamic diameters of DZ sols reported in this study are the
volume weighted mean diameter derived from a cumulant analysis in
the Microtrac software. The viscosities of polymeric ZrO2 sols were
measured by rotary viscosimeter (DVIII+, Brookfield) at 30 °C. Phase
compositions of DZ powderwere evaluated by employing X-ray diffrac-
tion (XRD, Bruker D8, Advance diffractometer), using a target of Cu Ka

operated at 40 kV and 40 mA. Thermal evolution of DZ powder was
measured using a combined thermogravimetry and differential thermal
analysis (TG/DTA) apparatus (STA-449-F3, Netzsch) under oxygenwith
a heating rate of 10 °C·min−1 in the temperature range of 40–1000 °C.
Nitrogen adsorptionmeasurementswere conducted at 77 K on Belsorp-
mini (Bel Inc.) instruments. Prior to measurements, all samples were
vacuum-dried at 200 °C for 3 h. Microstructure of DZ membranes was
observed by field emission scanning electron microscopy (FESEM, Carl
Zeiss, Leo 1550).

The chemical stability of microporous zirconia membranes, repre-
sented by the corrosion-resistant property of corresponding zirconia
powder, was determined by using static solubility test of zirconia
powder [25], with the general procedure as follows. 100 mg of zirconia
powderwas immersed in a 100ml solution,whose pHvalue (1–12)was
adjusted by the addition of nitric acid or sodiumhydroxide. The solution
was kept stirring for 4 days in a polytetrafluoroethylene beaker by using
a magnetic stirrer before it was filtered over a qualitative filter paper
with a pore size of 1–3 μm. The concentration of Zr ion in the solution
was determined by inductively coupled plasma optical emission spec-
trometry (ICP, 7000 DV, PE).
Fig. 1. Particle size distributions of freshly prepared ZrO2 sols and those sto
Pure water flux of disk membranes was characterized by using a
dead-end filtration apparatus [24] under trans-membrane pressures in
the range of 0.3–0.7 MPa. Polyethylene glycol (PEG) retention of ZrO2

membrane (DZ membrane) was characterized by using the same appa-
ratus with the feed solution stirring at a speed of 200 r·min−1 to avoid
concentration gradient. The feed solution contained PEGs (Alfa Aesar)
withmolecularmasses of 200, 600, 1500 and 4000,with the overall con-
centration of 3 g·L−1 (with each PEG in 0.75 g·L−1). The measurement
was conducted at a trans-membrane pressure of 0.76 MPa and a
temperature of (25 ± 2) °C. The retention rate of the membrane was
determined with gel permeation chromatography (GPC, Waters), by
collecting both feed and permeate solutions. The molecular mass of
PEG corresponding to a 90% retention level was taken as the MWCO of
DZmembranes. Salt retention of ZrO2membraneswith respect to single
component salt solutions, such as MgCl2, CaCl2, Na2SO4 and NaCl,
was determined by using the same filtration apparatus under trans-
membrane pressures in the range of 0.4–0.8 MPa at ambient tempera-
ture (25 ± 2) °C. The feed solution was kept stirring at a speed of
200 r·min−1 to avoid concentration gradient. The concentration and
pH value of above-mentioned salt solutions were controlled in the
range of 0.005–0.1 mol·L−1 and 6.0 (adjusted by addition of HNO3 or
NH3·H2O), respectively. Salt retention of ZrO2 membrane was deter-
mined by measuring conductivities of salt solutions using conductivity
meter (DDS-307, Shanghai Leici Instrument Factory), which are collect-
ed from both feed and permeate sides.
3. Results and Discussion

3.1. Particle size distributions of zirconia sols and stability

Particle size distributions (PSDs) of freshly prepared DZ sols and the
sols stored at −20 °C for 3 months are displayed in Fig. 1. All freshly
prepared zirconia sols exhibit uni-modal distributions, with mode par-
ticle sizes of 3.8, 8.6 and 12 nm, while the appearances of DZ-1–DZ-3
sols are clear and transparent. The PSDs as well as the viscosities of DZ
sols are shown in Table 2, among which DZ-3 sol displays a much
boarder PSD in the range of 7.6–51.1 nm and a relative high viscosity
of 3.32 ×10-3Pa·s It indicates the occurrence of higher hydrolysis and
condensation reaction, which might lead to the formation of highly
red at−20 °C for 3 months. (a) DZ-1 sol; (b) DZ-2 sol; (c) DZ-3 sol.



Fig. 2. Thermogravimetric and differential thermal analysis curves of DZ-2 powder.
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branched cluster in the sol. The variation of the viscosity, on the other
hand, confirms the inhabitation effect of the addition of DEA on the hy-
drolysis and condensation of zirconium alkoxide precursor. The stabili-
ties of the sols characterized by its variation of the PSD after storage for a
period of time are also shown in Fig. 1. After 3 months of storage at
−20 °C, the minimum size of DZ-1 sol shifts to ~3 nmwhile the maxi-
mum size keeps unchanged. It may be resulted from the continuous po-
lymerization in the DZ-1 sol during the storage. However, theminimum
and maximum sizes of DZ-2 and DZ-3 sols change little after 3 months
of storage. More importantly, themode sizes of DZ-2 (7.7 nm) and DZ-3
(11 nm) sols do not varymuch after storage. It indicates good stabilities
of DZ-2 and DZ-3 sols. Meanwhile, the appearances of all DZ sols remain
clear and transparent, which is one of the prerequisites for the fabrica-
tion of microporous membranes.

3.2. Properties of unsupported DZ membranes (DZ powder) derived from
zirconia sols

Since the DZ powder presents similar behavior in the heat-treating
process irrespective of the sol size, thermogravimetric and differential
thermal analyses of DZ-2 powder are shown in Fig. 2. An initial mass
decrease prior to 250 °C in the TG curve can be attributed to the removal
of physically adsorbed water and solvent. The decomposition of alkox-
ide should be responsible for the exothermic peak at around 250 °C in
the DTA curve. Similar result has been observed by Aust et al. [26]. A
small exothermic peak at around 350 °C in the DTA curve can be attrib-
uted to the removal of unreacted chelating agent DEA, whose boiling
temperature is at 271 °C. The exothermic peak at around 400 °C in the
DTA curve is attributed to the phase transformation of zirconia powder
from amorphous to tetragonal. A sharp mass loss (approximately 14%)
started from 440 °C and ended at around 560 °C, together with a large
Fig. 3. XRD patterns of DZ powder calcined at differe
exothermic peak near 500 °C in the DTA curve, may be due to the re-
moval of chelated zirconium complex inside the material [27,28]. The
exothermic peak at around 700 °C in the DTA curve is attributed to
the phase transformation of zirconia powder from tetragonal to mono-
clinic [29].

To probe the phase evolution of DZ powder derived from zirconia
sols with different sizes, XRD measurements were conducted on DZ
powder calcined at different temperatures, and the results are
shown in Fig. 3. The DZ powder presents similar phase compositions
at the same calcination temperature irrespective of the sol size. The
DZ powder exhibits amorphous nature up to a calcination tempera-
ture of 350 °C, while the tetragonal phase can be detected for all
400 °C-calcined DZ powder. It should be noted, however, that the
peak intensity of tetragonal phase increases as the calcination tem-
perature elevates from 400 °C to 500 °C. It has been reported that
the phase transition of oxide is normally accompanied with consid-
erable grain growth and pore enlargement [30,31]. Our previous re-
search has also found that the MWCO value of zirconia membrane
increases with calcination temperature, from 354 Da (350 °C) to
1195 Da (400 °C) [24].

It is well known that microporous materials present type I sorption
isothermal characteristic and hold large Vmicro/Vtotal ratio [32,33]. Nitro-
gen adsorption–desorption isotherms of DZ powder are shown in Fig. 4.
All isotherms of DZ powder calcined at 400 °C present type I curve
irrespective of the sol size, indicating the formation of microporous
structures. Pore structures of DZ powder calcined at 400 °C are
displayed in Table 3, in which the specific surface areas are derived
from the Brunauer, Emmet and Teller (BET) theory. The microporous
and total volumes are obtained by recording the adsorbed volume
(Va) of powder at P/P0 = 0.1 and P/P0 = 0.95 [32]. It can be seen in
Table 3 that Vmicro/Vtotal ratio of DZ powder decreases with the increase
nt temperatures. (a) DZ-1; (b) DZ-2; (c) DZ-3.



Fig. 4. Nitrogen adsorption–desorption isotherms of DZ powder calcined at 400 and 500 °C. (a) DZ-1; (b) DZ-2; (c) DZ-3.

Table 3
Properties of ZrO2 powder calcined at 400 °C

Sample BET surface area/m2·g−1 Vtotal (STP)/cm3·g−1 Vmicro (STP)/cm3·g−1 Vmicro/Vtotal/%

DZ-1 (400) 18.29 11.84 6.4 54.05
DZ-2 (400) 14.04 11.01 5.09 46.23
DZ-3 (400) 4.82 4.89 1.83 37.42

STP: standard temperature and pressure; Vtotal = Va at P/P0 = 0.95; Vmicro = Va at P/P0 = 0.1.

35G. Zhu et al. / Chinese Journal of Chemical Engineering 23 (2015) 31–41
of sol size, from 54.05% (DZ-1 powder derived from zirconia sol with an
average size of 3.8 nm) to 37.42% (DZ-3 powder derived from zirconia
sol with an average size of 12 nm), indicating that the increase of sol
size results in the transformation of the powder from a majority of mi-
croporous structure to a minority one. The values of Vtotal and Vmicro

do not vary much when the sol size is smaller than 8.6 nm, while de-
creases sharply when the sol size reaches 12 nm. It has been reported
that BET surface area of microporous powder in colloidal nature de-
creases with increasing sol size, while the tendency is opposite for poly-
meric microstructures [5]. The slight variation of BET surface area, from
18.29 m2·g−1 to 14.04 m2·g−1, shows that the powder from zirconia
sol with an average size smaller than 8.6 nm retains polymeric micro-
structures. The sharp decrease of BET surface area, from 14.04 m2·g−1

to 4.82 m2·g−1, indicates that the powder with 12 nm-sized sol forms
preferred colloidal microstructure. When the calcination temperature
reaches 500 °C, all isotherms of DZ powder show a hysteretic loop (i.e.
type IV sorption isotherm), indicating the formation of mesoporous
structures.

Thus the increase of sol size, from 3.8 nm to 12 nm, not only in-
creases porous volume, but also forms preferred microporous structure
from polymeric to colloidal nature, whichwould affect the properties of
membranes derived from corresponding zirconia sols. Taking into ac-
count that the increase of calcination temperature may result in the
Fig. 5. FESEM photos of the cross-section of DZ-1 membrane derived from a
phase transformation accompanied with volume variation and pore
growth, which might cause cracks and/or defects in the membrane
[34], the calcination temperature of the zirconia membrane below was
set at 400 °C.

3.3. Microstructures of DZ membranes

Figs. 5 and 6 give the cross-section and surface photos of DZ-1mem-
brane, derived from a sol with an average size of 3.8 nm. A rather thin
(less than 100 nm) top layer forms on the γ-Al2O3 support with the
sol deposited, while a rough surface with many large defects can be ob-
served in the membrane (Fig. 6). Considering the relative small size of
DZ-1 sol (3.8 nm) as compared with the pore size of γ-Al2O3 support
(5–6 nm), it is believed that a discontinuous zirconia separation layer
forms due to excessive penetration of DZ-1 sol into the support. Themi-
crostructures of DZ-2 membrane are shown in Figs. 7 and 8. A thick top
layer (ca. 100 nm) can be observed in DZ-2membrane fabricatedwith a
sol with an average size of 8.6 nm. It should be noted that DZ-2 mem-
brane presents smooth and defect-free surface, as evidenced in Fig. 8.
In comparison with DZ-1 membrane, the improvement of the quality
of top layer of DZ-2 membrane can be assigned to the increase of
sol size from 3.8 nm to 8.6 nm, successfully preventing the sol from
intensive intrusion into the γ-Al2O3 support and eventually giving
sol with an average size of 3.8 nm. (a) Bar = 2 μm; (b) Bar = 100 nm.



Fig. 6. FESEM photos of the surface of DZ-1 membrane derived from a sol with an average size of 3.8 nm. (a) Bar = 1 μm; (b) Bar = 100 nm.

Fig. 7. FESEM photos of the cross-section of DZ-2 membrane derived from a sol with an average size of 8.6 nm. (a) Bar = 2 μm; (b) Bar = 100 nm.

Fig. 8. FESEM photos of the surface of DZ-2 membrane derived from a sol with an average size of 8.6 nm. (a) Bar = 1 μm; (b) Bar = 100 nm.

Fig. 9. FESEM photos of the cross-section of DZ-3 membrane derived from a sol with an average size of 12 nm. (a) Bar = 2 μm; (b) Bar = 100 nm.
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Fig. 10. FESEM photos of the surface of DZ-3 membrane derived from a sol with an average size of 12 nm. Bar = 1 μm; (b) Bar = 100 nm.
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a defect-free and homogeneous zirconia separation layer. Figs. 9 and 10
give FESEM photos of cross-section and surface of DZ-3 membrane, de-
rived from the sol with an average size of 12 nm. As can be seen in Fig. 9,
DZ-3 membrane shows similar cross-section micrograph (with a thick-
ness of ~200 nm) to that of DZ-2 membrane, indicating that membrane
deposited by DZ-3 sol with an average size of 12 nm could also success-
fully prevent excessive penetration of the sol into the γ-Al2O3 support.
Fig. 10 shows a smooth surface with a few irregular dots in DZ-3
membrane.

Based on these results, we can conclude that for a specific support,
the sol size will inevitably affect the microstructure of sol–gel derived
membranes. Zirconia sol with a size larger than the pore size of
γ-Al2O3 support could efficiently prevent from intensive penetration
into the support and, hence, lead to a defect-free and homogeneous
separation layer.
3.4. Effect of sol size on nanofiltration performance of microporous zirconia
membranes

PEG retention of ZrO2 membranes calcined at 400 °C is shown in
Fig. 11. DZ membranes derived from zirconia sols with different PSDs
display various retention performance towards PEGs. Although DZ-1
powder calcined at 400 °C shows a majority of microporous structure,
DZ-1 membrane shows only a 70% retention rate towards PEG with a
molecularweight of 4000, indicating that the pore size of themembrane
is too large to reject organic substance efficiently. The defects formed on
membrane surface as shown in Fig. 6 also corroborate the low PEGs re-
tention of DZ-1 membrane. The sol with an average size smaller than
the pore size of supportwould cause excessive penetration into the sup-
port and, eventually, lead to the formation of a discontinuous zirconia
Fig. 11. PEG retention of ZrO2 membranes calcin
separation layer. DZ-2 membrane fabricated by DZ-2 sol with an aver-
age size of 8.6 nm exhibits a MWCO value of 1195, corresponding to a
pore size of 1.75 nm based on the calculation as follows [35]:

R ¼ 0:262�MW
0:5−0:3

� �
� 0:1 ð1Þ

where R (nm) is the pore radius of membrane and MW is the MWCO.
The result indicates successful deposition of a defect-free and

continuous separation layer onto the γ-Al2O3 support, with pore size
(5–6 nm) slightly smaller than the average size of deposited DZ-2 sol.
Hence, the average size of DZ-2 sol (8.6 nm) is considered to be large
enough to prevent from intensive intrusion into the γ-Al2O3 support.
More importantly, the result also demonstrates that DZ-2 sol retains a
polymeric nature, allows interpenetration of polymer chains and, thus,
results in the formation of microporous structures. The results line up
with those observations made by Vacassy et al. [36] and Xu and Ander-
son [37], who reported that sol with an average size less than 10 nm is
suitable for the fabrication ofmicroporousmembranes. The observation
is also consistent with the data obtained from nitrogen adsorption–
desorption curves and FESEM images of DZ-2 membrane displayed
in Figs. 4, 7 and 8. As can be seen from Figs. 7–10, DZ-3 membrane
shows similar microstructures to that in DZ-2 membrane. However,
DZ-3 membrane presents a higher MWCO value of 2332 (correspond-
ing to a pore size of 2.47 nm as calculated by Eq. (1)) in comparison
with DZ-2membrane. Larger pore size of DZ-3membrane can be attrib-
uted to the fact that a highly branched cluster and/or sol with colloidal
nature are formed in DZ-3 sol, as evidenced by the sol size, nitrogen
adsorption–desorption curves and FESEM images in Figs. 1, 4 and 10,
respectively. These results are also consistent with a minority of micro-
porous structure of the 400 °C-calcined DZ-3 powder. Consequently,
ed at 400 °C. (a) DZ-1; (b) DZ-2; (c) DZ-3.



Fig. 12. Pure water flux of zirconia membranes calcined at 400 °C and γ-Al2O3 support.
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the sol size is relative to the nature of the sol and, hence, affects the per-
formance of membranes. A low branched zirconia sol is preferable to
fabricate microporous zirconia membranes by tuning the average sol
size smaller than 12 nm.

The purewater flux of γ-Al2O3 support and three DZmembranes are
depicted in Fig. 12. The pure water flux of all membranes increases
linearly with the trans-membrane pressure, with pure water flux of
0.2,0.033,0.029 and 0.012 L·m−2·h−1·MPa−1, respectively. It is well
known that the membrane permeability is inversely proportional to
Fig. 13. Ionic retention of ZrO2 membrane
the membrane thickness [30]. Taking into account that the thickness
of DZ membranes are less than 100 nm, about 100 and 200 nm (as
shown in Figs. 5–10), the pure water flux of DZ membranes in the
sequence of F(DZ-1) N F(DZ-2) N F(DZ-3) is reasonable. The sharply
decreased pure water flux is another evidence for the formation of
defect-free and continuous top zirconia layers on the γ-Al2O3 support.

Ionic retention of DZmembranes towards single component salt so-
lutions of CaCl2, MgCl2, NaCl and Na2SO4 is displayed in Fig. 13. All ionic
retention rates decrease as salt concentration increases, which can be
explained by the reduction of thickness of the double electronic layer
formed in the membrane pores [38,39]. With the increase of salt
concentration (i.e. higher ionic strength), the thickness of the double
electronic layer decreases, which is responsible for the lower retention
rates of DZ membranes. The ion rejection of nanofiltration membrane
is determined by the charging effects and sieving effects [40]. Since
the hydrated radius of cations in this study is much smaller than that
of the ZrO2 membrane, the ion retention is primarily influenced by the
membrane charging effects [39]. The repulsive force between the
membrane and di-valent co-ions is stronger than that with mono-
valent co-ions. This would lead to the retention sequence of R(CaCl2,
MgCl2) N R(NaCl, Na2SO4) [3,39]. The DZ-1 membrane fabricated by a
sol with an average size of 3.8 nm, which is slightly smaller than the
pore size of γ-Al2O3 support, shows a relative lower retention property
towards 0.005 mol·L−1 di-valent salt solutions, as evidenced by the
retention rates of 56% (CaCl2) and 53% (MgCl2). The relatively lower
ionic retention is another evidence for the formation of a discontinuous
zirconia separation layer on the γ-Al2O3 support because of excessive
penetration of DZ-1 sol into themesoporous support, which favors trans-
port of ions through large pores. DZ-2 andDZ-3membranes derived from
s as a function of salt concentration.



Table 4
Zr4+ concentration of the solution with zirconia powder corroded under different pH
environment

pH 1 2 3 11 12 13

Zr ion concentration/μg·L−1 13 b10 b10 19 38 266
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sols with the average size larger than 8 nm show comparatively higher
retention rates (in the range of 65%–75%) towards 0.005 mol·L−1 di-
valent salt solutions (i.e. CaCl2 and MgCl2) and lower retention rates
(b20%) towards 0.005 mol·L−1 mono-valent salt solutions (i.e. NaCl
and Na2SO4). The iso-electric point of zirconia membrane is estimated
to be approximately at pH=7.0 based on the relationship between solu-
tion pH and zeta potential value of zirconia membrane [36,41,42]. That is
to say, the zirconia membrane surface is always positively charged
in aqueous solutions with pH values lower than 7. Therefore, results
displayed in Fig. 13 are reasonable based on the electrical interaction be-
tween membrane surface charge and ions [43]. The results also confirm
that solswith an average size larger than the pore size ofγ-Al2O3 support
can efficiently prevent from intensive penetration into the support and,
hence, lead to the formation of defect-free zirconia NF membranes.

The salt retention rates of DZ membranes as a function of trans-
membranepressure are shown in Fig. 14. Somemembranes showa slight
increase in the retention as pressure increases, while some show inde-
pendent results. The results can be explained by diffusion (due to a con-
centration gradient), convection (due to a pressure gradient) and
electromigration (due to an electrical potential gradient) mechanisms
[35]. The DZ-1 membrane fabricated with DZ-1 sol with the average
size (3.8 nm) slightly smaller than the pore size of γ-Al2O3 support ex-
hibits retention rates towards CaCl2 andMgCl2 as low as 30% and 36%, re-
spectively, while DZ-2 and DZ-3 membranes fabricated with 8.6 and
12 nm-sized sols, respectively, exhibit better nanofiltration performance
towards 0.005 mol·L−1 salt solutions, as evidenced by the retention
rates of 64% (CaCl2) and 76% (MgCl2), and 55% (CaCl2) and 62%
(MgCl2), respectively. The higher retention rates of DZ-2 membrane
may be ascribed to a comparatively smaller pore size. Skluzacek et al.
Fig. 14. Ionic retention of ZrO2 membranes as
[38] and Tsuru et al. [44] have found that the membrane with smaller
pore size holds higher charge density, resulting in higher retention
rates towards salt solutions. It should be noted that the salt retention
rates of DZ membranes are in the sequence of R(DZ-2) N R(DZ-
3) N R(DZ-1), which is also consistent with the PEGs retention data.

The chemical stability of zirconia powder, represented by Zr4+

concentration of the solutionwith zirconia powder corroded in different
pH environments for 4 days, is depicted in Table 4. The variation of
concentration of dissolved zirconia is not significant with corroded in
a wide pH range of 1–12, while the increase of dissolved Zr4+ is signif-
icant in a solution at pH of 13. Results indicate that the 400 °C-calcined
zirconia powder is stable in a pH window of 1–12, which is a consid-
erable improvement in comparison with γ-Al2O3 [25] and polymers
[22] (Fig. 15).
4. Conclusions

Zirconia membranes derived from sols with different particle size
distributions were successfully fabricated via sol–gel processes. Effect
of sol size on the NF performance of zirconia membranes were investi-
gated in detail. Nitrogen adsorption–desorption results show that the
a function of trans-membrane pressure.



Fig. 15. The effect of sol size on nanofiltration performance of zirconia membrane.
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increase of sol size, from 3.8 nm to 12 nm, increases porous volume and
form preferred microporous structures from polymeric to colloidal in
nature. FESEM analysis, MWCO and salt retention results show that
the sol size is one of the key factors in obtaining a continuous and de-
fect-free zirconia nanofiltration membrane, as also can be seen from
Fig. 15. The zirconia sol with an average size larger than the pore size
of γ-Al2O3 support can efficiently prevent from intensive penetration
into the support and, forming a homogeneous zirconia membrane.
The average size of zirconia sol should also be adjusted smaller than
12 nm. Under such condition, zirconia sols will prefer to retain a low
branched polymeric nature and allow interpenetration of polymer
chains. Amicroporous zirconiamembrane fabricated by dip-coating zir-
conia sol with an appropriate average size of 8.6 nm shows a MWCO
value of 1195 and high retention rates towards CaCl2 (64%) and MgCl2
(76%). The material is chemically stable in a wide pH window of 1–12.

Nomenclature

MWCO the molecular weight cut-off, Da
R the pore radius of membrane, nm
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