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ABSTRACT

Pyrophyllite-based ceramic membranes with an alumina coating layer were fabricated in this study.
Filtration experiments with pure water, bovine serum albumin (BSA) solution, and oil-in-water (OW)
emulsion were performed to characterize the filtration properties of the membranes. In the filtration
experiments with pure water, the hydraulic permeability and pore radius of the membranes were
determined to be 1.55 x 10 m*m? s kPa and 1.1 x 107 m, respectively. In the filtration experiments
with BSA solution, the rejection rates of BSA solution in the membranes were very low (7.2%-16.1%).
These results were attributed to the far smaller particle size of the BSA (11 nm) than the pore size of
the membranes. In the filtration experiments with OW emulsion, the rejection rates of OW emul-
sion were very high (72.3%-91.8%) because the size of the oil droplets (250—490 nm) was larger than
the pore size of the membranes. Five combined fouling models of cake-complete, cake-intermediate,
complete-standard, intermediate-standard, and cake-standard were used to analyze the BSA and OW
emulsion filtration data.

Keywords: Bovine serum albumin solution; Ceramic membrane filtration; Combined fouling model
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1. Introduction

Polymeric and ceramic membrane filtrations have been
applied as advanced technologies for water and wastewater
treatment [1]. Recently, ceramic membranes have gained
considerable attention due to their superior properties rela-
tive to polymeric membranes, including chemical resistance,
thermal stability, mechanical strength, and hydrophilicity [2].
Ceramic membranes are composed of a support layer and
a thin active layer, which are made of inorganic materials,
such as alumina (Al,Q,), zirconia (ZrQO,), titania (TiO,), sil-
ica (Si0,), and silicon carbide (SiC). Among these, alumina
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is primarily used for the preparation of ceramic membrane
supports [3]. However, alumina-based ceramic membranes
are not suitable for large application because of the high cost
of both starting materials and sintering process [4]. Therefore,
low-cost clay materials have been used by many researchers
to fabricate the membrane supports [5-13].

Pyrophyllite (ALSi,O, (OH),) is a 2:1 hydrous alumino-
silicate clay with a dioctahedral layer structure with octahe-
drally coordinated Al ion sheets between two sheets of SiO,
tetrahedra [14]. Pyrophyllite has been used as a raw material
in the ceramic, glass, and refractory industries [15]. Recently,
researchers have used pyrophyllite as a low-cost material
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for the fabrication of ceramic membrane supports [16]. A
research group from India [17] prepared clay-based mem-
brane supports from clay mixtures that included a minor
portion (10-15 wt%) of pyrophyllite. They used the fabricated
ceramic membranes for the separation of hexavalent chro-
mium [18], electrolytes [19,20], bovine serum albumin (BSA)
[21], and oily wastewater [21-23]. Monash and Pugazhenthi
[21] have fabricated three ceramic membrane supports (I, 3G,
and 6G) with different compositions of raw materials (kaolin,
ball clay, feldspar, pyrophyllite, calcium carbonate, quartz,
and titanium dioxide). They used the membrane supports
for the separation experiments of oil-in-water (OW) emul-
sion and BSA solution, reporting that a maximum rejection
rate of 99% was obtained with 6G support for OW emulsion,
whereas a maximum rejection rate of 40% was obtained with
6G support for BSA solution. Kumar et al. [23] have fabri-
cated ceramic membrane supports using inexpensive clay
mixtures of kaolin, ball clay, feldspar, pyrophyllite, quartz,
and calcium carbonate and applied the supports to microfil-
tration of synthetic oily wastewater. They reported that the
highest rejection rate of 99.98% was obtained at the applied
pressure of 69 kPa.

Another group from the Republic of Korea fabricated
pyrophyllite-based membrane supports using pyrophyllite
as a support material and diatomite as a pore forming agent
[24-26]. Ha et al. [24] have fabricated pyrophyllite-diatomite
composite supports with different amount of diatomite to
examine the effect of diatomite as a pore forming agent on
the pore size and permeability of the composite supports.
They reported that the pore characteristics of the composite
supports could be easily controlled through the addition of
diatomite. Ha et al. [26] have prepared alumina-coated alu-
mina supports and alumina-coated pyrophyllite-diatomite
composite supports to compare the pore size and permea-
bility of those membranes using mercury porosimetry and
water permeability test. Even though the pyrophyllite-based
membranes were fabricated by the Korean research group,
their studies were limited to the characterization of the phys-
ical properties of the pyrophyllite membrane supports, such
as pore size, flexural strength, and permeability.

Therefore, pyrophyllite-based ceramic membranes with
an alumina coating layer were fabricated in this study using
pyrophyllite as a major support material. Filtration experi-
ments with pure water, BSA solution, and OW emulsion
were performed to characterize the filtration properties of
the pyrophyllite-based membranes. In addition, the charac-
teristics of the pyrophyllite-based ceramic membranes were
analyzed by various techniques, including field emission
scanning electron microscopy (FESEM), energy-dispersive
X-ray spectrometry (EDS), and X-ray diffractometry (XRD).

2. Materials and methods

2.1. Fabrication and characterization of pyrophyllite-based ceramic
membranes

Pyrophyllite was obtained from the Sungsan Mine
(Haenam, Republic of Korea). The physicochemical charac-
teristics of pyrophyllite were presented in our previous study
[27]. Flat tubular-type membrane supports (non-layered
membranes) were made by extruding a mixture of 80%

pyrophyllite (particle size =2-40 pm), 20% a-alumina (par-
ticle size = 2-3 um), 2% graphite (particle size = 10 um), and
water using an extruder (IB Materials, Yeongam, Republic of
Korea). Note that the pore size of ceramic membranes can be
controlled by the particle size of pore-forming agent [28]. In
this study, a micron-sized graphite was used as a pore form-
ing agent to prepare the membrane supports with pore diam-
eter suitable for microfiltration. The extruded membrane
supports were dried using a two-step method (microwave
and hot air) and were then sintered at 1,350°C for 2 h.

Alumina-coated pyrophyllite membranes (layered mem-
branes) were prepared from the membrane supports by
coating a thin layer over the supports using a dip-coating
method. The membrane supports were dipped into the
dip-coating solutions containing alumina (8 wt%), isopropyl
alcohol (33 wt%), AP-2 binder (2 wt%), and water (57 wt%).
The alumina-coated membranes were dried at 80°C for 12 h
and then sintered at 1,350°C for 2 h [29].

The morphology and elemental composition of the
ceramic membranes were examined by FESEM and EDX
analyses (Supra 55VP, Carl Zeiss, Oberkochen, Germany),
respectively. The mineralogical and crystalline structural
properties of the membranes were determined by XRD anal-
ysis (D8 Advance, Bruker, Karlsruhe, Germany) with Cu Ka
radiation (A = 1.5418 A) at a scanning speed of 0.5 s/step. The
flexural strengths of the membranes were measured by a
three-point bending test (DTU-900 MHA, Daekyung Tech &
Testers, Incheon, Republic of Korea).

2.2. Ceramic membrane system

A schematic illustration of the submerged ceramic filtra-
tion system used in the test is presented in Fig. 1. The ceramic
filtration unit consisted of a feed tank, a membrane tank, a
permeate tank, a pressure transmitter, peristaltic pumps, and
flow meters. The membrane tank is a cubic acrylic tank with
dimensions of 220 cm (length) x 110 cm (width) x 458 cm
(height). The ceramic membrane was submerged and ver-
tically fixed in the membrane tank. Two (feed and suction)
peristaltic pumps (CT3001F, Lead Fluid, Baoding City, China)
were operated at the same rate to maintain a constant water
level in the membrane tank. The pressure transmitter (SXT
series, ULFA Technology Co., Seoul, Republic of Korea) was
installed between the membrane and the peristaltic pump
to monitor the transmembrane pressure (TMP). Two flow
meters (MX06-MX100, Macnaught, Turrella, NSW, Australia)
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Fig. 1. A schematic diagram of the submerged ceramic mem-
brane system.
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were installed on the peristaltic pumps to monitor the water
flux. The pressure and permeate flux data from the pressure
transmitter and flow meters were automatically recorded on
a computer.

2.3. Filtration experiments with pure water

Prior to water permeation experiments, the porosity
(n, %) of the membranes was determined by the Archimedes’
method along with the following relationship [30]:

po My =M, (1)

Mw - M!J

In addition, water permeation experiments were con-
ducted at room temperature with deionized water under a
constant flow rate (Q = 8.33 x 107 to 3.33 x 10° m?%/s) in order
to determine the hydraulic permeability (Hp, m?%m? s kPa)
and hydraulic pore radius (H, m) of the pyrophyllite-based
ceramic membranes, which are calculated as follows [30]:

- Q
" AAP

8udH
H, == G)

where A is the effective membrane area (m?), AP is the TMP
(kPa), p is the viscosity of water (kPa s), and d is the mem-
brane thickness (m).

@)

2.4. Filtration experiments with BSA solution

BSA solution filtration experiments were performed
under a constant flow rate at room temperature. BSA was cho-
sen to represent a typical protein-like substance, which is one
of the major membrane foulants [31]. BSA (pH 7, 298%) was
purchased from Sigma-Aldrich (Saint Louis, MO, USA). The
BSA solutions were prepared by dissolving a given amount
(200, 500, and 1,000 mg/L) of BSA powder in deionized water
and then stirring for 6 h. The experimental conditions are
summarized in Table 1. Experiments 1-3 were performed at

Table 1
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a flow rate ranging from 8.33 x 107 to 2.50 x 10 m®/s with
a BSA concentration of 200 mg/L. These experiments were
continued until 3.5 L of permeate were collected. Additional
experiments (Exps. 4 and 5) were conducted at a flow rate of
1.67 x 10° m*/s with a BSA concentration of 500 or 1,000 mg/L
and a filtration time of 90 min. The BSA concentration in the
feed water and permeate was measured using a UV-visible
spectrometer (Genesys 10S, Thermo Scientific, Waltham, MA,
USA) at a wavelength of 595 nm according to the Bradford
protein assay with Bradford reagent (Sigma-Aldrich). The
rejection rate (R, %) was calculated using the following
relationship:

f TP %100 4
s 4)

i

R=

After the each filtration experiment, the fouled mem-
brane was chemically cleaned using alkaline cleaning and
acid cleaning to recover the initial permeability. The mem-
brane was immersed in NaOH solution (10 g/L) for 120 min
at 39°C. Then, the membrane was washed thoroughly with
deionized water. Thereafter, the membrane was immersed in
HNO, solution (5 mL/L) for 30 min at 39°C. Then, the mem-
brane was washed thoroughly with deionized water. After
completion of membrane cleaning, the water permeability of
the cleaned membrane was tested with deionized water at
the constant flow rate to confirm the recovery of water per-
meability (97% of recovery).

2.5. Filtration experiments with OW emulsion

OW emulsion filtration experiments were conducted
under a constant flow rate at room temperature. Soybean oil
(density =0.92 g/mL) and sodium dodecyl sulfate (surfactant,
>90%) purchased from Sigma-Aldrich were used in the exper-
iments. The OW emulsions were prepared by mixing a given
amount of soybean oil (50, 100, and 200 mg/L) and sodium
dodecyl sulfate (10 mg/L) with deionized water. Stable OW
emulsions were generated by sonication for 6 h using a
ultrasonicator (Q500, Qsonica, Newton, CT, USA). The size
distribution of oil droplets in the emulsions was measured
using a particle size analyzer (Mastersizer 2000, Malvern
Instruments, Malvern, UK). The experimental conditions are

Experimental conditions and results of bovine serum albumin (BSA) solution and oil-in-water (OW) emulsion filtration

Exp. Solution Solution concentration Flow rate Volume of feed Filtration time Rejection rate
(mg/L) (m?/s) (mL) (min) (%)
1 BSA 200 8.33 x 107 3,500 100 11.0
2 BSA 200 1.67 x 10~ 3,500 47 10.6
3 BSA 200 2.50 x 10 3,500 31 11.3
4 BSA 500 1.67 x 10~ 6,000 100 16.1
5 BSA 1,000 1.67 x10° 6,000 100 72
6 ow 200 8.33 x 107 400 90 90.4
7 ow 200 1.67 x 10 400 71 86.7
8 ow 200 2.50 x 10 400 17 91.8
9 ow 50 1.67 x 10° 3,000 90 723
10 oW 100 1.67 x 10 1,100 90 81.7
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also summarized in Table 1. For Exps. 6-8, filtration was con-
ducted at a flow rate ranging from 8.33 x 107 to 2.50 x 10 m?/s
with an OW emulsion concentration of 200 mg/L. The experi-
ments were continued until 0.4 L of permeate were collected.
Additional experiments (Exps. 9 and 10) were performed at a
flow rate of 1.67 x 10~ m?/s with OW emulsion concentrations
of 50 and 100 mg/L and a filtration time of 90 min. The oil
concentration in the feed water and permeate was analyzed
using a total organic carbon analyzer (Sievers 5310C, GE
Analytical Instruments, Boulder, CO, USA). After the each
filtration experiment, the fouled membrane was chemically
cleaned using 1% detergent solution for 30 min. Then, the
cleaned membrane was washed thoroughly with deionized
water for 30 min. After completion of membrane cleaning,
the water permeability of the cleaned membrane was tested
by following the same procedure described in the BSA filtra-
tion test (97% of recovery).

2.6. Combined fouling models

Hermia [32] derived the blocking filtration laws to
describe fouling mechanisms during constant pressure mem-
brane filtration. Four individual pore blocking models were
presented in that work, including the complete blocking fil-
tration model, the intermediate blocking filtration model, the
standard blocking filtration model, and the cake filtration
model. However, the individual fouling model is not accu-
rate enough to describe the membrane fouling mechanism
because membrane fouling can be caused by a combination
of several individual fouling mechanism [33].

Bolton et al. [34] combined the individual fouling
models into a combined fouling model that includes
cake-complete, cake-intermediate, complete-standard,
intermediate-standard, and cake-standard models. Several
researchers [35-38] have used the combined models to ana-
lyze the membrane fouling mechanism during membrane fil-
tration. The five combined fouling models for constant flow
operation can be presented as follows [34]:

P KJ?
h__1 1- C—]Oln(l -K,t)| Cake-complete model (5)
P, 1-Kt K,

0

b _ KJy _
Pexp(Kx.]Ot)[1+ K (exp(K,],t) 1)]

0 (6)
Cake-intermediate model
b 1
Py (1tht‘)(l+(KS]O/ZKb)ln(lbet))2 (7)
Complete-standard model
ﬂ _ exp(K.],t)
P, (1-(K /2K )(exp(K ] ) —1))* (8)
Intermediate-standard model
2
% = [1 - Kszjot] +K_J2t Cake-standard model )
0

The error functions, including the sum of the absolute
error (SAE), Marquardt’s percentage standard deviation
(MPSD), and determination coefficient (R?), are used in the
model analysis:

SAE=3 " |v.-v., (10)
1 2
n y.—-y
PSD =100, |—— ¢ Je 11
MPS 00\/;1_12”[ m 1 (1)
" —\2
RZ — zi:](yc _ye )i (12)
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In this study, model Egs. (5)—(9) were used to analyze
the filtration data for the BSA solution and OW emulsion by
non-linear regression using error functions of Eqs. (10)—(12).

3. Results and discussion
3.1. FESEM, EDX, and XRD

The characteristics of the pyrophyllite-based ceramic
membranes are shown in Fig. 2. Physical characteristics of
the ceramic membrane supports are summarized in Table 2.
The ceramic membrane supports had dimensions of 240 mm
(length) x 75 mm (width) with an effective membrane area of
0.0379m2 The FESEM images demonstrated the heterogeneous
surface morphology of the non-layered (Fig. 2(a)) and layered
(Fig. 2(d)) membranes. The flat tubular-type modules of the
non-layered and layered membranes are shown in the insets
of Figs. 2(a) and (d), respectively. The cross-sectional FESEM
images (Figs. 2(b) and (e)) show that the ceramic membranes
were composed of a membrane support (thickness = 4 mm)
and an alumina coating layer (thickness =7.16 um).

The EDX patterns (Figs. 2(c) and (f)) indicated that silica
(Si) and carbon (C) were the major elements of the ceramic
membranes. The atomic percentage of aluminum (Al) in the
layered membranes was 11.48%, which was far higher than
that (0.83%) in the non-layered membranes due to the alu-
mina coating layer.

The XRD patterns of the non-layered and layered mem-
branes are presented in Fig. 3. Pyrophyllite was mainly
composed of silica and alumina. During fabrication of the
ceramic membranes, the general XRD pattern of pyrophyllite
disappeared because pyrophyllite was sintered at 1,350°C.
Quartz (S5iO,, hexagonal) and cristobalite (SiO,, tetragonal)
were observed to be the major phases in the non-layered and
layered membranes, respectively. In addition, peaks of mul-
lite (Al,Si,0,,) and corundum (AL,O,) were observed. Similar
findings were reported by Ha et al. [24], who observed the
appearance of peaks for quartz, cristobalite, and mullite
when the pyrophyllite support layer was sintered at 1,300°C.

3.2. Water permeation experiments

The TMP vs. pure water flow rate in pyrophyllite-based
membranes is presented in Fig. 4 to determine the relationship
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Element Weight % Atomic %
s} 13.60 16.72

Si 30.56 18.66
C 23.30 3327
=1 Ca 123 0.53

Al 1.30 0.83

“Element_Weight % _Atomic %
o 9.5 22
si 10.84 651
c 21.15 29.71
Ca 0.14 0.06

Al 18.35 11.48

Fig. 2. Characteristics of pyrophyllite-based membranes: (a) FESEM of non-layered membrane surface (bar = 2 um; inset = digi-
tal image of non-layered membrane module), (b) FESEM of non-layered membrane (cross-section, bar = 2 um), (c) EDS pattern of
non-layered membrane (inset = elemental composition), (d) FESEM of layered membrane surface (bar = 2 um; inset = digital image
of layered (alumina-coated) membrane module), (e) FESEM of layered membrane (cross-section, bar = 2 um), and (f) EDS pattern of

layered membrane (inset = elemental composition).

Table 2
Physical characteristics of pyrophyllite-based membrane support
fabricated in this study

Type Flat tubular
Filtration direction Out-in
Length (mm) 240

Width (mm) 75
Thickness of support (mm) 4

Effective membrane area (m?) 0.379
Flexural strength (MPa) 29.1

between hydraulic permeability and hydraulic pore radius.
The hydraulic permeabilities of the non-layered and layered
membranes were 2.21 x 10 and 1.55 x 10° m®/m?s kPa, respec-
tively, indicating that the permeability of the membranes was
reduced due to the presence of the coating layer. The average
pore radii of the non-layered and layered membranes were
1.2 x107 and 1.1 x 107 m, respectively. From the Archimedes’
method, the porosity of the non-layered membranes was
determined to be 47.0%, whereas the porosity of the layered
membranes was 36.3% due to the alumina coating layer.

The values of hydraulic permeability and pore radius
from this study were comparable with the values reported
in the literature (Table 3) [26,30,39-43]. Ha et al. [26] reported
that the hydraulic permeabilities of the non-layered and lay-
ered pyrophyllite-diatomite membranes were 8.34 x 10 and
2.78 x 10° m?/m?* s kPa, respectively, whereas the average
pore radii of the membranes were 5.1 x 107 and 5.5 x 10® m,
respectively.

@ Al 25Si0.7504.7: (Mullite)
@ Si0, (Cristobalite)
® 3 Al,05 (Corundum)
@ Al 5450720485 (Mullite)
® si0, (Quartz)
~
3 ®
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Fig. 3. XRD patterns of pyrophyllite-based membranes.

3.3. BSA solution filtration

The permeate volume vs. TMP for BSA solution filtration
are shown in Fig. 5. The rejection rates for the BSA solution
are presented in Table 1. BSA filtration experiments (Exps.
1, 2, and 3) were performed at three different flow rates
with a permeate volume of 3.5 L. In Exp. 1 (BSA concentra-
tion = 200 mg/L, flow rate = 8.33 x 107 m?/s), the TMP val-
ues remained relatively constant at 12-13 kPa throughout
the BSA solution filtration. The rejection rate of BSA solu-
tion was determined to be 11.0%. As the flow rate increased,
the TMP values remained relatively constant at higher val-
ues throughout the filtration. For Exp. 2 (BSA concentra-
tion = 200 mg/L, flow rate = 1.67 x 10 m?/s), the TMP values
remained at 21-22 kPa with a rejection rate of 10.6%. In Exp. 3
(BSA concentration = 200 mg/L, flow rate = 2.50 x 10 m?/s),
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the TMP values remained at 35-37 kPa with a rejection rate
of 10.6%. Our results indicate that the rejection rate of BSA
solution was not affected by the applied flow rate under the
given experimental conditions.

Additional experiments (Exps. 4 and 5) were con-
ducted with two different concentrations of BSA solution
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Fig. 4. Transmembrane pressure (TMP) vs. pure water flow rate
in pyrophyllite-based membranes.
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Fig. 5. Bovine serum albumin (BSA) solution filtration (permeate
volume vs. transmembrane pressure (TMP) data).

and a filtration time of 90 min. In Exp. 4 (BSA concentra-
tion = 500 mg/L, flow rate = 1.67 x 10° m?/s), the TMP values
remained at 23-24 kPa with a rejection rate of 16.1%. For Exp.5
(BSA concentration = 1,000 mg/L, flow rate = 1.67 x 10° m?/s),
the TMP values remained at 24-25 kPa with a rejection rate of
7.2%, which was lower than that of Exp. 4.

Our results demonstrated that the rejection rates of BSA
solution were very low (7.2%-16.1%) and remained rela-
tively constant under a given set of experimental conditions.
These results were attributed to the far smaller particle size
of the BSA than the pore diameter of the pyrophyllite-based
ceramic membranes. It is known that BSA contains prolate
ellipsoids with dimensions of 140 x 40 x 40 A3 [44]. BSA has
a molecular weight of 66,430 Da [45], which was calculated
to be 11.0nm from the equation in the literature [46]. Note
that the average pore diameter of the layered ceramic mem-
branes used in this study was 220 nm (Table 3), which was
22 times larger than the size of the BSA. Therefore, BSA
particles could easily pass through the ceramic membranes
during the filtration experiments. Similar findings have been
reported by Monash and Pugazhenthi [21] demonstrated
that, under the given experimental conditions (BSA concen-
tration = 500 mg/L, solution pH =7.0), the BSA rejection rates
were very low (I support = 1%-9%, 3G support = 3%-10%,
and 6G support = 5%-16%), showing a decreasing tendency
with an increase in applied pressure from 69 to 345 kPa. At
an applied pressure of 207 kPa, the rejection rates decreased
(I support = 6%-16%, 3G support = 11%—27%, and 6G sup-
port = 18%—40%) with an increase in the BSA concentration
from 100 to 400 mg/L. At BSA concentrations ranging from
500 to 3,000 mg/L, however, the rejection rates remained rel-
atively constant (I support = 3%-6%, 3G support = 6%-8%,
and 6G support = 10%-16%). Vasanth et al. [47] fabricated
ceramic-LTA zeolite composite membranes (Z1-Z4) and
applied Z4 membranes (average pore size = 76 nm) for ultra-
filtration of BSA solutions. They reported that the BSA rejec-
tion rate was highest at pH 2.5 (80%) at an applied pressure
of 207 kPa and decreased sharply with an increase in pH to
5.0, finally reaching 1% at a solution pH of 6.3-8.0. The BSA
rejection rate decreased from 80% to 54% with an increase in
applied pressure from 207 to 345 kPa.

rg)lﬁlepirison of pore radius and hydraulic permeability reported in the literature

Major support material Pore radius (m) Hydraulic permeability (m?/m? s kPa) Reference
Pyrophyllite (non-layered) 1.2 x 107 221 x10° This work
Pyrophyllite (layered) 1.1 x107 1.55 x 10 This work
Pyrophyllite, diatomite (non-layered) 5.1 x107 8.34 x 10° [25]
Pyrophyllite, diatomite (layered) 5.5x10% 2.78 x10° [25]

Fly ash, quartz 6.6 x 107 0.63 x 10° [27]
Alumina 1.0 x 107 3.73 x10° [28]
Alumina 1.0 x 107 1.39 x 10 [29]
Kaolin, quartz 2.3 x107 0.37 x 10°° [30]

Fly ash 3.9 %107 4.33 x10° [31]
Kaolin, quartz 3.5x107 1.94 x 10°° [32]
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3.4. OW emulsion filtration

The permeate volume vs. normalized specific flux data
for OW emulsion filtration are presented in Fig. 6. Even
though the OW filtration experiments were performed under
constant flux conditions, permeate fluxes decreased consid-
erably due to membrane fouling by the OW emulsion. To
consider permeate flux decline during membrane filtration,
several researchers [48-50] have used normalized specific
flux (N), which can be calculated as follows:

N, - UR)
D)

OW emulsion filtration experiments (Exps. 6, 7, and 8)
were conducted at three different flow rates with a perme-
ate volume of 0.4 L. The rejection rates for OW emulsions
are presented in Table 1. In the case of Exp. 6 (OW emulsion
concentration = 200 mg/L, flow rate = 8.33 x 107 m?s), the
normalized specific flux decreased rapidly during filtration
of the OW emulsion. The rejection rate for the OW emul-
sion was determined to be 90.4%. For Exp. 7 (OW emulsion
concentration = 200 mg/L, flow rate = 1.67 x 10 m?/s), the
normalized specific flux dropped sharply to a rejection rate
of 86.7%. In Exp. 8 (OW emulsion concentration = 200 mg/L,
flow rate = 2.50 x 10° m?s), the normalized specific flux
dropped quickly with a rejection rate of 91.8%. Our results
indicated that the rejection rate of the OW emulsion was not
affected by the applied flow rate under the given experi-
mental conditions. Additional experiments (Exps. 9 and 10)
were conducted with two different concentrations of OW
emulsion and a filtration time of 90 min. In Exp. 9 (OW emul-
sion concentration = 50 mg/L, flow rate = 1.67 x 10° m?¥s),
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Fig. 6. Oil-in-water (OW) emulsion filtration: (a) permeate vol-
ume (0-3,000 mL) vs. normalized specific flux and (b) permeate
volume (0-1,200 mL) vs. normalized specific flux.

the normalized specific flux remained constant at 1.0 up to
0.5 L of permeate volume, decreased slowly to 1.5 L, and
then dropped rapidly to 3 L. The rejection rate of Exp. 9 was
determined to be 72.3% (Table 1). In Exp. 10 (OW emulsion
concentration = 100 mg/L, flow rate = 1.67 x 10° m?/s), the
normalized specific flux decreased sharply up to 0.4 L of per-
meate volume and then fluctuated at low values (0.01-0.1) to
1.1 L. The rejection rate of Exp. 10 was 81.7% (Table 1), which
was higher than that of Exp. 9.

Unlike the BSAsolution, the rejection rates of OW emulsion
were very high (72.3%-91.8%) under the given experimental
conditions. This result was attributed to the size of the oil
droplets. The droplet size distributions of OW emulsions with
different oil concentrations are presented in Fig. 7. In general,
the size of oil droplets depends on the amount of emulsifier
and emulsification time [51]. In our experiments, the volume
median diameter of the oil ranged between 160 and 530 nm
for oil concentrations of 50, 100, and 200 mg/L, whereas the
average oil droplet size ranged between 250 and 490 nm. The
average diameters of oil droplets in the OW emulsions were
higher than the pore diameter (220 nm) of the layered mem-
branes. Therefore, oil droplets could not pass easily through
the ceramic membranes during the filtration experiments.
Similar findings have been reported by several researchers.
Monash and Pugazhenthi [21] demonstrated that, under
the given experimental conditions (OW emulsion concen-
tration = 50-200 mg/L, oil droplet diameter = 504,000 nm),
the rejection rates were very high (I support = 71%-96%, 3G
support = 72%-96%, and 6G support = 83%-99%), showing a
decreasing trend with an increase in applied pressure from
69 to 345 kPa. In addition, the rejection rate increased with
an increase in OW emulsion concentration. For instance, the
rejection rate of the 6G support (applied pressure = 69 kPa)
increased from 92% to 99% with an increase in oil droplet
concentration from 50 to 200 mg/L. They attributed this
trend to the formation of larger oil droplets with an increase
in oil droplet density. Suresh and Pugazhenthi [30] have
fabricated ceramic membranes with fly ash and titanium
dioxide to separate OW emulsions. Under the given exper-
imental conditions (OW emulsion concentration = 200 mg/L,
average oil droplet diameter = 6,928 nm), the ceramic mem-
brane SP4 (average pore size = 2,280 nm) had rejection rates
of 95.6%-99.2% for applied pressures ranging from 69 to
345 kPa. Cui et al. [52] have prepared NaA zeolite-alumina
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Fig. 7. Droplet size distribution of oil-in-water (OW) emulsion.
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membranes with average pore sizes of 1,200 nm (NaAl),
400 nm (NaA2), and 200 nm (NaA3) to treat oil-contaminated
water. They reported that both NaAl and NaA2 membranes
showed an oil rejection rate >97% under the given experi-
mental conditions (OW emulsion concentration = 100 mg/L,
average oil droplet diameter = 1,500 nm).

3.5. Combined fouling model analysis

The observed TMP data and the combined fouling model
fits for Exp. 1 (BSA solution) are presented as an example
in Fig. 8. The model parameters and error function values
are provided in Table 4. Among the five combined fouling
models (Egs. (5)-(9)), the best-fit fouling model was cho-
sen by comparing the values of three error functions (SAE,
MPSED, and R?). The cake-intermediate (CF-IB) model was
most appropriate for describing the TMP data except for the
cases of Exps. 3 and 5. The contributions of the cake filtra-
tion model and intermediate blocking model to the CF-IB
model were calculated using the values of the fitted model
parameters (K J, K)). The values of K ] /K, for Exps. 1, 2, and
4 were calculated to be zero, indicating that the interme-
diate blocking model was a major component of the CF-IB
model. Similar results were presented by Hlavacek and
Bouchet [53], who performed membrane filtration exper-
iments with BSA solution under constant flow rate condi-
tions and reported that the pressure drop data were fitted
best by the intermediate blocking model. The intermediate
blocking model assumes that the particles do not necessarily
block a membrane pore, and a particle in an aqueous solu-
tion can land on another particle previously deposited on
the surface of the membrane [54,55]. For high flow rate con-
ditions (Exp. 3) and high BSA concentrations (Exp. 5), the
TMP data were most properly described by the cake-com-
plete (CF-CB) model. The values of K J:/K, for Exp. 3
(8.7 x 10°) and Exp. 5 (4.2 x 10°) indicated that the cake fil-
tration model was a major component of the CF-CB model.
Angelis and de Cortalezzi [56] reported that membrane foul-
ing was positively correlated with BSA concentration. They
used ferroxane-derived ceramic membranes (average pore
size = 76 nm) for BSA separation from aqueous solutions

1.6

14 4
12 A
o oo R o AT SR P e e R P P TR O
1.0
o
a
= 0.8
0.6 +
0.4 A o Exp.1 e Cake + Complete
- — - Cake + Intermediate -.--- Complete + Standard
0.2 +
= - = Intermediate + Standard —--—Cake + Standard
0.0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
t (min)

Fig. 8. Analysis of the combined blocking models for bovine
serum albumin (BSA) solution filtration (an example of the
model fits to Exp. 1). The model parameters and error function
values are provided in Table 4.

(BSA concentration = 10, 100, 500, and 1,000 mg/L), showing
that membrane fouling was minimal at a BSA concentration
of 10 mg/L, but increased as the BSA concentration increased
from 10 to 1,000 mg/L.

The observed normalized specific flux data and the
combined fouling model fits for Exp. 6 (OW emulsion) are
presented as an example in Fig. 9. The model parameters
and error function values are provided in Table 5. The val-
ues of SAE, MPSED, and R? indicated that the CF-CB model
was the most appropriate for describing the normalized

specific flux data except for Exp. 9. The values of K J;/K,
for Exp. 6 (5.4), Exp. 7 (17.5), Exp. 8 (28.0), and Exp. 10 (8.5)
indicated that the cake filtration model was a major compo-
nent of the CF-CB model. Vasanth et al. [41] have conducted
OW emulsion filtration experiments using clay-based mem-
branes at different pressures and flow rates, reporting that
flux decline data were fitted best by the cake filtration
model. Hu and Scott [57] have reported that the cake fil-
tration model gave the best prediction for flux decline data
obtained from the membrane filtration for the OW emul-
sion. The cake filtration model assumes that particles are
not able to enter the membrane pores, but form a cake-like
layer over the membrane surface [54]. In our experiments,
oil droplets plugged and accumulated on the membrane
pores to form a cake-like layer because the size of the oil
droplets was larger than the pore size of the membrane.

The value of K J;/K, increased with increases in flow rate
and OW emulsion concentration, indicating that the con-
tribution of the cake filtration model to membrane fouling
increased with increases in flow rate and OW emulsion con-
centration. In the case of a low OW emulsion concentration
(Exp. 9), the normalized specific flux data were most prop-
erly described by the CF-IB model. The value of K ] /K, was
0.56, indicating that the contributions of the cake filtration
model and intermediate blocking model to the CF-IB model
were similar.

4. Conclusions

Ceramic microfiltration membranes were fabricated
using pyrophyllite as a major support material. The FESEM
images showed that the ceramic membranes were composed
of a membrane support (thickness =4 mm) and an alumina
coating layer (thickness = 7.16 pm). Water permeation tests
showed that the alumina-coated pyrophyllite membranes
had a hydraulic permeability of 1.55 x 10-° m*m? s kPa and
an average pore radius of 1.1 x 107 m. The BSA filtration
experiments demonstrated that the TMP values remained
relatively constant throughout the BSA solution filtration.
BSA particles had very low rejection rates (7.2%-16.1%)
because the particle size of BSA was far smaller than the pore
diameter of the membranes. The OW emulsion experiments
showed that permeate fluxes decreased considerably due to
membrane fouling by the OW emulsion. Oil droplets had
very high rejection rates (72.3%-91.8%) because the size of
oil droplets was larger than the membrane pore diameter.
In the model analyses with five combined fouling models,
most of the BSA filtration data were properly described by
the cake-intermediate model, whereas most of the OW data
were fitted best by the cake-complete model.
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Fig. 9. Analysis of the combined blocking models for oil-in-water
(OW) emulsion filtration (an example of the model fits to Exp. 6).
The model parameters and error function values are provided
in Table 5.
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Symbols

A — Effective membrane area
C, — Feed concentration

C — Permeate concentration

~

S
|

Membrane thickness
— Hydraulic permeability
Hydraulic pore radius

=
|

J, — Initial permeate flux

J,  — Permeate flux at time ¢

n  — Porosity

N, — Normalized specific flux

P, — Initial transmembrane pressure

P, — Transmembrane pressure at time ¢

Q — Flow rate

R — Rejection rate

t — Time

K. — Characteristic constant of the cake
filtration model

K, — Characteristic constant of the complete pore
blocking model

K, — Characteristic constant of the intermediate pore
blocking model

K, — Characteristic constant of the standard blocking
model

M, — Mass of the water saturated membrane measured in
water

M, — Mass of the dried membrane

M, — Mass of the membrane with pores filled with water

y. — Calculated value from the model

Yy, — Measured value from the experiment

Yy, — Average of the measured value

u  — Water viscosity

AP — Transmembrane pressure
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