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A B S T R A C T

Organic solvent filtration is an important industrial process. It is widely used in pharmaceutical manufacturing,
chemical processing industry, semiconductor industry, auto assembly etc. Most of the particle filtration studies
reported in open literature dealt with aqueous suspension medium. The current work has initiated a study of
cross-flow solvent filtration behavior of microporous ethylene chlorotrifluoroethylene (ECTFE) membranes
using 12 nm silica nanoparticles suspended in an aqueous solution containing 25% ethanol. In the constant
pressure mode of operation of cross-flow microfiltration (MF), permeate samples were collected at different time
intervals. The permeate particle size distribution (PSD) results for different experiments were identical. Particle
agglomerates having less than 100 nm size can pass through the membrane; some fouling was observed. The
governing fouling mechanisms for tests operated using 3.8× 10−3 kg/m3 (3.8 ppm) at 6.9×103 Pag and
1.4× 104 Pag were pore blocking. For tests conducted using 3.8× 10−3 kg/m3 (3.8 ppm) at 27.6×103 Pag
(4 psig) and 1.9× 10−3 kg/m3 (1.9 ppm) at 6.9×103, 13.8×103 and 27.6× 103 Pag (1, 2 and 4 psig), the
mechanism was membrane resistance control. Less particles got embedded in membrane pores in experiments
operated using suspensions with lower or higher particle concentrations with a higher transmembrane pressure.
This is in good agreement with the values of the shear rate in the pore flow and scanning electron microscope
images of the membrane after MF. In the dead-end mode of operation of solvent filtration using methanol,
ethanol and 2-propanol, the permeate flux behavior follows Jmethanol > Jethanol > J2-propanol at all testing
pressures. The values of permeance (kg/m2-s-Pa) determined from the slope of the linear plot of filtration flux vs.
the applied pressure difference across the membrane, were 3.9×10−4, 2.3× 10−4 and 3.0× 10−5 for me-
thanol, ethanol and 2-propanol, respectively. Further exploration was made on solvent sorption results reported
earlier. The critical temperature of selected solvents shows a better correlation with solvent sorption rather than
the solubility parameter.

1. Introduction

Membrane is a selective separation barrier, which allows some
component(s) to pass through but ideally prevents the rest [1] when
some driving force is applied. The driving force is usually a difference in
hydraulic pressure, partial pressure, composition or an electrical po-
tential gradient or temperature gradient across the membrane. Appli-
cations of membranes for liquid separations have been widely devel-
oped resulting in a variety of membranes for reverse osmosis (RO),
nanofiltration (NF), ultrafiltration (UF), microfiltration (MF), etc. based
on the nominal pore size of the membrane. The pore size of MF mem-
branes is about 0.02–10 μm. A relatively low feed operating pressure of
approximately 1.03–4.14×105 Pa (15–60 psig) can be applied to the
feed for separation by a MF membrane. An extensive earlier review of

various aspects of MF are available in Chapters 31–35 of Ho and Sirkar
[2].

For dead-end microfiltration of microbial suspensions, Foley [3] has
done a review of various factors, including cell size and shape, cell
surface properties, ionic environment, fermentation medium compo-
nents and aging effects, affecting filter cake properties. In cross-flow
microfiltration study by Field et al. [4], the concept of critical flux was
introduced. It is the flux below which membrane fouling does not occur;
however, above it a decline of flux is observed with time [4]. Theory,
experiments and applications of critical and sustainable fluxes have
been reviewed by Bacchin et al. [5]. Microfiltration of suspensions of
paper mill effluent, biologically treated waste water, activated sludge,
lactic acid fermentation broths, skimmed milk, natural organic matter,
bovine serum albumin, myoglobin, silica, yeast, clay, latex, organic
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matter, etc. have been reviewed [5]. However, the medium of most
suspensions in the studies reported in open literature is water.

The stability of suspension is a precondition to a successful MF test.
Variations of pH and ionic strength are widely used to maintain the
stability of the suspension based on the net energy of interaction be-
tween surfaces. In research conducted by Elzo et al. [6], high permeate
flux was obtained at high pH and low salt concentration, where the
repulsion between the silica particles was strong. Moreover, the dis-
sociation of the silanol groups Si-OH generated negatively charged Si-
O− groups, which would change the net charge in the suspension with
the addition of cations such as Ca2+ [6].

One of the principal applications of microporous membranes is MF;
it is widely used for purification of processing fluids and removal of
particles from acids, bases and organic solvents. There are a large
number of articles published in this area [7–10]. Unfortunately, pub-
lications of MF in an organic environment is quite limited compared to
those involving aqueous suspensions. Dutczak et al. [11] have suc-
cessfully developed a technique that combines membrane formation
and crosslinking reaction of fabricating fibers, which are more hydro-
philic and attractive in alcohol system. Filtration performances of
ECTFE membrane have been successfully studied by Ursino et al. [12]
using pure solvents such as, methanol, ethanol and dimethylformamide
due to the low degree of swelling of dense membranes in these solvents.
This study did not involve any particle filtration. Among many other
aspects studied, Karkhanechi et al. [13] made a very brief study of
filtration of monosized latex-containing stabilized aqueous suspensions
through hollow fibers fabricated from HALAR® ECTFE 901. Before
studying the performance for particle removal by a membrane, solvent
resistance and filtration in that media should be known. Our previous
studies of ECTFE membrane suggested that it has excellent solvent re-
sistance based on the study of solvent sorption properties, wetting
characteristics, thermal resistance, electrical properties and mechanical
properties [14]. Therefore, it is useful to explore filtration performances
of ECTFE MF membranes in different media such as organic solvents.
After that, nanoparticle filtration needs to be studied in both aqueous,
aqueous-organic and non-aqueous media.

The relatively new microporous (MF) membrane of interest here is
made of ECTFE (ethylene chlorotrifluoroethylene). The relative use-
fulness of ECTFE material-based MF membrane vis-à-vis those of other
fully fluorinated and partially fluorinated fluoropolymers has been
discussed earlier [14]. It is useful to have a perspective of the effects of
a variety of organic solvents, pH variations and gamma radiation on the
properties of microporous ECTFE membranes; comparison with com-
monly used polyvinylidene fluoride (PVDF) based membranes may also
be carried out for selected properties. Table 1 provides a comparison of
various properties between ECTFE and other fluoropolymers, such as,
PVDF, fluorinated ethylene propylene (FEP) and perfluoroalkoxy (PFA).
ECTFE membranes seem to behave better in most cases. Several re-
searchers have successfully prepared ECTFE membranes via thermally

induced phase separation (TIPS). A summary of various studies of
ECTFE membrane preparation including those of hollow fibers and
their applications are provided in Table 2.

In general, membrane thickness, porosity, nominal pore size, liquid
entry pressure (LEP), bubble point pressure, maximum pore size etc.
need to be characterized for a given membrane [26]. Table 3 sum-
marizes such information reported earlier [14] for ECTFE membranes
used here. This study focuses on the cross-flow microfiltration behavior
of suspensions of 12 nm silica nanoparticles in an alcoholic solution
containing 25% alcohol in water. Our earlier microfiltration study ex-
plored briefly dead-end filtration of nanoparticles in water through
ECTFE membrane which had been subjected to considerable swelling
by tri-n-octylamine among other solvents. It was focused much more on
understanding the effects of solvent swelling on a variety of properties
of ECTFE membrane. Here we focus on cross-flow microfiltration be-
havior of this ECTFE membrane for nanoparticle suspensions in an
aqueous/organic solvent mixture of 25% alcohol in water.

2. Experimental

2.1. Materials and chemicals

Hydrophobic ECTFE membranes (3M, St. Paul, MN) with a nominal
pore size of 0.2 μm and a thickness of ∼5×10−5 m were used in this
study. Organic solvents methanol, ethanol and 2-propanol, acetone,
ethyl acetate, isopropyl acetate, acetonitrile and tetrahydrofuran (THF),
heptane, toluene, p-xylene and chlorobenzene from Sigma-Aldrich (St.
Louis, MO) were used previously in solvent sorption study [14]. Hy-
drophilic silica nanoparticles with a primary particle size of 12 nm
(Aerosil 200, Evonik, Parsippany, NJ), surfactant sodium dodecyl sul-
fate (SDS) and ethanol were used to prepare suspensions to study the
MF behavior of ECTFE membrane.

2.2. Solvent uptake analysis

Static solvent sorption test is important and necessary for applica-
tions where membranes are exposed to solvents. Experimental proce-
dures and results were reported earlier [14,27]. Here, the solvent up-
take of ECTFE membrane was analyzed with critical temperature and
solubility parameter for various solvents. Selected solvents are grouped
into polar protic solvents (methanol, ethanol and 2-propanol), polar
aprotic solvents (acetone, ethyl acetate, isopropyl acetate, acetonitrile
and THF) and nonpolar solvents (heptane, toluene, p-xylene and
chlorobenzene). The solvent uptake of ECTFE membrane was explored
with Hansen solubility parameter and sorption coefficient (Sim) or so-
lubility coefficient which illustrates the extent of solubility/sorption of
a solvent species in a membrane. Eqs. (1)–(3) show the calculation
method for solubility coefficient for porous ECTFE membrane for var-
ious solvents.

ρ
V m

s
s

s
=

(1)

εV V(1 )m = − (2)

S V
V Pim

s

m vap
=

(3)

Here Vs is the volume of solvent that is sorbed in the solid mem-
brane phase, ms is the weight gain due to solvent sorption, ρs is the
density of solvent, Vm is the actual membrane volume, V is the volume
of the sample based on sample dimensions, ε is the porosity of the
membrane (0.65 [14] was used here) and Pvap is the vapor pressure of
each solvent at the testing temperature.

Table 1
ECTFE and a few other fluoropolymers: Comparison of various properties.

Articles Properties Performance

Yao et al. [14];
Extrand [15];
Drioli et al.
[16];
*Yao et al. [17]

Chemical
resistance

ECTFE is better than PVDF
*ECTFE shows good TOA (tri-n-
octylamine) resistance in the presence
of a diluent

Yao et al. [14] Wetting property ECTFE is more hydrophobic and
shows stronger wetting resistance

Drioli et al. [16] Water recovery ECTFE shows similar performance
compared with PVDF

Lee et al. [18] Yield stress,
tensile strength

ECTFE is better than FEP, PFA

Hedenqvist et al.
[19]

HCl, HBr
resistance

ECTFE: unaffected;
PVDF: less ductile
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2.3. Microfiltration study

Microfiltration tests were carried out in two modes: dead-end and
cross-flow. Pure solvents methanol, ethanol and 2-propanol were stu-
died in dead-end microfiltration. The experimental setup is the same
used earlier for liquid entry pressure (LEP) measurement [14]. The
permeability constant or permeance was determined from Eqs. (4) and
(5) [28,29]:

J m
At

= (4)

δ
J Q ΔP= (5)

Here, J is the filtration flux; m is the mass of the permeate collected
during a certain time, t; A is the effective membrane area of the fil-
tration cell; Q is the permeability coefficient; δ is the membrane
thickness; △P is the applied pressure difference across the membrane.
The quantity (Q/δ) is the permeability constant or permeance; it can be
determined from the slope of a linear plot of J against ΔP. It has to be
noted that the unit of filtration flux here is expressed based on mass,
kg/m2-s, instead of volume e.g., L/m2-h (LMH); this approach was used
because weighing is easier and more accurate, especially in the cross-
flow mode of operation where the permeate samples are silica sus-
pensions with different densities/concentrations. Therefore, it is more
convenient to express the filtration flux using mass, instead of volume.

Particle filtration was studied in cross-flow microfiltration mode,
which is schematically shown in Fig. 1. Silica nanoparticle suspension
was used in the current study. The methods for suspension preparation
and particle size distribution (PSD) measurement conducted using a
Malvern Zetasizer (Nano series, Westborough, MA) were the same as
those reported earlier [17] except 25% ethanol-75% water was used to
make the suspension instead of pure water. Due to the hydrophobicity
of ECTFE membrane, an organic solvent such as ethanol was added to
the suspension to “wet” the membrane. From LEP results of ECTFE
membrane [14], 3.93× 105 Pag (57 psig) is the LEP value of pure water
and 5.17×104 Pag (7.5 psig) is the value of 25% ethanol (75% water).

One needs 35% of ethanol to get the membrane wetted [14].
According to Darcy’s law, the permeation flux of a feed flowing

along across a membrane can be described by

μ
J ΔP

Rt
=

(6)

Here, µ is the viscosity of the feed; Rtis the total hydraulic resistance
over the entire membrane. For a microfiltration test using suspensions,
Rtis usually the sum of the resistances caused by membrane itself (Rm),
pore blocking (Rp) and cake formation (Rc) [30]. Therefore, Eq. (6) can

Table 2
Overview of ECTFE flat/hollow fiber membrane preparation and applications.

Articles Preparation Application/ Innovation

Pan et al. [20] Diluent mixture of ECTFE with bis(2-ethylhexyl) adipate (DEHA)/diethyl
phthalate (DEP) via TIPS

Excellent fouling-resistance was observed during vacuum
membrane distillation.

Pan et al. [21] Homogeneous solution of ECTFE, SiO2 particle, composite powder (mixture of
nanosized KCl and SiO2 particles) and diocyl adipate (DOA) via TIPS

Ultrafiltration performance was improved with the addition of
additives.

Simone et al. [22] Mixture of ECTFE with N-methyl pyrrolidone (NMP) with four different plasticizer
additives, glycerol triacetate (GTA), triethyl citrate (TEC), dibutyl itaconate (DBI)
and diethyl adipate (DEA) via TIPS

Pervaporation of toluene/water mixture showed that the best
selectivity toward toluene is 4628 at 40mbar with the addition of
triacetin.

Drioli et al. [16] Mixture of ECTFE with GTA via TIPS Used in a membrane condenser for recovery of water from
humidified gas streams

Zhou et al. [23] Mixture of ECTFE with dibutyl sebacate (DBS) and triphenyl phosphite (TPP) via
TIPS

Filtration measurement with water

Karkhanechi et al.
[13]

Mixture of ECTFE with DEP and GTA via TIPS Water permeability and particle rejection

Falbo et al. [24] Mixture of ECTFE with NMP via TIPS Pervaporation of a binary azeotropic mixture of ethanol and
cyclohexane.

Pan et al. [25] Mixture of ECTFE with DEHA, DEP and SiO2 particles via TIPS Oil/water separation
Ursino et al. [12] Mixture of ECTFE with DEA via TIPS Solvent filtration

Table 3
Basic properties of ECTFE membrane studied.

ECTFE membrane Thickness Porosity Nominal pore size LEP* Bubble point pressure**

Value ∼5× 10−5 m 65% 0.2 μm 393×10−3 Pag 127×10−3 Pag

* Liquid entry pressure was measured using water.
** Liquid entry pressure was measured using pure 2-propanol.

 Pressure 
Gauge

Cross-flow
Cell

Membrane

Sample 
Collector

Pump

Ultrasonicator Needle 
ValveFlow 

Meter

Fig. 1. Experimental set-up for cross-flow microfiltration.

N. Yao et al. Separation and Purification Technology 210 (2019) 754–763

756



be written in the following form:

μ
J ΔP

(R R R )m p c
=

+ + (7)

Flux decline is a major problem in microfiltration. As shown in Eq.
(7), the membrane itself, pore blocking and cake formation could cause
flux reduction. According to Wiesner et al. [31] and Lim et al. [30], the
behavior of the permeation flux based on different fouling mechanisms
can be summarized as:

Membrane resistance-limited: 1
J

1
J

K t
0

m= +
(8)

Pore blocking resistance-limited:ln J K t ln Jp 0= − + (9)

Cake resistance-limited: 1
J

1
J

K t2
0
2 c= +

(10)

Here, J0 is the initial flux; K , K and Km p c are the parameters that are
respectively related to the resistances of the membrane itself, pore
blocking and cake formation.

Eqs. (11) and (12) [32,33] used to calculate the wall shear stress
(τw) and wall shear rate (γ) through a cylindrical pore are expressed as:

τ RΔP
2Lw = (11)

γ
μ

RΔP
2 L

=
(12)

Here, R is the radius of membrane pore assumed to be straight and
cylindrical; △P is the applied pressure difference over the membrane; L
is the membrane thickness; µ is the viscosity of the feed suspension.
Since the suspension is very dilute, the viscosity of the solvent can be
used here. However, the viscosity of dilute suspension can be de-
termined from Einstein Eq. [34]:

μ
μ

1 5
2

ø
o
= +

(13)

Here, µo is the viscosity of the liquid medium of the suspension and
ø is the volume fraction of the solids in the suspension. It needs to be
mentioned that Eq. (13) is valid only when particles are rigid spheres
and the suspension is dilute, namely ø < 0.05.

The effects of operating conditions such as suspension concentration
and transmembrane pressure on filtration flux were studied. Scanning
electron microscopy (SEM) images were also taken with LEO 1530 VP
field emission scanning electron microscope (Carl Zeiss Inc., Peabody,
MA) for the membranes after microfiltration was finished. All mem-
brane samples were coated with carbon using a turbo-pumped sputter
and carbon coater (EMS 150 T ES, Hatfield, PA) prior to image collec-
tion.

3. Results and discussion

3.1. Solvent uptake analysis

The extent of solvent uptake of ECTFE membranes by selected sol-
vents was reported earlier [14] in terms of solvent sorption. Solvent
sorption coefficient was calculated from those data by Eq. (3) and
plotted. Fig. 2 shows the relationship between sorption coefficient and
the critical temperature (Tc) based on the selected solvents. Generally,
the higher the Tc, the higher is the solubility. In general, a larger solvent
species with a higher boiling point would have a higher condensability.
This is often correlated with a higher critical temperature (Tc). There-
fore, it would result in a higher solubility [16]. Fig. 3(a and b) illus-
trates the relationship of membrane weight gain vs. solubility para-
meter for polar protic solvents and nonpolar solvents, respectively.
Generally, Fig. 3(a) indicates that the higher the hydrophobicity of the
solvent, the lower is the solubility parameter (δ) and the higher is the

weight gain. On the other hand, Fig. 3(b) shows that alkanes and aro-
matic solvents having higher hydrophobicity and therefore lower so-
lubility parameter have generally low weight gain. However, these two
curves do not show a clear trend as is shown in Fig. 2. Fig. 3(c) illus-
trates the correlation between sorption coefficient vs. hydrogen
bonding parameter (δh) for polar aprotic solvents. In general, the
sorption coefficient increases with δh. Ursino et al. also reported similar
results for acetone, n-methyl-2-pyrrolidone, dimethylacetamide and
dimethylformamide [12].

Even though solubility parameter has been widely studied with
solvent sorption behavior [35–39], all these studies involved swelling of
rubbers. In the current study, for nonpolar solvents, generally, the ex-
tent of swelling of these solvents increase with Hansen solubility
parameter [12,14]. Ebnesajjad reported that the extent of swelling of
fluoropolymers, PTFE and FEP, by hydrogen-containing solvents is very
limited (less than 1%); therefore, it does not depend on the solubility
parameter [40]. Instead it depends on the chemical structure of the
solvent; the higher the similarity of the solvent chemical structure and
the fluoropolymer structure, the larger the swelling [40]. Additionally,
the solubility parameter-based affinity of ECTFE membrane and the
solvent has also been used to study the membrane-solvent interaction
and solvent swelling/uptake [13]. Moreover, the interaction of ECTFE
and the solvents is only physical because the removal of certain halo-
genated solvents from ECTFE can bring the mechanical properties back
to its original state [40]. Such information will be useful when solvent-
based MF is implemented.

3.2. Solvent filtration in dead-end microfiltration mode

The solvents selected for these tests were methanol, ethanol and 2-
propanol; their basic characteristics are summarized in Table 4. Based
on a combination of Eqs. (4) and (5), the permeability constant (i.e., the
permeance) can be determined. The results of solvent flux vs. pressure
and the permeability constant are shown respectively in Fig. 4 and
Table 4. In all tests, the permeate flux increased linearly with an in-
creased pressure. The permeate flux comparison at all testing pressures
follows Jmethanol > Jethanol > J2-propanol, which is expected. Ursino
et al. also reported similar solvent flux results for methanol and ethanol
[12]. The permeability constant of these three solvents also behave in
the same order as filtration flux. This behavior can be explained on the
basis of different molecular weights and viscosities of the three solvents
[12,42]. For example, the molecular weight and the viscosity of me-
thanol are smaller than those of the other two solvents.
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Fig. 2. Overview of the correlation between membrane sorption coefficient and
critical temperature for various solvents and ECTFE membrane.
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3.3. Nanoparticle filtration in cross-flow microfiltration

Three runs with filtrate samples collected every 120 s (I), 180 s (II) and
300 s (III) have been carried out using a suspension of 3.8×10−3 kg/m3

(3.8 ppm) silica in 25% ethanol solution at 1.03×105 Pag (15 psig). A
comparison of the filtration fluxes illustrated in Fig. 5 shows that the runs

were reproducible in terms of filtration flux vs. time. Fig. 6(a–c) are the
PSD overlay of feed and the filtrates collected every 120 s, 180 s and 300 s,
respectively. The PSD of the feed indicates aggregation of the silica na-
noparticles since the particle size distribution lies approximately in the
range of 40–200 nm. This corresponds to the basic size of the nanoparticle
(NP) which is present as a fused agglomerate of 4NPs due to fusion during
their production process; larger aggregates are increasingly rejected.
Therefore, sonication was applied to the feed reservoir during the mea-
surements.

Fig. 7(a and b) provides a comparison of three different runs at
around 600 s and 1200 s, respectively. It appears that the three runs
were quite similar especially at the time point of 1200 s (Fig. 7(b)). In
addition, it seems that the particles with size larger than 200 nm cannot
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Fig. 3. Variation of membrane weight gain due to solvent sorption with respect
to solubility parameter of (a) polar protic solvents and (b) nonpolar solvents
and (c) correlation of sorption coefficient vs. hydrogen bonding parameter for
polar aprotic solvents. Note: The values of solubility parameter were taken from
Reference [41] and the hydrogen bonding parameter were taken from [38]; the
values of Avg. Gain are reprinted from Reference [14].

Table 4
Characteristics of the solvents used in filtration flux measurements.

Solvent Molecular
weight (g/
mol)

Density
(kg/m3)

Surface
tension*

(mN/m)

Viscosity**(Pa-s) Permeability
constant (kg/
m2-s-Pa)

Methanol 32.04 791 22.51 0.585× 10−3 3.9× 10−4

Ethanol 46.07 789 21.82 1.201× 10−3 2.3× 10−4

2-propanol 60.1 786 21.22 2.428× 10−3 3.0× 10−5

* Adapted from Reference [43].
** Adapted from Reference [44].
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membrane.
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go through the membrane as far as Fig. 6(a–c) are concerned. This
suggests that the nominal membrane pore size is 0.2 μm, as was de-
termined from earlier studies [14]. It appears also that as time pro-
gressed, the PSD in the filtrate is being skewed slowly towards lower
size with a peak at around 40–50 nm. Particles dispersed in aqueous
ethanol solution were able to pass through the membranes at
1.03×105 Pag even after 2400 s in the cross-flow MF; however, no
particles (in the media of water) could pass through ethanol-soaked
ECTFE membrane in dead-end MF at the pressure of 3.5× 105 Pag after
300 s [17]. This suggested that the fouling phenomenon in the cross-
flow MF with the built-up cake was developed slowly and the mem-
brane pores were blocked or partially blocked slowly compared with

those in dead-end MF.
The effects of feed particle concentration in the suspension and the

operating pressure were also studied. The feed flow rate was
5.0×10−7 m3/s for all tests. Fig. 8 illustrates the relationship between
filtration flux and time for operation at different pressures using
3.8×10−3 kg/m3 (3.8 ppm) and 1.9×10−3 kg/m3 (1.9 ppm) silica-
ethanol suspensions. In Fig. 8, the flux obtained for operation under
6.9×103 Pag (1 psig) using 3.8× 10−3 kg/m3 (3.8 ppm) suspension
had as expected the lowest flux value. Generally, the flux for all six runs
shows the highest values and the highest decline rate at the beginning,
and then the flux drops down gradually toward a plateau at the end. At
the last 1200 s, the flux values stack up as follows:
J J J

J

1.9 10 kg/m 6.9 10 Pag 3.8 10 kg/m 2.8 10 Pag 3.8 10 kg/m 1.4 10 Pag

3.8 10 kg/m 6.9 10 Pag

3 3 3 3 3 4 3 3 4

3 3 3

> >

>

× − × × − × × − ×

× − ×

− − −

−

as shown in the small inset figure in Fig. 8. Less fouling is observed in
the case where filtration is operated under 2.8× 104 Pag (4 psig) using
1.9×10−3 kg/m3 (1.9 ppm) suspension.

The filtration results of these six runs were also plotted using Eqs.
(8)–(10) to find out the governing fouling mechanism. The regression
equations are shown in Table 5. Here y refers to the ordinate corre-
sponding to Eqs. (8), (9) and (10) for the mechanism under con-
sideration and x to time (see Fig. 9). The governing fouling mechanism
for the experiments which was operated using 3.8× 10−3 kg/m3

(3.8 ppm) at 6.9× 103 Pag (1 psig) and 1.4× 104 Pag (2 psig) appears
to be pore blocking. These two runs have the lowest values of the fil-
tration flux at the last 1200 s. The governing mechanism for the re-
maining four runs is membrane resistance. Less particles get embedded
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Fig. 6. The PSD results of filtrates collected every (a) 120 s, (b) 180 s and (c)
300 s.
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in membrane pores in the experiments operated using suspensions with
lower concentrations or somehow higher concentration with a higher
transmembrane pressure. When the operating pressure is lower, the
shear rate in the pore is lower. Therefore, more particles would get
embedded in membrane pores. The cake formation mechanism is not
the governing mechanism for any run. It reflects the intrinsic char-
acteristics of cross-flow mode that the high wall shear rate on top of the
membrane would lead to reduced deposition of particles on the mem-
brane surface.

The plots of fouling mechanisms are shown in Fig. 9(a–d). At the
beginning of the six runs, it appears that membrane itself has more
impact on the permeate flux, as shown in Fig. 9(a) and (c). In this case,
the clean membrane would be the major resistance. However, as time
goes by, more and more particles get embedded in membrane pores.
Thus, pore blocking mechanism plays a more important role, as shown
in Fig. 9(b) and (d). This is consistent with the results reported by Lim
et al. [30].

The values of inside-the-membrane-pore τw and γ calculated for
different test conditions in this cross-flow microfiltration study are
summarized in Table 6. As was mentioned earlier, the governing fouling
mechanism of the tests operated using 3.8× 10−3 kg/m3 (3.8 ppm) at
6.9× 103 Pag (1 psig) and 1.4× 104 Pag (2 psig) is pore blocking.
Here it shows that these runs had relatively low value of γ. In the tests
operated using a more dilute suspension, the membrane itself plays a

more important role on fouling. For the tests (3.8× 10−3 kg/
m3(3.8 ppm)–2.8×104 Pag (4 psig) and 1.9× 10−3 kg/m3 (1.9 ppm)
–2.8×104 Pag (4 psig)) with higher shear rates (25.2×103 and
27.1×103 s−1, respectively), less internal fouling is observed. It needs to
be mentioned that the value of γ should be determined by using the exact
applied pressure difference across the membrane. At the beginning of MF
tests, there is no fouling. Thus, the values of applied pressure difference
across the membrane 6.9×103 Pag, 1.4×104 Pag and 2.8×104 Pag (1, 2
and 4 psig) are the exact values of △P in Eq. (11). However, fouling was
observed as time goes by. The internal pore blocking or the built-up cake
would cause additional resistance over the entire membrane, and therefore,
results in a decrease of velocity and shear rate through the pore for the same
overall applied △P; in effect the pressure drop over any one of the three
resistances is changing with time. The results shown in Table 6 were cal-
culated with the assumption that △P is constant during the MF process.
Generally, the comparison of shear rates at different experimental times
should be comparable to that at the beginning of MF. In this case, it can
provide a broad guideline on the values of shear rate at different △Ps.
Generally, the higher the shear rate, the higher is the filtration flux.
Therefore, the flux comparison for these six conditions should
be J J J1.9 10 kg/m 1.4 10 Pag 3.8 10 kg/m 1.4 10 Pag 1.9 10 g/m 6.9 10 Pag3 3 4 3 3 4 3 3 3> >× − × × − × × − ×− − −

J3.8 10 kg/m 6.9 10 Pag3 3 3> × − ×− − , however, it is not. The correct comparison has
been concluded in Section 3.3. It turns out that the viscosity of the feed
plays a more important role than the applied pressure difference across the

Time (s)

0 500 1000 1500 2000 2500 3000 3500 4000

Fl
ux

 (k
g/

m
2 -s

)

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

3.8 x 10-3 kg/m3 - 6.9 x 103 Pag
3.8 x 10-3 kg/m3 - 1.4 x 104  Pag
3.8 x 10-3 kg/m3 - 2.8 x 104 Pag
1.9 x 10-3 kg/m3 - 6.9 x 103 Pag
1.9 x 10-3 kg/m3 -1.4 x 104 Pag
1.9 x 10-3 kg/m3 - 2.8 x 104 Pag

Time (s)

2400 2600 2800 3000 3200 3400 3600
0.000

0.002

0.004

0.006

Fig. 8. The relationship between filtration flux and time operated at different pressures using different silica nanoparticle suspensions in aqueous ethanol.

Table 5
Regression results to test for membrane fouling mechanisms.

Test conditions Mechanism

Membrane resistance-limited Pore blocking resistance-limited Cake resistance-limited

3.8× 10−3kg/m3–6.9× 103 Pag y=0.49x− 88.24
R2= 0.7364

y=−0.0008x− 4.82
R2=0.8153

y=886.59x− 606,064
R2= 0.5307

3.8× 10−3 kg/m3–1.4×104 Pag y=0.15x− 19.26
R2= 0.8247

y=−0.0007x− 4.07
R2=0.8959

y=90.336x− 74,928
R2= 0.6051

3.8× 10−3 kg/m3–2.8×104 Pag y=0.11x− 1.90
R2= 0.9211

y=−0.0007x− 3.82
R2=0.8521

y=48.801x− 34,771
R2= 0.7653

1.9× 10−3 kg/m3–6.9×103 Pag y=0.10x+20.78
R2= 0.936

y=−0.0005x− 4.12
R2=0.8985

y=41.113x− 26,893
R2= 0.8188

1.9× 10−3 kg/m3–1.4×104 Pag y=0.07× +28.89
R2= 0.9809

y=−0.0006x− 3.91
R2=0.8277

y=24.88x− 11,863
R2= 0.9479

1.9× 10−3 kg/m3–2.8×104 Pag y=0.06x+19.01
R2= 0.9602

y=−0.0006x− 3.63
R2=0.8294

y=15.347x− 8385.8
R2= 0.8645

N. Yao et al. Separation and Purification Technology 210 (2019) 754–763

760



membrane in the current study.
One may wonder about the maximum size of a particle that can pass

through the membrane pores easily. When the nanoparticle diameter
(48 nm) is not smaller than the membrane pore size (200 nm) by orders
of magnitude, the effective diffusion coefficient is decreased by a drag
factor GDr (rp, rm) [29]:
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(14)

Here, rp and rm are the radius of nanoparticles and membrane pores,
respectively. Based on the above equation, the particles with smaller
size are likely to pass through the membrane pores. Note: this equation
(Faxen Equation) is valid only when (rp/rm) < 0.5 among other as-
sumptions.

Fig. 10 illustrates SEM images of ECTFE membrane before

microfiltration and after microfiltration tests using 3.8×10−3 kg/m3

(3.8 ppm) silica-ethanol-water suspension at different pressures. Fig. 10(a
and b) shows the SEMs of virgin membrane. Fig. 10(c–h) representing
membranes subjected to MF clearly show that particles were deposited on
the membrane surface or embedded in membrane pores compared with
the pristine membranes (Fig. 10(a and b)). Obviously, the particle size in
the permeates was smaller than that of the feed as shown in Fig. 6.
Moreover, less number of particles were observed in Fig. 10(c and d). In
this case, the membrane is cleaner than those of the other two. This is in
good agreement with earlier results that the governing fouling mechanism
for the experiment using 3.8×10−3 kg/m3 (3.8 ppm) at 2.8×104 Pag
(4 psig) is membrane resistance while for tests that operated at
6.9×103 Pag (1 psig) and 1.4×104 Pag (2 psig) the governing me-
chanism is pore blocking. Therefore, it is clear that the higher the oper-
ating pressure, the lower is the fouling of the membrane sample.

4. Concluding remarks

Organic solvent filtration is widely used in pharmaceutical manu-
facturing, chemical processing industry, semiconductor industry, auto
assembly etc. Study of solvent resistance of membranes is necessary and
useful. The aim of this research was to study the effect of processing
parameters, such as feed concentration, applied pressure difference on
cross-flow MF. Pure solvent filtration flux and flux with nanoparticles
suspended in the alcoholic system are of great interest. Understanding
of the solvent effect on ECTFE membrane is also important. The
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Fig. 9. Plots of fouling mechanisms: (a) membrane-limited model for 3.8× 10−3 kg/m3 (3.8 ppm) suspension, (b) pore-blocking model for 3.8× 10−3 kg/m3

(3.8 ppm) suspension, (c) membrane-limited model for 1.9×10−3 kg/m3 (1.9 ppm) suspension and (d) pore-blocking model for 1.9× 10−3 kg/m3 (1.9 ppm)
suspension.

Table 6
Values of τw and γ for different test conditions in cross-flow microfiltration.

Test conditions τw (Pa) γ (s−1)

3.8× 10−3 kg/m3–6.9×103 Pag 6.9 6.3× 103

3.8× 10−3 kg/m3–1.4×104 Pag 13.8 12.6× 103

3.8× 10−3 kg/m3–2.8×104 Pag 27.6 25.2× 103

1.9× 10−3 kg/m3–6.9×103 Pag 6.9 6.8× 103

1.9× 10−3 kg/m3–1.4×104 Pag 13.8 13.6× 103

1.9× 10−3 kg/m3–2.8×104 Pag 27.6 27.1× 103
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membrane sorption coefficients of various solvents for ECTFE mem-
brane show a good correlation with the Tc of these solvents. In general,
the higher the Tc, the higher is the sorption/solubility. The weight gain
of swollen ECTFE membranes did not show a good correlation with

solubility parameter of various solvents. Solvent uptake of glassy
fluoropolymers by hydrogen-containing solvents is very limited.
Generally, the higher the similarity of the solvent chemical structure
with the fluoropolymer structure, the higher is the solvent uptake. This

Fig. 10. SEM images with different magnification of ECTFE membrane before microfiltration (a, b) and after microfiltration that operated under (c, d) 2.8×104 Pag,
(e, f) 1.4× 104 Pag and (g, h) 6.9×103 Pag using 3.8× 10−3 kg/m3 silica–aqueous ethanol suspension.
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provides general guidance about the affinity between the membrane
and the solvent.

It is useful to know the basic properties of the membrane prior to
solvent filtration. Dead-end filtration mode is a quick way to know the
general behavior of a membrane as a filter. In dead-end microfiltration
of ECTFE membranes operated using pure methanol, ethanol and 2-
propanol, the permeate solvent flux varies as Jmethanol > Jethanol > J2-
propanol at all testing pressures. This can be explained by the different
physical properties such as solvent molecular weights and their visc-
osities. The permeance or permeability constant was determined from
the slope of the linear plot of filtration flux against the applied pressure
difference across the membrane. The results for methanol, ethanol and
2-propanol are respectively 3.9×10−4, 2.3 × 10−4 and
3.0×10−5 kg/m2-s-Pa.

In constant pressure mode of operation of cross-flow microfiltration,
permeate samples were collected at different time intervals. The PSD
results at the same time were identical, which indicates reproducibility
of this test. The particle agglomerates within the size of 100 nm can
pass through the membrane; there is clear indication of some fouling,
which is a slow process compared with dead-end MF. The governing
fouling mechanisms for the tests operated using 3.8×10−3 kg/m3 at
6.9× 103 Pag (1 psig) and 1.4×104 Pag (2 psig) were pore blocking,
while that for the tests conducted using 3.8×10−3 kg/m3 (3.8 ppm) at
2.8× 104 Pag (4 psig) and 1.9×10−3 kg/m3 (1.9 ppm) at
6.9× 103 Pag, 1.4× 104 Pag and 2.8×104 Pag (1, 2 and 4 psig) were
membrane resistance. Less particles get embedded in membrane pores
in experiments operated using suspensions with lower concentrations or
higher concentration with a higher transmembrane pressure. Regarding
the values of shear rate, the two tests operated using 3.8×10−3 kg/m3

(3.8 ppm) at 6.9× 103 Pag (1 psig) and 1.4×104 Pag (2 psig) show
relatively lower value. The fouling shown in the SEM images of the
membrane after MF is in good agreement with earlier results. Particle
filtration has been successfully carried out in cross-flow MF. ECTFE
membrane is expected to be used more often in industries.
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