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ABSTRACT

This study examined fouling characteristics of a commercial grade electrospun nanofiber mem-
brane, which has the nominal pore size of 0.23 um and the thickness of 165 um. A set of filtration
experiments were carried out in a bench-scale equipment using real wastewater with the mixed
liquor suspended solid of 6,500 mg/L. Critical flux was experimentally determined and analyzed
using mathematical models such as pore blocking, pore constriction, and cake formation equations.
Techniques for physical cleaning of the membrane were applied and compared, including periodic
pump stop and backwash. The efficiency of chemical cleaning was measured using NaOCl solutions
of different concentrations. Scanning electron microscopy was applied to examine the membrane
surfaces before and after chemical cleaning. Results showed that the electrospun membrane has
potential for high fouling resistance and effective cleaning. The critical flux seems to exist between
20 and 30 L/m? h and the cake formation model resulted in the best fit to the experimental data. The
transmembrane pressure increase was reduced by 88% after the application of backwash and the
efficiency of chemical cleaning ranged from 84% to 91%.
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1. Introduction

Microfiltration (MF) is a particle separation process that
has replaced conventional solid-liquid separation process
such as sedimentation and media filtration in water treat-
ment. MF is also used as an alternative to secondary clarifi-
cation in wastewater treatment, allowing the improvement
of the existing facility or the new treatment plant [1-4].
Microporous membranes with the pore size ranging from 0.1
to 1 um are used for MF, which require special techniques for
membrane fabrication. For this, it is important to optimize
average and maximum pore sizes, pore size distribution,
porosity, thickness, and resistances to mechanical and chem-
ical strengths [5]. Phase inversion has been widely adapted
for the preparation of MF membranes [5].

* Corresponding author.

Recently, electrospinning has drawn increasing attention
as a novel technique for the fabrication of MF membranes
[6-8]. Electrospinning technique allows the preparation of
microporous membranes consisting of nanofibers [6]. Control
of pore size and its distribution as well as the porosity and
thickness is attainable by electrospinning technique [7]. This
leads to the construction of nanofibrous membranes with
high water permeability and narrow pore size distribution
[8]. Since scale-up of electrospinning process is still limited,
most studies on the electrospun nanofiber MF membranes
have been done in bench-scale systems [6-8].

Nevertheless, membrane fouling is one of the most aggra-
vating problems in MF processes for water and wastewater
treatment [9-11]. Membrane fouling can be divided into three
types according to the characteristics of the foulant: inorganic
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fouling, organic fouling, and biofouling [9-11]. Membrane
fouling leads to high operating costs by increasing the clean-
ing frequency and shortening the membrane lifetime [12,13].
It is necessary to accurately predict membrane fouling by
applying either hydrodynamic or statistical models for pre-
ventive maintenance [14-16].

Although many works have been carried out to address
fouling problems in conventional MF membranes prepared
by phase inversion, relatively little information is available on
fouling of electrospun nanofiber MF membranes [6,7], which
may have different fouling propensity due to their different
structures. Accordingly, this study focused on the evaluation
of fouling characteristics and cleaning efficiency for flat sheet
electrospun membranes. Real wastewater was used as the
feed solution. Critical flux was measured and the results were
analyzed by applying filtration model equations. Conditions
for physical/chemical cleaning methods were compared. The
originality of this study lies in its attempts to elucidate foul-
ing mechanisms and determine proper methods for physical
and chemical cleaning for commercial grade MF membranes
fabricated by electrospinning technique.

2. Material and methods
2.1. Feed water

The feed water used in this study was the wastewater
from an aerobic reactor of a membrane bio-reactor sys-
tem in the Guri City sewage treatment plant in Korea. The
water quality parameters are summarized in Table 1. The
wastewater was taken once a week and replaced every 34 d.

2.2. Membrane

The electrospun MF membranes were supplied by a mem-
brane manufacturer (AMOGREENTECH, Korea). Membrane
material is polyvinylidene fluoride as a mesh laminate type.
The pore size and the thickness were 0.23 um and 165 um,
respectively. A plate-and-frame module was chosen to use the
membranes in a submerged filtration configuration. The mod-
ule had two flat sheet MF membranes attached on both sides
of a supporting panel with a tube to a permeate water line.
The effective membrane area of the module was 0.0689 m?2.

2.3. Experimental setup and conditions

Fig. 1 shows the schematic diagram for a bench-scale MF
system. The plate-and-frame MF module was submerged
into the feed tank. Aeration was carried out using an aerator

Table 1
Water quality parameters

Category Wastewater
pH 7.8

DO, mg/L 1.5
TOC, mg/L 19.55

SS, mg/L 6,500
Turbidity, NTU 141
Conductivity, mg/L 751

(air stone) at the bottom of the tank. An air pump was used
with the air flow meter to supply a given amount of air. A
permeate pump was used to provide the pressure required
to obtain the imposed flux through the membrane. The
transmembrane pressure was continuously measured using
an electronic pressure sensor connected to a computer. To
ensure the constant flux operation, the mass of the perme-
ate was measured using an electronic balance. Total recycle
operation was used and thus the permeate was periodically
returned to the feed tank. The volume of the feed tank was
20 L, the stirrer was set at 300 rpm, and the air flow rate was
set at 0.1 mL/min.

Experiments were carried out through the following steps.
First, the membrane resistance was measured using distilled
water at a flow rate of 10-50 LMH (L/m? h) for 2 h each step.
All membrane modules were measured before filtration and
backwash experiments to ensure the reliability of the exper-
iment. Then, the critical flux was measured using the feed
water by applying the flux step method. After the membrane
fouling occurred, physical cleaning methods including peri-
odic pump stop and backwash were applied and compared.
In this case, the backwash was performed at 1.5 times the flow
rate of the filtration. Finally, the chemical cleaning was carried
out using NaOCl solutions of different concentrations when
the transmembrane pressure reached a certain pressure (0.3,
0.6, 0.9 bar). Sodium chlorate (NaOCl) was used as a chemi-
cal cleaning agent, and the concentrations were 250, 500, and
1,000 mg/L, respectively. Prior to chemical cleaning, the mem-
brane module was immersed in a bath containing deionized
(DI) water and then backwashed using DI water. Then the
following steps were applied: (1) the module was submerged
for 10 min in chemical agent tank, (2) it was backwashed for
10 min in chemical agent tank, (3) the remaining solution in
the tank was replaced with DI water, and (4) the module was
backwashed again for 10 min with DI water.

2.4. Analytical methods

The pH and conductivity were measured using a Multi
3420 (Wissenschaftlich-Technische ~Werkstitten GmbH,
Germany) digital precision meter. Turbidity was measured
using a portable Turb 430 IR (Wissenschaftlich-Technische
Werkstdtten GmbH, Germany) turbidimeter. The dis-
solved oxygen (DO) was measured by portable DO meter
(Hach Lange HQ40d Multimeter). The total organic car-
bon (TOC) was measured using a TOC analyzer (DC-180,

Pressure gauge

Feed Tank

Fig. 1. Laboratory-scale MF device.
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Rosemount, USA). Each water quality analysis was measured
immediately after the end of the experiment. Membrane
structures and surfaces were closely analyzed using field
emission electron microscopy (JSM-7610F, JEOL Ltd., Japan).

3. Modeling approach

The model for membrane fouling can be divided into
static pressure transmission model and constant flow trans-
mission model. In the static pressure transmission model, the
transmembrane pressure (TMP) maintains constant and the
permeation flux decreases as the membrane fouling progress.
On the contrary to this, in the constant flow transmission
model, the permeation flux maintains constant and the TMP
changes as the membrane fouling progress. Therefore, in the
static pressure transmission model, TMP is an independent
variable and the permeation flux is a dependent variable,
which can be expressed by the same model as Eq. (1). On the
other hand, in the constant flow permeation model, it can be
expressed by a model like Eq. (2). In Egs. (2) and (3), applica-
ble models can be classified according to the value of n. For
example, there are complete pore blocking (1 = 2), standard
pore blocking (n = 1.5), intermediate pore blocking (n = 1),
and cake formation (1 =0) [17].

dv? dv
d* a
d(AP)* k(d(AP)] @)
APA_
Q= W 3)

where f is time (min), V'is volume (m?), k and n are the param-
eters of fouling model, AP is the pressure (kPa), Q, is the vol-
ume flow rate, R is membrane resistance (1/m), and u is
the viscosity (Pa s). The permeation flux equation (Eq. (3))
derived from the Darcy’s law was substituted for the mem-
brane fouling model (Eq. (2)) for constant flow permeation
and it can derive three types of membrane fouling model
as shown in Table 2 by integrating each permeation model
assumed below [16].

P is the initial transmembrane pressure; ] is the operating
flux; ] is the critical flux; C, is the concentration of deposits in
bulk phase; and a, (3, and y are model constants, respectively.

Table 2
Membrane fouling model

Models Integral forms

-1
Pore blocking model AP(t) =P (1 B 0!(]1; J. )Cbt] @

mem

Pore constriction model AP(t) =P (1 - ﬁ(] - ]c)cbt)q ®)

AP(t)=P,+y(J-].) nCt (6

Cake formation model

The following two conditions are assumed for model der-
ivation. First, the particle deposition occurs only when J(t)
exceeds ] . Second, only one fouling model predominates in
each case. Prediction of the fouling model was based on root
mean square error, the most widely used criterion.

4. Results and discussions
4.1. Membrane characterization

As mentioned previously, the commercial grade elec-
trospun nanofiber membranes were used in this study. The
average R value of the membrane module was determined
to be 2.9 x 10" m™. This corresponds to the water pemeabil-
ity (J/AP) of 1,517 L/m*h bar at 20°C. This value is similar
to the water permeabilities of MF membranes rainging from
500 to 2,000 L/m? h bar, which are fabricated by phase inver-
sion methods [5]. Scanning electron microscopy (SEM) image
analysis was also carried out as shown in Fig. 2. Results
showed that the electrospun membrane consisted of nanofi-
bers that have the diameter ranging from 50 to 200 nm. The
surface morphology appears to be quite different from those
of the MF membranes from the phase inversion methods [5].

4.2. Permeate water quality

Water quality analysis of permeate water was carried out
after MF operation in real wastewater condition. The turbid-
ity of wastewater was 141 NTU due to high mixed liquor sus-
pended solid. The turbidity of permeate water was 0.40 NTU
(99.7% removed) and most of the suspended matter was
removed. The TOC of the permeate water was 0.77 mg/L
(96.1% removed), indicating a high removal rate. Due to
the nature of the MF process, dissolved ions were passed
through the membrane and the conductivity was measured
at 740 mg/L similar to that of the raw water.

4.3. Critical flux and model fits

The flux-step method was applied to determine the crit-
ical flux of the membrane module for the real wastewater.
The experiments were carried out by changing the flux
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Fig. 2. Scanning electron microscopy (SEM) of electrospun
membrane.
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(suction flow rate) from 10 to 30 L/m? h. The stirring speed
was adjusted from 100 to 400 rpm but resulted in negligible
effect so the results were not included here. Fig. 3 shows the
variations of the flux with time at different flux values. The
operating time is 24 h. In case of flux, 10 and 20 LMH (L/m?*h)
in Figs. 3(a) and (b), the TMP did not significantly increase.
In Fig. 3(c), the TMP rapidly increased from the beginning
and reached up to about 0.4 bar. Therefore, it appears that the
critical flux exists between 20 and 30 L/m? h.

The pore blocking model, the pore constriction model,
and the cake formation model were applied for the deter-
mination of accurate critical flux values and the dominant
fouling mechanism. The model equations are summarized in
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Fig. 3. Graphs of experiment result at (a) 10, (b) 20, and (3)
30 L/m? h of flux.

Table 2. Fig. 4 compares the results of three model fits with
the experimental data. The model parameters and R? values
are shown in Table 3. It is evident from the results that the
cake formation model matched the experimental results well.
On the other hand, the other models only provided poor fit-
tings. Based on the fitting to the cake formation equation, the
critical flux was determined to be 24 L/m? h.

4.4. Physical cleaning

Physical cleaning methods including periodic stop of fil-
tration pump and backwash were applied and the increasing
rates of TMP were compared. The results are illusrated in
Fig. 5. The filtration without any physical cleaning resulted in
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Fig. 4. Graphs of critical flux models: (a) pore blocking model,
(b) pore constriction model, and (c) cake formation model.
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Table 3
Model parameters and R?* values
Fouling models Model constants (o, 3, and ) Critical flux (] ) R?=Y (IMP,_ -TMP_ ..
Pore blocking model 3.7 m/kg 24 1.19 x 10
Pore constriction model 33 m?’/kg 23 2.91 x10*
Cake formation model 1.40 x 10" m/kg 24 8.80 x 10°¢
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Fig. 5. Graphs of physical cleaning: (a) continuous filtration, (b) filtration and pump stop (7 min/20 s), (c) filtration and backwashing

[ (7 min/20 s), and (d) II (14 min/20 s).

the highest rate of TMP increase, which was 0.37 + 0.05 bar/d.
The application of periodic pump stop could reduce the rate
of TMP increase by 43% (0.21 + 0.05 bar/d). The backwash
was more effective to decrease the TMP. With the filtration
interval of 7 min and backwash duration of 20 s, the rate of
TMP increase was reduced by 79% (0.045 + 0.005 bar/d). An
increase in the filtration interval twice (14 min) resulted in
the rate of TMP increase of 0.095 + 0.015 bar/d, which is still
significantly lower than the filtration without the physical
cleaning. Since frequent backwash can result in a large loss in
product water, the backwash interval should be optimized by
simultaneously considering the physical cleaning efficiency
and product water recovery [18,19].

It should be noted that backwash is generally accepted
by hollow fiber MF membranes rather than flat sheet MF
membranes [5]. This is because most flat sheet MF mem-
branes prepared by phase inversion may not have enough
mechanical strength to allow the application of backwashl.
However, it is possible to implement backwash in flat sheet

MF membranes fabricated through electrospinning due to
their high mechanical strengths. This is one of the advantages
with the use of electrospun membranes to allow anti-fouling
capability.

4.5. Chemical cleaning

Although physical cleaning is effective, the permeability
of MF membranes should be eventually recovered by apply-
ing chemical cleaning. Accordingly, the efficiency of chemical
cleaning using NaOCl was examined. As mentioned previ-
ously, the effect of NaOCI concentration and final TMP on
the recovery of membrane permeability was investigated.
The results are summarized in Fig. 6. When the final TMP
was 0.3 bar (Fig. 6(a)), the TMP recovery ratio was higher
than 91%, indicating that the chemical cleaning is effective to
control fouling. With the increase in the final TMP to 0.6 and
0.9 bar (Figs. 6(b) and (c)), the minimum recovery ratio was
reduced to 84%. The NaOCI concentration also affected the
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Fig. 6. Graphs of chemical cleaning in TMP (a) 0.3, (b) 0.6, and
(c) 0.9 bar.

TMP recovery ratio but the effect was more important with
higher final TMP value. The effect of NaOCI concentration
on the TMP recovery ratio was negligible at the final TMP of
0.3 bar but it became significant at the final TMP of 0.9 bar.
In other words, higher concentration of cleaning solution is
required when the fouling is more serious.

The SEM images of the membrane surface were com-
pared before and after chemical cleaning with the NaOCl
concentration of 250 mg/L and final TMP of 0.6 bar. As shown
in Fig. 7(a), the membrane surface was covered by thick cake
layer after the filtration experiment and before the chemical
cleaning. As indicated by the model fit in Table 3, the SEM
image confirms that the cake formation is the major fouling
mechanism. After the chemical cleaning, the surface of the
membrane became clean as demonstrated in Fig. 7(b). The
cake layer was removed and the surface pores were exposed.
No foulants were visually found inside the membrane pores
from the SEM image. This suggests that the electrospun MF
membrane is relatively easy to be cleaned using NaOCI solu-
tion in the case of wastewater treament.

Fig. 7. SEM images for (a) membrane before cleaning and
(c) membrane after cleaning.

5. Conclusions

In this study, fouling characteristics and cleaning effi-
ciency of flat sheet electrospun nanofiber MF membranes
were investigated for wastewater treatment. The following
conclusions were drawn:

¢ The electrospun membrane had the intrinsic membrane
resistance of 2.9 x 10" m™, which corresponds to the
water pemeability (J/AP) of 1,517 L/m? h bar at 20°C. The
SEM image analysis indicated that the electrospun mem-
brane consisted of nanofibers with the diameter between
50 and 200 nm.

e The critical flux for the wastewater treatment was deter-
mined to be around 20-30 L/m?h. The model fit suggested
that cake formation is the dominant fouling mechanism
with the calculated critical flux of 24 L/m? h.

® The backwash was effective to suppress the increase in
TMP during the filtration. The increasing rates of TMP
were 88% with the backwash interval of 7 min and 74%
with the backwash interval of 14 min, respectively.

¢ The chemical cleaning using NaOCl with the concentra-
tion between 250 and 1,000 mg/L was found to be effec-
tive to recover the water permeability of the membrane.
With the final TMP of 0.3 bar, the TMP recovery ratio
was higher than 91% and with the final TMP of 0.6 and
0.9 bar, the TMP recovery ratio was over 84%.
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