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This study investigated the apparent Zeta potential of fouled membrane for in-line coagulation membrane fouling

monitoring in micro-polluted water treatment. Results show that the apparent Zeta potentials are consistent with

transmembrane pressures (TMP) in both direct filtration process and in-line coagulation ultrafiltration (C-UF). What’s

more, the curve between apparent Zeta potential and filtration resistance of C-UF was conformed to the form of

Michealis-Menten Equation. The changes of apparent Zeta potential along with periodical backwashing were in

accordance with the trend of TMP change. As a whole, apparent Zeta potential could be a useful indicator for monitoring

membrane

1.

Microfiltration

Introduction

(MF) ultrafiltration (UF)
processes have been widely used in micro-polluted water

and membrane
treatment to remove micro-organisms, particles and colloidal
species. However, membrane fouling, especially fouling caused
by the deposition on membrane surface during filtration is a
main obstacle for wide application of these processesl'g.
Hence, coagulation pretreatment for removing the colloidal
Dead-end
filtration mode, which has been extensively adopted in micro-

matters is indispensable before MF or urFs,

polluted water treatment, is the most economical one from
the view of energys. Nevertheless, this mode is particularly
prone to generate fouling layer. The complex fouling layer
formed during filtration caused TMP increase, which depends
on the properties of fouling layer.

In order to analyze the structure characteristics of the fouling
layer during filtration, lots of in situ techniques have then been
proposed. Li et al.”® proposed a visualization ultrasonic time
domain reflectometry for in situ investigation of fouling
behavior in submerged hollow fiber membrane module under
The proved dynamic
deposition behavior of gradual migration from top to bottom

sub-critical  flux. measurements

on the surface of membrane. Bérubé et al. ° quantified the
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fouling.

shear at the surface of submerged hollow fiber membranes in
different  operation conditions by establishing the
electrochemical shear probe. The results showed that the
surface shear force increased along the length of the fiber in
the direction of the bulk flow. Moreover, a previously
developed optical method was used in situ to study time
variations of the local thickness and porosity of depositionse’ 10
The local characterization was performed during dead-end UF
in a confined geometry resembling in/out hollow fibers with
regard to the global operating parameters (flux and pressure).
The studies provided a better understanding of the
relationship between deposit and process
performance. Hughes et al. " introduced femtosecond near
infrared non-linear optical imaging technique as a non-invasive
in situ optical technique for 3D imaging of filtration cakes
during cross-flow microfiltration. Based on the 3D
femtosecond images, it was possible to measure the thickness
of the filter cake formed on the MF membranes and identify
fine structural features.

Zeta potential is an important parameter in fouling studies as it
provides useful information about the charge properties of the
membrane surface in solution™*3. Thus, Zeta potential was
proposed to explain membrane retention mechanism and
fouling properties of the fouling processes, which are strongly
influenced by the surface charge of the membrane in contact
with the feed water containing colloidal matters 15 n
addition, membrane performance depends on interactions of
membrane-fouling layer, membrane and layer morphology
and their electrochemical propertiesls.EIectro-kinetic
properties together with fouling resistance analysis can
provide useful information for comprehension of fouling,
because the fouling layer is a key point for understanding
fouling and membrane performance. Therefore, there is a

structure
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need of methods to characterize the electro-kinetic properties
of fouling layers.

Streaming potential, which can be converted to Zeta potential
using the Helmoltz—Smoluchowski(H-S) principlels, can reflect
the electrochemical properties of membrane. To date,
Streaming potential has been widely used to study electro-
kinetic properties of (fouled) membrane due to its
experimental simplicityU. Soffer et al. ' applied an ex situ
measurement to study the fouling of polysulfone UF
with different molecular weight cut off
(MWCO).Streaming potential values were measured across the
virgin and fouled membrane by varying the applied pressure-
AP in the range of 0.1-0.5bar. They demonstrated that two
fouling layers formed on both membranes had a different
nature through coupling classical flux measurement with
streaming potential analysis (results supported by microscopic
pictures). They also concluded that a linear relationship existed
between the change of Zeta potential from clean membrane to
fouled membrane and the degree of fouling.

Sung et al. 1% studied the evolution of the streaming potential
coefficient during filtration of bovine serum albumin (BSA)
suspension (90 ppm in 1><10'3moI/L KCl electrolyte, negatively
charged at pH 6). They detected a decrease of the streaming
potential coefficient from positive value to a negative one
during filtration, which indicated that the electrostatic
repulsion allowed the BSA particles existing mainly in the
concentration polarization layer instead of being deposited
onto the outer surface of the hollow fiber. Furthermore, the
variations of the streaming potential were closely related to
flux decline. The same phenomenon was also been reported
by Benoit et al. 20

In order to obtain electro-kinetic properties of fouling layer
during its formation, Benoit et al. 20 applied electrical potential
measurements to monitor membrane fouling at constant
pressure. Experimental results showed that the Zeta potential
values of clean and fouled membrane obtained by the new
protocol were the same as the values obtained by classical
streaming potential measurement. The results validated the
new protocol that could be exploited during the growth of
fouling layer on membrane surface.

Actually, existing method for monitoring fouled membrane by
Zeta potential, which was just applicable to the synthetic
water (such as with single humic acid or BSA) 2 22, was
frequent in the literature. The study of Zeta potential for
monitor membrane fouling in surface water containing
complex matters or the more complex effluent has not been
mentioned before. Here, the apparent Zeta potential of
fouling layer are investigated for membrane fouling in-line
coagulation/flocculation ultrafiltration (C/F-UF).The focus of
this research was to exploring the relationship between
apparent Zeta potential of membrane and TMP during the
membrane fouling as well as establishing functional relation
between membrane fouling and apparent Zeta potential.

membranes

2. Theoretical background

2 | RSC Adv., 2015, 00, 1-3
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Fig.1. The schematic diagram of streaming potential.

The streaming potential is one of the most convenient
techniques for assessing the charge properties of the pore
surfaces of porous media 326 \When a pressure gradient is
applied through a charged porous medium, the charges in the
mobile part of the electrical double layer are carried toward the
low pressure side resulting in an electrical current in the
direction of the flow, called the streaming current. The
accumulation of charge at one end sets up an electric field which
causes a conduction current in the opposite direction of the
streaming current. When the conduction current equals the
streaming current, a steady state is achieved. The resulting
electrical potential difference that can be measured between
the pore ends is the streaming potential (Ag). As shown in Fig.1,
the arrows perpendicular to the membrane surface is the
direction of raw water, and the other arrow is the direction of
permeate. The permeate was drawn out form membrane by
using a peristaltic pump, and the colloidal particles was rejected
by membrane pores. Hence, the fouling sludge was formed on
its outer side, and the streaming potential is formed between
cake layer and permeate. However, the ratio (A@/AP)., called
the streaming potential coefficient and it is a more informative
qguantity than the single streaming potential value, which
depends on the pressure gradient applied through the porous
medium. The streaming potential coefficient gives direct
information about the electrostatic charge at the electrical
double layer shear plane.

Using streaming potential coefficient, apparent Zeta potential
can be calculated by the Helmoltz—Schmolukovski equation:

="

Where § is the Zeta potential, mV; g4, is the permittivity of the
solution in the pore, C/(V m); u is the viscosity, Paes; and K is

the conductivity of the electrolyte solution, S/m. Moreover, Eq.

(1)is restricted to the limit of rp/k'1>10 (rp is pore radius, m;

k = /eRT/(2F%?c),
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is Debye length, m; F is Faraday constant, C/mol; c is the
concentration in solution, mol/m3, R is the molar gas constant,
J/(moleK);T is the absolute temperature, K).

In cases of membrane filtration in which the H-S equation can
be used, the Darcy law (just R,, and R. were considered) (Eqg.(2))
may be combined with Eq.(1), and the apparent Zeta potential
measured across the membrane can be written as a function
of the permeate flow (Eq.(3)):

J

_ AP
u(Rm+Rc)

(2)

Where J is the permeate flux, L/ (msoh); P is the pressure
across the membrane, Pa; R, is the hydraulic resistance of the
. . -1 . o . .
virgin membrane, m™"; R, is the hydraulic resistance of fouling

layer, m™.

_ ApK
o=
€0€r(Rm+Rc)]

Where §, is the apparent Zeta potential of the fouled
membrane (membrane plus fouling layer)(mV). When the flux
kept constant, the
instantaneous §, can be calculated directly by measuring the

permeate of membrane is as a

streaming potential during the filtration.

3. Materials and Methods
3.1. Membrane

All filtration tests were performed using polyvinylidene fluoride
(PVDF) hollow fiber membrane (Tianjin MOTIMO Membrane
Technology CO., LTD) with a mean pore size of about 0.1um. The
membrane permeability, measured with deionized water (TOC < 0.1
mg/L, pH 6.5 and conductivity of around 1uS/cm), was 20L/ (mZOh)
at the pressure of 20kPa. The filtration surface area was 0.01m>.A
new membrane was used for each filtration test.

3.2. Raw water

The surface water of Luanhe river was chosen as raw water in this
study. As shown in Table 1, the raw water contained suspended
colloid matters with negative charge, has a Zeta potential of about

Table 1Characteristics of natural surface water

Parameter Unit Value

pH - 6.5£0.53

DOC mg/L 6.65+0.38
Turbidity NTU 3.64+0.44
Zeta potential mV -21.5+0.82

Conductivity uS/cm 56.5+1.2
cr mg/L 150.36+0.16
NO;’ mg/L 22.25+0.14

Yo ks mg/L 9.68+0.08

I mg/L 1.08+0.01

This journal is © The Royal Society of Chemistry 2015
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Fig.2. The distribution of colloidal particle in raw water.

-21.5+0.8mV (measured at pH 6.5). The hydrodynamic diameter of
colloidal particles in raw water was measured at 20+1°C by dynamic
light scattering using a Nanosizer 1000 (Malvern, UK).Those
colloidal particles exhibited a volume median diameter equal to
225+40 nm (Fig.2). Based on the membrane pore size (0.1um) and
volume median diameter, total rejection of the colloidal particles
was expected during filtration.

3.3. Coagulant

Although colloidal particles in raw water with negative surface
charges can stay stable, they can be destabilized by adding
coagulant. In this study, FeCl; was chosen as the coagulant due
to its common use and ability to remove suspended matters in
micro-polluted water treatment.

3.4. Filtration setup

Compared with UF alone, coagulation as a pre-treatment
process for UF could significantly enhance the flux recovery for
surface water treatment. However, since most studies on
membrane fouling control were conducted in a constant
pressure mode and all full-scale membrane filtration plants are
operated in constant-flux mode with regular backwashing, the
results from these studies are not always representative for
full-scale operations. Therefore, the membrane filtration setup
in this study was designed at constant flux 20L/(m*eh) with
constant backwashing flow by using peristaltic pumps(see in
Fig. 3).C-UF experiments were carried out in a dead-end mode.
The operating temperature was 20°C and the backwashing flux
was two times higher than the permeate flux.

3.5. Measurement method of streaming potential

Measurements of streaming potential and TMP across the
membrane pores were performed, as shown in Fig.3. The
liguid was imposed through the membrane pore by a
pump. The streaming potential across the
membranes were measured with a pair of commercial Ag/AgCl
reference electrodes placed on both permeate and retentate
sides of the membrane module. Due to the raw water and the

peristaltic
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Fig.3. Schematic diagram of the experiment setup for the streaming potential measurements of hollow fibers membrane model.
(1-coagulant solution; 2-raw water; 3-coagulation tank; 4-membrane model; 5-electrodes; 6-pressure transmitter; 7-paperless
recording; 8-peristaltic pump; 9-oscilloscope; 10-permeate tank; 11-agitator paddle;12-computer;13-dosing pump)

coagulant were added to coagulation tank at the same time
with a certain ratio, the FeCl; concentration in coagulation
tank was constant value. So, without thinking of the effect of
FeCl; addition to streaming potential change, the potential
difference between the electrodes was measured and
displayed on an oscilloscope (Agilent, 54641A, USA).

3.6. Analytical instruments

The pressure difference of the membrane was measured using
a pressure transmitter (Danfoss, MBS 3000, Denmark) which
was connected to a paperless recording instrument (LCKLY,
XSW10R, China). The Zeta potential and diameter of colloid
particles in raw water were determined by a Master Nanosizer
1000 (Malvern Instruments, UK).Dissolved organic carbon of
water samples, turbidity, conductivities, pH were measured
using a combustion-type organic carbon analyzer (TOC-V g,
analyzer Shimadzu, Japan), an ultraviolet spectrophotometer
(T6PERSEE, China), turbidimeter (HACH 2100N, USA),a
conductivity meter (DDSJ-308A, China), a pH meter (PHS-3C,
China),respectively.

4. Results and discussion

4.1. Effect of pH on Zeta potential of raw water and virgin
membrane

In order to understand and find out the influence of pH on
Zeta potential, measurements were made in the pH range of
1.5-9.5. Fig.4 shows the variation of Zeta potential of the raw
water and the clean membrane as a function of pH. The Zeta
potential of membrane was acquired in 0.001M KCl solution by
measuring streaming potential, whose applied pressure-AP in
the range of 10-50KPafor at least 4 values. Each measurement
was repeated at least five times on all samples.

4 | RSC Adv., 2015, 00, 1-3

As shown in Table 1, the Zeta potential of the raw water was
nearly -21.5mV at pH of approximately 6.5 (Fig.4). As for the
virgin membrane, the Zeta potential was -4.5mV at pH of
6.5and was less negative compared to the raw water. The pH
of iso-electric point for raw water was 2.9, while the virgin
membrane was 4.2.

It was clear that the Zeta potentials of the raw water and the
virgin membrane were significantly influenced by the change
of pH. As the pH increasedfrom1.5 to 9.5, the Zeta potential of
the raw water decreased from 12.6 to -26.7mV, while that of
the virgin membrane decreased from 9.1to -9.5mV,
respectively. Thus, the pH of the feed water for membrane
filtration was kept stable at 6.5 to avoid any effect on the
measurement of Zeta potential.

20

—=— Raw water
——Virgin membrane

Zeta potential (mV)

Fig.4. The Zeta potential variations of raw water and virgin
membrane versus to pH.

This journal is © The Royal Society of Chemistry 2015
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Fig.5. Influence of coagulant dosage on the Zeta potentials of
colloidal particle. The pH of the flocculated water was kept
stabilized around 6.5 by NaH,PO,/ Na,HPO, buffer solution.

4.2. Effect of coagulant dosage on Zeta potential

In this study, Zeta potential was measured to determine the
optimum coagulant dosage at pH 6.5 and the results are
shown in Fig. 5. Dosages of coagulant (FeCl;) ranged from O
mg/L to 30 mg/L.

Overall, the Zeta potential of particles increased with the
increase of coagulant dosage. It increased rapidly (from —21.5
mV to -13.2mV) when coagulant dosage increased fromOto
20mg/L, and then approached a plateau at higher dosages.
Hence, 20mg/L was the optimum dose in terms of charge
neutralization.

4.3. Apparent Zeta potential and TMP variation during in-line
filtration at constant flux

In this study, in-line coagulation without settling, as a pre-
treatment to ultrafiltration processes, was carried out for
micro-polluted water treatment. As the permeate flux of
membrane was kept as a constant during the filtration, an
increase in TMP (because of membrane fouling) was observed.
In order to account for the behavior of fouling layer of
membrane in C-UF,
membrane was measured in-line during the filtration process.

the streaming potential across the
The direct filtration of raw water was also carried out for
comparison.

As can be seen inFig.6a and b, the filtration of two suspensions
(the raw water and the coagulation mixture) led to a gradual
increase of the TMP. The TMP rise was about 55kPa with
colloidal particles deposited on membrane surface during the
filtration of raw water, while there was only 40kPa for C-UF
process. With regard to the apparent Zeta potential, an
obvious difference was observed between the two
membranes.

As already given in Fig. 4, the hollow fiber membrane was
negatively charged at pH 6.5, while the colloidal matters were

more negatively charged. Fig. 6 shows the absolute values of

This journal is © The Royal Society of Chemistry 2015
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Fig.6. Apparent Zeta potential and TMP versus filtration time
during filtration of (a) the raw water directly without any
pretreatment and (b) coagulation suspension of the raw water
coagulated with FeCl; at the dosage of 20mg/L. Both of the
filtration were operated at a constant flux of 20L/ (m2°h).The

buffer solution (Na,HPO,/KH,P0O,) was applied to stabilize pH
at 6.5

the apparent Zeta potential of membrane in the process of
direct filtration was higher than those of the membrane in C-
UF, which were consistent with TMP in both processes.

In C-UF process, the apparent Zeta potential changed a little
within the first 50min filtration, and it indicated that the
properties of the charged membrane didn’t changed during
the filtration process possibly due to the deposition of
electrically neutral flocs onto the membrane surface. However,
the absolute value of apparent Zeta potential increased as the
filtration proceeded and even a faster increase rate appeared
during 200-600min. This change was possibly due to the
deposition of colloidal particles onto the outer surface of the
hollow fiber.

The negatively charged virgin membrane (§,=-4.5mV) was
ultimately overwhelmed by the more negatively charged
colloidal matters resulting from the flocculated water. The
membrane being negatively charged after fouled in
coagulation mixture which ¢, was kept at -10.5mV.It was

because the repulsive electrostatic interaction makes the

RSC Adv., 2015, 00, 1-3 | 5
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colloidal particles stay in a suspended state above the outer
surface of hollow fibers instead of being deposited in fouling
layer. However, the apparent Zeta potential of fouled
membrane in direct UF was -15.6mV. This difference meant
that the apparent Zeta potential of the fouling membrane in C-
UF with colloidal particles deposition was lower (in absolute
value) than that of the membrane in direct filtration of raw

water.

4.4, Apparent Zeta potential with the variation of resistance

The relationship between the apparent Zeta potential of
fouled membrane and the variation of filtration resistance was
considered. The resistance was calculated on the basis of the
Darcy's law using TMP and membrane flux. According to the
date got from Fig.6, the function relationship of apparent Zeta
potential and filtration resistance was established by curve
fitting. The non-linear equations were conformed to the form
of Michaelis-Menten Equation. The correlation coefficients of
the curve in raw water direct membrane filtration process and
C-UF process were 0.947 and 0.934, respectively (see in
Fig.7).It meant that the membrane fouling could be monitored
by observing the apparent Zeta potential intuitively.

The apparent Zeta potential was positive correlated with the
filtration resistance at the beginning of filtration. This meant
the disposition of colloidal particles is the major reason for
membrane fouling. It was also clear that the apparent Zeta
potential of membrane in direct filtration process after long-
running could be up to -21.42mV which was close to Zeta
potential of raw water(§=-21.5mV), this phenomenon was
probably due to the Apparent Zeta potential of fouled
membrane is exactly the value of feed water when the
membrane fouling is serious enough. The identical conclusion
was also confirmed in the process of C-UF. The apparent Zeta
potential of membrane in C-UF could be up to -13.85mV which

Yo~ 21.42% X
-2+ 8.93 + X
R?* = 0.947

Apparent Zeta potential (mV)

5 10 15 20

Resistance (lO12 m'l)

Fig.7. The fitted curve between apparent Zeta potential and
membrane filtration resistance.
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was close to Zeta potential of coagulation mixture (§=-13.2mV).

This is because the quality of raw water can influence the
apparent Zeta potential of fouled membrane in filtration
process. Therefore, the measurement method, experimental
results and the fitting function could provide references for
the membrane fouling research.

4.5. The effect of backwashing on the change of Apparent Zeta
potential

The changes of apparent Zeta potential along with the
periodical backwashing are shown in Fig. 8. When the TMP
increased to 44.5KPa(the Apparent Zeta potential of fouled
membrane reached a plateau at the same time),membrane
backwashing was conducted with ultrapure water for 1min
under the pressure of 0.04MPa and aeration intensity of
500Lem2emin™. After two backwashing, the TMP of the fouled
membrane model decreased to 8.7and 12.6KPa, respectively,
indicating that a fraction of colloidal particles still remained on
the membrane surface. The apparent Zeta potential increased
from -10.4 to -5.7mV, but was lower than the value of the
virgin membrane (§=-4.5mV), suggesting that the apparent
Zeta potential was affected by the residual colloidal particles.
After the second backwashing, the apparent Zeta potential of
fouled membrane was -7.3mV. The descending rate of the
apparent Zeta potential was getting larger, which was in
accordance with the trend of TMP change.

After backwashing using demineralized water, the
concentration of negatively charged colloidal particles around
the membrane was reduced. However, the surface of
membrane still retained certain negative charged colloidal
particles from the feed water. Therefore, the negatively
charged colloidal particles on the membrane remained and
increased during the next filtration stage under the force of
filtration and concentration difference. In the later stage of
filtration the repulsive force between the negatively charged
colloidal particles on membrane surface and colloidal particles
in the feed water was completely restored. As a result, the

This journal is © The Royal Society of Chemistry 2015
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apparent Zeta potential reached a new level. Overall, apparent
Zeta potential could be a useful indicator for monitoring
membrane fouling during micro-polluted water treatment
(including filtration and backwashing).

Conclusions

This study aims to find a useful and simple method to monitor
membrane fouling in micro-polluted water treatment. The apparent
Zeta the
information on membrane surface charge, could be applied for
membrane fouling monitoring.

In order to validate this method, the surface water of Luanhe river

potential analysis, which presented importance

and PVDF hollow fiber ultrafiltration membranes have been used as
the case study. Batch experiments indicated that both pH and
coagulant dosage have great influence on Zeta potential. Results of
in-line coagulation show that the absolute values of apparent Zeta
potential were smaller than those of membrane in directed
filtration process, which were consistent with TMP in both
processes. The correlation coefficient between apparent Zeta
potential and TMP was 0.934 during C-UF process, the apparent
Zeta potential of membrane could close to the Zeta potential of
coagulation mixture after long-running. The information of both
membrane filtration resistance and apparent Zeta potential assists
the further understanding of the membrane, its interactions with
foulants, as well as fouling characterization. By observing the
change of apparent Zeta potential during membrane backwashing,
the effect of backwashing could be reflected visually. In conclusion,
the variations of apparent Zeta potential were dependent on the
fouling layer properties. Thus, the calculations of apparent Zeta
potential could be used to understand membrane as a fouling
indicator.
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