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ABSTRACT

The electrical impedance as a function of frequency (electrical impedance spectroscopy [EIS])
of both clean and fouled reverse osmosis (RO) membranes was monitored under osmotic pres-
sure-driven conditions to introduce a water flux through the membranes. RO membranes were
fouled using a pilot-scale facility with cane molasses wastewater. Fouling was revealed via a
diffusion polarization layer observed below 100Hz. This fouling layer contained both revers-
ible and irreversible parts. The fouling component that was irreversible contributed mainly to
the EIS spectra in the frequency range of 0.01–0.1Hz, while the reversible fouling component
dominated in the range of 0.1–100Hz. Results presented demonstrate that electrical impedance
spectroscopy is able to quantitatively measure real foulants on the surface of RO membranes.
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1. Introduction

Fouling can significantly impact a membrane’s
operational lifetime and the permeate flux obtained [1],
with severe fouling resulting in unscheduled shut-
downs leading to a loss of productivity. Moreover,
fouling leads to extra power consumption due to the
need for higher pressures to maintain the flux [2].
Indeed, Bates [3] highlights that the economic viability
of reverse osmosis (RO) systems is greatly dependent
on membrane fouling. Even if fouling is successfully
controlled, there are high costs associated with fouling
control done either by pre-treatment or membrane

cleaning [4,5], which again can significantly reduce the
economic potential of any operational RO system [6].

Common techniques used in previous studies for
characterizing membrane and fouling layers mostly
focus on the determination of their morphological,
chemical and physical properties. These techniques
include scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS) and atomic force
microscopy (AFM). For example, Kim et al. [7–9] suc-
cessfully applied these techniques to study the mecha-
nisms of membrane fouling. Similarly, Dietz et al. [10]
identified the structural differences between clean and
fouled membrane based on AFM images. However, all
these techniques involve cessation of the filtration pro-
cess and the destruction of the membrane––essentially
they are only useful as membrane autopsies. The tech-*Corresponding author.
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nique we are proposing is electrical impedance spec-
troscopy (EIS), which has been used as a non-invasive
tool in a number of membrane systems [6,11–16]. In
essence, the technique works by injecting a small alter-
nating current (AC) of known frequencies into the sys-
tem and measuring the voltage and phase difference
between the current and voltage across the system.
Impedance dispersion can then be used to distinguish
different “layers” that comprise the system of interest
including any fouling layers. A study by Park et al.
[17] has shown the potential of EIS in real-time moni-
toring of fouling in ion-exchange membranes. More-
over, preliminary results obtained by Kavanagh et al.
[18] have demonstrated its potential in RO systems.

Here we present a different approach that is simi-
lar to a membrane autopsy but using EIS, in which
membranes are fouled for different durations of time
in a commercial membrane separation module and
then examined using EIS afterwards. A water flux
was also established in the membrane EIS chamber
during the measurements using solutions of different
concentration on the two sides of the membrane. This
paper thus aims to examine the feasibility of EIS to
detect real foulants (from cane molasses fermentation
wastewater) and to identify the difference in electrical
properties of clean and fouled membranes. The limita-
tions of the method, data analysis and associated
experimental difficulties are discussed in detail.

2. Theory

Impedance measurements are made by injecting
an AC of known frequency x and small amplitude io
into a membrane system and measuring the ampli-
tude vo and phase difference £ of the concomitant
electrical potential difference that develops across the
sample under consideration

jZj ¼ vo
io

and \Z ¼ £ ð1Þ

The conductance G and the capacitance C describe
the ability of the homogeneous material to conduct
and store electric charge, respectively. The impedance
measurement provides estimates of these parameters
as follows:

G ¼ 1

jZj cos£ and C ¼ � 1

xjZj sin£ ð2Þ

For a uniform single slab of material with cross-
sectional area A and thickness x, these properties are
given by:

G ¼ r
A

x
and C ¼ e

A

x
ð3Þ

where the constants r and e are the electrical conduc-
tivity and dielectric permittivity of the material,
respectively.

In membrane systems, the electric current is car-
ried by ions that move by diffusion under the influ-
ence of concentration gradients as well as by electric
fields. A diffusion polarization effect can result by an
enhancement of electrically charged species in the
unstirred surface layers on one side of the membrane
and a depletion of these species in the corresponding
layers on the opposite side [11]. As a result, a mem-
brane system is generally composed of several layers
with different properties and hence the capacitance
and conductance will be frequency dependent. How-
ever, in this study, we will not discuss the membrane
substructure in details as our main purpose is to
detect fouling.

The electrical circuit model used in this study is
assumed to comprise four/five elements as previously
proposed by Kavanagh et al. [18] and illustrated in
Fig. 1. This includes the following:

• An element to represent the membrane/bulk solu-
tion contact resistance (Gsol);

• An element to represent the conductance (Gdiff) and
capacitance (Cdiff) of the diffusion polarization
layer;

• An element to represent the conductance (Gf) and
capacitance (Cf) of the fouling layer (i.e. the dotted
line element);

• An element to represent the conductance (Gmem)
and capacitance (Cmem) of the membrane.

3. Materials and methods

3.1. Membrane and preparation

Polyamide RO membranes (Alfa Laval Ltd.) were
used in this investigation. They were thin-film com-
posite membranes designed for brackish water salt
removal, with nominal rejection of >97%

1

and pH
range 2–11. All membranes were pre-wetted by
soaking in ethanol for an hour and then rinsed
thoroughly in deionised water, before storing in
deionised water for 24 h.

3.2. Foulants

Cane molasses fermentation wastewater was used
as the fouling agent. They have a pH of 7.5, COD of
1,010mg/L, conductivity of 5.7mS cm�1 at 24˚C and
DOC of 1,630 ppm.

1Measured on 2,000 ppm NaCl, 16 bar, 25˚C according to
manufacturer’s instructions.
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The composition of cane molasses fermentation
wastewater is complex, but the main foulants are
humic substances, such as humic and fulvic acids
[19,20] that form a cake-like layer on the surface of
the membrane.

3.3. Experimental procedure

Fouling tests were conducted using a pilot-scale rig
(Alfa Laval M16 module) to pre-foul the membranes
using cane molasses fermentation wastewater. Experi-
ments were commenced with the compression of the
membrane for 3 h using deionised water at an applied
pressure of 30 bar, a temperature of 25 ± 1˚C and at the
desired cross-flow rate. Subsequently, the wastewater
was introduced, following drainage of the deionised
water. The operational permeate flow was measured
using a flow transmitter (McMillan Model 107). The
experimental runs are summarized as below:

• Membrane compacted for 3 h with no fouling as a
“clean” control.

• Compacted for 3 h and fouled for 1 h.
• Compacted for 3 h and fouled for 3 h.
• Compacted for 3 h and fouled for 6 h.

Samples of the fouled membranes were cut and
put into the four-terminal EIS chamber (Fig. 2(a)) to
obtain electrical impedance spectra. Four impedance
spectra were recorded, with each spectrum taken at 4
hourly intervals. The EIS measurements were done
under osmotic pressure-driven conditions to introduce
a water flux through membranes. The feed and draw
solutions were 5mM and 500mM NaCl solutions,

respectively, with the membrane skin layer facing the
lower concentration of solution. These solutions were
re-circulated via a peristaltic pump with separate con-
nections into the EIS chamber (Fig. 2(b)). Water flux
was also recorded using a weighing balance.

4. Results and discussion

4.1. Effect of fouling

Fig. 3(a) shows a comparison of the capacitance vs.
frequency between the compacted clean membrane
and the membranes fouled for different durations. It
can be seen that the difference mainly occurs below
100Hz where the measured capacitance increased by
several orders of magnitude with decreasing fre-
quency. An exceptional curve below the frequency of
0.1Hz was also observed for the system of compacted
clean membrane. The drop in capacitance, to even
negative values, between the frequency range 0.01–
1Hz probably resulted from the electro-osmotic effects
arising from coupling between the ion flow and the
water flux [21]. Fitting of the circuit model to the con-
ductance and capacitance dispersion data indicates
that below 100Hz, we are seeing the impact of diffu-
sion polarization at the surface of membrane. As a
result, the effect of fouling was revealed via its impact
in the diffusion polarization regime [11,15].

Furthermore, it was noted that the fouling effect
on the EIS revealed two distinct results for the
capacitance as a function of frequency. In one region
(0.01–0.1Hz) (Fig. 3(b)), the capacitance increased
with increasing fouling time. In the other region
(0.1–100Hz) (Fig. 3(c)), capacitance decreased with
increasing fouling time.

Fig. 1. The proposed circuit model.

J. Cen et al. / Desalination and Water Treatment 51 (2013) 969–975 971



In Fig. 4, we compare the reduction in capacitance
at a frequency of 1Hz with the reduction in permeate
flux, which is the most common fouling indicator. For
the membrane fouled for 1 h, the reduction in capaci-
tance was around 40%, while the permeate flux
decline was only 20%. For 6 h of fouling, the capaci-
tance at 1Hz dropped by 71%, while the flux declined
by 55% over the period. These figures indicate that
EIS responses more sensitively to fouling than the per-
meate flux.

4.2. Loss of fouling layer

The photographs in Table 1 (left column) show that
the RO membranes were fouled at the chosen opera-
tional conditions, and there was more fouling accumu-

lation with increasing run time. However, a significant
loss in the fouling layer occurred during subsequently
repeated EIS measurements, as some of the cake
became dislodged with time (see Table 1, right col-
umn). Although the salt solution circulating through
the chamber had washed away most of the fouling
layer by the end of the measurement, it was still possi-
ble to see some fouling residue left on the surface of
the membrane even after 12 h. This suggests that the
fouling layer may contain two parts. One part being a
loose/thick layer that could be washed away easily by
water, while the second part was compact and thin
and could only be removed by a cleaning solution.

Similarly, differences were observed in EIS mea-
surements taken at different times for membrane sam-
ples. Fig. 5(a) shows the four spectra for the
membrane sample fouled for 6 h. The spectrum at the
beginning of EIS measurements (t= 0) appears to be
quite different from the others, especially in the fre-
quency range below 100Hz. As discussed in the pre-
vious section, the fouling effect was mainly observed
in that frequency range. Therefore, such differences

Fig. 4. Reduction in capacitance at a frequency of 1Hz and
permeate flux due to membrane fouling.

(a) (b)

Fig. 2. Schematic representation of (a) four-terminal chamber used and (b) EIS measurement set-up.

(a)

(b) (c)

Fig. 3. (a) Comparison of the EIS for fouled membranes
and a compacted clean membrane. A close-up in the
frequency range of 0.01–0.1Hz (b) and 0.1–100Hz (c).
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are believed to be directly related to the dislodgement
of the fouling layer (i.e. back into the solution). It is
also illustrated in Fig. 5(b) where the spectra taken at
t= 4, 8 and 12h are similar to the spectrum for the
compacted clean membrane expect at very low fre-
quencies. It provides further evidence of EIS detection
of the loss of the fouling layer. The same trend can be
found in the EIS data for the other membrane sam-

ples. Nevertheless, there was almost no difference in
capacitance response between the spectra taken at
t= 4, 8 and 12 h for the membrane sample fouled for
6 h. Since the rate of loss of the cake layer was
unknown, but it is quite likely that when measure-
ment of the second spectrum started, the “reversible
part” of the fouling layer had already been washed
away.

Table 1
The comparison between membrane samples at the beginning and the end of EIS measurement

Beginning of EIS measurement (t= 0) End of EIS measurement (t=12h)

Membrane compacted only

Membrane compacted and fouled for 1 h

Membrane compacted and fouled for 3 h

Membrane compacted and fouled for 6 h
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4.3. Irreversible and reversible fouling components

Comparing the compacted clean membrane with
the spectrum of the fouled membranes, which was
taken at t= 12 h EIS measurement (Fig. 6(a)), the dif-
ference in the frequency range of 0.1–100Hz disap-
pears, while the effect in the other region remains. As
discussed previously, the difference between the spec-
tra taken at t= 0 and 12 h for the fouled membranes
corresponds to the dislodgement of the reversible part
of the fouling cake. Thus, it is reasonable to conclude
that the irreversible and reversible parts of the fouling
layer affect the impedance spectra in the frequency
ranges 0.01–0.1Hz and 0.1–100Hz, respectively.

We noted that capacitance decreased with increas-
ing fouling time between 0.1 and 100Hz. This implies
Eq (4) that there was an increase in the thickness of
the layer. Thus, in the range 0.1–100Hz, the reversible
part of the fouling layer had dominated over any dif-
fusion polarization effect. On the other hand, we see
(Fig. 6(b)) that the drop in capacitance caused by elec-
tro-osmotic effects, which showed up in the frequency
range 0.01–0.1Hz, disappeared with longer fouling
times. This suggested that additional irreversible foul-
ing (produced by longer fouling time) had hindered
water diffusion through the membrane and enhanced

the diffusion polarization effect, which then masks the
electro-osmotic effects.

5. Conclusions

This paper has demonstrated that EIS has potential
for measuring real foulants on the surface of RO
membranes.

It is concluded that the fouling effect was revealed
by an enhanced diffusion polarization layer at fre-
quencies below 100Hz rather than in the formation of
an extra layer. It is also found that the fouling layer
contained a reversible and an irreversible fouling part.
The irreversible fouling mainly contributed to changes
in capacitance in the frequency range of 0.01–0.1Hz,
while the reversible fouling mainly contributed in the
frequency range of 0.1–100Hz. The reduction in
capacitance associated with the reduction in permeate
flux due to fouling indicates that the EIS responses
are more sensitive to fouling than the permeate flux.
The loss of the fouling layer was observed during EIS
measurement over time. However, such losses also
showed up in impedance data for each fouled mem-
brane.

Since the loss rate of the fouling layer was not
known, we could not quantitatively relate the cake
layer of fouling to the impedance response. Further

(a)

(b)

Fig. 5. (a) Comparison between four spectra taken at
different durations for the membrane fouled for 6 h. (b)
Comparison between the compacted clean membrane and
the membrane fouled for 6 h taken at t= 4, 8 and 12 h of
EIS measurements.

(a)

(b)

Fig. 6. Comparison between fouled membranes and the
compacted clean membrane at t= 12h of EIS
measurements. (a) Capacitance behaviour in the frequency
range of 0.01–100Hz. (b) A close-up for the frequency
range of 0.01–1Hz.
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electrical impedance measurements need to focus on
using in situ fouling measurement, in which the EIS
data are measured during the fouling process.
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