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Abstract
This study investigates the fouling of anion exchange membrane by organic foulants in fresh water, which is one of the causes 
of performance degradation of reverse electrodialysis (RED). Three organic foulants, namely sodium alginate (SA), humic 
acid (HA), and sodium dodecylbenzene sulfonate (SDBS) are selected and the behavior of adsorption fouling of the selected 
organic foulants is monitored, analyzed and identified using physicochemical (ion exchange capacity (IEC), water uptake 
(WU)) and electrochemical (permselectivity, electrochemical impedance spectroscopy (EIS), j-V and j-P plots) methods. 
Compared to the pristine membrane, the resistance of anion exchange membrane increases and the selective permeability, 
IEC, and WU decrease after fouling of the membrane, which in turn affects the RED cell performance. SDBS, an aromatic 
substance, shows a higher adsorption capacity as compared to the other two foulants, and therefore causes severe degrada-
tion. Among the two aliphatic substances, namely, HA and SA, HA exhibited higher adsorption capacity than SA because it 
has fewer carboxylic groups. To summarize, the degradation behavior of the anion exchange membrane was clearly different 
based on the characteristics of each organic foulant.
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1  Introduction

Since the late 90's renewable energy has attracted strong 
attention due to energy depletion and climate change. 
Despite its environmentally benign characteristics, renew-
able energy suffers from its strong dependence on envi-
ronmental factors which in turn affects production and uti-
lization [1]. For example, the total power generation and 
energy conversion efficiency of solar or wind power fluctu-
ate depending on weather conditions. This dependence has 
supported the emergence of salinity gradient power (SGP) 
that uses ocean energy due to its relative independence from 
environmental perturbation. SGP generates electricity using 
the difference in salt concentration of seawater and fresh 
water. The theoretical generation of 0.8 kWh from 1 m3 of 
river water equates to almost 2 TW for the total fresh water 
flowing from major rivers worldwide [2, 3]. SGP can be 
divided into pressure retarded osmosis (PRO) and reverse 
electrodialysis (RED) [4–6].

In a typical RED cell, cation exchange membranes (CEM) 
and anion exchange membranes (AEM) are alternately 
stacked, and the spacer between them creates a flow path. 
When seawater and fresh water are supplied to the com-
partments divided by the ion exchange membranes (IEMs), 
the CEM selectively passes the Na+ cations and the AEM 
only transports the Cl− anions, resulting in a voltage due to 
the difference in the ionic potential. Electrochemical oxida-
tion/reduction reactions of redox species occurring at the 
electrode generate electricity as electrons move from the 
anode to the cathode [7, 8]. Increasing the power density of 
RED requires the reduction of the over-potential applied to 
the system by developing an efficient electrode or by manu-
facturing IEM with high co-ion exclusion ability that can 
reduce the non-ideal permselectivity of the IEM [3, 9].

For technologies using IEMs such as, RED, most research 
has been focusing on improving the intrinsic properties of 
the membrane, but mitigating and solving the problem of 
membrane fouling are also important. Fouling of IEM in 
RED is mainly caused by chemical and physical interac-
tions of the membrane with foulants present in seawater and 
fresh water. The fouling increases the membrane resistance 
and partially degrades the permselectivty, which reduces the 
RED cell performance [10–12]. Therefore, reducing mem-
brane fouling may improve the stability and durability of 
RED cell.

Membrane fouling is closely related to the properties of 
the membrane, i.e., pore structure, surface roughness, and 
functional group as well as those of the organic foulants, 
i.e., functional group and surface charge [12–15]. For exam-
ple, most organic and inorganic foulants have negative and 
positive surface charge, respectively, which facilitates their 
attachment to the positively charged AEM and negatively 

charged CEM surfaces, respectively. The resulting mem-
brane fouling arising from electrostatic interactions leads 
to the adsorption of foulants on the membrane surface or 
entrapment inside the membrane matrix [14, 16, 17]. Ver-
maas et al. found that fouling caused by natural organic fou-
lants severely affected AEM as compared to CEM, resulting 
in pressure drop, decrease in open circuit voltage (OCV), 
and increase in resistance [16]. Another study concluded 
that natural organic matter (NOM) in rivers decreased the 
permeability of AEM [18]. Some studies have conducted 
fouling experiments using fresh water mixed with artificial 
foulants, rather than natural. Susanto et al. selected bovine 
serum albumin, sodium alginate (SA) and humic acid (HA) 
as organic foulants and mixed each one with fresh water 
[19]. Current density-power (j-P) curve analysis was applied 
to evaluate the degradation behavior of CEM and AEM. 
Fourier transform infrared spectroscopy (FT-IR) and field 
emission scanning electron microscopy (FE-SEM) con-
firmed a greater surface adsorption in AEM as compared to 
CEM. Pintossi et al. compared the ohmic resistance and non-
ohmic resistance changes of AEM and CEM before and after 
membrane fouling by sodium dodecyl benzene sulfonate 
(SDBS) through electrochemical impedance spectroscopy 
(EIS) analysis [20].

Previous studies, whether they dealt with NOM or arti-
ficial foulants, investigated and compared the performance 
of RED before and after membrane contamination. Most 
studies measured the power density and OCV of RED or 
determined the stack resistance from traditional direct cur-
rent characterization [16, 18, 19], or AC characterization 
[20]. Along with performance and resistance-based analy-
ses, a few spectroscopic methods were adopted, such as, 
UV–visible spectroscopy [18], FT-IR [19], and 2D fluores-
cence spectroscopy [21]. In addition to study limitations, 
non-specified NOM or only two contaminants were chosen 
to induce an adsorptive contamination. Therefore, although 
these studies concluded with a causal relationship of adsorp-
tion fouling by a few contaminants and RED performance in 
RED systems, they did not investigate the effect of foulant 
type in their behavioral analysis. Moreover, the characteris-
tics of IEM were not adequately investigated.

RED is a power-generating device which uses ionic trans-
port. Some of the parameters related with ionic transfer in 
IEM are sensitive to fouling. The adsorption mechanism of 
organic foulants can be determined by observing changes 
in the physicochemical and electrochemical parameters of 
IEM and by deriving the patterns of change. In the present 
study, we attempted to characterize the IEM-oriented phys-
icochemical (ion exchange capacity (IEC), water uptake 
(WU), and contact angle) and electrochemical (permselec-
tivity, impedance, and zeta potential) parameters to meas-
ure the effect of adsorption contamination on performance 
as well as to evaluate the correlation between these two 
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parameters and to unveil the adsorption mechanism. Based 
on what we envision, it is expected that unknown organic 
foulants can be revealed by measuring parameters related to 
membrane properties and by performing inverse inference 
method, which has not been suggested by any other previous 
studies. We focused on AEM as it is known to be relatively 
more susceptible to adsorption than CEM and select three 
representative organic foulants which can be distinguished 
by several features. By deriving and categorizing the adsorp-
tion behavior of the representative organic foulants, it is 
expected that effective and unique strategies specific to each 
categorized foulant will be formulated to reduce or inhibit 
the fouling of AEM in RED.

2 � Materials and methods

2.1 � Organic materials and fouling experiment

The three organic foulants were SA (C6H9NaO7, JUNSEI 
chemical), HA (C9H8Na2O4, Sigma-Aldrich), and SDBS 
(C18H29NaO3S, Sigma-Aldrich). The properties of these 
organic foulants are summarized in Table 1. SA is extracted 
from brown algae, and is one of the aliphatic compounds. 
It represents a group of polysaccharide foulant, which is 
frequently dealt in the research of membrane contamina-
tion. HA is produced from the decomposition of dead plants 
and is aliphatic compound. It is a representative of humic 
substance and possesses carboxylic and phenol functional 
groups, which makes it partially aliphatic and aromatic. HA 
has fewer carboxylic group than SA, so it is more hydro-
phobic than SA [22]. SDBS is an aromatic compound with 

benzene rings as anionic surfactant. The organic foulants 
were mixed with 0.5 g L−1 NaCl (aq) (Sigma-Aldrich) at a 
concentration of 1 eq L−1. The zeta potential (ELS-Z, Otsuka 
Electronics) of the organic foulants was measured to inves-
tigate the change of surface charge. By applying a potential 
to both ends of the cell using a quartz flow cell, the speed 
of particle movement was measured to obtain a zeta poten-
tial value. The pH was adjusted by adding 0.1 M NaOH 
(Sigma-Aldrich) and 0.1 M HCl (Daejung) to investigate the 
dependence of zeta potential on pH, and three measurements 
were averaged.

AMV-N (Selemion™, Asahi Glass Co. Ltd., Japan) was 
used as AEM [23]. In the forced adsorption experiment con-
ducted to observe the degree of fouling, AEM was immersed 
in a solution containing the organic foulants without stir-
ring to cause intentional fouling. The degradation behavior 
overtime was investigated at day one, two, and three. The 
membrane characteristics were measured three times before 
and after the forced adsorption to obtain reliable results.

2.2 � Membrane characterization

Pristine membrane was compared to the fouled membrane 
with respect to general physicochemical and electrochemi-
cal properties. The specific methods were described below.

The IEC measurement of AEM was performed using the 
Mohr`s method [24, 25]. As an indicator, 5 wt% K2Cr2O7 
(aq) (Sigma-Aldrich) was used according to the following 
procedure; the AEM was immersed in 1 M NaCl (aq) for 
6 h, then taken out and dipped in 100 ml of 2 M NaNO3 
(aq) (Sigma-Aldrich) for 6 h. Then, 50 ml of NaNO3 (aq) 
in which Cl− was isolated, was taken out and 0.6 ml of 

Table 1   The properties of the 
three representative organic 
foulants used in the present 
study

Organics Chemical structure Molecular formula Molecular 
weight (g mol−1)

Concen-
tration (g 
L−1)

Sodium alginate

 

C6H9NaO7 216.12 1

Humic acid

 

C9H8Na2O4 226.14 1

SDBS

 

C18H29NaO3S 348.48 0.76
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K2Cr2O7 was added to the solution. If a titration solution, 
0.1 M AgNO3 (aq) (Sigma-Aldrich) was added to the mix-
ture solution, a white precipitate was formed. The volume 
of AgNO3 was measured when the color of mixture solution 
turned from yellow to reddish brown. IEC was calculated 
using Eq. (1).

NAgNO3
 is the normality, VAgNO3

 is the volume of AgNO3 
solution, and Wdry is the weight of the dry membrane which 
has been. dried at 50 °C for 6 h in a vacuum oven. The factor 
of 2 is applied because the solution in which the AEM was 
immersed is 100 mL and then is changed to 50 mL when 
titrated.

WU is commonly referred to as the swelling degree (SD) 
or water content [26]. WU is an important indicator for 
membrane dimensional stability and ionic transport proper-
ties, and has a positive effect on the membrane conductivity 
[2, 27]. The WU of AEM was measured as follows; after 
dipping the AEM in deionized water, the water was quickly 
wiped off with tissue paper and the AEM was weighed 
(Wwet). The AEM was dried in a vacuum oven at 50 °C for 
at least 6 h and then weighed (Wdry). WU of the AEM was 
calculated according to the following equation [28].

The permselectivity of the membrane is generally deter-
mined by the potential difference of the membrane in the 
concentration polarization of the solution [2]. To measure 

(1)IEC

(

meq

g

)

=
2 × NAgNO3

× VAgNO3

Wdry

(2)WU =
Wwet −Wdry

Wdry

× 100

the permselectivity, as shown in Fig. 1a, the two compart-
ments were divided by a membrane to form a two-electrode 
system. A solution of 30 g L−1 NaCl and 0.5 g L−1 NaCl 
was added to each compartment. The membrane potential 
was measured by reading the open circuit potential (OCP) 
between the saturated calomel electrode (SCE) which was 
used as the reference electrode in the two compartments with 
a potentiostat (PGSTAT302N, Autolab). The membrane 
area was 2 cm2 and the OCP was measured when the mem-
brane potential reached equilibrium. The permselectivity of 
the membrane was calculated according to the following 
equation.

Emeas is the potential difference measured by experiments 
and Etheo is the theoretically calculated potential difference. 
The Etheo was calculated according to the following equation.

where αAEM is the apparent membrane permselectivity, R is 
the gas constant (J mol−1 K−1), T is the absolute temperature 
(K), z is electrochemical valence, F is the Faraday constant 
(C mol−1), rH and rL mean activity coefficient of sodium and 
chloride ion in high-salinity and low-salinity water, CH and 
CL are concentration of high-salinity and low-salinity water 
(mol L−1) [29].

Membrane resistance is an important parameter deter-
mining energy-generating performance in RED cells [9]. As 
shown in Fig. 1b, the membrane resistance was determined 

(3)Permselectivity =
Emeas

Etheo

× 100%

(4)Etheo = �AEM

RT

zF
ln
rHCH

rLCL

Fig. 1   Apparatus for measuring electrochemical properties of membrane: a two-electrode system for permselectivity, b four-electrode system for 
impedance, where RE, CE, and WE refer to the reference electrode, counter electrode, and working electrode, respectively
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by EIS analysis in a four-electrode system. The membrane 
area was 2 cm2. Ti foil was used as the working electrode 
(WE) and the counter electrode (CE), and a saturated calo-
mel electrode (in 3 M KCl) in a Luggin-Haber capillary was 
used as the reference electrode (RE). Before the resistance 
measurement, the membrane was equilibrated by soaking 
it in fresh water 0.5 g L−1 NaCl solution for at least 24 h. 
The EIS measurement was performed in the frequency range 
of 10–1–106 kHz, and the amplitude was set a 1 mV. The 
membrane resistance (Rm) was derived by subtracting the 
measured resistance (Rs) when there was only a solution 
without a membrane, from the measured resistance (Rs+m), 
when the membrane and the solution were in contact. This 
can be expressed in the following equation:

The membrane surface was analyzed by FE-SEM (JSM-
6701F, X-Max) to determine whether and how much organic 
foulants were adsorbed. An energy dispersive X-ray spec-
troscopy (EDS) elemental mapping image was obtained by 
analyzing the membrane sample dried at 50 °C for more than 
6 h in a vacuum oven using FE-SEM. The degree of hydro-
phobicity of the membrane surface was measured using 
the sessile drop technique (D04010 Easy drop, KRUSS). 
Finally, atomic force microscope (AFM, XE-150, Park sys-
tems) was conducted in the non-contact mode to determine 
the root mean square (RMS) roughness of the membrane 
surface before and after membrane fouling from the 1 μm2 
membrane area.

2.3 � RED performance measurement

A RED single cell (7 × 7 cm2) with an electrode area of 9 
cm2 was constructed using CMV-N (Selemion™, Asahi 
Glass Co. Ltd., Japan) as a CEM and AMV-N as an AEM 
(active area = 11.25 cm2). Ti woven spacer (The Nilaco cor-
poration, thickness = 200 μm) was inserted to form a flow 
channel between the membranes, and the spacer was sur-
rounded by a Teflon gasket (thickness = 280 μm). Pt-depos-
ited Ti mesh was employed as electrode and placed at the 
end of cell. The full schematic of RED single cell is pro-
vided in Figure S1. The feed water solutions were prepared 
by dissolving NaCl in deionized water. The concentration 
of low-salinity water (CL) and high-salinity water (CH) was 
fixed at 0.5 g L−1 NaCl and 30 g L−1 NaCl, respectively. 
Both high- and low-salinity water were supplied to the 
RED cell at 5 mL min−1 by peristaltic pump (Masterflex®, 
Cole-Parmer). The specific materials and cell structure were 
described in previous studies [30, 31]. When examining the 
fouling performance in the presence of organic foulants, the 
CH was kept constant, and 1 eq L−1 of organic foulants was 
added to low-salinity water. The performance of the RED 

(5)Rm

(

Ω cm2
)

= Rs+m − Rs(Ω) × A
(

cm2
)

single cell was measured using potentiostat. The j-V and j-P 
curves were obtained from galvano-dynamic operation until 
the voltage decreased to zero at a current rate of 0.1 mA s−1 
to compare the performance of RED cells before and after 
membrane fouling.

3 � Results and discussion

3.1 � Ex situ performance of RED with foulants

Prior to investigating the effects of foulants on the proper-
ties of AEM, the degradation behavior of RED single cell 
as a function of fouling time was examined and compared. 
Ex situ method was applied to RED cell using the three 
organic foulants. The ex situ method refers to an experi-
ment in which AEM was pre-adsorbed by foulants and was 
embedded to RED cell to evaluate its performance. Organic 
foulants (1 eq L−1) was added to low-salinity water. The 
organic-mixed solution was used because the flow of fresh 
water could wash the fouled AEM and so the organic-mixed 
solution was added as a flow during the measurement time 
(10 min), as well as the activation time. The ex situ perfor-
mance of RED with different foulants with a j-V curve is 
shown in Fig. 2. OCV and jmax (maximum current density 
generated by RED cell) are summarized in Table S1. The 
performance of RED cell decreased with fouling time in the 
presence of all organic foulants, implying that the foulants 
induced adsorptive contamination of AEM and degraded 
the performance of RED. However, the degree of degra-
dation was different for each foulant. After 3 days, OCV 
and jmax decreased by 5% and 25%, respectively, for SA and 
by 6% and 31%, respectively, for HA. SDBS, an aromatic 
compound, exhibited the largest performance reduction with 
91% for OCV and 99% for jmax. On the other hand, HA and 
SA, which are aliphatic hydrocarbon compounds, exhibited 
lower performance reduction. It is noteworthy highlight-
ing that HA, with fewer carboxylic groups, showed slightly 
greater performance reduction than SA. To summarize, the 
degree of degradation decreased in the following order: 
SDBS > HA > SA.

SEM–EDS elemental mapping analysis of AEM pre-
adsorbed by organic foulants was conducted to observe the 
tendency and extent of adsorptive fouling of the membrane 
(Figure S2–S4). It was evident that the organic foulant 
adsorption on the AEM surface was positively correlated 
with fouling time. For SA and HA, C and O were chosen 
as indicative atoms for comparison, while S and O were 
selected for SDBS. AEM fouling was pronounced with 
longer fouling time, but each organic foulant exhibited a 
different degradation behavior. There was no significant dif-
ference in the SEM–EDS mapping analysis, but the ex situ 
RED performance differed significantly, which confirmed 
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the limitation in using physicochemical methods to deter-
mine the degradation behavior of each organic foulant. In 
order to more precisely determine the degradation behavior 
of each organic foulant, the mechanisms and characteristics 

by which the organic foulants affected the AEM degradation 
were examined using electrochemical methods.

3.2 � Zeta potential of organic foulants

Zeta potential is an interfacial electrochemical parameter 
that governs the electrostatic interaction between organic 
foulants and IEM [32]. The electrostatic force of organic 
foulants and membrane can cause membrane fouling. Since 
the cationic functional group is fixed on the surface of 
the AEM, the zeta potential of the AEM is 6.4 mV [33]. 
The higher the negative charge of the organic foulants, the 
stronger the interaction between the AEM and the organic 
foulants, which increases the adsorption contamination. 
Therefore, varying zeta potential of organic foulants will 
affect the degradation behavior because the degree of elec-
trostatic attraction between the organic foulants and AEM 
is different and the degree of fouling can be predicted in 
advance. Figure 3 shows the zeta potential of organic fou-
lants according to the pH of the solution. As can be seen, 
all foulants had high negative charges and would be easily 
adsorbed onto the positively charged AEM surface, causing 
membrane fouling. It was noted that for HA and SDBS zeta 
potential decreased with increasing pH, while it increased 
with increasing pH for SA. At all pH levels, the zeta poten-
tial increased in the following order SDBS > HA > SA. The 
ex situ performance of RED was conducted at pH 7, where 
the zeta potential of the foulant was  − 20 mV, − 36 mV, and 
− 48 mV for SA, HA, and SDBS, respectively. Therefore, 
the magnitude of electrostatic interaction and the degree of 
surface adsorption were positively correlated. SDBS had the 
highest negative surface charge, so it can be inferred that the 
adsorption behavior of SDBS was largely due to electrostatic 

Fig. 2   Ex situ performance of RED single cell embedded with a 
fouled AEM using a SA, b HA, and c SDBS

Fig. 3   Zeta potential of the three organic foulants dissolved solution 
with various pH
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interaction. In addition, the SDBS aromatic matrix assumes 
the participation of this foulant not only in electrostatic, but 
also in stacking interaction. It is π–π stacking interaction that 
can cause the maximum growth of negative zeta potential 
values in the case of SDBS compared to other foulants. The 
zeta potential analysis suggested that electrostatic interaction 
was the primary reason for adsorption of IEM by organic 
species.

3.3 � Ion exchange capacity (IEC) and water uptake 
(WU)

IEC is a parameter indicating the number of cationic func-
tional groups fixed on the IEM surface and is used as a 
factor to evaluate the ion exchange capacity of the IEM. 
IEC largely determines the transport characteristics of IEM 
(electrical conductivity, permeability, permselectivity) [5]. 
This is why the magnitude of the IEC changes is used to 
predict the behavior of the AEM after fouling. The IEC val-
ues before and after membrane fouling are shown in Fig. 4a 
using Eq.  (1). Fouled AEM from the forced adsorption 

fouling experiment showed decreased IEC compared to pris-
tine AEM according to the fouling time in all organic matter. 
Furthermore, the IEC decrement increased for longer fouling 
duration, which suggested an accelerated adsorptive contam-
ination. After 3 days, IEC decreased by 30%, 35%, and 50% 
for SA, HA, and SDBS, respectively, compared to pristine 
AEM. This means that the –NR3

+ cation functional group 
fixed on the AMV-N surface was reduced due to adsorptive 
contamination of organic foulants, and the membrane lost 
its ion exchange capacity. The degree of decrement in IEC 
was the greatest for SDBS, highlighting largest electrostatic 
interaction with AEM.

Considering that water content affects ion transport, such 
as, diffusion and migration, WU is an important factor for 
analyzing IEM performance [5]. The IEM should be suf-
ficiently hydrated for effective ion transfer. The change of 
WU before and after membrane fouling is shown in Fig. 4b 
using Eq. (2). Like IEC, WU also decreased after membrane 
fouling. The decreasing trend of WU was attributed to the 
degree of fouling, which could be explained by changes in 
structural and surface properties of IEM caused by adsorp-
tive contamination. The adsorption of foulants on the pore 
walls of the membrane, driven by the aforementioned elec-
trostatic interaction, leads to screening of hydrated fixed 
groups. In addition, the formation of colloidal particles of 
foulants inside the pores can reduce the free volume of the 
membrane. The structural change is notable when SDBS is 
involved, because there occurs stacking interaction as well 
as electrostatic interaction and the critical micelle concentra-
tion of SDBS (0.612 μM) is much lower than that of HA and 
SA (4.5 ~ 5 mM). Besides, the change in surface property 
also affected the trend in WU. When hydrophobic organic 
matter was adsorbed on substrate, the substrate surface 
changed to hydrophobic. The contact angle measurement 
results in Table S2 and Figure S5 reflected the hydropho-
bic characteristic of IEM. After 3 days, the contact angle 
of organic-adsorbed IEM surface increased in the follow-
ing order SDBS > HA > SA. WU decreased as the surface 
hydrophobicity of fouled AEM increased. This increasing 
hydrophobicity of the AEM surface prevented the mem-
brane from absorbing water, and this ultimately reduced the 
water content thereby decreasing the ionic conductivity. The 
reduction in IEC and WU increased in the following order 
of SDBS > HA > SA. This is because SDBS, which has the 
greatest negative zeta potential, showed a strong adsorption 
tendency, followed by fouling tendency. In conclusion, dif-
ferent degradation behaviors in the ex situ RED were related 
to the zeta potential of organic foulants with different nega-
tive charge values, which was supported by the correspond-
ing reduction tendency of IEC and WU.

Fig. 4   a Ion exchange capacity and b water uptake of a fouled AEM 
by the three organic foulants according to fouling time
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3.4 � Permselectivity

Permselectivity is used to measure the ability of the mem-
brane to selectively transport counter-ion and exclude co-ion. 

In general, a perfect IEM can have a permselectivity of 100% 
when the co-ion is completely excluded from the membrane, 
but according to Donnan's theory, some co-ions contribute 
to the transport current [34]. Therefore, the permselectivity 
will decrease below the ideal value of 1 [26]. Figure 5 shows 
the results obtained using a two-electrode system which is 
shown in Fig. 1a, for the permselectivity before and after 
membrane fouling. Firstly, the permselectivity of pristine 
AEM was found to be 91%. After 3 days of fouling, the value 
decreased by 9%, 12%, and 31% for SA, HA, and SDBS, 
respectively. As expected, this decline trend was similar 
to that of IEC and WU. In general, the co-ion exclusion 
decreased when the IEC was low and the expansion of the 
membrane was larger, resulting in a lower permselectivity 
[35]. Therefore, since the flow of counter-ion through the 
membrane was determined by the fixed charge density of 
the membrane, it was consistent with previous study results 
which suggested that a small IEC value reduced the permse-
lectivity [9, 35, 36]. In addition, permselectivity is important Fig. 5   Permselectivity of a fouled AEM by the three organic foulants 

according to fouling time

Fig. 6   The results of electrochemical impedance spectroscopy 
analysis: a Nyquist plots of 1  day-fouled and pristine AEM (inset: 
equivalent circuit) (b) membrane resistance (c) electric double layer 

resistance, and d diffusion boundary layer resistance of a fouled and 
pristine AEM according to fouling time
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in the RED system because the OCV of the RED cell was 
determined according to the following Nernst equation [30].

According to the above equation, the permselectivity of 
the IEM (αCEM, αAEM) is one of the variables that determine 
the OCV of a cell. Thus, the reduction and the reduction ten-
dency of OCV after fouling in the ex situ RED performance 
reported in Table S2 were due to a change in permselectivity 
by different organic foulants.

(6)EOCV = �CEM

RT

F
1n

�
Na+

H
CH

�
Na+

L
CL

+ �AEM

RT

F
1n

�
Cl−

H
CH

�
Cl−

L
CL

3.5 � Impedance analysis

The EIS was conducted to further investigate changes in 
properties of IEM due to adsorptive contamination and 
to unveil why and how adsorption occurred depending on 
the type of organic foulants. EIS provides information on 
the area resistance of IEM. Unlike the direct current (DC) 
method, EIS is widely used to investigate the electrochemi-
cal properties of IEM because it can quantify individual val-
ues of resistance [37] As shown in Fig. 1b, a four-electrode 
system was used to measure the resistance of the AEM 
before and after membrane fouling. The quantitative value of 
each resistance element was found by fitting the equivalent 
circuit of Fig. 6a and the results are summarized in Fig. 6b–d 
(Rm, Redl, Rdbl). Rm is the resistance of the IEM and Redl is 
the resistance of the electrical double layer (EDL) in which 
ions are bound to IEM by electrostatic interaction. The EDL 
is composed of two layers namely, an inner layer, called 
Stern layer (SL) which is formed by ions strongly bound by 
electrostatic interactions with the membrane surface, and 
an outer layer, called diffuse layer (DL) which is constituted 
of loosely bonded ions. Rdbl refers to the resistance of the 
diffusion boundary layer (DBL) which is created by the dif-
ference in the number of ions transported between the solu-
tion and the IEM [38]. The Rm of fouled AEM increased 
compared to that of pristine AEM and this was attributed 
to the formation of adsorption layer on the IEM surface 
or to pores blocked by organic foulants [13, 14]. Previous 
studies have reported that SA and HA could possibly block 
the pores of the membrane during membrane filtration for 
water purification [39]. This suggests that the aliphatic 
compounds HA and SA were adsorbed on the membrane 
surface and blocked the pores of the membrane during 
reverse electrodialysis, thereby increasing Rm. The resistance 
of SDBS, an aromatic compound, was much higher than 
that of the other two organic foulants because it formed a 
micelle with surfactants, which increased the fouling sever-
ity [40]. Therefore, the Rm increased in the following order 
SDBS > HA > SA.

Redl exhibited a similar tendency to that of Rm. As organic 
foulants are electronegative, foulants are adsorbed on the 
IEM surface, and salt ions and organic foulants competed 
in the double layer of the AEM, thus decreasing the pro-
cess performance [41]. Eventually, as the membrane fouling 
increased, the concentration of counter-ion in the EDL of the 
IEM increased compared to the pristine AEM, thus the Redl 
increased as the range of the EDL region increased. In addi-
tion, it is possible that the thickness of the EDL increased 
due to the interfacial contact between the electrolyte and 
the AEM, as organic foulants were adsorbed onto the AEM 
surface which became hydrophobic. This might also be due 
to obstruction of the AEM pores by organic foulants which 

Fig. 7   A schematic of concentration polarization of anion near the 
interface between AEM and solution: a before fouling, b after foul-
ing, and c change in diffusion boundary layer upon fouling. The solid 
and dash lines refer to the anion concentration before and after con-
tamination, respectively
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impeded the flow of smooth ions through the pores, thereby 
increasing the Redl.

In the case of Rdbl, unlike the previous resistances, the 
resistance after membrane fouling decreased as compared 
to that of pristine AEM. A previous study reported a similar 
result due to negatively charged organic foulants that weak-
ened the concentration polarization at the interface between 
the membrane and the solution, as shown in Fig. 7a–c [41]. 
Before fouling, a concentration polarization was formed by 
the positive charge fixed on the AEM surface and the Cl− ion 
contained in the solution (Fig. 7a). Then, AEM fouling 
decreased the amount of positive charge, and the concentra-
tion polarization weakened as organic foulants with nega-
tive charges were adsorbed on the surface (Fig. 7b). During 
measurement, the same electric load was applied and there-
fore the concentration polarization was recovered, restoring 
the concentration gradient. Since the bulk concentration did 
not change, the thickness of DBL should have decreased, 
ultimately reducing Rdbl (Fig. 7c). Figure 8 is an AFM meas-
urement image of a membrane in which AEM was immersed 
in organic foulants for one day. The surface roughness of 
the membrane was determined from the AFM measurement 
to indicate the degree of cleanliness of the film surface, as 
the surface roughness value was negatively correlated with 

the degree of foulants accumulation on the AEM surface 
[42]. The surface roughness increased in the following order 
SA > HA > SDBS, indicating that SDBS covered the AEM 
surface thickest, followed by HA and SA. Therefore, Rdbl 
increased in the following order SA > HA > SDBS. Although 
some previous studies have drawn similar conclusions, non-
ohmic resistance has not been specified [20], or it has been 
summarized simply by the influence of hydrodynamic [19]. 
However, in this study, the detail description of fouling by 
various foulant was possible by deriving the resistance com-
ponent of non-ohmic resistance, REDL and RDBL.

3.6 � RED single cell in situ performance

Following the aforementioned investigation into the char-
acteristics of AEM before and after fouling with organic 
foulants, in this section the performance of the RED cell 
under real operating conditions was investigated using a 
pristine AEM by adding a flow of feed solution contain-
ing organic foulants. The CH was fixed and a mixture of 
CL + 1 eq L−1 SA, HA, and SDBS was supplied. The per-
formance was measured as the fouling progressed. Figure 9 
shows the results of the j-P curve measured for 24 h in situ. 
The performance decrement for SDBS was too significant 

Fig. 8   AFM 3D images of a pristine, b SA-fouled, c HA-fouled, and d SDBS-fouled AEM
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and fast to be measured for 24 h. When organic mixture 
was used for 24 h, Pmax (the maximum power density that 
can be generated in RED cell) decreased by 41% for SA, 
65% for HA, and 98% for SDBS in 35 min, as compared to 
AEM. Even under real operating conditions, the degradation 
behavior of the organic foulants showed similar results to the 

ex situ experiment following this order SDBS > HA > SA. 
However, the in situ method showed a greater performance 
decrement than the ex situ method in a short period of time 
because of the pumped flow of organic foulants. Whereas in 
the ex situ method, the AEM was immersed in static organic 
foulants without stirring. Additionally, as shown in Figure 
S6, HA was trapped in the pores of the spacer and membrane 
after the in situ experiment but not in the ex situ condition. 
Because the pore filling of the spacer by organic foulants 
was accelerated in the in situ mode, the in situ RED perfor-
mance was lower than the ex situ performance. In addition, 
the continuous flow of organic foulants extended the contact 
time between the cell components and the organic foulants, 
which raised the likelihood that the AEM and other compo-
nents became contaminated.

3.7 � Categorizing adsorptive contamination

HA, which has fewer carboxylic functional groups, is a rep-
resentative hydrophobic organic material and is more sus-
ceptible to fouling of the membrane than SA. HA attaches 
to the AEM surface by electrostatic attraction, making the 
AEM surface hydrophobic, thus leading to membrane foul-
ing as a result of hydrophobic interaction between the mem-
brane and organic matter. Therefore, the greater hydropho-
bicity of the AEM surface hindered the penetration of the 
ions of the feed solution into the membrane, which increased 
resistance and reduced performance.

SA with more carboxylic functional groups is more 
hydrophilic than HA and has a lower molecular weight. 
It can be more easily trapped inside the membrane matrix 
based on geometric interaction and can be adsorbed into the 
interior or onto the membrane surface by electrostatic inter-
action [43, 44]. In addition, compared to HA, SA weakly 
attaches to the membrane surface due to the repulsive force 
between the slightly hydrophilic organic foulants and the 
hydrophobic membrane.

SDBS, an aromatic compound with a benzene ring, was 
associated to the most fouled and most severely degraded 
RED performance. According to Tanaka et al. the fouling 
of aromatic foulants and aromatic membrane was the more 
severe than other cases based on the following order; aro-
matic foulants-aromatic AEM > aliphatic foulants-aromatic 
AEM > aliphatic foulants-aliphatic AEM [11, 14]. The AEM 
used in this experiment was an aromatic membrane and was 
related to severe membrane contamination due to greatest 
aromatic SDBS affinity interaction (π-π stacking).

Fig. 9   In situ performance of RED single cell embedded with a 
fouled AEM by a SA, (b) HA, and (c) SDBS
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4 � Conclusion

Three organic foulants, namely, SA, HA, and SDBS were 
mixed with fresh water to analyze the resulting AEM foul-
ing. The fouling behavior was investigated by physico-
chemical and electrochemical properties. The zeta potential 
measurement revealed negative charges on the three organic 
foulants and hence their potential to foul the AEM. The mag-
nitude of the negative charges decreased in the following 
order SDBS > HA > SA. SDBS, an aromatic material, had 
the strongest electrostatic attraction with the membrane, and 
showed higher adsorption capacity on the AEM surface as 
compared to the other two foulants, due to affinity interaction 
with the aromatic membrane. The AFM analysis revealed 
that SDBS formed a dense and more extensive fouling layer, 
which more strongly degraded the RED single cell perfor-
mance. According to the AFM results, aliphatic substances 
HA and SA were more densely attached to the surface than 
SDBS. In addition, HA showed a higher adsorption capac-
ity than SA, because HA which possessed fewer carboxylic 
groups was fouled by hydrophobic interaction with AEM. 
In the in situ method, HA caused fouling of both the mem-
brane and the spacer which affected the performance reduc-
tion of the RED cell. SA with more carboxylic functional 
groups was relatively reversible to contamination due to the 
repulsive force between the slightly hydrophilic organic and 
the hydrophobic membrane. To summarize the study find-
ings, the degradation behavior of AEM following membrane 
fouling varied according to the different characteristics of 
the three organic foulants. Therefore, different cleaning or 
anti-contamination strategies could be formulated and used 
for each type of organic foulant. This study is meaningful 
compared to the previous ones in that (1) the organic fou-
lants are categorized based on their chemical structure and 
property; (2) the electrochemical analysis are thoroughly 
conducted to supplement the physicochemical analysis; (3) 
the hydrodynamic upon fouling are described and it is used 
to differentiate the fouling behavior with respect to the class 
of foulant; (4) a correlation between membrane parameters 
and foulant property is made so that unknown organic fou-
lants can be revealed by measuring parameters related to 
membrane properties and by performing inverse inference 
method.
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