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ABSTRACT

This study aimed to present the fouling behavior of nanofiltration membrane in homogeneous
organic foulants and heterogeneous organic foulants, using the modified extended Derjaguin—
Landau—Verwey-Overbeek theory. It found that homogeneous organic foulants (e.g., humic acid
and bovine serum albumin) became more problematic with increasing ionic strength. Conversely,
the permeate reduction from heterogeneous organic foulants (BSA-HA) intensified and then light-
ened. Significantly, it also explored the effectiveness of nanofiltration for separating NaCl and
Na,SO, ions, focusing on the impact of ionic strength and organic fouling on ion separation. Our
results show that ion separation increased from 11.08 to 84.2 as the interaction energy between the
foulant and the virgin membrane improved from —13.9 + 0.5 mJ/m? to -35.6 + 2.4 mJ/m? in the ini-
tial stage (virgin membranes). This increase in separation is due to the Donnan-like effect caused
by negatively charged dissolved substances. However, ion separation gradually reduced as
interfacial energy between the organics and fouled membrane decreased. This reduction can be
attributed to cake-enhanced concentration polarization and weakened electrostatic repulsive forces.

Keywords: Ion separation; Nanofiltration; Organic fouling; Derjaguin-Landau-Verwey-Overbeek

theory; Donnan-like effect

1. Introduction

In today’s world, water resources are declining and the
quality of potable water is gradually improving, the mem-
brane industry’s traditional sector and resource recovery
constitute a significant portion of its global turnover [1-3].
Over the past decade, China has mandated zero discharge
of wastewater in industries such as coal and petrochemi-
cals. Additionally, the mixed salts present in the wastewater
are categorized as hazardous waste. However, monova-
lent and polyvalent salts such as NaCl and Na,SO, can be
recovered as valuable resources by isolating them from the

* Corresponding authors.

mixed solution [4]. Compared to mechanical vapor recom-
pression (MVR) or electrodialysis of mixed salt, nanofil-
tration (NF) offers several advantages such as low-carbon
operation and high separation efficiency [5,6].

Previous studies on NF processes have shown that its
ability to effectively reject multivalent salt while allowing
monovalent salt to pass through makes it suitable for water
softening, desulfurization wastewater treatment, and lith-
ium separation from brine solutions [7-9]. As the number
of applications for NF increases steadily, research efforts
are focused on using NF membranes to efficiently separate
target substances and economically recover them. Studies
have also investigated the effect of different types of ions
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and solution pH on membrane permeability and the selec-
tive rejection of multivalent cations [10,11]. Furthermore,
researchers have investigated the significant increase in
selectivity of mono- and multivalent cations in weakly acidic
hydrochloric solutions [12]. Various studies have reported
the effect of cation valence on the selective rejection of
monovalent and multivalent ions due to complex mecha-
nisms involving steric hindrance, electrostatic screening,
and Donnan effects [13-15].

Additionally, humic acid (HA) representing natural
organic matter (NOM) was used to investigate the role of
chemical and physical interactions in NOM fouling of NF
membranes [16]. The researchers reported that membrane
fouling worsened as electrolyte concentration increased due
to humic acid absorption onto the hydrophilic membrane
surface. Moreover, they investigated various mathematical
models to determine the kinetics and fouling mechanisms
of the NF membrane. The experimental results at low ionic
strength were fitted with a pore-blocking model, while those
at high ionic strength followed cake formation. Additionally,
for single macromolecular proteins, a similar phenomenon
was observed wherein flux reductions became more sig-
nificant with increasing ionic strength of the feed solution
[17]. This phenomenon was attributed to an increase in ionic
strength that compressed the electric double layer due to
charge screening, which reduced the electrostatic repulsion
among bovine serum albumin (BSA) molecules and between
the BSA molecules and the membrane [18]. However, sev-
eral researchers investigated the cleaning procedures of
organic-fouled NF and reverse osmosis (RO) membranes
using the dissolved salt solution [19,20]. In addition, exper-
iments using a feed consisting of mixed foulants, including
humic acid, proteins, and polysaccharides, showed that the
poly-foulant had less severe fouling than individual fou-
lants at high ionic strength. These studies indicated that the
interaction between different foulants plays a more critical
role than the interactions within the foulants and between
foulants and the membrane in a mixed foulant system [21].
Nevertheless, the quantitative effects of the interactions
between foulants and membranes on the separation of hybrid
salts are not yet fully understood. Moreover, the quantitative
relationships between ion separation and fouling behavior
in the presence of mixed foulants are still poorly studied.

This study utilized bovine serum albumin (BSA), humic
acid (HA), and their mixture as organic model foulants.
Additionally, dissolved inorganic substances (NaCl and
Na,SO,) were used as targeted ions, and the ionic strength
was adjusted. By investigating the influence of ionic strength
on interactions between single/mixed foulants and the mem-
brane, including van der Waals (LW) and acid-basic (AB)
interactions, the changes in three membrane fouling contrib-
utors were used to investigate the factors and mechanisms
that caused NF membrane fouling. Furthermore, the quanti-
tative relationships between the separation of mixed salts and
different foulants and their fouling behavior were studied.

2. Materials and methods
2.1. Chemicals and membrane

Two organic substances, bovine serum albumin (BSA,
Sigma-Aldrich A1933, 298% purity Sigma-Aldrich, USA)

and humic acid (HA, Sigma-Aldrich 53680, USA), were
used as model foulants in this study. Single foulant systems
(HA and BSA alone) and hybrid foulant systems, where
equal amounts of BSA and HA were dissolved, were used
to investigate the influence of their fouling behaviors and
ionic strength on ion separation. Zeta potential values of
single and mixed foulants in the feed solution were mea-
sured using a Zetasizer Nano ZS (Beckman Coulter, Inc.,
USA) and are presented in Table 1. Sodium chloride and
sodium sulfate (AR reagent, China) were used as the inor-
ganic ion sources. The ion concentrations (ClI~ and SO
ions) in the experiments were 5:5, 20:20, and 50:50 mM,
corresponding to salt concentrations of 5,021; 20,050 and
50,125 mg/L. The experiments were conducted using three
different solutions: the feed solution, which consisted of a
mixture of foulants and inorganic ions; the primary con-
centrated solution of coal gasification wastewater, which
was processed by reverse osmosis; and the evaporated
solution.

The pH value of all feed and test solutions was main-
tained at 7.0 + 0.3. Unless otherwise specified, all reagents
and chemicals used in the study were of analytical grade.
Ultrapure water (Milli Q, with a resistivity of 18.2 MQ) was
used to prepare working solutions. Commercial nanofiltra-
tion membranes (GL by GE Osmonics, Inc., US) were used to
investigate ion separation and fouling behavior over a range
of ion concentrations. The negatively charged membrane
used in the study was selected for its high permeate flux
and superior ion separation performance.

2.2. Membrane surface morphology and contact angle

The membrane surface morphology of virgin and fouled
PA membranes was measured by scanning electron micros-
copy (SEM; JSM-7610F, JEOL Ltd., Japan) to determine the
filter cake structure and how variant properties influenced the
filter cake caused by the filter cake single or mixed foulant.
All samples were completely dried in clean plastic boxes at
room temperature and were imaged by an accelerating volt-
age of 20 kV. To prepare the samples for SEM imaging, the
samples surfaces were coated by a thin layer of gold-palla-
dium based on a sputter coating method. Specifically, the
sputter coating was conducted at a current of 15 mA for 90 s.
The contact angles (0) of the virgin and fouled membranes
were measured using a contact angle goniometer (K100,
Kruss, Germany) through the sessile drop technique. BSA,
HA, and BSA-HA foulants were used to prepare fouling
lawns on a non-porous RO membrane to achieve complete
coverage through dead-end filtration. The contact angle was
measured using three different probe liquids with known
surface tension values, typically water, ethylene glycol, and
diiodomethane. This enabled the surface tensions between the
foulants and the virgin/fouled PA membranes to be obtained.

Table 1
Zeta potential of single and mixed foulants
pH Zeta potential of foulants (mV)
BSA HA BSA + HA
70+03 -6.9 —27.2 -21.5
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2.3. Nanofiltration

NF experiments were conducted using a laborato-
ry-scale cross-flow membrane filtration system equipped
with a rectangular membrane module with an area of
40 cm? (Fig. 1). To transport the feed solution, a gear pump
(WT3000-1JB-A, Longer Pump, China) was used, and the
flow was adjusted accordingly. The applied pressure was
controlled using a needle valve and monitored using pres-
sure transmitters (SSI Technologies, Inc. 0-25 bar, China).
The permeate flux was measured using an electronic balance
(Ohaus Instruments Co., Ltd., China) and recorded using a
computer data logging system. During filtration, the per-
meation and retention were recycled back to the feed tank
at stated intervals. For each filtration test, a new membrane
was immersed in ultrapure water and compacted with pure
water for 2 h to ensure stable permeate flux. The test dura-
tion was approximately 20 h, or until the desired permeate
flux reduction was achieved. The chloride and sulfate ion
concentration in the initial and final permeates over 20 h of
fouling test, as well as the corresponding feed, were mea-
sured by ion chromatography (Dionex-550, USA). Each con-
dition was tested with at least two replicates. Throughout
the experiment, variant foulant systems (total organic fou-
lant concentration of 20 mg/L, single foulant: 20 mg/L BSA
and HA; mixed foulant: 10 mg/L BSA and 10 mg/L HA),
anionic strength range of 10-100 mM (molar concentration
of NaCl and Na,SO, was 5, 20, and 50 mM, respectively),
and cation composition (Na' system) were investigated.
The conditions included an applied pressure of 5 bar and a
temperature of 293 K for the entire experiment.

Anion rejection, r, is calculated using Eq. (1), where
¢, and ¢, are ion concentrations in the permeate and the
feed.

r(%)= Cfc_c" %100 6
f

The separation between CI and SOZ, S, which can be
expressed in terms of rejection at the corresponding ion,
is defined by Eq. (2).

Cary Csops 1001

DIS=S5,-5, 3)

where S, is defined as the separation of multi-ion by a
virgin membrane at the initial stage of the test. S, is the
separation of multi-ions by a fouled membrane at the
final stage of the test. DIS is the corresponding separation
differences over 20 h.

2.4. Theory

Interfacial free energies can be obtained through con-
tact angle (0) measurements between a liquid and a mem-
brane surface or foulants lawn. In this experiment, contact
angle measurements were performed using a variety of
probe liquids, including ethylene glycol and diiodometh-
ane, but the most significant modification involved the
use of a water probe with different ionic strengths ranging
from 10 to 100 mM.

The extended Young-Dupré equation:

(1+cosB)y! = Z(JVZWY,LW Hnx Y ) @)

where y7, YV, v* and y are total liquid surface tension,
Lifshitz—van der Waal (LW), electron-donor, and elec-
tron-acceptor components of the solid surface tension,
respectively.

y™©T is the total surface tension of a pure substance
obtained as a sum of LW and AB components, yielding:

YTOT — YLW + ,YAB (5)

And the acid-base component, AB, is given by:

Y =24y (6)

The interaction energy between the foulants and mem-
brane surfaces can be described using Derjaguin-Landau-
Verwey-Overbeek (M-XDLVO) theory as a sum of Liftshitz-
van der Waals and Lewis acid-base interactions [22]:

AGrTnlf = AG;‘;}/ + AG:\?f (7)

The Lifshitz—van der Waals and Lewis acid-base inter-

g (2) facial free energy component, AG™. and AG"%, of the
Car Csogf,p 100 - Tsor XDLVO equation may then be written as respectively
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Fig. 1. Schematic diagram of the cross-flow nanofiltration system.
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where the subscript (m) is the virgin/fouled membrane,
(f) denotes the mixed foulant, and (/) refers to the solution.

3. Results and discussion
3.1. Effect of ionic strength on permeate flux and fouling behavior

Fig. 2 illustrates the impact of ionic strength on the
initial permeate flux of single and mixed foulant systems.
As the ionic strength of the feed increased, the initial per-
meate flux of both single systems (BSA and HA alone) and
the hybrid system (BSA-HA) by the fresh NF membrane
decreased due to concentration-enhanced osmotic pressure.
Notably, in the first 3 h, there were insignificant reduc-
tions in flux for both single and mixed foulant systems. It
is worth noting that the trends observed in this study for
single and mixed systems were contrary to those reported
in the literature for dead-end filtration. In previous investi-
gations, the flux decreased rapidly, with the most substan-
tial reduction occurring at the initial fouling stage due to
the organic foulant cake’s quick formation on the membrane
during dead-end filtration. However, in the case of cross-
flow filtration, which is dominant in the nanofiltration pro-
cess, relatively hydrophobic organic foulants do not read-
ily adsorb on the membrane surface, which is composed of
hydrophilic materials at the initial stage [23]. During the
fouling tests, different fouling behaviors were observed for
the corresponding foulants. As shown in Fig. 2a, for a sin-
gle protein, an increase in ionic strength can lead to more
severe fouling, as observed for the BSA system, where the
normalized flux decreased to 78.5% at 50:50 mM, 79.1% at
20:20 mM, and 88.4% at 5:5 mM over 20 h of fouling tests.
On the other hand, for a single organic acid, the effect of
ionic strength on the fouling behavior of HA was minor, and
the ultimate flux losses first increased and then decreased
within the ionic strength range of 5:5-50:50 mM. The
most severe fouling was observed at 20:20 mM, according
to Fig. 2b. Higher ionic strength may weaken the electro-
static repulsive forces between BSA (or HA) molecules by
the electrical double layer compression effect, consider-
ing the same structure and charge between homogeneous
molecules.

The fouling behavior was found to be much more severe
at lower ionic strengths of 5:5 and 20:20 mM. After 5 h, the
flux decline rates accelerated, and reductions were 31.6%
and 20.5%, respectively, over the 20-h fouling test. These
results suggest that the electrostatic repulsive forces between
BSA and HA are suppressed by adequate ion concentration
in the feed, considering that both BSA and HA molecules
have the same charge. As a result, the compressed electri-
cal double layer (EDL) can facilitate the formation of aggre-
gates between BSA and HA monomers. However, at an ionic
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Fig. 2. Effect of ionic strength on permeate flux and fouling
behaviors: (a) BSA system, (b) HA system, and (c) BSA-HA
system.
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strength of 50:50 mM, the flux loss was only 9.7% fouling
degree, indicating that the effect of electrostatic repulsion
was weakened. Not only did the more substantial EDL com-
pression effect by electrostatic repulsion between HA and
BSA caused by strong ionic strength, but it also enhanced
the distance between molecules and thus hindered molecu-
lar interaction, for example, amino and carboxyl or hydroxyl
groups [17,19]. Part c of Fig. 2 further implies that a hybrid
BSA-HA system in the feed at 50:50mM was formed by
BSA and HA monomers, with the flux reduction functions
of HA and BSA systems.

3.2. Effect of ionic strength and fouling behavior on ions rejection

In Fig. 3, the influence of ionic strength on the rejec-
tion of CI- and SOZ by the virgin membrane is presented
for three organic foulant systems (BSA, HA, and BSA-HA).
The initial retention rates of CI- were positive at low ionic
strength, indicating that the NF membrane could effectively
reject monovalent ions. However, as the total ion concentra-
tion increased, the Cl rejection declined, and in some cases,
even negative values were obtained. The trend observed was
CI" rejection (BSA) > CI rejection (BSA-HA) > CI- rejection
(HA), which can be attributed to the Donnan-like effect. On
the other hand, the initial rejection of SO~ was relatively
insensitive to changes in ionic strength, as illustrated in
Fig. 3a and b. This can be explained by the combined effects
of the Donnan effect and ion competition, which lead to
negative rejection of monovalent ions at near-neutral pH.

During the experiment, Table 2 shows that the change
in fouling degree contributed to the rejection of multi-ion.
Three systems demonstrated a decrease in Cl- rejection and
relatively stable SO2- rejection. In the BSA system, Cl- rejec-
tion reduced to 14.4%, 5.4%, or —27.5% at ion strengths of
5:5, 20:20, or 50:50 mM, respectively, over 20 h. Meanwhile,
SO?Z rejection remained statistically 295%. A similar phe-
nomenon was observed in the BSA-HA system, which was
attributed to the weakening charge of the membrane surface
and concentration polarization. The fouling cake formed by
foulants adsorbed on the membrane surface, and tortuous
channels within the cake layer may hinder the back diffu-
sion of ions. The weakening electrostatic repulsive force
between the fouled membrane and anions also led to more
ions being deposited on the membrane surface. However,
in the HA system, Fig. 3b indicates that over the 20-h foul-
ing test at high ionic strength, the change in CI- and SO
rejections were different. The results showed that the SO
rejection by the fouled membrane was only 86.5%, much
lower than other rejections in the BSA or BSA-HA system.
This was attributed to the reinforced concentration polar-
ization and the enhancement of the Donnan-like effect
by the smaller and stronger charged HA molecules.

3.3. Characterization of NF membranes and foulants

Four types of membranes are considered in this study:
virgin membrane, BSA-fouled membrane, HA-fouled mem-
brane, and BSA-HA fouled membrane. The effect of an
increase in ionic strength on these membranes is investi-
gated. Fig. 4a shows a virgin NF membrane with a surface
covered in dots due to the formation of polyamide, which
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Table 2

Effect of ionic strength and fouling behaviors on ions rejection: (a) BSA system, (b) HA system, (c) BSA-HA system

5:5 mM 20:20 mM 50:50 mM
Ccr S0 cr SO cr S0

BSA Virgin 144 +424 97.35 +0.07 5.4+1.56 98.8 +0.01 2745+1.06  945+0.07
Fouled  -122+1.13 9525+0.07  -192+085 982028 -36.7 +6.22 94.1+0.14

HA Virgin 1055092  96.3+0.71 -26+1.97 96.5 +0.49 247 +0.46 88.75+1.77
Fouled  -1.65+0.21 95.8 +0.21 233+113  963+0.64 -353+1.63 86.4 +0.42

Boaps | Virsin 1617+154  96.7+0.06 412+112  98.7+0.94 -29.3+291 98.35 + 0.08
Fouled 11.13£0.87  9635+0.99  -109+584  9827+0.04  -33.4+344 98.3+0.07

serves as an effective rejection layer [24]. SEM images in
Fig. 4b—d reveal morphological changes in the BSA-fouled
membranes. Except for the membrane at 5:5 mM, the sur-
faces of membranes at 20:20 and 50:50 mM appear smooth
and covered with more BSA molecules. This leads to a more
severe flux reduction at higher ionic strength, as observed in
corresponding ionic strength. In HA fouling, the HA cakes
within the ionic strength range were more porous and pro-
vided less resistance to permeate, as shown in Fig. 4e—f. The
normalized flux in Fig. 2b confirms this finding. For mixed
BSA-HA fouling, the thick and dense cake layers of mixed
foulant varied with salt properties, as shown in Fig. 4h-j,
resulting in a significant loss of permeate flux. Additionally,
the results suggest that the structure of BSA-HA varied
with ionic strength in the feed. For instance, the main struc-
tures of the foulant at 5:5 and 20:20 mM were [BSA-HA]
., polymers, while those at 50:50 mM were BSA-BSA and
HA-HA.

Table 3 presents the intensity size distribution and
aggregation of single and mixed foulants at different ionic
strengths. For the single BSA system, the size distribu-
tions ranged from 7.3 to 10.4 nm within 5:5-50:50 mM.
Additionally, the size distribution of mono BSA molecules
was about 3.6 nm. The results indicate that the feed con-
tained multi-aggregates of two and three BSA particles below
50:50 mM. For the single HA system, the major peak in the
size distribution was between 1.1 and 1.6 nm within the range
of ionic strength. The size distribution of mono HA mole-
cules was approximately 0.3-0.9 nm. When BSA combined
with HA, the aggregation of BSA-HA was 1-2 times higher
than that of BSA alone within the same range of 5:5 and
20:20 mM. However, considering the molecular size of HA,
proteins wrapped with HA can hardly form the aggregation,
as shown in Table 3. Therefore, the results suggest that HA
can act as a bridging agent between macro-molecules (BSA).

3.4. Measured physicochemical properties between foulants and
membranes

Table 4 summarizes the physicochemical properties
of single and mixed foulants used in the study. Both BSA
and HA exhibited a decline in water contact angles with
an increase in ionic strength. This result can be explained
by ion-enhanced hydration, where an increase in hydrated
ions reduces the interfacial energy of water molecules, lead-
ing to improved interaction between water molecules and
the surface of the organic foulant. However, for the hybrid

foulant system, the peak value of water contact angle was
82.0° +1.4° and occurred at an ionic strength of 50 mM, which
can be attributed to differences in the structure. These contact
angles suggest that the hydrophilicity of different organic
substances varied with the ionic strength of the solution.
Table 5 presents the measured physicochemical proper-
ties of virgin and fouled membranes, including virgin PA,
BSA-fouled, HA-fouled, and BSA-HA fouled PA. The hydro-
philic surface of virgin PA membrane slightly increased
its contact angle with an increase in ionic strength, which
could be attributed to the reducing interfacial energy of the
aquatic solution. However, fouled membranes by differ-
ent types of foulants had different trends of contact angles
within the ionic strength range of 5:5-50:50 mM, as shown
in Table 5. Water contact angles of BSA-fouled membranes
increased with an increase in ionic strength, indicating a
more severe fouling propensity due to more foulant mass
deposited on the membrane surface. On the other hand,
for the HA system, an opposite trend of changing contact
angles occurred within the same range of ionic strength.
This phenomenon indicated that the effect of ionic strength
on the membrane fouling behavior by HA was not evi-
dent, as the electrostatic interaction between HA molecules
played a dominant role over the electrical double layer
compression effect by high ionic strength. The three sur-
faces of HA-fouled membranes in feeds with varying ionic
strength exhibited similar changes, given the relatively
high concentration of salt on the testing membrane sample.
The weakening interfacial energy of water molecules by
ion-enhanced hydration led to a decline in contact angles.
Comparing contact angles and fouling behaviors of the
three BSA-HA fouled membranes in the mixed foulant sys-
tem, the results indicated that enhancing the ionic strength
of the feed can benefit the improvement of the NF mem-
brane anti-fouling performance for mixed foulants [25].

3.5. Interfacial free energy for permeate and ions separation

Table 6 presents the estimated interaction energy
between the different foulants (BSA, HA, and BSA-HA)
and the corresponding virgin or fouled membranes, as cal-
culated using the XDLVO approach based on Eq. (7). In all
cases, the interaction energy between the foulant and the
virgin membrane (G')) was negative, indicating that the
foulants were more likely to be deposited on the membrane
surface. G, values initially increased and then decreased
with increasing ionic strength, and this trend was more
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Fig. 4. Scanning electron microscopy images of NF membrane surface, (a) virgin, (b) BSA system at 5:5 mM, (c) BSA system
at 20:20 mM, (d) BSA system at 50:50 mM, (e) HA system at 5:5 mM, (f) HA system at 20:20 mM, (g) HA system at 50:50 mM,
(h) BSA-HA system at 5:5 mM, (i) BSA-HA system at 20:20 mM, and (j) BSA-HA system at 50:50 mM.
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pronounced for the mixed system. At high feed stream
ionic strength (50:50 mM), the Debye length and electric
double layer (EDL) were significantly reduced, resulting in
the suppression of the ordinary BSA-HA acid-basic force
[26]. In addition, the GT values between the foulants (BSA,
HA, and BSA-HA) and the fouled membranes at different
ionic strengths positively correlated with the permeate flux
reduction rate (J/] ) at the end of the fouling tests, as shown
in Table 6. These results suggest that the GT values could
be used to predict fouling behaviors. Similar phenomena
have been observed in studies on microbial cells or colloidal

Table 3
Size distribution of three foulants at the variant ionic strength

Mean diameter (nm, %Pd*)

5:5mM 20:20 mM 50:50 mM
BSA 7.3 (17.2%) 10.4 (33.3%) 9.8 (55%)
HA 1.3 (20.1%) 1.6 (48.4%) 1.6 (37.4%)
BSA-HA 12.8 (18.3%) 12.1 (84%) 7.1 (52.4%)

*%Pd: volume particles distribution

Table 4
Contact angles of organic substances at different ionic strength

adhesion to membranes, where various interactions play a
role [27,28].

To investigate the effect of single/mixed foulant sys-
tems on the separation of ions, the interfacial free energies
between the virgin membrane surface and the foulants
were calculated at different ionic strengths. The results in
Fig. 5 demonstrate that the ion separation degree increases
with a decrease in G7, values within the range of 5:5-
50:50 mM. The ion separation degree increased from 24.2 to
32.3 at low ionic strength, while at moderate ionic strength,
the ion separation degree was between 35.5 and 84.2, and
at high ionic strength, it ranged from 11.1 to 78.4. The over-
all interaction energy can predict whether the nature of the
interaction between the organic foulants and membrane is
attractive (G, is negative), providing a valuable method for
predicting the number of foulants approaching the mem-
brane surface. The presence of organic macromolecules
containing carbonyl and carboxyl groups, similar to SO
ions, can compete with inorganic Cl- ions, weakening the
electrostatic repulsive force between membrane surfaces
via the Donnan effect [29]. The smaller steric structure and
weaker charge of CI- ions significantly penetrate the NF
membrane into the permeate [1,30].

Water (°) (I.S.) Ethylene glycol (°)* Diiodomethane (°)* Zeta (mV)*
82.1+1.5 (5:5)
BSA 79.1 £2.1 (20:20) 459+3.7 51.2+3.1 -4.7+0.2
50.7 +2.7 (50:50)
66.2 1.0 (5:5)
HA 61.9 1.9 (20:20) 32.6+0.4 56.1+0.9 -273+2.1
55.5 +1.2 (50:50)
71.8 £4.5 (5:5)
BSA-HA 82.0 + 1.4 (20:20) 452+2.0 52.7+0.8 -9.6+0.4
60.8 +2.7 (50:50)
*The probe was stayed at the same condition.
Table 5
Contact angles of NF membranes at different ionic strength
Membrane LS. (mM) Water (°) Ethylene glycol (°) Diiodomethane (°)
5:5 420+1.2
Virgin 20:20 451+13 31.3+0.8* 43.7 £0.7*
50:50 46.1+1.3
5:5 76.2+4.0 674+46 53.7+0.9
BSA fouled 20:20 81.3+1.2 51.5+4.0 51.3+3.2
50:50 84.3+0.5 51.6 £3.1 473+1.6
5:5 71.7+3.7 39.7+1.2 504+24
HA fouled 20:20 63.5+2.5 33.6+2.3 54.3+0.9
50:50 47.0+27 329+0.6 56.9+1.4
5:5 85.2+0.9 543+1.9 50.3+0.9
BSA-HA fouled 20:20 79.9+3.3 59.3+0.3 54.3+0.8
50:50 758 +4.3 50.0+2.9 51.7+0.3

*The probe was stayed at the same condition.
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Table 6
Interfacial free energy for the permeate flux reduction at
different ionic strength

Foulant LS. (mM) G",(m]J/m? G, (mJ/m?) ]/,
5:5 -31.1+19 —420+29 0.88
BSA system 20:20 -31.0+04 -51.3+21 0.79
50:50 -243+05 51617 0.78
5:5 -202+15 -264+05 0.92
HA system 20:20 -20.7+08 -244+04 0.87
50:50 -139+05 -115+1.1 0.89
5:5 -256+1.0 -440+13 0.79
BSA-HA system 20:20 -35.6+24 -514+3.6 0.69
50:50 277+05 -31.3+1.8 0.90
100
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Fig. 5. Effect of interfacial free energy on ion separation on the
virgin membrane at different ionic strength.
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Fig. 6. Differences in separation of interfacial free energy on
the fouled membrane at different ionic strength.

Fig. 6 illustrates the free energies of BSA, HA, and
BSA-HA fouled membranes. The results demonstrate a pos-
itive correlation between the differences in ion separation
degree (DIS) and the reduction in interfacial free energy at
the end of fouling tests. As the GT values decrease, there is
a decrease in flux and a reduction in ions separation effi-
ciency [31]. This phenomenon can be explained by two fac-
tors: (1) cake-enhanced concentration polarization, which is
caused by hindered back-diffusion of salt ions and altered
cross-flow hydrodynamics within the organic foulant
deposit layers, leading to an enhanced salt concentration
polarization layer [32], and (2) weakened electrostatic repul-
sive forces between CI7/SO? ions and the fouled membrane,
attributed to the higher zeta potential value of foulants
absorbed on the membrane surface [33].

4. Conclusion

Nanofiltration has several significant advantages,
including high permeate flux and efficient separation of
NaCl and Na,SO,. This study investigated the mutual influ-
ence between variant organic foulants and ionic strength
based on the M-XDLVO theory, using both single foulants
(BSA, HA) and a hybrid foulant (BSA-HA). For the vir-
gin NF, lower interfacial energy foulants demonstrated
improved ion separation due to the Donnan-like effect.
Within the G}, range of -13.9 + 0.5 mJ/m? and —35.6 + 2.4 m]/
m?, ion separation increased from 11.08 to 84.2. However,
as fouling behavior worsened, the differences of ion sep-
aration in the lower interfacial energy was ten times the
values of those in the higher interfacial energy, due to
cake-enhanced concentration polarization and weakened
electrostatic repulsive forces.
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