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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Coexisting cations aggravate BSA 
fouling; Na+ causes stronger fouling 
than Ca2+ or Na+–Ca2+ mixtures.

• The degree of membrane fouling fol
lowed the order of BSA < BSA-Ca2+ <

BSA-Na+-Ca2+ < BSA-Na+.
• The addition of cations significantly re

duces the energy barrier between BSA 
and the membrane.

• The complexes formed between BSA and 
Ca2+ are more difficult to remove with 
NaOH.
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A B S T R A C T

Membrane fouling is a key issue limiting membrane distillation (MD) technology, especially when organic and 
inorganic fouling coexist and produce complex interactions. In this study, Bovine Serum Albumin (BSA) was 
employed as a model organic foulant to represent proteinaceous contaminants. The impact of a protein-inorganic 
salt system on MD performance was investigated by adding inorganic salts with different valencies, namely 
calcium chloride (CaCl2) and sodium chloride (NaCl). The results indicate that the addition of cations signifi
cantly exacerbates membrane fouling and increases the difficulty of cleaning. Na+ reduces the interaction energy 
barrier between the membrane and BSA to the lowest level, while facilitating the adsorption of substantial 
quantities of hydrophobic compounds on the membrane surface, resulting in a thicker fouling layer. In contrast, 
the presence of Ca2+ promotes the adsorption of small molecules onto the membrane surface, forming a more 
loosely structured and hydrophilic fouling layer. Compared with Na+-induced fouling, Ca2+-induced fouling 
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exhibits lower overall severity but shows greater resistance to cleaning. This increased resistance is attributable 
to BSA–Ca2+ bridging complexes, which are more difficult to dislodge during cleaning. In the mixed inorganic 
salt ion system, the interaction between the two inorganic salt ions produces an intermediate level of contam
ination compared to the single cation system.

1. Introduction

As the demand for freshwater resources continues to rise, MD has 
gained considerable attention as a promising desalination technology 
[1–3]. This process primarily relies on thermal energy to drive vapor 
molecules through a hydrophobic porous membrane, facilitating sepa
ration [4,5]. One side of the membrane is exposed to a heated, high- 
salinity feed solution, while the opposite side is in contact with a cold 
permeate stream. The temperature gradient across the membrane in
duces a vapor pressure difference that drives vapor transport through 
the membrane, resulting in the condensation of pure water on the 
permeate side [6,7]. MD can utilize low-grade thermal energy (<100 ◦C) 
for seawater desalination, offering significant advantages in cost 
reduction and energy efficiency [8]. The MD process has four primary 
configurations: Air Gap MD (AGMD), Direct Contact Membrane Distil
lation (DCMD), Gas Sweeping MD (GSMD), and Vacuum MD (VMD), all 
of which share the common characteristic that the feed solution is in 
direct contact with one side of the membrane [9,10]. DCMD has 
attracted considerable research interest due to its operational simplicity 
and the advantage of not requiring an external condenser [11–13].

However, membrane fouling remains a persistent challenge in the 
advancement of membrane technologies and continues to hinder the 
development of MD [14]. Unlike pressure-driven membrane filtration 
processes, MD relies on evaporation, which promotes localized super
saturation and subsequent heterogeneous nucleation of inorganic salts 
on the membrane surface, thereby inducing scaling [15]. For organic 
substances, due to the hydrophobic nature of MD membranes, the af
finity to hydrophobic organic compounds is stronger [16]. During 
operation, the membrane surface and pores may become partially or 
fully fouled and obstructed, resulting in reduced filtration efficiency. 
Furthermore, the fouling layer introduces additional thermal resistance, 
thereby reducing the evaporation surface temperature. This reduction in 
temperature lowers the driving force for vapor permeation, ultimately 
increasing energy consumption and diminishing overall process effi
ciency [17,18]. Organic contaminants are often the most challenging 
type of fouling in MD and primarily consist of proteins [19], poly
saccharides [20] and humic substances [21]. Proteinaceous substances 
are recognized as major contributors to membrane fouling in waste
water treatment, seawater desalination, and water reclamation appli
cations [22]. Protein fouling in MD presents a significant challenge due 
to the strong affinity between hydrophobic membrane surfaces and 
protein layers. This interaction can lead to reduced process efficiency 
and increased operational costs [23].

This is particularly relevant in the dairy industry [24]. Whey efflu
ents and cleaning wastewaters often contain high concentrations of 
proteins and inorganic ions. BSA exhibits similar interfacial behavior to 
many natural proteins and is therefore widely used as a model foulant in 
membrane fouling studies. For instance, Zhai et al. reported that the 
presence of Na+ alone may enhance fouling by weakening electrostatic 
interactions [25]. Ding et al. pointed out that Ca2+ primarily affects the 
fouling process by increasing the particle size of BSA through a bridging 
effect [26]. Cai et al. suggested that in high-salinity environments, the 
addition of Ca2+ in the presence of Na+ can intensify BSA-induced 
fouling [27]. Existing studies have predominantly focused on the per
formance characteristics and mechanisms of BSA, Na+, and Ca2+ fouling 
systems in pressure-driven membrane separation technologies. 
Numerous studies have investigated the transmembrane flux decline 
associated with these fouling systems in pressure-driven processes 
[28,29]. However, due to the distinct separation mechanism of MD, the 

treatment of wastewater containing both proteins and salt ions yields 
different fouling phenomena and outcomes compared to pressure-driven 
membrane filtration systems. There is currently a gap in research on this 
topic. Therefore, it is essential to elucidate the fouling mechanisms of 
BSA and cations on the membrane surface through multi-scale analysis 
to optimize the antifouling performance of MD processes in protein- 
containing systems.

This study focuses on elucidating the synergistic fouling mechanisms 
of BSA and inorganic cations during the MD process, aiming to fill the 
research gap in MD technology. A series of DCMD and membrane 
cleaning experiments were conducted to investigate the fouling 
behavior when monovalent Na+ and divalent Ca2+ coexist with BSA, 
assessing their impact on membrane fouling. By measuring flux varia
tions and employing multiple characterization techniques, the compo
sition of foulants and the underlying fouling mechanisms were revealed. 
Pearson correlation heat maps were employed to evaluate the re
lationships among the key variables. Furthermore, Liquid Chromatog
raphy–Organic Carbon Detection (LC-OCD) and extended 
Derjaguin–Landau–Verwey–Overbeek (XDLVO) theory were employed 
to further elucidate the fouling mechanisms at the molecular level. 
These findings have advanced our understanding of protein fouling 
mechanisms in membrane distillation systems and offer valuable guid
ance for the cleaning of hydrophobic membranes affected by protein 
fouling.

2. Materials and methods

2.1. Membrane distillation experimental setup

As illustrated in Fig. S1, the DCMD system primarily comprises two 
water circulation systems for the cold and hot sides. The custom- 
fabricated membrane module comprises two identical membrane cells 
made from polymethyl methacrylate, with an effective membrane area 
of 45 cm2. Water circulation on both sides is achieved using a peristaltic 
pump (DIPump550, Kacuaner Fluid Technology Co., Ltd.) operating at a 
flow rate of 480 mL/min, resulting in a crossflow velocity of 6.16 cm/s 
across the membrane. The feed side temperature is maintained at 80 ◦C 
using a water bath heater (HHW420, Changzhou Jintan Liangyou In
strument Co., Ltd.). To ensure an appropriate membrane distillation 
operational flux, the temperature of the MD cold-side low-temperature 
thermostatic bath (XODC-0506, Nanjing Xianou Instrument 
Manufacturing Co., Ltd.) is set to 20 ◦C. Both the feed tank and permeate 
tank have a volume of 3000 mL, with the feed solution volume set at 
2500 mL. Prior to operation, 300 mL of ultrapure water is added to the 
permeate tank to initiate the cold water circulation. The permeate tank 
is connected to an online digital balance (DJ2002FT, Kunshan Jinke Hua 
Electronics Co., Ltd.), with recordings taken every 10 min. To ensure the 
reliability of the experimental data, each DCMD experiment was con
ducted in triplicate. The mass increment corresponds to the volume of 
permeate. The variation in permeate flux is calculated using Eq. (1). 

J =
V

A × T
(1) 

where J is the permeate flux during membrane distillation operation, 
measured in L⋅m− 2⋅h− 1 (LMH); V is the volume of permeate, measured in 
liters (L); A is the effective membrane area, measured in square meters 
(m2); and t is the operation time, measured in hours (h).

To eliminate errors inherent to the membrane, the specific flux (SF) 
is calculated using Eq. (2) to characterize the variation in permeate flux. 
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SF =
J
J0

(2) 

Here, J0 represents the initial permeate flux measured during the first 
10 min of operation, with units of L⋅m− 2⋅h− 1. The average permeate flux 
measured within the first ten minutes of operation after the system has 
reached stable temperature conditions. In each experiment, J₀ is 
measured using the feed composition employed for that particular run.

As shown in Eq. (3), the volume concentration factor (VCF) is defined 
as the ratio of the initial feed volume to the total volume of permeate 
collected through the membrane 

VCF =
V0

V0 − Vi
(3) 

where V0 is the initial feed volume, and Vi is the permeated volume at 
time i.

2.2. Membranes and experimental reagents

The polytetrafluoroethylene (PTFE) membranes were procured from 
Haining Wanda Filtration Equipment Co., Ltd., China. These membranes 
have an average pore size of 0.22 μm, an average thickness of 100 μm, 
and a porosity of 70 %. BSA, NaCl, CaCl2, sodium hydroxide (NaOH), 
and hydrochloric acid (HCl) were procured from China Medicine 
Chemical Reagents Co, Ltd. To accelerate the rate of structure formation, 
this experiment utilized a BSA solution with a concentration of 150 mg/ 
L [30]. The specific preparation procedure is as follows: deionized water 
was prepared using an ultrapure water system (UPT-II-10 T, Ulupure, 
Chengdu, China). After adding the foulants, the mixture was stirred at 
room temperature for 24 h to prepare the stock solution, and the pH was 
subsequently adjusted to 7 ± 0.1 using NaOH and HCl [31].

The feed compositions listed in Table 1 are designed as a model 
protein-salt system representative of protein-rich saline effluents, with 
BSA (150 mg/L) and Na+/Ca2+ concentrations chosen within the typical 
ranges used in fundamental fouling studies to ensure measurable flux 
decline while maintaining a fixed ionic strength (20 mM) across all 
cation systems. These conditions enable us to focus on the mechanistic 
effects of Na+ and Ca2+ on the MD process.

2.3. Membrane fouling evaluation

Multiple cyclic filtration operations were commonly employed to 
evaluate membrane cleaning efficiency. NaOH has been demonstrated 
to effectively remove organic contaminants from membrane surfaces 
and restore the membranes to their initial performance [32]. Therefore, 
all MD experiments in this study employed a cyclic cleaning process, 
using 1000 mL of permeate per cycle. Subsequently, the fouled mem
branes were cyclically cleaned with 400 mL of 0.1 mol NaOH solution at 
a flow rate of 0.2 m/s for 30 min. The cleaned membranes were then 
subjected to a second cyclic filtration test. Each test concluded after 
completing cyclic filtration and membrane cleaning, was repeated at 
least twice, and utilized a new membrane for each trial.

2.4. Analytical methods

Zeta potential and particle size of the feed solution were measured 
using a Zetasizer instrument (Zetasizer Nano Series Nano-ZS90, Malvern 
Panalytical, UK and the Netherlands). It should be noted that the zeta 
potential was measured at 25 ± 1 ◦C using a Zetasizer Nano-ZS90 in
strument, which is incapable of operation at 80 ◦C. Consequently, the 
reported values serve solely as comparative indicators of electrostatic 
interactions between systems, rather than precise in situ measurements 
at the DCMD operating temperature. Scanning Electron Microscopy 
(SEM, S-4800, Hitachi, Japan) analyzed fouling morphology on the 
membrane surface and cross-section. Fourier Transform Infrared Spec
troscopy (FTIR, Nicolet iS50, Thermo Fisher Scientific, USA) was 
employed to detect the vibrational energy of chemical bonds in func
tional groups within the samples, and membrane foulants were identi
fied based on the characteristic absorption peaks of different functional 
groups. Energy Dispersive X-ray Spectroscopy (EDS, TESCAN MIRA4, 
Czech Republic) was used to analyze the elemental composition of the 
membrane fouling layer. A solid surface zeta potential analyzer (Anton 
Paar Sur PASS 3, GmbH, Austria) was used to analyze the surface charge 
of the membranes. A static contact angle goniometer (CAM200, KSV, 
Finland) was employed to measure the water contact angle on the 
membrane surface, thereby determining its hydrophilicity or hydro
phobicity. The organic composition of the fouling layer was analyzed 
using LC-OCD. The contaminated membrane was allowed to dry, then 
cut into pieces and placed into a beaker containing 30 mL of ultrapure 
water. The beaker was sonicated in an ultrasonic bath at 30 ◦C for 15 
min, and the samples were subsequently filtered through a 0.45 μm 
injection filter prior to analysis [33].

2.5. XDLVO analysis

The extended XDLVO theory utilizes zeta potential and contact angle 
measurements to evaluate the surface interaction energies between 
membranes and foulants, and can be employed to analyze nanometer- 
scale fouling behaviors [34]. Currently, the XDLVO theory has been 
applied in the membrane distillation field to investigate fouling pro
cesses [35]. The XDLVO theory can be employed to directly quantify the 
interaction energies between foulants and membrane surfaces, as well as 
among foulants themselves, in DCMD systems. By quantifying surface 
tension components and zeta potential, the XDLVO theory can be used to 
estimate the interaction energy barrier between colloidal interfaces 
[36]. Its primary advantage lies in its ability to translate interfacial 
physicochemical parameters into directly quantifiable interaction en
ergy profiles for comparative analysis. However, the XDLVO theory only 
applies to smooth planes and cannot accurately quantify the short-range 
interfacial energy [37].

3. Results and discussion

3.1. Zeta potential and particle size distribution

As shown in Fig. 1a, the zeta potential values for the BSA, BSA–Na+, 
BSA–Ca2+, and BSA-Na+-Ca2+ feed solutions are all negative. The 
measured zeta potential of the PTFE membrane surface is − 61.7 mV. In 
the BSA solution, the zeta potential was − 32.17 mV, indicating signifi
cant electrostatic repulsion between the negatively charged BSA and the 
PTFE membrane during the MD process. With the addition of inorganic 
salts, more charges were introduced into the system. The negative 
functional groups were shielded due to double-layer compression and a 
reduction in fixed layer charges. In the BSA–Na+ system, the zeta po
tential decreased to − 14.5 mV, indicating a reduction in negative 
charges. However, electrostatic repulsion between organic molecules 
still predominated, maintaining a well-dispersed state. Upon the addi
tion of Ca2+, the zeta potential of the solution decreased to − 7.56 mV, 
which is attributed to interactions between Ca2+ and adjacent carboxyl 

Table 1 
Chemical compositions of the feed solution.

Samples Feed solution Solution ionic strength 
(mM)

BSA system BSA (150 mg/L) 0
BSA-Na+ system BSA (150 mg/L), NaCl (20 mM) 20
BSA-Ca2+ system BSA (150 mg/L), CaCl2 (20 mM) 20
BSA-Na+-Ca2+

system
BSA (150 mg/L), NaCl (10 mM), 
CaCl2 (10 mM)

20
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groups on different BSA peptide chains, thereby reducing the overall 
negative charge of the system [23]. The zeta potential in the BSA-Na+- 
Ca2+ system further decreases to − 6.26 mV, attributed to the synergistic 
effect of Ca2+ and Na+.

Zeta potentials were simultaneously measured across a range of pH 
values (Table.S2). A pH of 7.0 was chosen to ensure BSA stability and to 
simulate typical near-neutral aqueous environments. At this pH, elec
trostatic interactions cause repulsion between BSA molecules and the 
PTFE membrane. In the presence of Na+, the zeta potential decreases to 
− 14.5 mV as a result of electric double-layer compression, which pro
motes compact adsorption. The presence of Ca2+ further reduces the 
zeta potential to − 7.56 mV through charge shielding and coordination 
bridging among carboxyl groups, resulting in the formation of larger 
aggregates. Consequently, under neutral pH conditions, the dominant 
fouling mechanism transitions from electrostatic repulsion (BSA) to 
double-layer compression (BSA–Na+) and ionic bridging (BSA–Ca2+).

In the BSA system, the solution maintained a high level of trans
parency, indicating the good stability of BSA. However, after the 
experiment began, a large amount of white flocculent precipitate was 
observed in the BSA–Ca2+ and BSA-Na+-Ca2+ systems. This occurs 
because BSA undergoes conformational changes at high temperatures, 
exposing certain groups that may form complexes with Ca2+ [29]. The 
effect of cations on the BSA solution can be analyzed through the par
ticle size distribution, as shown in Fig. 1b. The average size of BSA alone 
as the feed solution was approximately 514 nm. Due to the negatively 
charged single organic substance in the solution, electrostatic repulsion 
between colloids reduced the level of aggregation. Upon the addition of 
Na+, the particle size decreases to 348 nm due to the compression of the 
electrical double layer. In contrast, due to the “bridging effect” of Ca2+, 
the average particle size in the BSA–Ca2+ system increases to 690 nm. 
The ‘bridging effect’ refers to divalent cations coordinating with nega
tively charged functional groups on BSA molecules, causing dispersed 
colloids to bridge together into larger, stable aggregates [38]. This oc
curs as Ca2+ facilitates the cross-linking of organic molecules, promoting 
particle aggregation and growth [39]. In the mixed system, the particle 
size increased to 773 nm. This is primarily attributed to the synergistic 
effect of Na+ and Ca2+. It can be observed that the addition of cations 
reduces the overall zeta potential of the solution, thereby weakening 
electrostatic interactions. Na+ reduces the size of compound molecules 
through the double-layer compression effect, leading to a decrease in 
particle size in the BSA–Na+ system. In contrast, Ca2+, due to its 
bridging effect surpassing electrostatic interactions, results in an 
increased particle size in the BSA–Ca2+ system. In the mixed system, 
Na+ may weaken the bridging effect, thereby reducing the degree of 

molecular aggregation.

3.2. DCMD experiment

Fig. 2a shows the variations in membrane flux for the four systems. 
For the single BSA solution, the flux decrease was minimal, resulting in a 
final membrane specific flux of 0.72. When cations were added, the 
membrane flux decreased significantly. The initial decrease was notable, 
but the trend stabilized as the device operated. The data indicate a 
descending order of membrane flux decrease as follows: BSA system <
BSA- Ca2+ system < BSA-Na+-Ca2+ system < BSA–Na+ system. Na+

causes severe membrane fouling of BSA, affecting the MD process and 
reducing the final membrane specific flux to 0.46. Due to the bridging 
effect with BSA, Ca2+ caused protein aggregation and deposition in the 
feed solution, alleviating membrane fouling compared to Na+. The 
addition of cations reduces the zeta potential of BSA molecules, resulting 
in decreased electrostatic repulsion between the membrane and fou
lants, thereby promoting fouling formation. Additional DCMD experi
ments were performed for all four systems at feed temperatures of 70 
and 60 ◦C (Fig. S4). At the lower feed temperatures, the overall flux 
decline was mitigated owing to the reduced driving force and slower 
fouling kinetics; however, the relative fouling sequence remained 
unchanged.

It is noteworthy that, although the addition of Na+ and Ca2+ reduces 
the magnitude of the negative zeta potential of BSA, the fouling behavior 
in DCMD does not simply follow this electrostatic trend: the BSA–Na+

system exhibits the most severe flux decline, whereas the BSA–Ca2+

system shows markedly milder attenuation. This apparent discrepancy 
indicates that zeta potential alone is insufficient to predict fouling 
severity. Electrostatic interactions therefore provide only a first-order 
description of BSA-cation interactions and do not constitute the domi
nant fouling mechanism in this system.

As shown in Fig. 2b, the permeate conductivity of all systems 
remained below 3 μS⋅cm− 1, which is well within the range previously 
associated with stable DCMD operation and high-quality distillate 
without significant pore wetting [40]. Minor variations in initial con
ductivity values (≈1.5–2.3 μS cm− 1) and subsequent slopes among the 
four systems were attributed to localized partial wetting phenomena 
during the start-up process [41]. Under higher VCF conditions, the 
BSA–Na+ and BSA-Na+-Ca2+ systems exhibited a slight increase in 
conductivity. This may stem from Na+-induced double-layer compres
sion, promoting denser yet uneven fouling deposition while triggering 
partial pore wetting. In contrast, Ca2+-induced fouling layers exhibited 
greater porosity and hydrophilicity, thereby inhibiting the wetting 

Fig. 1. (a) Zeta potential and (b) particle size distribution of four solutions: BSA, BSA–Na+, BSA–Ca2+, and BSA-Na+-Ca2+.
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process. Overall, despite partial fouling occurring on the membrane 
surface during the DCMD process, the integrity of the membrane pores 
remains largely unaffected by wetting. Consequently, the membrane 
continues to effectively separate the majority of inorganic salt ions.

3.3. Fouled membrane analysis

3.3.1. Topographic characterization
The original PTFE membrane comprises a loose nonwoven fabric 

support layer and a thinner PTFE active layer, displaying a characteristic 
fibrous nodular microporous structure with clearly discernible pores 
(Fig. S4). As shown in Fig. S6, at VCF = 1.5, only dispersed BSA ag
gregates were observed on the membrane surface in the pure BSA sys
tem, whereas the BSA–Na+ system had already developed a nearly 
continuous granular layer. In contrast, the BSA–Ca2+ system formed a 
loose, porous, flocculent network, while the mixed BSA-Na+-Ca2+ sys
tem exhibited an incipient yet relatively smooth deposit layer. As the 
VCF increased to 5 (Fig. 3), these deposits progressively evolved: the 
pure BSA system developed a dense layer of approximately 0.6 μm; the 
BSA–Na+ system formed a compact, cake-like layer of 23 μm; the 
BSA–Ca2+ system produced a porous structure of 1.8 μm; and the mixed 
system generated an intermediate deposit layer of 3.4 μm. The pro
gressive growth and densification observed at VCF = 1.5 and 5 are 
consistent with the flux distribution curves in Fig. 2a: the early-formed, 
thick, dense Na+-induced fouling layer causes the greatest flux decline, 
whereas the looser Ca2+-induced filter cake, despite its greater dry 
thickness, imposes a lower hydraulic resistance. The thin BSA layer in 
the single-solute system corresponds to only a minimal flux loss. Overall, 
these observations demonstrate that interactions between BSA and 
inorganic salt ions markedly accelerate membrane fouling.

It should be noted that the fouling layer thicknesses presented herein 
were determined from SEM images of dried membrane samples 
collected following DCMD experiments. During the drying process 
required for SEM preparation, dehydration of proteins and inorganic 
fouling matrix may occur, leading to fouling layer shrinkage. Conse
quently, the measured values underestimate the actual in-situ hydration 
thickness present during membrane operation. Nevertheless, as all 
membranes underwent identical drying and imaging procedures, the 
relative thickness variations observed across the BSA, BSA–Na+, 
BSA–Ca2+, and BSA-Na+-Ca2+ systems retain comparative value for 
assessment.

3.3.2. Chemical composition of fouling layers
The functional group changes on the membrane surface after MD 

filtration were analyzed using FTIR. Fig. 4 illustrates two characteristic 
peaks were observed at 1205 cm− 1 and 1150 cm− 1, corresponding to the 
stretching vibrations of the F-C-F group [42]. The fouled membrane 
displayed additional characteristic peaks indicative of proteinaceous 
organic matter. Specifically, a peak at 1650 cm− 1 corresponds to the 
C––O (amide I) group, and another peak at 1550 cm− 1 corresponds to 
the N–H (amide II) group. The amide I and amide II bands are unique to 
the secondary structure of proteins [43]. Furthermore, a hydrophilic 
feature was observed at 3300 cm− 1, which can be attributed to the 
stretching vibrations of O–H and N–H bonds. In the BSA-Na+-Ca2+

system, significant changes at 3300 cm− 1 were primarily due to the 
stretching vibrations of N–H and O–H bonds in BSA amino acid resi
dues, leading to alterations in peak shape and intensity. This suggests 
that the presence of mixed inorganic salts may affect the hydrogen 
bonding network among protein molecules [44]. The characteristic 
peaks of C–H bonds at 2930 cm− 1 and 2850 cm− 1 remained relatively 
stable, as these vibrations are typically unaffected by ionic strength. 
However, variations were observed at the C––O stretching vibration of 
the peptide backbone at 1650 cm− 1, likely due to interactions between 
metal ions and peptide bonds, indicating possible alterations in the 
resonance structure of the peptide bonds [45]. The amide II band near 
1550 cm− 1, reflecting the bending vibration of the N–H bond and the 
stretching vibration of the C–N bond, exhibited changes in peak shape 
and position, potentially indicating modifications in BSA’s secondary 
structure [46].

EDS mapping analysis (Table S2) revealed that the pristine mem
brane primarily consists of C, O, and F elements, which are the main 
constituents of PTFE. On the surface of the fouled membrane, a signif
icant presence of C and O elements was observed, indicating that the 
membrane was fouled by organic matter. In the BSA–Ca2+ system, the 
relatively high proportion of Ca2+ further confirms its strong binding 
ability through the bridging effect. In the BSA–Na+ system, the rela
tively low proportion of Na+ indicates its weaker binding affinity, with 
most Na+ existing in a free state.

3.3.3. Hydrophobicity/hydrophilicity analysis
Fig. 5 illustrates the changes in water contact angle relative to the 

pristine membrane. Single BSA fouling reduces the water contact angle 
of the membrane surface to 41.5◦, as hydroxyl (-OH) and amino (-N-H) 

Fig. 2. (a) Variations in the normalized water flux with the concentration factor in the DCMD test. (b) Permeate electrical conductivity with the concentration factor 
in the DCMD test.
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groups in the protein enhance membrane hydrophilicity. After the 
introduction of inorganic salt ions, the decrease in water contact angle 
becomes more pronounced. In the BSA–Ca2+ system, the water contact 
angle decreases to 35.7◦ due to Ca2+ binding strongly to hydrophilic 
sites in organic matter, resulting in an overall increase in hydrophilicity 
[47]. In comparison, the water contact angle in the BSA–Na+ system 
decreases to 37.8◦, as Na+ primarily exists in a free state with weaker 
binding affinity. In the BSA-Na+-Ca2+ system, the water contact angle 
decreased to 37.8◦, which is essentially the same as that observed for the 
BSA–Na+ system. This indicates that the mixed-cation fouling layer is 
comparably hydrophilic, and no additional measurable change in the 
macroscopic contact angle can be resolved upon introducing Ca2+.

3.4. XDLVO theory

The XDLVO theory is a valuable method for evaluating the thermo
dynamic interactions of fouling with membrane surfaces and is 
increasingly used to explore contamination mechanisms in membrane 
filtration processes. According to the XDLVO theory, thermodynamic 

interaction is divided into three parts: Lifshitz-van der Waals (LW) 
interaction, Lewis acid-base (AB) interaction and electrostatic double 
layer (EL) interaction [36].

3.4.1. Contaminants and membranes
According to the XDLVO theory, a positive interaction energy be

tween the membrane and contaminants indicates repulsive forces, sug
gesting strong antifouling properties. Conversely, a negative interaction 
energy signifies attractive forces that can accelerate fouling. Thus, a 
more negative interaction energy corresponds to a greater impact, 
resulting in more severe membrane fouling [48]. From Fig. 6, it can be 
observed that ΔGLW

flm is positive, indicating that the LW interaction en
ergy primarily acts as a repulsive force. In contrast, both ΔGAB

flm and 
ΔGEL

flm are negative, suggesting attractive interactions that exacerbate 
membrane fouling. Notably, when colloids near the membrane surface 
dominate the fouling process, the absolute value of the AB interaction 
energy is the largest, indicating that AB interaction energy is the primary 
contributor to the total interaction energy [49]. This is also evidenced by 

Fig. 3. SEM images of surface and cross-sections of contaminated membranes for (a) BSA, (b) BSA–Na+, (c) BSA–Ca2+, and (d) BSA-Na+-Ca2+ systems.
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the fact that the trend of ΔGAB
flm is similar to that of ΔGTOT

flm . This suggests 
that, at the membrane-foulant interface stage, the contact angle exerts a 
greater influence on membrane fouling compared to zeta potential. The 
results show that all three interaction energies (AB, EL, and LW) increase 
as the separation distance decreases. The cumulative value of these 
energies constitutes the total interfacial free energy. The maximum 
positive value indicates the minimum energy required to overcome the 
mutual repulsive force between the contaminant and the membrane, 
known as the energy barrier. If the contaminant’s energy exceeds this 
value, it is more likely to deposit on the membrane surface. The energy 
barrier for the single BSA system was found to be relatively high (868.00 
kT). However, upon the addition of inorganic salt ions, the energy 
barrier decreases significantly. Specifically, the energy barrier values for 
the BSA–Na+, BSA–Ca2+, and BSA-Na+-Ca2+ systems are reduced to 
222.26 kT, 286.52 kT, and 229.77 kT, respectively. These findings 
suggest that interactions between BSA and Na+ or Ca2+ ions promote 
pollutant deposition on the membrane surface. Moreover, the energy 
barrier associated with Na+ is lower than that of Ca2+, indicating that 
Na+ reduces the system’s energy barrier, making it easier to overcome 
and thereby increasing membrane susceptibility to fouling.

3.4.2. Contaminants and contaminated membranes
Fig. 7 illustrates the energy variation of interactions between the 

fouling and the fouling layer. Since the value of EL differs by orders of 
magnitude from those of AB and LW, it is not considered. This suggests 
that, during both the fouling layer and foulant stages, the zeta potential 
of the foulants has a limited impact on membrane fouling. It is clear that 
the LW interaction energy is negative, indicating that it is primarily 
adsorptive and increases as the distance decreases. In contrast, the 
interaction energies of AB are positive and increase gradually. The total 
interfacial interaction between contaminants is governed by both the 
LW and AB energies, which increase as the distance decreases and grow 
more rapidly at closer separation distances. The results suggest that the 
repulsive energy barrier between the contaminant and the fouling layer 
disappears, resulting in a positive total interfacial interaction energy. As 
a result, contaminant deposition is inhibited in the later stages of 
membrane fouling, leading to a gradual reduction in the rate of flux 
decline, consistent with experimental membrane flux data. A stronger 
repulsive force results in looser bonding between contaminants, pri
marily forming a reversible fouling layer. When the distance between 
contaminants and the fouling layer decreases sufficiently, the strong 
repulsive force persists [50].

The XDLVO theory effectively elucidates the impact of Na+ and Ca2+

ions on interfacial interactions. During the early stages of fouling, Na+

demonstrates a greater ability to lower the energy barrier than Ca2+, 
facilitating the accumulation of foulants on the membrane surface. In 
the later stages, the total interaction energy transitions from negative to 
positive, forming a dynamic energy barrier that impedes further foulant 
deposition.

3.5. Correlation analysis

The Pearson correlation coefficient is a dimensionless statistical 
metric that quantifies the strength of the linear relationship between two 
continuous variable [51]. The Pearson correlation coefficient r is 
commonly calculated using the following formula: 

r =

∑n

i=1
(xi − x)(yi − y)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(xi − x)2

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

(

yi − y)
2

√ =
Cov(X,Y)

σXσY
(4) 

where x and y are the sample means, σX and σY are the sample standard 
deviations, and Cov (X, Y) is the sample covariance between variables X 
and Y. When r > 0, the variables are positively correlated; conversely, 
when r < 0, X and Y are negatively correlated.

As shown in Fig. 8, the interaction energy barrier and membrane flux 
exhibit a positive correlation, with a Pearson correlation coefficient of 
0.59. However, this moderate correlation arises because the energy 
barrier in this context represents the interaction energy between the 
membrane and foulants, which primarily influences the initial mem
brane flux. In contrast, the interaction energy barrier shows a strong 
negative correlation with the solution zeta potential (r = − 0.75) and an 
even stronger negative correlation with the membrane surface zeta po
tential (r = − 0.94), underscoring the critical role of electrostatic 
repulsion during the early stages of fouling.Furthermore, Na+ concen
tration exhibits a strong negative correlation with membrane flux (r =
− 0.86), suggesting that Na+ significantly contributes to membrane 
fouling. In comparison, Ca2+ concentration displays a strong positive 
correlation with particle size (r = 0.96) and a moderate positive corre
lation with zeta potential (r = 0.6), indicating that Ca2+ facilitates 
particle aggregation and enhances charge density through bridging 
interactions.

3.6. LC-OCD analysis

LC-OCD is a powerful technique for characterizing complex natural 
organic matter (NOM); in this study, it is applied to a model protein 
(BSA), to gain specific insight into its transformation and interactions 

Fig. 4. FTIR spectra of fouled membranes under different conditions.

Fig. 5. Water contact angle of PTFE membranes and four feed liquids.
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with cations [52]. Generally, NOM could be categorized into five groups 
according to the molecular weight associated with specific biopolymer 
fractions: biopolymers (primarily hydrophilic polysaccharides and pro
teinaceous nitrogen-containing subfractions), humic substances (mainly 
aromatic macromolecules), building blocks (oxidized or photodegraded 
fragments of humic substances), low-molecular weight acids (LMW 
Acids, low molecular weight aliphatic organic acids), and low molecular 
weight neutrals (LMW Neutrals, including neutral alcohols, aldehydes, 
ketones, and small amino acids) [53,54].

Within the LC-OCD framework, chromatographically determined 
dissolved organic carbon (CDOC) denotes the dissolved organic carbon 
fraction retained and separated by size-exclusion chromatography col
umns. Hydrophobic organic carbon (HOC), by contrast, is defined as the 
residual DOC fraction that cannot be chromatographically separated and 
therefore fails to elute from the column, representing strongly hydro
phobic organic matter. By quantitatively tracking the evolution of CDOC 
sub-fractions in the feed solutions and fouling layers, together with the 
formation and accumulation of HOC, LC-OCD provides molecular-level 
insight into membrane fouling mechanisms.

3.6.1. HOC evolution and redistribution
The concentration of dissolved organic carbon (DOC) decreases after 

the addition of cations, which may be attributed to a shift in BSA from a 
detectable molecular state to an aggregated or deposited form that 
cannot be detected by LC-OCD (Table S3). As shown in Fig. 9, chro
matographic analysis detected only dissolved organic carbon (DOC) in 
all four feed solutions. Although DOC remained the dominant fraction in 
the fouling layer, the emergence of HOC was a key contributor to 
membrane fouling. This phenomenon may result from the partial ther
mal decomposition of BSA molecules in the feed solution. In the 
BSA–Na+ system, HOC constituted 38 % of the DOC, reaching 1018 μg 
C L− 1—the highest among all systems, indicating that Na+ enhances the 
adsorption of hydrophobic foulants onto the membrane surface. In 
contrast, the BSA–Ca2+ system shows a lower HOC proportion of 21 %, 
with a concentration of 664 μg C/L. Although the BSA-Na+-Ca2+ system 
exhibits a higher HOC proportion (44 %), the total DOC concentration 
significantly decreases to 1653 μg C/L(Table S3), likely due to 
competitive interactions between Ca2+ and Na+ that reduce the mem
brane’s adsorption capacity for organic foulants.

Fig. 6. Foulant-membrane interaction energies for (a) BSA, (b) BSA–Na+, (c) BSA–Ca2+, and (d) BSA-Na+-Ca2+ systems.
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3.6.2. CDOC fraction shifts and implications for fouling interactions
The changes in CDOC composition before and after fouling are 

illustrated in Fig. 10. The abundance of biopolymers decreased mark
edly across all four systems, whereas the fraction of LMW Neutrals 
compounds increased. This observation indicates that electrostatic 
repulsion between the fouling layer and incoming foulants is markedly 
reduced, consistent with the XDLVO results, which demonstrates that EL 
interactions contribute negligibly to the overall energy barrier during 
fouling-layer-foulant interactions. Relative to the feed solution, the 
biopolymer fraction in the BSA–Na+ system declined from 72 % to 29 
%, the building-block fraction fell from 17 % to 2 %, and the proportion 
of LMW Neutrals species rose from 10 % to 68 %, suggesting that 
elevated temperature facilitated the depolymerization of compounds 
with molecular mass > 350 Da into smaller molecules In the BSA–Ca2+

system, every component except LMW Neutrals species was nearly 
eliminated relative to the feed solution, while the proportion of LMW 
Neutrals increased sharply from 1 % to 93 %. This result suggests that 
Ca2+ promotes the preferential adsorption of neutral small molecules 
onto the membrane surface. In the BSA-Na+-Ca2+ system, the 
biopolymer fraction declined from 73 % to 4 %, whereas the building- 
block fraction remained essentially unchanged. Concurrently, the pro
portions of LMW Neutrals and LMW Acids species increased from 14 % 

to 59 % and from 1 % to 24 %, respectively. This distribution is likely 
driven by competitive adsorption between Na+ and Ca2+, which induces 
partial precipitation of macromolecules while moderately enriching 
LMW compounds.

Overall, BSA–Na+ system exhibited the highest concentration of 
HOC, indicating that Na+ promotes the accumulation of hydrophobic 
species on the membrane surface and thereby aggravates fouling. By 
comparison, the BSA–Ca2+ system showed the highest level of CDOC, 
dominated by LMW Neutrals compounds. These findings imply that 
Ca2+ facilitates the breakdown of macromolecules and enhances the 
adsorption of small neutral molecules onto the membrane, producing a 
fouling layer composed predominantly of LMW Neutrals species. In the 
mixed BSA–Na+–Ca2+ system, competitive interactions between the two 
cations temper their individual effects, yielding an intermediate degree 
of fouling.

3.7. Membrane cleaning efficiency

To investigate the effect of Na+ and Ca2+ on membrane cleaning 
efficiency, cleaning tests were conducted on contaminated hydrophobic 
PTFE membranes using NaOH. Membrane flux decreased during both 
cycles. During the first filtration cycle, membrane flux decreased rapidly 

Fig. 7. Pollutants-contaminated layers interaction energies for (a) BSA, (b) BSA–Na+, (c) BSA–Ca2+, and (d) BSA-Na+-Ca2+ systems.
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due to the deposition of foulants. At this stage, the water contact angles 
on the membrane surface were 79.7◦, 54.8◦, 64.6◦, and 66.9◦ for the 
BSA, BSA–Na+, BSA–Ca2+, and BSA-Na+-Ca2+ systems, respectively 
(Fig. 11). After NaOH cleaning, the fluxes of the BSA, BSA–Na+, 
BSA–Ca2+ and BSA-Na+-Ca2+ systems recovered to 110 %, 98 %, 86 % 
and 98 % of the initial fluxes, respectively. For the BSA system, the 

membrane flux recovered to about 110 % of the initial membrane flux 
after NaOH cleaning. This slight flux overshoot is attributed to NaOH’s 
efficient removal of protein fouling and residual surface contaminants, 
thereby restoring or reopening transport pathways. Concurrently, a 
moderate reduction in water contact angle (from over 120◦ to 107◦) 
enhances feed-to-membrane interface contact while maintaining 

Fig. 8. Pearson correlation heat map.

Fig. 9. Proportion of HOC and CDOC components in feed liquid and fouling liquid.
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sufficient membrane hydrophobicity. The water contact angles on the 
membrane surfaces of the BSA, BSA–Na+, BSA–Ca2+ and BSA-Na+- 
Ca2+ systems recovered to 106.9◦, 71.0◦, 90.1◦, and 74.8◦, respectively, 
indicating that the presence of inorganic salt ions reduced membrane 
cleaning efficiency. The BSA–Ca2+ system exhibited the lowest flux 
recovery ratio (86 %), suggesting that a portion of the foulants remained 
on the membrane surface. NaOH effectively removes loosely bound 
surface contaminants but it exhibits limited capacity to disrupt the sta
ble BSA–Ca2+ complexes formed via ionic bridging. In the BSA–Na+

system, the increased membrane hydrophilicity indicates that NaOH 
disrupted the hydrophobic adsorption structures induced by Na+. 
Furthermore, the relatively high flux recovery ratio in the BSA–Na+

system implies that residual BSA–Na+ complexes are more readily 
removed.

To further elucidate the influence of cations on cleaning behavior, 

SEM imaging analysis was conducted on NaOH-cleaned membranes 
from the four fouling systems (Fig. 12). In the BSA system, the original 
fouling layer was largely removed, with the PTFE fiber network re- 
exposed and only scattered protein patches remaining on the surface. 
This observation is consistent with the high flux recovery and only a 
slight decrease in water contact angle. In the BSA–Na+ system, the 
residual layer was thinner yet more continuous, partially retaining 
connections to the fiber network. In contrast, the BSA–Ca2+ system 
exhibited thicker, more adherent, and more heterogeneous residual 
deposits covering most pores and fiber intersections, indicating that 
NaOH could not effectively remove strongly bound BSA–Ca2+ com
plexes. The mixed BSA–Na+–Ca2+ system exhibited mottled, plate-like 
residues partially covering the fiber network, resulting in a cleaning 
performance intermediate between the single-cation systems. Overall, 
the extent and morphology of the residual fouling layer strongly depend 

Fig. 10. Percentage change in CDOC components of feed liquid and fouling liquid.

Fig. 11. (a) Normalized water flux in the membrane cleaning experiment, and (b) Water contact angles on the membrane surface.
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on the cationic composition present during the fouling process.

4. Conclusions

This study examined how monovalent Na+ and divalent Ca2+ influ
ence BSA fouling in MD and clarified the underlying mechanisms. The 
results show that both cations induce membrane fouling, yet the ma
jority of the foulant layer can be removed through post-cleaning. Upon 
cation addition, EL interactions are markedly attenuated, allowing AB 
forces to dominate and thereby increasing the adsorption of LMW 
Neutrals species on the membrane surface. Ca2+ concentration and 
particle size both exhibit positive correlations with zeta potential, 
indicating that Ca2+ primarily influences fouling by modifying colloidal 
size and surface charge. Na+ concentration displays a strong negative 
correlation with membrane flux, and Na-induced fouling is more severe 
because Na+ lowers the interaction energy barrier to its minimum and 
promotes the accumulation of hydrophobic foulants. In the mixed BSA- 
Na+-Ca2+ system, competitive interactions between the two cations 
yield an intermediate degree of fouling relative to the single-cation 
systems.

CRediT authorship contribution statement

Mingmei Ding: Writing – original draft, Validation, Methodology, 
Data curation. Beining Liu: Data curation, Visualization. Sihao Zhang: 
Investigation, Methodology. Ao Wang: Investigation, Formal analysis. 
Hang Xu: Writing – review & editing, Funding acquisition. Emily Gao: 
Methodology. Jianhua Zhang: Resources. Long D. Nghiem: Valida
tion. Li Gao: Supervision, Conceptualization, Project administration.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

This work was financially supported by National Natural Science 
Foundation of China (No. 52200011), Natural Science Foundation of 
Jiangsu Province (No. BK20220989), National Key Research and 
Development Program of China (2022YFC3203702).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.desal.2025.119734.

Data availability

Data will be made available on request.

References

[1] F.C.R. Costa, B.C. Ricci, B. Teodoro, K. Koch, J.E. Drewes, M.C.S. Amaral, 
Biofouling in membrane distillation applications - a review, Desalination 516 
(2021) 115241.
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