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Analysis of fouling control strategies in ceramic nanofiltration membranes: 
CaCO₃ precoating versus continuous dosing
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a Section of Sanitary Engineering, Department of Water Management, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN, 
Delft, the Netherlands

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

• Precoating ceramic NF membranes ach
ieved 95% permeability recovery vs 
82% for continuous dosing after 1st 

cleaning cycle
• Precoated membranes exhibited sub

stantially lower irreversible fouling 
compared to continuously dosed and 
uncoated membranes

• Precoating formed a stratified protective 
barrier; continuous dosing produced a 
mixed organic-inorganic composite 
layer

• Precoated membranes achieved 94% 
DOC removal, and >98% rejection of F- 

and PO₄3-

A R T I C L E  I N F O
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A B S T R A C T

Ceramic membrane filtration is increasingly applied in water reclamation and purification, demonstrating 
particular efficacy in treating challenging industrial wastewater streams and non-potable water sources. During 
precoating, a removable filtration layer can be deposited on the membranes to enhance particle retention and 
reduce fouling, although it requires periodic renewal. The continuous dosing strategy is implemented by pre
mixing calcium carbonate (CaCO₃) with the feed solution at the onset of each cycle, prior to the start of filtration. 
Both methods address membrane fouling but differ fundamentally in longevity and modification mechanisms. In 
this study, dead-end filtration was employed to deposit a CaCO₃ coating, with particular focus on fouling miti
gation using citric acid treatment. Compared to the precoating method, the continuous dosing method enabled 
the addition of CaCO₃ throughout the fouling experiment, followed by citric acid cleaning. Experimental results 
demonstrated that, although the continuous dosing method also showed good permeability recovery, the pre
coated membrane exhibited better permeability recovery than the continuous dosing method, with consistent 
observations across both model wastewater and surface water. This performance difference likely results from 
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apatite; DOC, dissolved organic carbon; EDS, energy-dispersive X-ray spectroscopy; 3D-EEM, three-dimensional excitation-emission matrix; Em, emission wave
length; Ex, excitation wavelength; HCl, hydrochloric acid; IC, ion chromatography; MF, microfiltration; MWCO, molecular weight cutoff; NaCl, sodium chloride; 
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the protective CaCO₃ layer on the membrane, while the continuous dosing method allowed for partial foulant 
deposition before sufficient CaCO₃ coverage was achieved. The precoated membrane exhibited the lowest irre
versible fouling (3 × 1010 m− 1 after the second cycle, versus 21 × 1010 m− 1 for continuous dosing and 72 × 1010 

m− 1 for the uncoated membrane). The precoated membrane also performed better in treating Schie Canal water. 
The treatment system showed better performance in bulk water quality improvement, achieving a 94% removal 
of dissolved organic carbon and a 65% reduction in electrical conductivity. The process exhibited high ion 
selectivity, rejecting divalent cations (Ca2+, Mg2+ > 68%) and specific anions, with particularly high removal 
rates for fluoride and phosphate (F− , PO₄3− > 98%).

1. Introduction

Ceramic membrane filtration is increasingly regarded as a promising 
water treatment technology, particularly in industrial applications 
[1,2]. These membranes typically feature an asymmetric architecture 
with multiple layers, including a porous support substrate and a thin 
selective top layer [3]. The composite structure is fabricated using 
various metal oxides - while aluminum oxide (Al₂O₃) primarily forms the 
support layer, the separation layer is often composed of titanium dioxide 
(TiO₂) or zirconium dioxide (ZrO2) coatings [4–6]. Unlike polymeric 
alternatives, ceramic membranes exhibit a uniform surface chemistry 
characterized by abundant metal hydroxyl groups, resulting in signifi
cantly enhanced surface hydrophilicity [7,8]. This characteristic is 
important for mitigating organic fouling [9]. Previous studies have 
explored various metal oxide modifications to enhance membrane per
formance through either increased electrostatic repulsion or steric hin
drance effects against organic contaminants [10]. Such surface 
engineering strategies can also effectively minimize the deposition of 
charged organic compounds on membrane surfaces, thereby substan
tially reducing fouling tendencies [11,12].

The operational efficacy of membrane systems is still compromised 
by fouling phenomena, resulting in an elevated transmembrane pressure 
(TMP) and, in severe cases, deterioration of permeate quality [13]. 
These fouling-induced effects require increased maintenance in
terventions, ultimately impacting both production capacity and eco
nomic viability of water treatment facilities [14,15]. Four dominant 
types of fouling can be identified [16,17]: particulate deposition 
(physical blockage), organic/inorganic scaling (including gel-layer for
mation), biofouling (microbial colonization), and chemical precipitation 
(scaling reactions). In addition, organic compounds and colloidal par
ticles can demonstrate synergistic fouling through gel-layer formation, 
while biodegradable compounds can promote biofilm development 
[17]. Recent technological advancements in fouling mitigation have 
focused on three principal approaches: surface property modification 
(hydrophilicity enhancement and/or charge increase), nanocomposite 
integration (through blending or surface deposition) and dynamic 
filtration aids (precoat applications) [18]. Precoating has emerged as an 
effective fouling control approach for various membrane processes, 
including polymeric and ceramic microfiltration (MF), ultrafiltration 
(UF), and membrane distillation systems [18–20]. This technique in
volves the deposition of a permeable, removable layer onto the mem
brane surface prior to filtration. During operation, foulants primarily 
accumulate on the precoat layer, which can subsequently be removed 
via hydraulic backwashing, thereby restoring membrane performance 
[21]. As an example, coagulant-based precoating using iron or 
aluminum salts has been employed to enhance natural organic matter 
(NOM) removal by forming flocs that are eliminated during back
washing in ceramic MF/UF applications [22,23].

Unlike MF/UF membranes, ceramic NF modules are susceptible to 
structural damage under high-pressure backwashing conditions, pri
marily due to mechanical stress on the membrane seals, while low- 
pressure backwashing has proven to be ineffective for the removal of 
membrane fouling [24]. Consequently, chemical cleaning remains the 
predominant fouling control method for ceramic NF [5,25].

The precoating technique involves the deposition of a preformed 

filtration layer onto the membrane substrate prior to the filtration pro
cess [26]. This auxiliary layer, typically composed of particulate mate
rials, functions as a secondary filtration barrier that enhances particulate 
retention efficacy while mitigating direct membrane fouling [27,28]. As 
a non-permanent modification, the precoat layer requires periodic 
replenishment due to operational degradation and saturation effects 
during filtration cycles. Recent studies have explored calcium carbonate 
(CaCO₃) precoating on tubular ceramic NF membranes combined with 
acid-assisted forward flushing, demonstrating its potential for fouling 
mitigation [24,29]. In addition, it has been demonstrated that CaCO₃ 
pre-deposition considerably enhances the antifouling performance of 
ceramic NF membranes [18]. Unlike sacrificial precoating, continuous 
dosing incorporates the coating into the fouling layer while preserving 
the membrane's baseline permeability. This approach enhances selec
tivity and antifouling properties without requiring recurrent coating 
procedures. The continuous dosing method could also operate by dosing 
a CaCO₃ coating agent in the fouling solution, enabling acid-mediated 
reactions that directly dissolve membrane surface blockages. However, 
a comparison between precoating and continuous dosing (i.e., premix
ing CaCO₃ with the foulant solution for the whole filtration) has not been 
reported. The mechanistic understanding of why precoating achieves 
better cleaning efficacy despite lower CaCO₃ consumption remains 
incomplete. Also, the potential of the CaCO₃ precoat to enhance the 
rejection of specific contaminants (e.g., fluoride and phosphate) has not 
been explored. Our study aims to (I) quantitatively compare the fouling 
control performance of CaCO₃ precoating versus continuous dosing 
under identical conditions; (II) propose a bubble-location-based mech
anism to explain the observed differences; and (III) evaluate the multi
functional rejection performance of the precoated membrane for both 
organic and ionic contaminants.

2. Methods and materials

2.1. Ceramic membranes properties

This study incorporated a ceramic nanofiltration membrane. It was 
procured from a commercial supplier (Inopor GmbH, Germany), 
featuring a dual-layer architecture comprising an α-alumina (α-Al₂O₃) 
support substrate and a titanium dioxide (TiO₂) selective layer [24]. 
These monolithic multichannel modules contained 19 parallel flow 
channels, each with 3.5 mm internal diameter, spanning 0.5 m in length, 
yielding a total effective filtration area of 0.1045 m2. According to the 
manufacturer's specifications, the membranes exhibited [30]: 

• Nominal molecular weight cutoff (MWCO): 450 Da
• Porosity range: 30–40%
• Mean pore diameter: 0.9 nm

The MWCO of the membrane was determined by a systematic 
approach, as documented by Caltran et al. and Shang et al. [30,31]. This 
method employs polyethylene glycol (PEG) standards of varying mo
lecular weights (200–1000 Da), sourced from Sigma-Aldrich, Germany. 
Following this protocol, the membrane used in this study was tested. The 
analysis of PEG was carried out with a Shimadzu Prominence HPSEC 
system from Japan, which was fitted with a 5 mm, 30 Å gel permeation 
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column from PSS GmbH, Germany, and a Shimadzu RID-20A refractive 
index detector [32].

2.2. Synthesis of CaCO₃ nanoparticles

A study on CaCO₃ particle size effects on fouling mitigation was 
conducted using both synthesized and commercially obtained materials, 
where nanoscale CaCO₃ particles were generated through chemical 
precipitation by reacting calcium chloride (CaCl₂) with sodium bicar
bonate (NaHCO₃). Electrokinetic potential measurements were per
formed using Malvern Zetasizer. Colloidal stability optimization was 
achieved through zeta potential enhancement by introducing excess 
Ca2+ into the aqueous suspension, with ionic concentrations of 9 mM for 
Ca2+ and 3 mM for bicarbonate (HCO₃− ) to adjust surface charge 
characteristics and prevent particle reaggregation [24]. The particle size 
distribution of the synthesized CaCO₃ suspension was characterized by 
dynamic light scattering. As summarized in Table S1, the suspension 
exhibited a D50 of 0.192 μm and a D10 of 0.175 μm, and a D90 of 0.429 
μm, with a span value of 1.32 calculated as (D90 − D10) / D50, indi
cating a relatively narrow distribution. The polydispersity index (PDI) 
was approximately 0.28. The main peak was centered at 0.187 μm, ac
counting for 34.5% of the total particle volume, with minor secondary 
peaks observed at 0.172 μm (4.2%) and 0.223 μm (3.5%). More than 
99% of the particles were smaller than 0.243 μm, confirming the 
absence of large aggregates. The zeta potential of the suspension was 
measured as +24.8 mV, indicating good colloidal stability. These par
ticle size characteristics remained stable over the course of the fouling 
experiments (within 24 h), ensuring the reproducibility of the precoat
ing process. This deposition was conducted under a TMP of 8–10 bar and 
a permeate flux of 100–120 L⋅m− 2⋅h− 1 for 5–10 min, aiming to achieve a 
uniform coating distribution across the filtration surface.

2.3. Feed water (model sewage and surface water)

Sodium alginate, a representative gel-forming foulant frequently 
employed in membrane fouling studies [33], was used to simulate 
organic fouling through gel layer formation on membrane surfaces. The 
synthetic wastewater contained 0.4 g⋅L− 1 sodium alginate (Sigma- 
Aldrich) with a supporting electrolyte, including 1 mM NaHCO₃ 
(buffer, for pH stabilization at 7.5), 5 mM NaCl (ionic strength adjust
ment), and 3 mM CaCl₂. Ca2+ ions were included because they interact 
with carboxyl functional groups on alginate polymers, facilitating 
intermolecular crosslinking that establishes the characteristic “egg-box” 
configuration, recognized as a fundamental fouling mechanism [34]. 
According to Kramer et al. [35], experimental studies on real waste
water filtration reveal a 58% decline in membrane permeability after 
five days of operation, indicating significant fouling of the ceramic NF 
membrane. To accelerate fouling under controlled conditions, a high 
concentration of sodium alginate was employed, enabling substantial 
membrane fouling within only 40 min of filtration—a duration equiv
alent to approximately five days of typical operation with raw sewage 
[29].

To compare the fouling with sodium alginate-based synthetic 
wastewater with surface water fouling, surface water from the Schie 
Canal was employed as feedwater. Surface water represented natural 
systems, containing complex foulants like natural organic matter, mi
croorganisms, particles and salts, which led to combined fouling 
mechanisms [36]. Synthetic wastewater with sodium alginate, a model 
polysaccharide, simulated organic/gel-layer fouling, allowing for 
isolation of specific interactions, e.g. with calcium ions (Ca2+) [37,38].

The concentration of dissolved organic carbon (DOC) was evaluated 
with a Shimadzu TOC VPH analyzer. This instrument employs oxidative 
combustion coupled with infrared detection, a method recognized as a 
global standard for DOC quantification [39]. Ionic constituents 
(including inorganic species and low-molecular-weight organic ions) 
were resolved and quantified via suppressed conductivity ion 

chromatography (IC) employing an ion-exchange resin stationary phase, 
where separation occurs through differential ionic affinities [40]. All 
chromatographic data were acquired and processed using MagIC Net 
software.

2.4. Filtration set-up

The study employed a continuous-flow, constant flux, membrane 
system operating under controlled hydrodynamic conditions, using a 
dual-pump configuration, comprising a feed pressure pump and a cross- 
flow circulation pump to maintain constant permeate flux and cross- 
flow velocity throughout the experimental runs (Fig. 1). Seven feed 
solutions were used in the filtration experiments: (i) Deionized water, 
for baseline permeability measurement and post-cleaning rinsing; (ii) 
CaCO₃ suspension, to form a precoating layer; (iii) Synthetic wastewater 
(sodium alginate), as a model organic foulant; (iv) Synthetic wastewater 
with CaCO₃, to compare with the precoat method; (v) Surface water 
(Schie Canal water), representing natural foulants; (vi) Schie Canal 
water with CaCO₃, to evaluate combined fouling effects; (vii) Citric acid 
solution, for chemical cleaning between trials. The experimental pro
tocol consisted of a fixed permeate flux of 20 L⋅m− 2⋅h− 1 for model 
sewage and 40 L⋅m− 2⋅h− 1 for Schie canal water, and a cross-flow ve
locity of 0.67 m⋅s− 1 to ensure a turbulent flow regime within the tubular 
NF membrane configuration, while allowing the TMP to fluctuate be
tween 1 and 10 bar in response to fouling development and cleaning 
efficacy [34]. All feed solutions, except ultrapure water, were continu
ously recirculated through the system's feed reservoir (Fig. 1) to main
tain consistent solution characteristics throughout each experimental 
phase. The flux values employed in this study (20–40 L⋅m− 2⋅h− 1) were 
selected to accelerate fouling for comparative evaluation within prac
tical experimental durations. In full-scale applications, lower fluxes (e. 
g., 5–10 L⋅m− 2⋅h− 1) are typically used, under which the fouling rate 
would be slower [41]; however, the relative performance advantage of 
the precoating strategy over continuous dosing is expected to persist 
across different flux conditions. The relative performance advantage of 
precoating over continuous dosing observed at accelerated fluxes may 
not directly translate to full-scale conditions; validation at typical 
operational fluxes is needed to confirm practical applicability.

The membrane permeability under fouling conditions was calculated 
using temperature-corrected values (Eq. (1)) [38] to account for minor 
variations in ambient temperature that could affect fluid viscosity and 
system performance during experimental testing. 

L20oC =
J • e− 0.0239•(T− 20)

ΔP
(1) 

where L represents the temperature-compensated membrane perme
ability expressed in liters per square meter per hour per bar 
(L⋅m− 2⋅h− 1⋅bar− 1), T denotes the measured water temperature in de
grees Celsius (◦C), J corresponds to the volumetric flux through the 
membrane in liters per square meter per hour (L⋅m− 2⋅h− 1), and ΔP 
represents the TMP expressed in bars, calculated as the arithmetic mean 
of pressure measurements obtained from the feed and concentrate 
streams.

The efficacy of membrane cleaning protocols was quantitatively 
evaluated through a permeability restoration analysis, with the degree 
of recovery being calculated using the established mathematical rela
tionship presented in Eq. (2) [2]. Eq. (2) defines the permeability re
covery ratio as the fraction of the lost permeability (relative to the first- 
cycle decline) that is restored after cleaning in a subsequent cycle. The 
first-cycle permeability decline is chosen as the normalization reference 
because it represents the maximum fouling-induced loss under the given 
conditions and establishes a consistent baseline for evaluating the 
cleaning effectiveness across cycles. This normalization allows direct 
comparison of cleaning performance between different fouling control 
strategies, even when the absolute permeability losses differ. 

Y. Li et al.                                                                                                                                                                                                                                        Desalination 637 (2026) 120502 

3 



Permeability recovery =
Li,0 − L1,e

L1,0 − L1,e
(2) 

where L1,0 denotes the baseline permeability (L⋅m− 2⋅h− 1⋅bar− 1) 
measured at the start of the first operational cycle; L1,e represents the 
terminal permeability (L⋅m− 2⋅h− 1⋅bar− 1) recorded at the end of the first 
cycle; Li,0 indicates the initial permeability (L⋅m− 2⋅h− 1⋅bar− 1) for any 
given subsequent cycle i; and Li,e corresponds to the final permeability 
(L⋅m− 2⋅h− 1⋅bar− 1) achieved upon completion of cycle i.

To evaluate permeability restoration dynamics, the normalized 
permeability (L₁/L₀) was computed, with L₁ (L⋅m− 2⋅h− 1⋅bar− 1) repre
sents the permeability under current conditions and L₀ 
(L⋅m− 2⋅h− 1⋅bar− 1) represents the clean water permeance at experiment 
initiation. Three critical permeability measurements were conducted: 
(1) uncoated membrane characterization prior to fouling experiments, 
(2) post-CaCO₃ precoating analysis to determine coating-induced per
meance decline, and (3) post-fouling/cleaning evaluation using deion
ized water to assess cleaning efficacy. Membrane fouling progression 
was quantified through calculation of the fouling resistance parameter 
(Eq. (3)) [43–45]: 

Jm =
△Pm

μRt
=

△Pm

μ(Ri + Rr + Rir)
(3) 

where Jm (m⋅s− 1) characterizes transmembrane flux, μ (Pa⋅s) represents 
permeate viscosity, Rt indicates total fouling, Ri intrinsic membrane 
fouling, Rr reversible fouling, and Rir irreversible fouling.

All filtration and characterization experiments described in the 
following sections were performed in duplicate to ensure reproduc
ibility. Data are expressed as mean ± standard deviation (SD). Error bars 
in all figures represent the SD calculated from two independent mea
surements (n = 2), unless otherwise specified.

2.5. Application of the CaCO₃ precoat and continuous dosing

Deposition of CaCO₃ for precoating was achieved through dead-end 
filtration of the precoat solution at pressures ranging between 8 and 
10 bar, corresponding to fluxes of 90–110 L⋅m− 2⋅h− 1, which facilitated 

membrane surface coverage [2]. To determine the optimal CaCO₃ 
loading, a series of preliminary experiments were conducted with 
loadings ranging from 5 to 20 g⋅m− 2 [29]. The optimal loading was 
selected based on the criterion of achieving the highest permeability 
recovery while maintaining an acceptable initial permeability loss 
(<30%). Preliminary tests with lower loadings (<11.5 g⋅m− 2) showed 
incomplete membrane coverage and lower recovery (<70% after 
cleaning), whereas higher loadings (>11.5 g⋅m− 2) caused excessive 
initial flux loss (>35%) without further improving cleaning efficiency. 
Thus, a loading of 11.5 g⋅m− 2 (equivalent to 1200 mg per membrane 
module) was chosen as optimal. Long-term fouling resistance and 
cleaning frequency were not used as optimization criteria in this study, 
as the primary goal was to compare precoating and continuous dosing 
strategies under standardized conditions. The CaCO₃ precoat layer 
applied in this study was physically deposited on the membrane surface 
via dead-end filtration, forming a loose deposited layer without chem
ical bonding or strong adhesion. Experimental validation showed that 
under a cross-flow velocity of 0.67 m⋅s− 1 (corresponding to a Reynolds 
number of 2329), the precoat layer remained intact during the filtration 
experiments without being washed off, as evidenced by the fact that the 
membrane permeability remained consistent before and after cross-flow 
rinsing. In tubular membranes, even under turbulent flow conditions, a 
viscous sublayer (stagnant layer) exists near the membrane surface, 
where the flow velocity is extremely low. According to the stagnant 
layer thickness estimation formula [46,47], the calculated thickness of 
the stagnant layer is approximately 32.9 μm. In this study, the thickness 
of the CaCO₃ precoat layer was only 7–9 μm, which lies well within the 
stagnant layer. The flow velocity within the stagnant layer is less than 
1% of that in the bulk flow region [48]. Consequently, the shear force 
acting on the CaCO₃ particles is extremely small, insufficient to cause 
particle detachment or mechanical wear on the membrane surface. The 
protocol for the continuous dosing experiment (Fig. 2) involved the 
addition of CaCO₃, with each dosage (400 mg per cycle) compensating 
for the equivalent of one filtration cycle of the precoated membrane. The 
term “continuous dosing” refers to the strategy in which CaCO₃ is added 
to the feed water at the beginning of each operational cycle and remains 
present throughout the entire filtration cycle, rather than being injected 
incrementally or metered continuously in real time during operation. 

Fig. 1. Schematic of the cross-flow ceramic nanofiltration [42] bench-scale setup.
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This mode is equivalent to a cyclic co-dosing approach, where a defined 
amount of CaCO₃ (400 mg per cycle) is replenished at the start of each 
cycle. In the continuous dosing strategy, CaCO₃ is continuously available 
in the feed during each cycle, providing sustained reactivity with citric 
acid for cleaning.

Following the fouling process, acid cleaning was performed using 
citric acid. The interaction between this acid and the CaCO₃ is described 
by Eq. (4): 

CaCO3(s)+C6H8O7(aq)→Ca2+(aq)+C6H6O2−
7 (aq)+H2O(l)+CO2(g)

(4) 

The initial permeability of the ceramic membrane was determined 
using demineralized water. In the experiments involving the precoated 
membrane, a layer of CaCO₃ was first applied to the membrane surface 
under pressure. Subsequently, a model wastewater based on sodium 
alginate solution was filtered to simulate the fouling process. Following 
fouling, citric acid was introduced to react with the precoat layer, 
yielding acidic reaction products and carbon dioxide. The final step 
involved a 10-minute forward flush at a velocity of 0.67 m⋅s− 1, which 
removed a portion of the fouling layer. In the comparative continuous 
dosing experiment, CaCO₃ was initially introduced into the feed water 
and thoroughly mixed prior to initiating filtration. Following fouling 
formation, citric acid was introduced to react with CaCO₃ within the 
fouling layer, producing acidic byproducts and carbon dioxide. The 
process concluded with a 10-minute forward flush at 0.67 m⋅s− 1 to 
partially remove the fouling layer. All filtration experiments with 3 
cycles (40 min of model sewage and 6 h of Schie Canal water) were 
duplicated [49], to confirm the reproducibility and feasibility [50]. A 
digital microscope equipped with a built-in LED light source was 
employed to observe the membrane surface during both the precoating 
and continuous dosing phases. The observations revealed two distinct 
states of the acid reaction.

2.6. Chemical cleaning

To ensure that the membrane was in a consistent and pristine con
dition between different sets of comparative experiments, the following 
conventional cleaning protocol was applied to the ceramic nano
filtration membrane after each set of experiments: 

1. Sodium hypochlorite (NaClO) cleaning: The membrane module was 
flushed in forward direction with a 0.2% NaClO solution for 30 min. 
NaClO is a strong oxidizing agent that effectively degrades and 
removes organic foulants (e.g., sodium alginate) adsorbed on the 
membrane surface and within the membrane pores [51].

2. Hydrochloric acid (HCl) cleaning: Subsequently, the membrane was 
rinsed with a 0.01 mol⋅L− 1 HCl solution for 5 min to dissolve any 
inorganic precipitates (e.g., CaCO₃) that may have remained after the 
NaClO cleaning.

3. Demineralized water rinsing: Finally, the membrane was flushed 
with deionized water at a cross-flow velocity of 0.67 m⋅s− 1 for 5 min 
to remove residual chemicals and restore membrane permeability.

After cleaning, the pure water permeability of the membrane was 
measured using deionized water at a constant flux of 20 L⋅m− 2⋅h− 1 and 
compared with the initial permeability to confirm that the membrane 
had been restored to a clean state (recovery rate > 99%).

2.7. Three-dimensional excitation-emission matrix (3D-EEM) 
fluorescence spectroscopy

To characterize the fluorescence properties of organic matter in 
Schie Canal surface water, and specifically to assess the presence and 
relative abundance of humic-like components, three-dimensional exci
tation-emission matrix (EEM) spectra were acquired using a Hitachi F- 
7100 fluorescence spectrophotometer (Hitachi High-Tech Corporation, 
Tokyo, Japan) [52]. The excitation wavelength (Ex) was scanned from 
200 to 400 nm at 10 nm intervals, and the emission wavelength (Em) 
was recorded from 280 to 550 nm at 5 nm intervals. Water samples were 
filtered through 0.45 μm polyethersulfone membrane filters immedi
ately after collection. To eliminate the inner filter effect, each sample 
was diluted with Milli-Q water until the UV absorbance at 254 nm 
(UV₂₅₄) was below 0.05 cm− 1 before EEM scanning [53].

2.8. X-ray diffraction (XRD) analysis

To identify the crystalline phases formed on the membrane surface, 
XRD analysis was performed on the CaCO₃ precoated membrane after 
treating Schie Canal water. The measurements were carried out using a 
Cu Kα radiation source (λ = 1.5406 Å) at a generator voltage of 40 kV 
and a current of 40 mA. The diffraction patterns were recorded over a 2θ 
range of 10◦ to 80◦ with a step size of 0.0302◦ [54]. The obtained pat
terns were compared with standard reference patterns from the Inter
national Centre for Diffraction Data database for phase identification.

2.9. Zeta potential measurement

To characterize the surface charge properties of the membranes 
under conditions relevant to the filtration experiments, zeta potential 
measurements were performed using a SurPASS electrokinetic analyzer 
(Anton Paar, Austria) with an adjustable gap cell. All measurements 
were conducted in a background electrolyte solution of 1 mM KCl at pH 
7.5–8.0 (adjusted with HCl or NaOH as needed), matching the actual pH 
of Schie Canal water. The zeta potential was calculated from measured 
streaming potentials using the Helmholtz–Smoluchowski equation. For 
each membrane condition (pristine, CaCO₃-precoated, fouled, and citric 
acid-cleaned), three replicate measurements were performed, and the 
average values with standard deviations are reported.

Fig. 2. Diagram for the process of (a) precoat and (b) continuous dosing.
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3. Results and discussion

3.1. MWCO of the ceramic NF membrane

Fig. 3a presents the scanning electron microscopy (SEM) image of the 
internal structure of the pristine ceramic membrane, clearly showing the 
asymmetric multilayer architecture consisting of a porous α-Al₂O₃/ 
γ-Al₂O₃ support layer and a thin TiO₂ separation layer. In Fig. S4, Energy- 
dispersive X-ray spectroscopy (EDS) analysis confirmed that the mem
brane was predominantly composed of Al₂O₃ (Table S2). MWCO analysis 
(Fig. 3b), conducted via polyethylene glycol (PEG) rejection experi
ments, demonstrated an experimental value of 591 Da, exceeding the 
manufacturer's value of 450 Da, yet remaining within the range of NF 
membranes [55,56]. This observation aligned with prior studies exam
ining analogous membrane architectures [30,31].

3.2. Comparison analysis of model sewage with precoat and continuous 
dosing

The initial membrane permeability was determined to be 17 
L⋅m− 2⋅h− 1⋅bar− 1 through cross-flow filtration experiments using dem
ineralized water as the feed solution. Considering the critical role of 
particle size in determining permeability recovery [29], a stable CaCO₃ 
suspension was prepared by adding 9 mM Ca2+ and 3 mM HCO₃− . The 
resulting suspension exhibited a zeta potential of +24.8 mV and a uni
form particle size of 0.187 μm (Fig. S1a) and remained well-dispersed 
without aggregation for 24 h. For the precoating experiments, the 
membrane surface was modified through dead-end filtration deposition 
of a CaCO₃ colloidal suspension (0.4 g⋅L− 1 concentration) under a TMP 
of 9 bar and permeate flux of 110 L⋅m− 2⋅h− 1 for 7 min, to achieve a 
uniform coating distribution across the filtration surface. The precoats 
were produced with an identical mass of 1200 mg CaCO₃, which was 
equivalent to 11.5 g⋅m− 2 membrane surface, while the continuous 
dosing process maintained a CaCO₃ dosage of 400 mg per operational 
cycle (1200 mg for the entire experiment). SEM images of the membrane 
surface after CaCO₃ deposition (Fig. S2a) revealed that, under the opti
mized deposition conditions (9 bar, 110 L⋅m− 2⋅h− 1, 7 min), CaCO₃ 
particles formed a relatively continuous and uniform coverage layer on 
the membrane surface. This morphological feature provides support for 
the subsequent “sacrificial protection” mechanism. Furthermore, 
MWCO analysis showed a slight decrease from 591 Da (pristine mem
brane) to approximately 577 Da after CaCO₃ deposition (Fig. S2b), 
indicating that the CaCO₃ particles did not completely block the mem
brane pores but rather formed an additional sacrificial layer on the 
membrane surface that can react with acid. The synthetic wastewater 
contained 3 mM CaCl₂ in addition to sodium alginate. The presence of 

Ca2+ ions is crucial because calcium ions interact with the carboxyl 
functional groups on alginate polymers, facilitating intermolecular 
crosslinking that forms the characteristic “egg-box” configuration [34]. 
Under these conditions, sodium alginate no longer exists as individual 
polymer chains but rather forms three-dimensional gel network struc
tures. Dynamic light scattering measurements revealed that the average 
size of the synthesized sodium alginate aggregates was 33.04 μm 
(Fig. S1b).

Fig. S3 compares the membrane permeability recovery after citric 
acid cleaning for the sodium alginate fouling solution, with and without 
CaCO₃ precoating. The results show that without the precoating, citric 
acid cleaning was largely ineffective, achieving a recovery rate of only 
14%. By contrast, with the CaCO₃ precoating, the recovery rate was 
improved (86%), indicating the role of the CaCO₃ precoating in citric 
acid cleaning. This is probably due to the chelating properties of citric 
acid [29]. The three carboxyl groups (–COOH) in its molecular structure 
exhibit a strong affinity for Ca2+ ions, and their reaction leads to the 
formation of complexes [57], which in turn promotes the structural 
loosening and detachment of the CaCO₃‑sodium alginate composite 
layer. Meanwhile, the resulting high-molecular-weight chelates provide 
abundant adsorption sites for sodium alginate, enhancing its removal 
from the membrane surface during flushing, thereby achieving higher 
permeability recovery after citric acid cleaning [58]. Fig. 4a presents the 
permeability recovery for both the precoating and continuous coating 
methods after acid cleaning when treating synthetic wastewater. The 
precoating method showed better performance, achieving 95% recovery 
after the first acid-cleaning cycle and maintaining an 87% recovery after 
the second cycle (Table 1). The continuous dosing method showed lower 
recovery, attaining 82% and 59% after the first and second cleaning 
cycles, respectively. The IC analyses of Ca2+ ion concentration provided 
a quantitative determination of the CaCO₃ consumption during citric 
acid reactions. Fig. 4b revealed a higher CaCO₃ consumption during acid 
cleaning in the continuous dosing method (1933 mg⋅m− 2 after the 1st 
cycle and 2335 mg⋅m− 2 after the 2nd cycle, respectively) compared to 
the precoating method (1598 mg⋅m− 2 after the 1st cycle and 1397 
mg⋅m− 2 after the 2nd cycle, respectively). In summary, the operational 
simplicity of the continuous dosing method came at the cost of higher 
CaCO₃ consumption and a suboptimal permeability recovery compared 
to the precoating method. To further evaluate the integrity of the CaCO₃ 
precoat layer and its ability to prevent foulant penetration, EDS analysis 
was performed on the membrane surface after precoating (Table S3). 
The results show that Ca and O together accounted for >95 at.% of the 
detected elements, while signals from the underlying membrane (Al and 
Ti) remained relatively low (Al: 0.67 at.%; Ti: 0.84 at.%), suggesting 
that the precoat layer was likely continuous rather than patchy. No 
fluorine (F) was detected, and other potential inorganic foulants such as 

Fig. 3. (a) Cross-section of pristine membrane (b) determination of MWCO for the ceramic NF membranes through PEG rejection analysis.
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P, Mg, Si, and Cl were present only at trace levels (<0.3 at.%). These 
results suggest that the CaCO₃ precoat layer may have served as an 
effective physical barrier, largely preventing the penetration or depo
sition of feedwater constituents (particularly small anions like F− ) onto 
the active membrane surface during the precoating process.

3.3. Restoration of permeability with and without coating with surface 
water

For the experiment filtering surface water (Schie Canal), Fig. 5a 

illustrates the temporal evolution of membrane permeability for three 
ceramic membrane types, namely an uncoated membrane, a precoated 
membrane with CaCO₃, and a membrane that was subjected to contin
uous dosing of CaCO₃, during surface water treatment, evaluated 
through three consecutive 6-hour operational cycles. These results are 
consistent with the findings observed with synthetic wastewater that the 
precoated membrane demonstrated the best permeability recovery 
(Table 2), exhibiting the highest recovery, followed by the continuously 
dosed variant, which also considerably outperformed the uncoated 
ceramic NF membrane in fouling experiments. This is because, in the 

Fig. 4. (a) Normalized permeability changes with precoat and continuous dosing (b) comparison of continuous dosing and precoats consumption.

Table 1 
Permeability recovery of model sewage with precoat and continuous dosing.

Citric acid cleaning CaCO₃ premix CaCO₃ precoat

First cleaning 82% 87%
Second cleaning 59% 82%

Fig. 5. (a) Normalized permeability changes with precoat, continuous dosing and without coat by treating surface water. (b) Irreversible membrane fouling 
resistance comparison of precoat, continuous dosing and without coating. (c) Comparison of water production performance of precoated, continuous dosing, and 
uncoated ceramic NF membranes during surface water filtration.

Table 2 
Permeability recovery of surface water with precoat and continuous dosing.

Citric acid cleaning CaCO₃ premix CaCO₃ precoat Uncoated

First cleaning 80% 95% 39%
Second cleaning 51% 87% 2%
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CaCO₃-foulant composite layer formed during surface water filtration, 
citric acid acts as a chelating agent [57], and its three carboxyl groups 
likewise exhibit a strong affinity for Ca2+ ions. By forming soluble cal
cium citrate complexes, citric acid effectively chelates the calcium ions 
within the CaCO₃ layer, thereby disrupting the “calcium bridge” struc
ture between CaCO₃ particles and humic-like organic matter [59]. This 
calcium bridge structure is a key linkage between the carboxyl groups of 
humic substances and the CaCO₃ surface [60]. As the CaCO₃ layer dis
solves and calcium ions are complexed and removed, the humic-mineral 
composite fouling layer originally attached to the membrane surface 
undergoes structural loosening and detachment [61]. Furthermore, the 
resulting high-molecular-weight chelates, such as calcium citrate, pro
vide adsorption sites for dissolved humic substances, facilitating their 
removal from the membrane surface during flushing [29]. The enhanced 
recovery can be attributed to the CaCO₃ layer acting as a sacrificial 
barrier, a fouling mitigation strategy that has been shown to effectively 
shield the underlying membrane from direct contact with foulants [29]. 
In addition, the uncoated membrane showed higher permeability re
covery when treating surface water (39% after the first cleaning, 
Table 2) compared to synthetic wastewater (14%). This discrepancy can 
be attributed to differences in foulant composition and cleaning mech
anisms. For synthetic wastewater containing only sodium alginate, citric 
acid cleaning lacks specific chemical interactions with the poly
saccharide gel layer, resulting in predominantly physical removal with 
limited efficacy. In contrast, surface water contains natural Ca2+ ions 
and humic-like substances. Even without a precoated layer, citric acid 
can chelate Ca2+ present in the fouling layer to form soluble calcium 
citrate complexes, thereby partially disrupting the calcium bridge 
structure between humic substances and mineral particles. This chemi
cal interaction accounts for the moderately higher recovery observed for 
the uncoated membrane during surface water treatment. The recovery 
remained limited (39%) and decreased sharply to 2% after the second 
cycle, indicating progressive accumulation of irreversible fouling that 
citric acid alone cannot remove.

Fig. 5b presents a comparative analysis of irreversible fouling resis
tance among the three ceramic membrane types. It reveals that the 
precoated membrane exhibited the lowest irreversible fouling index (3 
× 1010 m− 1 vs 21 × 1010 m− 1 after the 1st and 2nd cycles, respectively), 
suggesting its higher protective effect against contaminant adhesion and 
pore occlusion during surface water filtration, and thus a better 
permeability restoration compared to the membrane subjected to 
continuous dosing of CaCO₃. The lower irreversible fouling in precoated 
systems is consistent with the concept of forming a more porous and less 
compressible dynamic layer, which facilitated easier removal during 
chemical cleaning [62].

The consistent permeate output from the precoated and continuously 
dosed membranes, compared to the uncoated control, highlights the 
critical role of CaCO₃ coatings in maintaining a stable permeate pro
duction during a prolonged operation. Filtration performance moni
toring (Fig. 5c) demonstrated that both the CaCO₃-precoated membrane 
and continuous dosing system maintained consistent permeate flux 
across operational cycles. The unmodified membranes exhibited a pro
gressive flux decline, failing to sustain the target productivity of 40 
L⋅m− 2⋅h− 1 under the system's maximum operating pressure of 10 bar. 
These findings established that the synergistic implementation of pre
coating and continuous dosing strategies with CaCO₃ and subsequent 
citric acid cleaning reduced fouling-induced efficacy losses and 
enhanced process robustness in demanding water purification 
applications.

The model wastewater experiments were conducted at a flux of 20 
L⋅m− 2⋅h− 1 with 40 min filtration cycles to accelerate gel-layer fouling, 
whereas the surface water experiments were performed at 40 L⋅m− 2⋅h− 1 

with 6 h cycles, which is more representative of practical operation. 
These differences in flux and filtration duration inevitably affect foulant 
deposition kinetics, cake layer structure, and compressibility, thereby 
influencing the observed permeability recovery.

Despite these limitations, the qualitative trend remains consistent: 
the CaCO₃ precoated membrane consistently outperformed the contin
uous dosing method, and both outperformed the uncoated membrane, 
regardless of the water matrix. The observed differences in recovery 
between the two water types can be attributed to several factors. First, 
foulant composition differs substantially: sodium alginate forms a rela
tively homogeneous polysaccharide gel, whereas Schie Canal water 
contains complex humic-like substances, particulates, and microorgan
isms that produce a more heterogeneous and mechanically stronger cake 
layer. Second, the ionic environment, particularly the higher Ca2+

concentration (3 mM) in the model wastewater versus around 1.2 mM in 
surface water, affects the extent of calcium bridging, which in turn in
fluences the crosslinking density and acid-induced disruption efficiency 
of the fouling layer [63]. Third, the longer filtration duration in surface 
water experiments may allow for progressive consolidation and aging of 
the cake layer, making it more resistant to chemical cleaning [64].

The model wastewater experiments provide mechanistic insights 
under controlled conditions, whereas the surface water experiments are 
more representative of real-world performance. The consistent superi
ority of the precoating strategy across both systems supports its general 
applicability. Nevertheless, future studies employing identical flux and 
filtration duration for both water types, as well as testing a broader 
range of model foulants (e.g., protein-rich or algal organic matter), are 
recommended to enable more rigorous quantitative comparisons and to 
further delineate the applicability boundaries of this fouling control 
strategy.

3.4. Proposed cleaning mechanisms of coated and continuously dosed 
ceramic NF membranes

To investigate the interaction between CaCO₃ and humic-like sub
stances, the 3D-EEM fluorescence spectra of Schie Canal water without 
CaCO₃ (Fig. 6a) and with CaCO₃ (Fig. 6b) were compared. As shown in 
Fig. 6a and b, both water samples exhibited multiple well-resolved 
fluorescence peaks in the region of Ex 200–400 nm and Em 280–550 
nm, indicating the presence of various fluorescent organic components 
[65]. In Fig. 6a, two major humic-like fluorescence peaks were identi
fied. The first was located at Ex 230–240 nm/Em 340–390 nm, with 
maximum intensities at Ex 240 nm/Em 365 nm (19.62 a.u.) and Ex 240 
nm/Em 390 nm (16.96 a.u.), which is characteristic of UV humic-like 
substances. The second peak was observed at Ex 280–310 nm/Em 
340–380 nm, with the strongest signal at Ex 280 nm/Em 340 nm (33.93 
a.u.), corresponding to visible humic-like substances. After the addition 
of CaCO₃, a decrease in fluorescence intensity was observed for most 
humic-like peaks (Fig. 6b). This effect likely results from complexation 
between Ca2+ ions on the CaCO₃ surface and the carboxyl and phenolic 
groups of humic-like molecules. Such interactions alter molecular 
structure and reduce fluorescence quantum yield. [61]. However, not all 
peaks showed quenching. The peak at Ex 250 nm / Em 390 nm increased 
from 16.96 to 22.56 a.u. after CaCO₃ addition, suggesting that the 
adsorption of humic-like substances onto CaCO₃ particles may locally 
concentrate the fluorophores and partially enhance the fluorescence 
signal [66]. Meanwhile, the peak at Ex 240 nm/Em 360 nm remained 
relatively stable (from 19.62 to 18.76 a.u.), indicating that different 
fluorophores exhibit varying sensitivities to Ca2+ complexation. These 
results demonstrate that CaCO₃ alters the fluorescence properties of 
humic-like substances through combined complexation and adsorption 
effects.

The antifouling performance of the precoated membrane was 
demonstrated by its higher permeability recovery and lower irreversible 
fouling during surface water filtration (Fig. 5a, b; Table 2). To further 
confirm that this improved fouling resistance was not achieved at the 
expense of water quality, EEM analysis was performed on the permeate 
samples. For the precoated membrane (Fig. 6d), the fluorescence in
tensities of humic-like peaks were reduced to a similar extent for the 
uncoated membrane (Fig. 6c), with removal rates of approximately 91% 
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Fig. 6. Comparison of 3D-EEM fluorescence spectra of Schie Canal water: (a) without CaCO₃, (b) with CaCO₃ addition, (c) without CaCO₃ after filtration (d) with 
CaCO₃ addition after filtration.

Fig. 7. SEM images of (a) Top-section view of CaCO₃ precoating with a contaminant cake layer on the membrane surface; (b) cross-section view of CaCO₃ precoating 
with a contaminant cake layer; (c) top-section view of CaCO₃ premixed with a contaminant cake layer on the membrane surface; (d) cross-section view of CaCO₃ 
premixed with a contaminant cake layer.
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and 90%, respectively. This indicates that the CaCO₃ precoat layer, 
while serving as a sacrificial barrier to mitigate fouling [67], does not 
compromise the membrane's intrinsic separation capability for humic- 
like organic matter.

Moreover, the surface water used in this study (Schie Canal water) 
was characterized by a predominance of humic-like substances, as 
confirmed by 3D-EEM analysis, while sodium alginate served as a model 
polysaccharide foulant rich in carboxyl groups. The proposed CaCO₃ 
precoating/citric acid cleaning strategy relies on the formation of cal
cium bridges between Ca2+ ions and the carboxyl groups of organic 
foulants. Thus, this strategy is expected to be highly effective in waters 
containing sufficient Ca2+ (at least mM level) and carboxyl-rich organic 
matter, such as municipal wastewater and many surface waters. For 
waters with high protein content, which also contain carboxyl groups (e. 
g., from glutamic and aspartic acids), the strategy may remain effective. 
However, for waters dominated by algal organic matter, characterized 
by neutral polysaccharides and hydrophobic components with low 
carboxyl density, the calcium bridging effect may be weaker, potentially 
reducing cleaning efficiency. The applicability boundary of this strategy 
is therefore suggested for waters where carboxyl-rich organic matter and 
sufficient Ca2+ coexist. Future studies using waters with different 
organic compositions (e.g., protein-rich or algal organic matter- 
dominated waters) are needed to validate this strategy.

Fig. 7 presents a comparative analysis of two distinct interaction 
modes between CaCO₃ and the surface water contaminant layer on the 
membrane surface. In the precoating configuration (Fig. 7a and b), fine 
and uniformly distributed CaCO₃ particles were observed to cover the 
membrane surface, forming a continuous mineralized pre-layer, as 
shown in the top-view image (Fig. 7a). The corresponding cross- 
sectional view (Fig. 7b) confirmed a stratified structure: a dense 
CaCO₃ precoating was directly adhered to the membrane surface, 
overlaid by a contaminant layer. In comparison, under the premixed- 
condition scenario (Fig. 7c and d), CaCO₃ crystals appeared embedded 
within the contaminant matrix rather than forming a distinct underlying 
stratum. The surface view (Fig. 7c) revealed larger, irregularly shaped 
CaCO₃ aggregates dispersed throughout the contaminant material. The 
cross-sectional image (Fig. 7d) further illustrated a heterogeneous 
composite scale, wherein inorganic CaCO₃ particles and organic/ 
colloidal foulants were interwoven uniformly across the layer thickness, 
with no discernible interface between the inorganic scale and the 

organic deposit. The elemental composition and distribution of the 
formed layers were characterized through EDS. Fig. S5 and its corre
sponding quantitative data in Table S4 present the EDS mapping and 
elemental analysis of the CaCO₃ precoating overlaid with a contaminant 
cake layer on the membrane surface (Corresponding to Fig. 7a). Simi
larly, Fig. S6 and Table S5 provided the EDS images and quantitative 
results for the composite layer formed when CaCO₃ was premixed within 
the contaminant cake (Corresponding to Fig. 7b). These results 
demonstrated that the CaCO₃ precoating method led to a clearly strati
fied fouling architecture, whereas the in-situ formation of CaCO₃ in the 
presence of contaminants produced a more intricate and monolithic 
organic–inorganic composite scale layer.

The comparative morphological analysis of acid reaction behaviors 
between the precoated and continuously dosed membranes was pre
sented in Fig. 8, following fouling experiments using Schie Canal water. 
A digital microscope was first employed to examine the initial surface 
morphology of the pristine membrane (Fig. 8a). Characterization via 
digital microscopy distinctly revealed that the precoating method pro
duced a uniform and continuous CaCO₃ deposition layer on the mem
brane surface (Fig. 8b). The continuous dosing process resulted in CaCO₃ 
crystals being embedded and dispersed within the organic cake layer 
formed by foulants from the surface water (Fig. 8d). Upon citric acid 
treatment, both configurations exhibited active bubble generation due 
to the chemical reaction between CaCO₃ and acid (Fig. 8c and Fig. 8e). 
However, the precoated membrane showed visibly fewer bubbles 
compared to the continuously dosed system. This observed difference in 
CO₂ release was directly correlated with the previously quantified 
higher CaCO₃ consumption in the continuous dosing method, thereby 
confirming a clear divergence in reaction intensity and efficiency be
tween the two fouling control strategies.

This phenomenon probably involves two distinct mechanisms. The 
continuous dosing method resulted in an expanded interfacial contact 
area, which facilitated the thorough premixing of CaCO₃ particles with 
the contaminated solution, thereby enhancing reaction efficiency [68]. 
The observation that the precoating method achieved better cleaning 
efficacy than continuous dosing, despite lower total CaCO₃ consumption 
and less bubble generation, likely arises from the different spatial dis
tribution of reaction sites. In the precoating configuration, CaCO₃ forms 
a layer directly on the membrane surface beneath the foulant cake 
(Fig. 9a). When citric acid reaches this layer, CO₂ bubbles are generated 

Fig. 8. Comparative analysis of membrane surface modifications under digital microscopes: (a) Pristine membrane (b) CaCO₃ precoat (c) precoat with citric acid 
reaction (d) continuous dosing with CaCO₃ (e) continuous dosing with citric acid reaction.
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at or near the membrane–foulant interface. This could help loosen the 
foulant layer from underneath [69]. By contrast, in the continuous 
dosing configuration, CaCO₃ particles are dispersed throughout the cake 
layer (Fig. 9b), and CO₂ bubbles form at various positions within the 
cake rather than preferentially at the membrane surface [70]. This dif
ference in bubble location may contribute to the observed difference in 
cleaning efficiency. Direct visualization and quantitative mechanical 
analysis are needed to fully validate this mechanism.

3.5. Rejection performance of coated and continuously dosed ceramic 
membranes

The removal performance of the precoated, continuous dosing, and 
uncoated ceramic NF membranes during the treatment of Schie Canal 
surface water is comprehensively summarized in Table 4 and Fig. 10. 
Although the uncoated membrane achieved a relatively high DOC 
removal rate (90%), its rejection of divalent cations (Ca2+: 51%, Mg2+: 
61%) and specific anions (F− : 44%, PO₄3− : 55%) was limited. The 

Fig. 9. Mechanistic demonstration of precoating [29] and continuous dosing techniques with CaCO₃ combined with citric acid cleaning for ceramic NF membranes.

Fig. 10. (a) Water quality parameter test with coating and continuous dosing treatment. (b) Parameter removal after filtration with coating and continuous dosing 
treatment. (c) XRD patterns of continuous dosing and CaCO₃ precoated membrane surface after treating Schie Canal water.
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continuously dosed membrane showed slightly improved performance 
compared to the uncoated membrane, with comparable DOC removal 
(90%) and marginally enhanced conductivity reduction (43%). The 
continuously dosed membrane showed improved rejection of F− (82%) 
and PO₄3− (60%), suggesting that the presence of CaCO₃ within the 
fouling layer contributed to enhanced retention of specific anions 
through chemical interactions. The precoated membrane exhibited the 
highest overall rejection performance across all measured parameters 
(Fig. 10). Zeta potential measurements (Table 3) show that the pristine 
membrane is negatively charged (− 15.0 ± 3.75 mV), while the CaCO₃ 
precoat reverses the surface charge to weakly positive (+10.1 ± 3.39 
mV). This charge reversal promotes electrostatic repulsion of divalent 
cations (Ca2+ and Mg2+ > 68%), alongside other mechanisms including 
dynamic filtration and cake-enhanced concentration polarization. This 
charge reversal indicates that the CaCO₃ layer imparts a weak positive 
charge to the membrane surface, thereby enabling electrostatic repul
sion of divalent cations (Ca2+, Mg2+). The precoated membrane thus 
achieved higher rejections of divalent cations (>68%) compared to the 
pristine membrane (51–61%). Following fouling with Schie Canal water, 
the zeta potential decreased to +5.87 ± 0.4 mV, likely due to partial 
neutralization by negatively charged NOM adsorbed on the surface. Still, 
the surface remained weakly positive, suggesting that electrostatic 
repulsion of cations may still be partially effective during filtration. 
After citric acid cleaning, the zeta potential became nearly neutral at 
+2.84 ± 0.2 mV, indicating effective removal of the CaCO₃ precoat and 
most foulants, consistent with the high permeability recovery (95%). 
The incomplete return to the pristine negative value may be due to trace 
citrate adsorption or minor surface alterations, but this did not 
compromise subsequent recoating or overall membrane performance. 
The synergistic interaction between the positively charged precoat and 
the negatively charged membrane surface selectively improved the 
rejection of divalent cations [71]. This modification enhanced both 
electrostatic repulsion against similarly charged ions and steric hin
drance, thereby improving the selective retention of divalent species 
[72]. The exceptional removal efficiencies for specific anions, F− and 
PO₄3− , exceeded 98%. These high rejection values were likely driven by 
specific chemical interactions rather than purely physical mechanisms. 
These high rejection values could be attributed to the potential in situ 
formation of poorly soluble compounds, such as fluorite (CaF₂) or hy
droxyapatite (Ca₅(PO₄)₃OH), within or atop the filtration layer. This 
phenomenon aligns with previously reported mechanisms of 
precipitation-enhanced filtration, where dissolved ions react to form 
insoluble precipitates that are subsequently retained [73]. In addition to 
this charge effect, the porous CaCO₃ layer acts as a dynamic filtration 
barrier, while cake-enhanced concentration polarization and adsorp
tion/complexation with the precoat and organic matter may also 
contribute to cation retention. Unlike the bare membrane, where 
Donnan exclusion is the primary mechanism [74], the precoated system 
combines dynamic-layer filtration with chemical interactions. XRD 
analysis of the precoated membrane surface revealed diffraction peaks 
at 2θ ≈ 29.3◦ corresponding to CaF₂, as well as peaks at 2θ ≈ 31.8◦ (PDF 
#09-0432) corresponding to Ca₅(PO₄)₃OH (Fig. 10c). In contrast, the 
uncoated membrane showed no detectable crystalline phases of these 
sparingly soluble salts under identical measurement conditions, 
consistent with the low solid mass expected on the bare membrane 
surface. The continuously dosed membrane exhibited clear CaCO₃ peaks 
but only weak, near-background signals for Ca₅(PO₄)₃OH and no 

detectable CaF₂. These comparative data are consistent with the occur
rence of precipitation-enhanced rejection on the precoated membrane, 
where the sacrificial CaCO₃ layer may serve as a reactive substrate for 
the in-situ formation of CaF₂ and Ca₅(PO₄)₃OH. However, the relatively 
weak intensity of these precipitate peaks (compared to the dominant 
CaCO₃ pattern) suggests that precipitation is not the sole rejection 
mechanism; size exclusion and charge effects also contribute to the 
observed high removals (F− and PO₄3− > 98%). The precipitation 
mechanism is therefore proposed as an additional and enhanced factor 
rather than the exclusive pathway for anion rejection. The EDS analysis 
of the precoated membrane surface after filtration (Table S3) reveals the 
coexistence of Ca, F, and P on the membrane surface, with Ca being the 
dominant element (26.93 at.%) and F and P present at 0.001 at.% and 
0.17 at.%, respectively. Although these are not elemental distribution 
maps, the simultaneous presence of these elements on the membrane 
surface is consistent with the in-situ formation of sparingly soluble CaF₂ 
and calcium phosphate species within the CaCO₃ precoat layer. This 
elemental co-localization, together with the XRD peaks corresponding to 
CaF₂ and Ca₅(PO₄)₃OH (Fig. 10c), supports the interpretation that the 
high removals of F− and PO₄3− (>98%) may be at least partially 
attributed to precipitation-enhanced rejection. The CaF₂ diffraction peak 
at 2θ ≈ 29.3◦ (PDF #65-0535) partially overlaps with the main calcite 
(CaCO₃) peak at 2θ ≈ 29.4◦ (PDF #05-0586), which limits the precision 
of CaF₂ identification solely by XRD. Nevertheless, the Ca₅(PO₄)₃OH 
peaks at 2θ ≈ 25.9◦ and 33.0◦ are more distinct and less affected by 
CaCO₃ overlap, providing clearer evidence for phosphate precipitation. 
In addition, the significant difference in fluoride rejection between the 
precoated (98%) and continuously dosed (82%) membranes, combined 
with the EDS data showing F on the precoated membrane surface 
(Table S3) and the XRD control patterns (Fig. S7), collectively supports 
the occurrence of precipitation-enhanced rejection.

The continuously dosed membrane also showed enhanced F− and 
PO₄3− rejection (82% and 60%, respectively) compared to the uncoated 
membrane, further supporting the role of CaCO₃ in facilitating these 
chemical interactions. The high rejection rates of fluoride and phosphate 
(>98%) observed with the CaCO₃ precoated membrane do not imply 
conventional mineral scaling on the active NF membrane surface. 
Rather, the precipitation of sparingly soluble compounds such as CaF₂ or 
Ca₅(PO₄)₃OH occurs within the sacrificial CaCO₃ precoat layer, rather 
than directly on the underlying TiO₂ separation layer. Since both CaCO₃ 
and any co-precipitated CaF₂ or calcium phosphate are soluble under 
acidic conditions (citric acid, pH 2.9), the same cleaning step that 
removes the precoat layer also removes any inorganic precipitates that 
have formed. This is fundamentally different from scaling on the surface 
of a conventional bare membrane, which is typically irreversible and 
resistant to mild acid cleaning [75].

Furthermore, the treatment process achieved a substantial reduction 

Table 3 
Zeta potential of the ceramic NF membrane surface under different conditions.

Membrane condition Zeta potential (mV)

Pristine (uncoated) − 15.0 ± 3.75
CaCO₃-precoated +10.1 ± 3.39
Fouled (after surface water filtration) +5.87 ± 0.4
Citric acid-cleaning +2.84 ± 0.2

Table 4 
Water quality parameters of Schie Canal water before and after filtration.

Units Schie 
Canal 
water

Filtration 
without 
coat

Filtration 
with 
continuous

Filtration 
with coat

pH – 8.1 8.0 8.0 8.0
Conductivity μS/ 

cm
747 440 427 245

DOC mg/L 16.7 1.7 1.8 0.9
Na+ mg/L 40.5 19.7 19.2 13.0
K+ mg/L 7.5 2.7 3.3 1.9
Mg2+ mg/L 11.9 4.7 5.4 3.9
Ca2+ mg/L 98.4 48.6 49.3 30.6
F− mg/L 1.0 0.56 0.18 0.02
Cl− mg/L 54.3 30.9 25.7 17.6
Br− mg/L 2.1 1.8 1.4 1.2
NO₂− mg/L 5.9 3.3 3.1 2.3
PO₄3− mg/L 1.1 0.5 0.4 0.0
SO₄2− mg/L 78.1 36.3 36.6 22.4
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in bulk water parameters, a 65% decrease in electrical conductivity and 
a 94% removal of DOC. These results underscore the system's dual 
capability for effective desalination and concurrent removal of organic 
contaminants. The high DOC removal was presumably the result of a 
synergistic effect: the refined membrane pore structure provided 
enhanced size-based exclusion, while the accumulated cake layer itself 
exhibited a high affinity for adsorbing and retaining organic molecules. 
This combined mechanism has been documented in other studies 
involving layered or dynamically formed membrane systems [18]. Our 
findings highlight the superior multifunctional performance of the 
CaCO₃ precoating strategy compared to both the continuous dosing 
approach and uncoated membranes. While the uncoated membrane 
demonstrated baseline rejection capabilities and the continuously dosed 
membrane showed moderate improvements (particularly for F− and 
PO₄3− ), the precoating method demonstrated not only effective fouling 
control but also robust, simultaneous removal of a wide spectrum of 
contaminants, including ions, salts, and organic matter. This positions it 
as a promising strategy for advanced water treatment applications that 
demand high-efficiency, multi-contaminant removal capabilities. The 
high permeability recoveries (Table 2) observed after citric acid clean
ing suggest that no irreversible scaling occurred on the active membrane 
layer. To further assess the reversibility of the precipitation-enhanced 
rejection, EDS analysis was performed on the membrane surface after 
the final cleaning protocol (NaClO + HCl). As shown in Table S6, only 
trace amounts of Mg2+ were detected on the membrane surface, while 
no clear Ca, F, or P signals were observed. The pure water permeability 
recovered to >99% of its initial value after this cleaning procedure. 
These results suggest that both the sacrificial CaCO₃ layer and any co- 
precipitated CaF₂ or Ca₅(PO₄)₃OH were completely removed, leaving 
the active TiO₂ layer substantially free of inorganic residues. The minor 
Mg2+ is likely attributed to the weaker complexation affinity of citric 
acid for Mg2+ compared to Ca2+, and its presence does not compromise 
membrane performance. XRD analysis of the membrane surface after 
citric acid cleaning was attempted but could not be reliably performed 
due to the very low solid mass remaining on the membrane surface. This 
is consistent with the high permeability recovery (>95%) and the EDS 
results (Table S6), which show no detectable Ca, F, or P signals after 
cleaning, suggesting that both the sacrificial CaCO₃ layer and any co- 
precipitated CaF₂ or Ca₅(PO₄)₃OH were effectively removed.

3.6. Preliminary environmental and economic considerations

The use of chemical cleaning agents in membrane fouling control 
inevitably raises concerns about chemical emissions and resource con
sumption [76]. In this study, citric acid was employed as the primary 
cleaning agent, rather than mineral acids such as HCl or oxidizing agents 
like NaClO. Citric acid is a biodegradable organic acid [77], and 
compared to mineral acids produced through energy-intensive indus
trial processes (e.g., the chlor-alkali process for HCl), it may offer certain 
environmental advantages. A low concentration of HCl (0.01 mol⋅L− 1) 
was used only as a supplementary 5-minute rinse in the final rigorous 
cleaning protocol to dissolve residual CaCO₃ deposits after NaClO 
treatment, and this step is not part of the routine fouling control cycles.

The following discussion is a preliminary, qualitative consideration 
rather than a full environmental or economic assessment. Several 
important factors, including energy consumption for precoating depo
sition, pumping and mixing requirements, chemical transport, waste- 
liquid handling, sludge or precipitate disposal, membrane lifespan, 
cleaning frequency, operational downtime, and labor costs, are not yet 
accounted for in this analysis.

The proposed strategy has several potentially favorable features that 
require further investigation. The precoated membrane retained 87% of 
its permeability after the second cycle (Table 2), while the uncoated 
membrane recovered only 2%. Because the uncoated membrane does 
not benefit from the CaCO₃/citric acid reaction mechanism, it would 
require more frequent chemical cleaning to sustain operation in 

practice. Over the same three operational cycles, both the precoating 
and continuous dosing methods consumed only one-third of the NaClO 
used by a conventional cleaning approach that requires chemical 
cleaning in every cycle. By mitigating irreversible fouling, this strategy 
could potentially extend the effective lifespan of the ceramic membrane 
[76], although long-term validation is needed. In addition, conventional 
fouling control often relies on NaClO, whose production via chlor-alkali 
electrolysis is energy-intensive and can generate toxic byproducts such 
as adsorbable organic halides [78]. Conversely, citric acid is produced 
via fermentation.

In terms of economic feasibility, based on market price data as of 
January 2026 compiled from ChemicalBook (CaCO₃: approximately €60 
per ton; citric acid: approximately €550 per ton; 10% NaClO: approxi
mately €68 per ton; exchange rate: €1 ≈ $1.17, as of January 2026), the 
material cost per cycle for the CaCO₃ precoating/citric acid cleaning 
strategy is estimated to be approximately €0.01 (consuming 1.2 g of 
CaCO₃ and the corresponding amount of citric acid), whereas conven
tional chemical cleaning (NaClO) costs approximately €0.043 per cycle 
at lab scale. However, this estimate covers only direct material costs and 
does not include energy consumption for dosing, water loss during 
cleaning, sludge handling and disposal, membrane replacement fre
quency, or labor costs. Therefore, this cost comparison should be viewed 
as a rough indication of material expenses only, and not as a compre
hensive economic evaluation.

Regarding energy consumption associated with pumping operations, 
the precoating deposition step requires pumping the CaCO₃ suspension 
through the membrane module for approximately 7 min per cycle at 
8–10 bar, whereas continuous dosing requires only premixing of CaCO₃ 
with the feed water (negligible additional energy). Based on the mem
brane area (0.1045 m2) and flux (110 L⋅m− 2⋅h− 1) used in this study, the 
estimated pumping energy for precoating deposition is approximately 
0.02–0.03 kWh per cycle. This estimate is provided as a preliminary 
indication and does not represent a complete energy balance, as it does 
not account for energy associated with chemical production, transport, 
or waste treatment. When normalized to the volume of water treated per 
cycle (approximately 1.4 L), the absolute energy difference between the 
two strategies is small. Furthermore, the continuous dosing strategy 
consumes substantially more CaCO₃ and achieves lower permeability 
recovery, which may lead to more frequent cleaning and higher overall 
energy demand in the long term. In summary, while the CaCO₃ pre
coating/citric acid cleaning strategy shows several potentially favorable 
features from environmental and economic angles, a full life-cycle 
assessment, chemical discharge analysis, sludge handling evaluation, 
and long-term operational cost analysis are needed before drawing solid 
conclusions about its overall sustainability and cost-effectiveness.

4. Conclusion and perspective

This study presents a comparative analysis of CaCO₃ precoating of 
ceramic NF membranes versus continuous dosing of CaCO₃ to ceramic 
NF membranes. The conclusions are summarized as follows: 

• A comparative analysis of the experimental results revealed that 
while the continuous dosing method also exhibited good perme
ability recovery, the precoated membranes exhibited superior per
formance in both synthetic and real water matrices.

• The CaCO₃ precoat was successfully and uniformly applied to the 
membranes using a dead-end filtration process. When treating nat
ural surface water, these precoated membranes achieved the highest 
levels of permeability restoration and, critically, the lowest degree of 
irreversible fouling. This was quantitatively demonstrated by its 
lower irreversible fouling resistance after the second operational 
cycle (3 × 1010 m− 1), compared to the continuous dosing (21 × 1010 

m− 1) and uncoated membrane (72 × 1010 m− 1). The proposed 
mechanism for this improvement was attributed to the precoat layer 
acting as a protective barrier. It likely reduced direct foulant 
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adhesion by acting as a protective sacrificial barrier, thereby miti
gating irreversible fouling.

• Water quality data from the feed and permeate of the ceramic NF 
membrane systems treating Schie Canal water demonstrate that the 
precoated membranes performed well in electrical conductivity 
reduction (65%) and DOC removal (94%). Divalent ions (Ca2+, 
Mg2+ > 68%) and anions (F− , PO₄3− > 98%) also exhibited high 
rejection efficacies.

• Preliminary environmental and economic considerations indicate 
that the CaCO₃ precoating/citric acid cleaning strategy uses a 
biodegradable organic acid and shows lower direct material costs 
compared to conventional NaClO-based cleaning at lab scale. How
ever, the precoating deposition step requires additional pumping 
energy, and a full life-cycle assessment is needed before definitive 
conclusions can be drawn regarding its overall sustainability and 
cost-effectiveness.

• Future work using interrupted cleaning experiments, in situ visual
ization with transparent model systems, and COMSOL simulations of 
bubble nucleation, growth, and interfacial shear stress are needed to 
quantitatively validate the proposed bubble-mediated detachment 
mechanism.

• This study focuses on short-term antifouling performance. Long-term 
stability and durability under realistic conditions have not been 
systematically evaluated. Key aspects, such as flux decline, fouling 
development, permeability recovery after repeated cleaning, resid
ual CaCO₃ accumulation, and temporal changes in ion rejection, 
require further investigation through extended filtration experi
ments (e.g., around 15 days of continuous or cyclic operation). The 
current findings represent lab-scale proof-of-concept evidence and 
are not sufficient to support full-scale implementation. Future work 
will include pilot-scale and long-term operational studies to validate 
this strategy under practical conditions.
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