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Proposition
Accompanying the dissertation

Ceramic Membranes for Fouling and Organic Micropollutant Control

Integration of Catalytic Modification and Advanced Oxidation
Processes

by
Shuo ZHANG

1. Permeability decline during the filtration of nano-sized particles can be
largely affected by concentration polarization (this thesis).

2. Cleaning of fouled ceramic membranes can be enhanced by Fenton-like
backwash (this thesis).

3. Ceramic membranes with low catalysts loadings and oxidant dosing are
effective in fouling mitigation and micropollutant degradation (this
thesis).

4. Fouling has a minimal effect on the degradation of micropollutants in the
coupled system with catalytic membranes and oxidant dosing (this thesis).

5. Low-loaded catalyst approaches, offering a high treatment efficacy with
reduced costs, hold potential for broader application.

6. The contributions of coexisting reactive species—beyond the dominant
one—to pollutant degradation should be carefully considered, particularly
when treating complex water matrices.

7. The development of ceramic membranes with smaller pore sizes is
essential for achieving precise separation of target molecules or ions,
particularly in applications that demand high selectivity under chemically
harsh conditions.

8. Two-dimensional materials can be integrated as the selective layer in
ceramic membranes to improve permeability, due to their ultrathin
thickness and minimal transport resistance.

9. Whatever unfolds today, the sun will rise again tomorrow — unshaken
and sure.

10. ““Empty talk harms the nation, practical action helps it thrive.” —
(Xiaoping Deng, 1992)

These propositions are regarded as opposable and defendable, and have been
approved as such by the promoters Prof.dr.ir. L.C. Rietveld and Dr.ir. S.G.J. Heijman
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1.1. Ceramic membranes in water treatment

The rapid growth of industrialization, urbanization, and global population over
recent decades has intensified the pressure on water resources, making water
scarcity a critical challenge to sustainable development (Dong et al., 2022).
More advanced technologies are thus required for clean water production and
wastewater reclamation. Membranes have been regarded as a promising
alternative in water and wastewater treatment. Although polymeric membranes
currently dominate the market, they suffer from poor resistance to chemicals,
and high fouling propensity, due to their hydrophobic nature. In contrast,
ceramic membranes, known for their robustness, chemical stability, and long
lifespan, offer a good alternative to conventional polymeric membranes in
various water treatment applications, including wastewater reuse, and removal
of specific contaminants (Asif and Zhang, 2021).

Ceramic membranes are typically fabricated from inorganic materials such as
alumina (Al>Os3), zirconia (ZrQ,), titania (TiO), or silicon carbide (SiC),
having a high mechanical strength and thermal stability, which make them
withstand harsh operating conditions, including high temperature, extreme pH,
and exposure to aggressive chemicals. Based on the pore sizes, ceramic
membranes can be classified into microfiltration (MF) ultrafiltration (UF), and
nanofiltration (NF) with pore sizes ranging from > 100 nm, 1-100 nm, and <
1 nm, respectively. The large range of pore sizes of ceramic membranes makes
them suitable for both industrial and drinking water treatment. As a highly
effective and promising separation technology, ceramic membranes have
therefore a growing research interest in water treatment, as evidenced by the
exponential increase in related publications over the past decades (Fig. 1.1a).
As reviewed by Dong et al. (2022), ceramic membranes for water treatment
have mainly been employed for applications such as the treatment of oily water
and organic wastewater.

MF, UF, and NF, used for water treatment, account for 40%, 42%, and 18% of
the applications, respectively, as shown in Fig. 1.1b. Ceramic MF/UF
membranes, with relatively large sizes, are effective in the removal of
suspended solids, bacteria, and organic macromolecules, common
contaminants in water and wastewater streams. However, ceramic NF
membranes are still emerging, with limited commercial suppliers and few
standardized products on the market. Moreover, the small pore sizes of ceramic
NF membranes require precise fabrication, often involving expensive materials
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and precise process control. Its high production costs, therefore, limit its wide
application.

Despite the broad application of ceramic membranes in water treatment,
several challenges remain, including high production costs, limited rejection
of small, organic micropollutants, membrane fouling, and the relatively low
permeability caused by the dense selective layers.
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Figure 1.1. (a) Number of publications on ceramic membranes for water
treatment from 1991 to 2025, based on a Web of Science search conducted in
March 2025 using the keywords “ceramic membrane AND water treatment.”
(b) Percentage of different types of ceramic membranes reported in water
treatment studies, based on Web of Science search conducted in March 2025
using the keywords “ceramic microfiltration/ultrafiltration/nanofiltration
membrane or ceramic MF/UF/NF membrane AND water treatment.”

1.2. Fouling in ceramic membrane filtration

Natural and industrial waters typically contain a wide variety of dissolved and
suspended constituents, including organic matter, inorganic salts, colloids,
microorganisms, and particulate matter. In industrial effluents, the
compositions, mainly depending on the source and process, are even more
complex. Membrane fouling occurs when these contaminants accumulate on
the membrane surface or within its pores, leading to reduced permeability,
resulting in increased energy consumption, and higher operational costs. In an
earlier study Jafari et al. (2021) have quantified that the costs of membrane
fouling in seven full-scale installations accounted for up to 24% of the total
treatment cost. However, in the treatment of anoxic groundwater, the induced
low fouling potential reduced the cost to 11%.




1.2. Fouling in ceramic membrane filtration | Page 14

Fouling mechanisms are typically categorized into pore blocking and cake
layer formation, where pore blocking contributes more to the flux decline,
compared to cake formation (Lin et al., 2023). To reveal the fouling mechanism
of pore blocking and cake fouling, varying models have been developed (Field
et al., 1995; Herima, 1982). The fouling retained in the pores is much harder
to remove, which will lead to irreversible fouling. The cleaning method, such
as hydraulic backwash, is more effective in removing cake layer fouling, while
it has limited efficacy against pore blocking. It often requires chemical or
advanced oxidative cleaning to address irreversible fouling.

Ceramic membranes, despite their high mechanical strength and chemical
resistance compared to polymeric membranes, still face fouling challenges
during water treatment applications. In fact, fouling remains one of the primary
limitations hindering the broader application of ceramic membranes in water
and wastewater treatment (Asif and Zhang, 2021). Consequently, fouling has
attracted increasing attention from researchers and engineers. As shown in Fig.
1.2a, the number of studies focusing on fouling in ceramic membranes has
grown rapidly over the past few decades, reflecting the critical importance of
fouling in both academic and practical domains. Among these studies, the
majority have concentrated on ceramic UF membranes, which account for 44%
of all ceramic membrane types (Fig. 1.2b). Among the typical organic foulants
that cause membrane fouling, alginate, humic acids, and bovine serum albumin,
which represent polysaccharide, humic substances, and protein fouling,
respectively, have been widely studied due to their prevalence in natural and
industrial wastewater systems. Taking alginate as an example, it originates
mainly from algal and microbial activity in natural water, while in wastewater,
they are abundant in biological effluents and sludge-derived substances. Their
strong affinity for divalent cations like Ca** promotes alginate gel formation
and the development of a dense, resistant fouling layer on membrane surfaces,
leading to severe permeability decline. Traditional cleaning methods, such as
hydraulic backwash and forward flush, can be ineffective in the detachment of
such pertinacious fouling from ceramic membranes (Chen and Columbia, 2011;
Lin et al., 2021). Therefore, there is a need to develop novel strategies to
mitigate fouling on ceramic membranes, particularly the fouling retained
within the membrane pores.
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Figurel. 2. (a) Number of publications on fouling of ceramic membranes from
1991 to 2025, based on a Web of Science search conducted in March 2025
using the keywords “ceramic membrane AND fouling.” (b) Percentage of
different types of ceramic membranes reported in fouling studies.

1.3. Pollutant removal by ceramic membranes

The efficiency of contaminant removal by ceramic membranes largely depends
on the membrane’s pore size, which determines its separation mechanism (Fig.
1.3). MF membranes (>100 nm) are commonly used to remove the larger
contaminants, such as colloids; UF membranes (10-100 nm) can also remove
macromolecules, (pathogenic) micro-organisms, and proteins; NF membranes
(0.7-1 nm) are designed to remove low-molecular-weight compounds and
some dissolved solutes. In addition to size exclusion, other mechanisms such
as charge repulsion (Donnan exclusion) and surface interactions (e.g.,
hydrophobicity) contribute to pollutant rejection, particularly in ceramic NF
membranes (Arki et al., 2019; Asif and Zhang, 2021; Chen et al., 2022). These
combined mechanisms enable commercial ceramic NF membranes to achieve
a partial removal of (small) ions and organic contaminants.

However, due to the technical challenges associated with precise fabrication,
the smallest pore sizes of currently available commercial ceramic NF
membranes typically fall within the range of 200400 Da (approximately 0.7—
0.9 nm). Despite these nominal specifications, the actual pore sizes are often
larger than those indicated by manufacturers. Previous work has revealed that
10 out of the 29 commercial ceramic NF membranes exhibited surface defects
exceeding 5%, while similar problems have also been reported in commercial
ceramic UF membranes (Kramer et al., 2019). These relatively large pore sizes
and the presence of defects limit the applicability of ceramic NF membranes,
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especially in comparison to the polymeric counterparts, for the removal of
small-sized, dissolved contaminants such as heavy metals and emerging
organic pollutants (Fujioka et al., 2014). These contaminants often have a size
much smaller than the nominal pore sizes of ceramic membranes, resulting in
insufficient rejection. This limitation is also evident in the existing literature: a
screening of the Web of Science database using the keywords ‘“ceramic
membrane AND micropollutant OR emerging organic pollutant” yields only a
limited number of studies, further highlighting the current gap in research and
application in this field.

Various surface and structural modifications of ceramic membranes have been
proposed to narrow their pore sizes and enhance separation performance,
especially for NF. One of the approaches for surface modification is atomic
layer deposition (ALD), which offers atom-level control over the deposition of
inorganic and organic-inorganic hybrid layers, respectively. This technique
enables the conformal coating of membrane pores with ultra-thin, uniform
layers, effectively reducing the pore diameter while preserving membrane
integrity. Ceramic membranes with a pore size of 0.7-2.9 nm have been
narrowed to 0.5-1.1 nm by ALD (Nijboer et al., 2024; Shang et al., 2017).
However, the ALD-modified NF membranes frequently suffer from a high
permeability loss, e.g., dropping from 26 L/(m*h-bar) at 1 nm to 11
L/(m?-h-bar) at 0.8 nm pore size (Shang et al., 2017). Also, metal-organic
frameworks and zeolites, because of their tunable pore sizes and functional
chemistry, have been grown onto ceramic membranes to enhance the rejection
of small-sized contaminants. Despite their promising separation performance,
these materials also tend to induce considerable permeability losses. This
trade-off between selectivity and permeability thus presents a major challenge
for practical applications of modified membranes, underscoring the need for
continued optimization in layer thickness, porosity, and interfacial
compatibility to minimize transport resistance while maintaining a high
rejection efficacy.



Chapter 1 | Page 17

MF UF NF
(>100 nm) (10-100 nm) (0.7-1 nm)

L) Suspended Ul Marco L) Sugar
particles molecules L] Multivalent

U Large 1 Pathogens salts
colloids U Proteins L) Some OMPs

Figure 1.3. Pore sizes of commercial ceramic membranes, and their application
in the removal of contaminants.

1.4. Permeability loss caused by concentration
polarization and fouling

Membranes can experience a high permeability loss during filtration,
especially when treating a complex feedwater. The permeability loss is
typically attributed to fouling. However, osmotic pressure or concentration
polarization (CP) can also lead to a high permeability loss, especially at the
initial stage of filtration. The understanding of the contribution of fouling and
CP to permeability decline is important for the optimization of membrane
performance.

CP refers to the accumulation of retained dissolved compounds or colloids near
the membrane surface, leading to the development of a concentration gradient
between the membrane interface and the bulk solution. As water permeates
through the membrane, the matters are rejected and become concentrated near
the membrane surface. CP is defined by (C;,, — C)/(Cp — Cp), where Gy, Cp,
and Cpis solute concentration at the membrane surface, in the permeate side,
and in the bulk, respectively. The increasing solute concentration near the
membrane surface can result in elevated osmotic pressure and reduced driving
force across the membrane, thereby lowering the permeate flux, exacerbating
membrane fouling, and potentially affecting the rejection of other
contaminants, such as OMPs.

The CP is widely studied using the traditional film diffusion mode, due to its
simplicity and its ability to provide relatively reliable estimations under
conditions of low CP and minimal fouling. However, it does not account for
the effects of fouling on the mass balance, which can lead to deviations (Liu et
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al., 2018). The high salt rejection by reverse osmosis membranes can result in
arelatively large CP, compared to NF and UF. The CP caused by ions in reverse
osmosis systems is typically in the range of 1-2 (Qiu and Davies, 2015). In
contrast, the CP of ions in NF, UF, and MF can generally be neglected due to
their lower ion rejection.

When filtering feedwater containing nano-sized contaminations like colloids,
the high rejection by NF, UF, or MF and the low diffusion of these colloids can
lead to a high CP of these contaminants, potentially leading to a high
permeability loss. However, limited studies have focused on colloidal CP in
membrane filtration. Moreover, the traditional CP model does not allow for
quantification of the contribution of CP to permeability decline, which may
lead to a misunderstanding of the relative contribution of CP and membrane
fouling to flux loss.

1.5. Modification of ceramic membrane for fouling and
OMPs removal

To address the challenges associated with ceramic membranes, various
modification strategies have been developed to enhance their selectivity and
antifouling properties by altering the surface chemistry, pore structure, or
functionality of ceramic membranes.

The use of metals in ceramic membranes has been a strategy to enhance their
antifouling properties and OMP removal efficacy. Metals, including transition
metals (e.g., iron, titanium, manganese) and noble metals (e.g., palladium,
platinum), are typically introduced as nanoparticles, coatings, or dopants,
either on the membrane surface or within its porous structure.

As discussed in Section 1.3, ALD has been used to modify the ceramic
membranes. However, a few cycles of ALD growth can lead to a discontinuous
layer on the membrane surface, thus influencing the membrane performance
(Zhou et al., 2018), while the extension of ALD cycles for a continuous
separative layer could lead to a low porosity, which will, in turn, result in a low
permeability (Shang et al., 2017).

However, the metal-based materials such as TiO, CuFe,Os, and Pd have also
been grown on the membrane surface or within the pores, to act as catalysts.
The catalytic ceramic membrane can then be coupled with advanced oxidation
processes (AOPs), such as Fenton-like reactions, photocatalysis, or
peroxymonosulfate (PMS) activation, to enhance the removal of fouling and



Chapter 1 | Page 19

OMPs (Dong et al., 2022). Despite their advantages, the long-term stability of
catalytic ceramic membranes remains a concern. One of the major challenges
is the leaching of catalytic coating during operation, especially when treating
harsh feedwater. Metal leaching not only compromises the structural and
chemical stability of the membrane but also reduces catalytic activity over time.
Besides, excessive catalyst loading may introduce pore blocking, resulting in
permeability loss. The large loading of catalysts can also increase the
fabrication costs, and even deactivate the catalytic process. It has been reported
that overloading can result in reduced catalyst use efficacy and quenching of
the radicals induced by AOPs (Feng et al., 2017; Li et al., 2018).

1.6. Strategies to reduce the cost of ceramic membrane
applications

As discussed above, the cost of materials and operation is still one of the major
challenges limiting the wider application of ceramic membranes. To address
this limitation, several strategies have been proposed.

Using low-cost materials. The cost of polymeric membrane is 20-200 $ m 2,
comparing to 500-3000 $ m2 for Al,O; and ZrO, based ceramic membranes,
according to the review of Dong et al., (2022). Therefore, using lower-cost
materials, such as mineral-based or waste-derived materials, represents a
promising strategy to reduce the overall production cost of ceramic membranes.

Using low-cost manufacturing techniques. The formation of ceramic
membranes normally requires high sintering temperatures (up to 1500—
1700 °C) (Dong et al., 2022). Therefore, one of the promising methods is to
use sintering additives in the sintering process to reduce final sintering
temperature. In addition, the thick selective layers of ceramic membranes not
only increase manufacturing costs but also reduce permeability, which in turn
raises operational costs. Consequently, developing thinner selective layers is
another effective strategy for cost reduction.

Optimization of filtration process. The total cost of membrane application also
includes operational costs (Jafari et al., 2021). Optimizing the filtration process
can therefore significantly reduce the overall costs. Filtration parameters such
as flux, pressure, and cross-flow velocity can be adjusted to improve energy
efficiency and reduce fouling formation. In addition, an appropriate cleaning
strategy, such as the choice of cleaning agents, the cleaning interval, and the
cleaning duration, can be further optimized to lower chemical use and
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maintenance costs. Pretreatment of the feedwater can also contribute to
removing large particles or NOM, which can reduce fouling formation and
increase water production. Moreover, coupling ceramic membranes with AOPs
can improve the removal of fouling or OMPs. Together, these optimization
methods can significantly decrease the operational cost of membrane systems.

1.7. Overall objective and research questions

According to the discussion presented above, fouling and OMPs removal are
still a challenge for ceramic membranes. Further modification of ceramic
membranes may suffer from permeability decline after coating, which limits
their application. Therefore, the presented study aims to develop novel ceramic
membranes with a high permeability that are able to mitigate fouling and
enhance OMPs removal.

The overall objective is further specified into the following research questions
(RQ):

o  RQ I: What is the contribution of CP and fouling to permeability decline?

o  RQ2: How does Fenton-like cleaning influence backwash?

o RQ3: Can ceramic membranes with low-loading catalysts achieve
effective degradation of OMPs?

o  RQ4: What role does fouling play in the degradation of OMPs by catalytic
ceramic membranes?

1.8. Thesis outline

In Chapter 2, a new method is described to distinguish the effect of fouling
and CP on permeability decline in the filtration of nano-sized contaminants.
Therefore, the contribution of fouling and CP to permeability loss was
determined. Besides, the traditional model was modified to better estimate the
CP values.

In Chapter 3, the integration of Fenton-like backwash with a catalytic ceramic
membrane was proposed. The backwash intensities, i.e., pressure and duration,
and fouling structures are presented to reveal their effect on the cleaning.

In Chapter 4, catalytic ceramic membranes, fabricated by ALD, to achieve a
low loading of catalysts, are discussed. The modified membranes were
evaluated for OMPs’ removal under varying conditions, including different
catalytic loading, PMS concentrations, pH, ions, fluxes, and types of
feedwaters (brine and river water). Besides, the mechanisms, such as the
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dominant reactive species and the contribution of catalysts grown on the
surface and in the pores, were determined.

In Chapter 5, the simultaneous degradation of fouling and OMPs during
membrane filtration, with a special focus on the effect of fouling on OMPs
degradation, is described. The PMS concentrations, foulant types, fluxes, and
calcium were studied in this work. In addition, the effect of fouling on the
contribution of reactive species to OMPs degradation was revealed.

The thesis ends with Chapter 6 on conclusions and outlook.
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Abstract

A large decrease in permeability is often observed during the filtration of nano-
sized colloids, while fouling is widely regarded as the main explanation for
this phenomenon. The osmotic pressure or concentration polarization (CP) of
colloids can also contribute to the flux decline. However, the contribution of
CP to flux loss cannot be determined by the traditional CP model. This work
aims to evaluate colloid-induced CP by eliminating the effect of fouling,
thereby revealing the impact of CP and fouling on flux decline. In this study,
the effects of fouling and CP/osmotic pressure on flux were distinguished. The
CP values of polyethylene glycol (PEG) and silica-colloids were determined
by the osmotic pressures near the membrane surface and in the feed. The CP
induced by colloids accounted for 43-95% of the flux loss in our experiments.
Silica exhibited higher CP values (127-460), compared to 7-71 for PEG. This
was attributed to the slower back diffusion caused by the larger colloids, as
evidenced by the diffusion coefficients of 4.30x10!"" m?/s for silica (10 nm)
and 1.45x10'° m%s for PEG (2.9 nm). Although the CP was mitigated by
increasing the cross-flow velocity, CP values of 31 and 250 were observed for
PEG and silica at high Reynolds number of 7317, respectively. The
experimentally obtained CP values were also compared with those calculated
by the film diffusion model.
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2.1. Introduction

During the filtration by pressure-driven membranes, such as reverse osmosis
(RO) and nanofiltration (NF), a transmembrane pressure as the driving force is
applied onto the membrane, and particles and dissolved components will be
retained on the feed side (Van Der Bruggen et al., 2003). However,
concentration polarization (CP) inevitably occurs during this filtration process,
leading to the accumulation of dissolved compounds and colloidal particles
near the membrane surface. This will potentially result in a decrease in
permeability of the membrane (Shirazi et al., 2010; Subramani et al., 2006).
Therefore, understanding CP is important for the interpretation of permeability
decrease when filtering dissolved compounds and colloids (Hejase and
Tarabara, 2021; Hoek and Elimelech, 2003; Li et al., 2018).

Colloidal particles are prevailing in the aquatic environment and can have
either an organic or an inorganic composition in a size range from 1 to 1000
nm (Tang et al., 2011). During filtration of feedwater containing colloids, the
membrane is prone to a considerable flux decline. Although colloidal fouling
would not result in a high resistance increase due to the relatively large size of
colloids compared to the pore size of the NF membrane, the CP of colloids near
the membrane surface can cause a sharp rise in the osmotic pressure potentially
affecting the permeability of the membrane (Gowman and Ross Ethier, 1997
May et al.,, 2021; Quay et al., 2018; Rey et al., 2019). Elimelech and
Bhattacharjee have demonstrated that the CP for 2 nm-size rigid hard spherical
particles in crossflow filtration was around 300 at a feed pressure of 4 bar
(Elimelech and Bhattacharjee, 1998). It has also been revealed that the CP of
bovine serum albumin and lysozyme in RO membrane could reach up to a
value of 4645 and 612, respectively (Quay et al., 2018). In addition, CP values
of around 300 have been found for macromolecular polymers in polymeric NF
(May et al., 2021), RO (Laghmari et al., 2021), and ultrafiltration membranes
(Minnikanti et al., 1999). Although high CP values were revealed in filtration
of macromolecule, flux decline was attributed more to fouling because the
contribution of CP to flux decline cannot be quantified from the traditional
model like the film diffusion model used for CP calculation. Moreover, for
practical applications, mitigation of fouling and CP/osmotic pressure
phenomenon can be completely different. Fouling is normally removed by the
cleaning such as forward flush, backwash, and chemical cleaning, while CP
mitigation can be achieved by: a) increase turbulence in order to decrease the
CP-layer near the membrane surface, b) decrease permeate flux, and c)
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decrease concentration of colloids in the feed. Hence, it is also important to
understand the effect of fouling and CP/osmotic pressure on permeability
decrease for practice.

The film diffusion model is widely used in the rejection of molecules (ions etc.)
to estimate the CP (May et al., 2021; Sablani et al., 2001; Subramani et al.,
2006; Zhou et al., 2021). In a membrane system, the convective flow drives
solutes towards the membrane and at the same time the solutes are rejected by
the membrane. These solutes (ions, molecules, or colloids) also move away
from the membrane surface owing to back diffusion. The phenomenon is
depicted in Fig. 2.1a. Hence, when reaching equilibrium, this solute transport
can be described by the following solute mass balance equation (Eq. 2.1) (May
et al., 2021):

dc .
Je=p 2.1

dx+]Cp

Where J is the flux (m/s), D is the solute diffusion coefficient in the solvent
(m?%s), x is the distance from the membrane surface (m), C and C, are
concentrations of solute near the membrane surface and permeate side (g/L),
respectively. Integrating Eq. 2.1 towards a boundary layer condition gives Eq.
2.2 (Subramani et al., 2006):

el

G -G, = exp F) = exp

Where § is the thickness of the boundary layer near the membrane (m), K is
the mass transfer coefficient (m/s) in the boundary layer, £ is the CP factor, C,,
and C, are the solute concentrations near the membrane surface and in bulk
(g/L), respectively. If the size of the solute is larger than the membrane pore
size, the solute is completely rejected by the membrane, and as a result, C,, is
equal to zero. In this case, the CP factor can be described by Eq. 2.3 (Zhou et
al., 2021):

p-o-co(y

The mass transfer coefficient K in Eq. 2.3 is generally determined by the
Sherwood equation (Eq. 2.4) (Sablani et al., 2001):
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K dy b o.c wdp\? jv\© 2.4
Sh—T—aRe Sc —a(T) (5)

Where Sh is the Sherwood number, Re is the Reynolds number, Sc is the
Schmidt number, a, b, ¢ are empirical constants, u is the flow velocity (m/s),
dj, is the (tubular) hydraulic diameter of the membrane channel (m), v is the
kinematic viscosity of the fluid (m?/s). However, when fouling deposits on the
membrane surface (Fig. 2.1b), the solute mass balance described by Eq. 2.1 in
the film diffusion model is not valid, because it does not involve the mass of
fouling. Therefore, Eq. 2.1 should be re-formulated into Eq. 2.5 to include the
fouling part (Liu et al., 2018). a represents the ratio of the total mass turning
into fouling, but it could be affected by the complex hydraulic conditions and
the thermodynamics of the solute. Given that this phenomenon is dynamic and
complicated, a is difficult to be measured or presumed (Liu et al., 2018). In
addition, the film diffusion model should also consider the effect of fouling on
the CP and boundary layer thickness (&) (Fig. 2.1a and 2.1b). The real 6* (Fig.
2.1b) is probably only equal to 6’ for a clean membrane. Also, for the solute
concentrations near the membrane surface (C,,,’ and C,,”), they should only be
the same when no fouling was formed on surface.

dc 2.5
JCc=D E+]Cp+a]C

Most studies limit their focus on the influence of the caked-enhanced CP
(CECP), caused by the enhanced osmotic pressure of the retained ions in the
fouling layer (Chong et al., 2008; Hoek and Elimelech, 2003). So far, the effect
of fouling itself on the CP has been neglected. However, a significant deviation
in CP resulting from the film diffusion model has been found when employing
a more accurate model like the finite element numerical model (Subramani et
al., 2006). This deviation is particularly pronounced at low feed flow velocity
and high flux (Subramani et al., 2006; Gowman and Ross Ethier, 1997; Aimar
etal., 1994; Kim and Hoek, 2005; Song and Liu, 2012). In addition, a deviation
between directly monitored values and modelling results has been observed
with respect to the CP profiles and the thickness of the boundary layer (Chen
et al., 2004; Gowman and Ross Ethier, 1997).
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Figure 2.1. CP profiles without (a) and with (b) fouling formation.

Fouling will not contribute to the osmotic pressure, hence the CP value can be
predicted from the osmotic pressures near the membrane surface and in the
feed. According to Van’t Hoff’s theory, osmotic pressure has a linear relation
with the concentration for an ideal solution (Budd, 1989; Nikolova and Islam,
1998). When all solutes are retained by the membrane, the permeate-side
osmotic pressure is equal to zero. Therefore, CP can be expressed in Eq. 2.6:

_Cn my Am 2.6
B_Cb_ﬂb_nb

Where Ar (Pa) is the osmotic pressure difference across the membrane,
m,and 1, are the osmosis pressures (Pa) on the membrane surface and in the
bulk solution, respectively.

For a nonideal solution, the relation between osmotic pressure and
concentration is nonlinear. However this nonlinear relationship is easily
overlooked when the osmotic pressure is used in the prediction of CP by the
traditional model (Boussu et al., 2007; Cai et al., 2021; Chong et al., 2007;
Mahlangu et al., 2014). To address this challenge, the above equation (Eq. 2.6)
is rewritten as shown in Eq. 2.7.

g = Cm _ f(4m) 2.7
Cp f(mp)
Where f(Arm) and f(m;,) means that C,,, and C},, are the functions of Amw and
T}, respectively.

In order to contribute to the understanding of the role of CP enhanced osmotic
pressure of colloids on the permeability of membranes, we developed a
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strategy to evaluate the CP generated by colloids and the flux loss only caused
by CP in ceramic NF, while the effect of fouling on CP prediction was
eliminated. To distinguish between the flux declines caused by fouling and CP,
pure water flux was measured before and after filtration of colloids. The
osmotic pressure generated near the membrane was also obtained via the
above-mentioned method. Afterwards, the CP of two model colloids,
polyethylene glycol (PEG) with a molecular weight of 6000 Da, and silica with
a diameter of 10 nm, were obtained. Although measuring flux before and after
filtration has been used to evaluate fouling resistance, this method has not been
applied to distinguish the contributions of fouling and CP to flux loss or to
calculate CP. In this work, a short-cycle filtration of colloids was also
conducted to understand the effect of CP and fouling on flux decline, compared
with a long-cycle test. Given that the Sherwood equation is widely used in the
film diffusion model for CP prediction, the theoretical results were compared
with our experimental CP values. CP of colloids under various crossflows was
also examined in this work.

2.2. Materials and methods

2.2.1. Filtration set-up and materials

Ceramic NF experiments were carried out in a crossflow setup, as shown in
Fig. 2.2. Tanks 1 and 2 contained feed solutions of demineralized water and
targeted solution, respectively, where a three-way valve was used to change
the feed solutions. Two solutes of PEG (Sigma-Aldrich, Germany) with a
molecular weight of 6000 Da, corresponding to 2.9 nm (Eq. S2.1), and silica
(LUDOX® SM colloidal silica, Sigma-Aldrich, Germany) with an average
particle diameter of 10 nm (Fan et al., 2007; Liu et al., 2017) were used. The
commercial TiO, NF membrane (Inopor GmbH, Germany) had one channel of
7 mm internal diameter, 100 mm in length, and a porosity in the range of 30-
40%. The effective filtration area of the membrane was 0.000163 m? The
ceramic NF had a measured molecular weight cut-off (MWCO) of 1623 Da
(Fig. S2.1), corresponding to a pore size of 1.66 nm (Text S2.1), suggesting
that both PEG and silica will be completely rejected.




2.2. Materials and methods | Page 34

.............................

Three
way valve

Feed
tank 1

Balance

Figure 2.2. Cross-flow filtration setup

2.2.2. Permeability declines caused by CP and fouling

CP is regarded as reversible phenomenon by removing colloids from the feed,
while fouling, in the absence of cleaning (either hydraulic or chemical), is not,
which can be observed through the flux decline (Airey et al., 1998; Jonsson,
1995). Therefore, our experiments were divided into three parts (Fig. 2.3) to
distinguish between the effect of fouling and CP on the permeability decrease
of the membrane.

In the first step, demineralized water was filtrated over the pristine membrane.
In this way, flux of the clean membrane can be expressed by Eq. 2.10:

_ AP 2.10
Uw R

Jw

Where J,, is the permeate flux of demineralized water (m/s), u,, is the dynamic
viscosity of demineralized water (Pa s), R, is the membrane resistance (1/m),
and AP is the applied pressure (Pa). The permeability of the clean membrane
during pure water filtration (L,, in m) is defined as the inverse of hydraulic
membrane resistance, as shown in Eq. 2.11 (Verberk, 2005):



Chapter 2 | Page 35

Jw thw 2.11

1
R, AP

L, =

In the second step, the solution, containing colloids, was filtrated at the same
applied pressure, and therefore an extra osmotic pressure difference (Am)
occurred. Permeability (L in m) is the result of membrane resistance and
fouling resistance (R in 1/m). In addition, the L can be described by flux (J in
m/s), the dynamic viscosity of permeate-side solution (u), and the effective
transmembrane pressure (AP — Am). Hence, L is described by Eq. 2.12:

1 Ju 2.12

L = =
Rm+R; AP —Am

In the final step, demineralized water was used again to measure the
permeability of the fouled membrane (L, in m) through the measured flux (J,.
in m/s), as presented in Eq. 2.13. During this step, the concentration gradient
on the membrane surface will be eliminated which means that the osmotic
pressure disappeared, but membrane fouling still existed.

Lot Tk 2.13
" Rn+Rf AP

During steps 2 and 3, the total resistances were caused by the membrane itself
and fouling resistance, which means that L was equal to L, (Verberk, 2005).
Therefore, when Eq. 2.12 and 2.13 are combined, A will be determined. Since
the rejection by the NF membrane was complete, the values of Am and m,,
were equal, and also the viscosities were equal: u = u,, (Field and Wu, 2022).
Hence Am can be obtained through Eq. 2.14:

ATt = 1y = AP (1-%) 2.14
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Figure 2.3. Schematic diagram to separate the effect of fouling and osmotic
pressure Am on flux, where step 1, 2, and 3 means the consecutive filtration of
demineralized water with virgin membrane, targeted colloidal solution, and
demineralized water in sequence.

2.2.3. Osmotic pressure

The relations between osmotic pressure and concentration of PEG and silica
were shown in Fig. S2.2. The osmotic pressure equation (Fig. S2.2a) for the
PEG (Mw=6000) was obtained from literature (Alexandrowicz, 1959; Nichol
et al., 1967). However, there is no proper relation between concentration and
osmotic pressure of charged hard colloids like silica. This is because the
counter ions in the diffuse double layer of the charged colloids also contribute
to the osmotic pressure. The calculated osmotic pressure for uncharged hard
spheres via Eq. S2.3, described in Text S2.2, therefore always underestimates
the osmotic pressure of charged hard spheres (Fig. S2.2b). Hence osmotic
pressure of silica in this study was based on the virial expansion equation (Eq.
S2.2) fitted with osmotic pressures measured by Osmomat 090 osmometer
(Gonotec, Berlin, German), as described in Text S2.2 and shown in Fig. S2.2b.
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2.3. Results and discussions

2.3.1. Effect of CP and fouling on flux decline

To distinguish between CP and fouling caused by colloidal particles,
experiments were conducted with PEG and silica colloids, as described in the
section of Materials and Methods. Detailed results of the conducted filtration
experiments are given in Table 2.1. Prediction of CP via the film diffusion
model (Eq. 2.3) is normally based on the constant mass transfer coefficient of
K calculated from Sherwood equation (Eq. 2.4) (Peeva et al., 2004). However,
various K values were found in our runs. Sutzkover et al. developed a method
to evaluate K via the permeate flux before and after adding the trace salt
(Sutzkover et al., 2000). However, their results gave a scattered image of the
K values (e.g., 102% error), even when the Re numbers and equipment
geometries were similar. It was argued that K can be affected by the factors
such as hydraulic conditions, viscosity, the concentration gradient, the suction
effect, and solute-membrane interaction (Bader and Veenstra, 1996; Bhatia et
al., 2007; Drazevié et al., 2014; Field and Wu, 2022; Gekas and Olund, 1988;
Kim and Hoek, 2005; Sutzkover et al., 2000). Hence, employing a constant K
in the film diffusion model may limit the acquirement of an accurate CP. In
addition, our results indicate that the osmotic pressure difference (A7) between
membrane surface and permeate side cannot be ignored, e.g., in the case of 10
g/L. PEG, the induced Am was 2.80 bar accounting for 56% of the applied
pressure of 5.02 bar.

In addition, Fig. 2.4 shows the flux declined with time for (a) PEG, and (b)
silica with different concentrations. The filtration was performed with pure
water, colloidal solution, and pure water in sequence. Fig. 2.4a and b indicate
that the initial flux declined with an increase in PEG or silica concentration,
afterwards the flux tended to reach a plateau in all runs. The flux recovered
rapidly when the feed was switched from a colloidal solution to pure water at
the last step. The rapid, initial flux declines were probably attributed to the
immediately generated osmotic pressure and adsorption of pollutants
(Akamatsu et al., 2020; Bacchin et al., 2002; Chen et al., 1997; Koyuncu et al.,
2004; Lin et al., 2021; Matthiasson, 1983; Nghiem and Schifer, 2002). Wang
and Song found that an equilibrium exists in membrane separation to reach a
steady-state flux, and such flux will attain a lower plateau for the concentrated
solution, which is in agreement with our finding (Wang and Song, 1999). The
flux loss during moderate fouling would mainly be related to the gradual build-
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up and compression of the cake layer. At the last step, where water was filtered
over the fouled membrane, colloids that raised the transmembrane osmotic
pressure were flushed away with clean water, and therefore, the permeability
was restored rapidly. However, the retained foulants on the membrane
inhibited the flux from regaining its initial performance.

Based on the effect of fouling and osmotic pressure on flux, the recovered part
of the flux can be considered as the attribution of osmotic pressure, and the
irreversible flux decline is the result of fouling, as explained in Fig. 2.3. In all
series of operations, it is observed that the CP had a prominent impact on the
flux loss, as shown in Fig. 2.4. The contribution of CP to the flux decline can
be described by (J, — )/, —J)*x100%. 95% of flux loss due to CP was
found in filtering 5 g/L PEG at 3 bar. Due to the high back diffusion of ions,
CP of ions typically ranges from 1 to 2 in spiral-wound RO or NF treatment
(Qiu and Davies, 2015; Yang et al., 2003). Consequently, these low CP values
of 1ons have a limited effect on flux decline. However, as shown in Table 2.1,
CP of 7-71 and 127-460 was found in the filtration of PEG and silica,
respectively. The relatively high CP of colloids compared to ions thus exerted
a more pronounced effect on flux decline. This finding suggests that in the NF
of colloids, more attention should be paid to the CP and its potential effect on
water production and fouling.

To further explore the impact of fouling and CP on flux decline, an additional
short fouling cycle was employed before the long fouling cycle (Fig. 2.5a and
2.5b). During this experiment, demineralized water was filtered over a clean
membrane for a few minutes, then the feed was adjusted to the colloidal
solution for a short time (short fouling cycle), demineralized water, the
colloidal solution for a longer time (long fouling cycle), and demineralized
water, respectively. Here it is observed (Fig. 2.5) that the flux recovery of both
PEG and silica during the first, short fouling cycle, was similar to that after the
second, much longer, fouling cycle. This illustrates that colloidal fouling
mainly formed at the beginning of the filtration. Moreover, a sharp flux loss
also existed in this short-time fouling cycle, indicating that the effect of CP and
fouling on flux behaviour occurred rapidly and simultaneously at the initial
stage, with less dependence on filtration duration. The rapid formation of the
CP layer in the initial phase of filtration has been directly monitored (Luo et
al., 2010; Fernandez-Sempere et al., 2009; Salcedo-Diaz et al., 2014). In
addition, Hoek et al. (Hoek et al., 2002) reported that in RO and NF, the
increased osmotic pressure (i.e., enhanced by CP) was more significant
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compared to the negligible drop of hydraulic pressure across the fouling layer,
thus dramatically reducing the driving force for flux.
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Table 2.1. Experimental conditions and results of filtering PEG and silica in ceramic NF.

Flux, L/(m?-h)

Feed C/"E Ab:r’ Pure water Silica/PEG Pure water ggr’ ﬂ;rr’ C;'i’ ><11<(;'6 CP
£ () () () ®

1.58 36.5 33.7 35.2 0.065 13.1 3.64 13.1

1 3.05 68.1 61.2 65.7 4.2 0.211 32.8 4.87 328

4.10 91.2 80.6 88.2 x1073 0.352 46.6 583  46.6

5.40 125.3 97.9 112.1 0.684 70.5 6.39  70.5

1.67 43.1 34.7 42.6 0.311 42.9 4.48 8.6

PEG 5 3.00 73.2 49.5 71.9 2.3 0.936 84.5 4.86 16.9

4.00 94.1 53.5 82.5 x1072 1.404 105.5 488  21.1

4.94 112.6 65.0 107.2 1.946 125.1  5.60 25.0

1.65 42.2 24.6 39.1 0.613 66.0 3.62 6.6

10 3.00 72.8 36.7 69.2 5.0 1.410 105.7  4.32 10.6

3.96 97.2 45.6 83.8 x107 1.806 1204  5.09 12.0

5.02 120.6 45.8 103.7 2.804 150.2  4.69 15.0

1.52 45.0 353 40.2 0.187 563.8 1.87 1879

3 2.27 65.2 47.4 55.1 4.5 0.316 736.8 239 2456

3.00 84.0 55.5 69.2 x107 0.595 1015.7 2.65 338.6

Silica 4.00 109.2 66.0 90.8 1.093 1380.0 2.99 460.0

1.61 55.4 349 443 0.340 7642  2.00 1274

6 2.15 69.2 44 4 55.9 1.0 0.442 874.0 248 1457

3.17 99.9 47.6 80.0 x10* 1.286 14983 239 249.7

4.10 125.1 50.4 102.5 2.083 19099 243 3183
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Figure 2.4. Flux decline with the time of (a) PEG, and (b) silica-colloids with
different concentrations for the distinction of the impact of fouling and osmotic
pressure/CP on flux. The ceramic NF membrane was performed with water,
colloidal solution, and water in sequence. All of the continuous operations were
at a constant pressure of 4 bar, and a crossflow velocity of 0.5 m/s.
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Figure 2.5. Flux decline with (open symbols) and without (closed symbols)
additional short-time fouling cycle for (a) 5 g/L PEG, and (b) 6 g/L silica.

2.3.2. Effect of applied pressure on CP

CP values of PEG (Mw=6000) and silica were depicted in Fig. 2.6 and 2.7.
Based on Eq. 2.14, the Am was obtained, and afterwards the solute
concentration near the membrane surface was determined by the relationship
between osmotic pressure and concentration (Fig. S2.2a and S2.2b). Then, the
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CP values were calculated by the colloid concentrations near the membrane
interface and in the feed.

It can be observed from Fig. 2.6a that CP increased with pressure for both PEG
and silica. The driving force (AP — Am), increasing with the applied pressure,
resulted in a higher flux. This will, in turn, lead to a higher CP, according to
Eq. 2.2. Fig. 2.6a also shows that at a lower PEG concentration, pressure
played a more important role in the CP increase, compared to the higher PEG
concentration, e.g., the CP of 1 g/ PEG grew to 65.5 at 5.4 bar, 5.3 times
higher than CP (i.e., 12.3) at 1.58 bar, while for 10 g/L PEG, the CP only
increased 2.5 times when the applied pressures raised from 1.65 to 5.02 bar. In
addition, Fig. 2.6a and 2.6b show that the CP of silica (in the range of 127-460)
was larger than when filtering PEG (in the CP range of 7-71). Based on the
Stokes-Einstein equation, larger particles have a smaller diffusion coefficient
(Bowen and Jenner, 1995). Compared with the high diffusion coefficient of
ions (in the order of magnitude of 10 m%/s), the diffusion coefficients of PEG
and silica were calculated at 1.45%107'% and 4.30x10°'! m%/s, respectively. As a
result, larger-size silica (10 nm, diameter) was prone to accumulation at the
membrane surface on account of its low back diffusion, thus generating a
higher CP than small-size PEG (2.9 nm, diameter). Similarly, such high CP
indexes generated by macromolecules have also been discovered by groups of
Elimelech (Elimelech and Bhattacharjee, 1998; Quay et al., 2018), Ulbricht
(Laghmari et al., 2021; May et al., 2021), and Tang (Liu et al., 2020).
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Figure 2.6. CP was calculated from measurements at different transmembrane
pressures for (a) PEG, and (b) silica with various concentrations at a constant
cross-flow velocity of 0.5 m/s.

2.3.3. Experimental and theoretical CP

Fig. 2.7 shows how flux correlated with the CP during membrane filtration. It
indicates that for both PEG and silica, at a given flux, CP values were similar,
e.g., the CP of 246 for 3 g/L silica at the flux of 1.13x10”°> m/s was comparable
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to 250 for 6 g/L silica at the flux of 1.13x10 m/s. This implies that CP was
more affiliated with flux than bulk concentration, which has also been
confirmed by literature (Jang et al., 2019). Moreover, an increase in CP with
flux was observed. For instance, CP increased 5 times, rising from 13 at
9.37x10”° m/s to 71 at 2.72x10 m/s, in the case of 1 g/L PEG. This was
because that the larger driving force due to the higher flux can lead to more
accumulation of colloids near the membrane surface.

Evaluation of CP by the film diffusion model is also depicted in Fig. 2.7. The
assessment was realized by employing various Sherwood equations from
literature in the film diffusion model (dash lines in Fig. 2.7) (Chang et al., 2012;
Gekas and Hallstrom, 1987; Imbrogno and Schéfer, 2019; Sutzkover et al.,
2000; van den Berg et al., 1989). The solid lines for both PEG and silica in Fig.
2.7 were based on our calibrated Sherwood equation ( Sh =
0.027 Re%868 5c025)  The calibration was achieved by employing our
experimental CP values in Eq. 2.3 to get the values of K (Table 2.1), then
various values of K were used in Eq. 2.4 to calibrate the Sherwood equation.
The calibrated Sherwood equation ( Sh = 0.027 Re%868 5¢025 ) was
comparable to the ones used in literature (Chang et al., 2012; Gekas and
Hallstrom, 1987; Imbrogno and Schifer, 2019; Sutzkover et al., 2000; van den
Berg et al., 1989). However, the deviation between experimental and
theoretical CP values was observed. The CP deviation caused by the film model
was also found when comparing to CP values which was obtained from the
finite element numerical model (Subramani et al., 2006). As discussed in the
Introduction, the effect of fouling has not been considered in the film model,
which can lead to the CP deviation. Besides, the constant K employed in the
film diffusion model will also impact the acquirement of an accurate CP. As
shown in Table 2.1, the K varied under different filtration conditions, which is
consistent with the previous finding (Sutzkover et al., 2000).

CPrax values in Fig. 2.7 referred to the theory of close-packing density
(Bacchin et al., 2002). Taking silica as an example, the maximal possible silica
concentration should be 1961 g/L, when the close-packed volume fraction
(74%) was taken into account with an assumed silica density equal to 2650 g/L
(Bacchin et al., 2002; Persoff et al., 1999). Therefore, the CPax of 654 and 327
was obtained for 3 and 6 g/L silica, respectively. When the steady-state flux is
reached, the CP layer will become constant. Once the colloidal concentration
is higher than the CPmax (Bacchin et al., 2006, 2002; Wang and Song, 1999),
the extra colloids will be flushed away from the CP boundary layer or
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converted to fouling which can increase the thickness of cake layer (Chen et
al., 1997; Luo et al., 2012, 2010; Yang et al., 2003). However, CPmax is not
taken into consideration in the film diffusion model, thus leading to the high
CP, e.g., 1694 for 3 g/L silica at the flux of 1.8x107> m/s, which was 3.7 times
higher than the experimental CP (i.e., 460), and beyond CPmax (i.c., 654).

Our findings demonstrated that a high osmotic pressure near the membrane
wall can be caused by colloids due to the high CP. The CP values given here
were based on the fitted virial expansion equations used for the relation
between osmotic pressure and concentration of the colloids (Text S2.2, Fig.
S2.2a and S2.2b). However, for silica, when the osmotic pressure equation (Eq.
S2.3) based on Carnahan-Stirling theory for hard-sphere particles was
employed (Pasquier et al., 2016), completely different silica CP values were
given (Fig. S2.3a and S2.3b). As shown in Fig. S2.2, the calculated osmotic
pressures of silica via Eq. S2.3 were underestimated, because the contribution
of counter ions to osmotic pressures was not considered in the Carnahan-
Stirling theory (Jonsson et al., 2011). Consequently, the concentration of silica
near the membrane wall will be overestimated when using Eq. S2.3. As a result,
it led to an overestimation of silica CP values, as shown in Fig. S2.3. However,
for PEG, this problem does not arise because PEG is uncharged and does not
have counterions that contribute to osmotic pressure. This suggests that more
attention should be paid to the relation between colloidal concentration and
osmotic pressure, especially when colloids are with charges.
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80 - Sh = a-ReSc* /

[ a, b, o
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Figure 2.7. Theoretical and experimental CP vs. flux for (a) 1, 5, and 10 g/L
PEG, and (b) 3 and 6 g/L silica at a cross-flow velocity of 0.5 m/s. The solid
curves in both (a) and (b) on behalf of the predicted CP profile were obtained
through the film diffusion model by using the same calibrated Sherwood
equation with calibrated constants of a=0.027, b=0.868, and c=0.25, while
dashed lines represented the theoretical CP with flux via the film diffusion
model through employing different Sherwood equations from literature
(Chang et al., 2012; Gekas and Hallstrom, 1987; Imbrogno and Schifer, 2019;
Sutzkover et al., 2000; van den Berg et al., 1989).

2.3.4. Effect of cross-flow velocity on CP mitigation

CP of both colloids were also evaluated via our method under various cross-
flow velocities (i.e., Re numbers), as shown in Fig. 2.8. CP values of both PEG
and silica decreased as Re numbers increased from 3532 to 7317 (Fig. 2.8a). It
is reported that CP can be mitigated at a high cross flow due to the promoted
back diffusion process of solutes and the elevated shear forces (Hoek et al.,
2002; Qiu and Davies, 2015; Yang et al., 2003). However, compared to the Re,
it was found that colloidal size played a more crucial role in CP. The CP value
of silica, for example, was still as high as 250 under a high cross flow with Re
number of 7317, which was higher than CP (48) of PEG at a small Re of 3532.
Fig. 2.8 b and ¢ show that as Re increased from 3532 to 7317, the contribution
of CP to flux decline was reduced from 71% to 50% for PEG and from 48% to
35% for silica, suggesting that increasing the cross-flow velocity can
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effectively mitigate the CP effect on flux. Although CP values (Fig. 2.8a) and
CP contributions to flux decline (Fig. 2.8b and 2.8c), for the smaller-size
colloids of PEG, were much smaller than that of silica, the normalized flux
(Fig. S2.4) shows that the higher CP found in silica led to a more significant
flux drop during the filtration of colloids. The prominent flux drop was
probably attributed to the synergetic effect of CP and fouling because high CP
caused by the larger-size colloids can facilitate fouling formation.
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O 40t
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Figure 2.8. (a) Experimental CP values with various Re numbers for 1 g/L. PEG
and 3 g/L silica, and contributions of CP and fouling to flux loss for (b) PEG
and (¢) silica.
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2.4. Conclusion

In this study, we proposed a new strategy to determine the contribution of
fouling and CP to flux decline by comparing the pure water flux before and
after filtering colloidal solutions with a ceramic NF membrane. Besides, CP
values of PEG and silica colloids were evaluated via the osmotic pressures in
the feed and near the membrane surface by this method. The main conclusions
were:

1)

2)

3)

4)

5)

6)

Flux loss of 43-95% during filtration of colloids was caused by CP-
enhanced osmotic pressure near the membrane wall.

Silica colloids with a diameter of 10 nm, 3 times larger than PEG (2.9 nm),
resulted in the largest CP due to the slow back diffusion from the
membrane surface towards the bulk.

CP values evaluated from the film diffusion model gave a deviation
because the inaccurate K values calculated from the Sherwood equation
were used in the model. In addition, CP values beyond the CPmax were
calculated from the film diffusion model.

CP of uncharged colloids like PEG was evaluated through the established
relation between its high concentrations and osmotic pressures. However,
CP prediction of hard spherical charged colloids like silica can be subject
to the potential contribution of counter ions to osmotic pressure.

As Re number increased at higher cross-flow velocities, the CP of the two
colloids (PEG and silica) was decreased but remained at a high level,
especially for the larger colloidal particles of silica.

Contribution of CP to flux loss for silica can be reduced at a higher Re
number. However, the effect of the higher CP resulting from larger-size
colloids on fouling formation should be taken into account.
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Supporting Information

Text S2.1. Relation between molecular size and molecular weight of PEG

The correlation between the molecular size of PEG (d; in nm) and their
molecular weight (M,,, in Da) is given in previous work (Shang et al., 2017),
as shown in Eq. S2.1. The MWCO of ceramic NF was 1623 Da (Fig. S2.1),
corresponding to a pore size of 1.66 nm, where the MWCO measurement can
be found in previous studies (Kramer et al., 2019; Shang et al., 2017).

ds = 0.065(M,,)0*38 S2.1
1.2
1
= 0.8
g = Measurement
g 06 — Model
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Figure S2.1. Molecular weight cut-off of the ceramic NF membrane.

Text S2.2. Calculation of osmotic pressure of colloids

For a nonideal solution, previous studies found that osmotic pressure would
deviate from van’t Hoff’s law. Therefore, the virial expansion has been used to
express the osmotic pressure (Eq. S2.2) (Bonnet-Gonnet et al., 1994;
McClendon, 1981, p. 6; Michel and Kaufmann, 1973, p. 600; Vilker et al.,
1984):
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T 1 2
m=(M+A2C+A3C +)

S2.2

Where R is the ideal gas constant (0.083 L bar/(K mol), T is the temperature

(K), c is the concentration (g/L), M is the molar mass (g/mol), and A,(mol L/g?)
and As(mol L?/g?) are the second and third virial coefficients account for the

deviations from ideal condition.

As for the colloidal particle silica with a diameter of 10 nm, the osmotic
pressure is the consequence of its particle, not the molecule of silica (Bonnet-

Gonnet et al., 1994). As a result, M in Eq. S2.2 is associated with the silica

particle instead of the single-molecule silica (60.08 g/mol). If we assume that

both the silica particle and silica molecule (Si—O bond length is 0.16 nm) are

hard spheres, one colloidal silica particle contains 30517.6 molecules of silica,

contributing to 1833496 g/mol of molar mass. As given in Fig. S2.2, the

osmotic pressures of both PEG and silica rapidly increased with the
concentration, and at the same concentration, silica showed a lower osmotic

pressure due to its larger size and higher density.

Eq. S2.3 is the osmotic pressure equation for silica based on the Carnahan-
Stirling theory for hard-sphere particles (Pasquier et al., 2016), where ¢ is the
volume fraction defined by ¢ = C,,,/p (p is the density of silica, 2650 g/L).

N 1+o+¢*—¢° S2.3
RTC,,  (1—¢)3
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Figure S2.2. The osmotic pressure equations of (a) PEG (Mw = 6000) from
literature (Alexandrowicz, 1959; Nichol et al., 1967) by the regression analysis,
and (b) silica based on measurement and fitting. The solid lines in (a) and (b)
were based on the virial expansion of Eq. S2.2, while the dash line in (b) was
based on the Eq. S2.3.
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Chapter 3

Fouling removal in ceramic ultrafiltration
membrane via catalyst modification with

Fenton-like backwash
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Abstract

Fouling remains a critical challenge for ceramic ultrafiltration membranes,
limiting their long-term performance for water treatment. Fenton-like
reactions have been widely used for fouling removal due to the formation
of strong radicals. Integrating these reactions into backwash offers a
promising strategy for fouling control. However, it has been unclear how
Fenton-like backwash is influenced by operational parameters and fouling
structures. Here we reveal the key factors influencing Fenton-like
backwash by systematically studying its performance under varying
conditions, such as backwash pressure (0.3—1 bar), duration (18—36 min),
fouling structure (caused by 1-5 mM Ca), and the long-term operation, to
provide an effective and practical cleaning. CuFe,Os4 was grown on
ceramic ultrafiltration membranes due to its stability and high catalytic
efficiency in activating Fenton-like reactions. We found that Fenton-like
backwash achieved the highest cleaning efficacy of approximately 70%
over three cycles at a low backwash pressure of 0.3 bar, while hydraulic
backwash remained ineffective under all conditions. Backwash pressure,
rather than duration, was identified as the dominant factor governing the
Fenton-like cleaning, due to its impact on the residence time of Fenton-
like agents (H20,). The presence of a high Ca concentration (3 and 5 mM)
altered the fouling behaviour, and reduced the cleaning efficacy of Fenton-
like backwash. This reduction was attributed to the formation of rigid
alginate clusters that were resistant to Fenton-like reactions. The
contribution of *OH to the enhanced Fenton-like backwash was confirmed
by the quenching experiments. Furthermore, the CuFe,0Os-coated
membranes exhibited stable flux recovery (83%-94%) in the long-term
treatment of a concentrated alginate (800 mg/L), showed low or negligible
leaching in harsh environments (30 mM H»O», 0.1% NaClO or 10 mM
NaOH), and maintained comparable performance after 96 h aging by 30
mM H,O. This study clarifies the factors governing Fenton-like backwash
and demonstrates that a robust and effective strategy for fouling removal
can be achieved by coupling this cleaning method with catalytic ceramic
membranes.
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3.1. Introduction

Ceramic ultrafiltration (UF) membranes have been regarded as a promising
technology in the treatment of various complex polluted waters, due to their
high thermal stability, low carbon footprint, and resistance to chemicals (Chen
et al., 2022). However, membrane fouling can account for 11%-24% of the
operational expenses in treatment plants (Jafari et al., 2021). In addition, more
than 60% of flux decline is caused by the fouling formed on the ceramic
membrane, as reported by Zhang et al. (2024). Among the different natural
organic matter (NOM) fractions, polysaccharides—particularly alginate—
have been identified as major contributors to irreversible membrane fouling.
Compared to other organic foulants such as humic acids and proteins, alginate
forms a dense and sticky gel layer that is more resistant to conventional
cleaning techniques (Alresheedi et al., 2019a). The NOM fouling can be
influenced by the water matrix and operational parameters (Alresheedi et al.,
2019a). For example, alginate fouling is further deteriorated by the presence
of divalent cations such as calcium (Ca), which can interact with alginate to
alter its physicochemical properties. These interactions lead to aggregation,
crosslinking, and compaction of the fouling layer, thereby reducing membrane
permeability and increasing cleaning difficulty (Alresheedi et al., 2019b;
Zhang et al., 2017). As such, effective removal of alginate-Ca-induced fouling
remains a bottleneck in the operation of ceramic UF membranes.

Hydraulic backwash is commonly employed to remove loose foulants from the
membrane surface, but its efficacy against compacted alginate-Ca fouling is
limited. Reported cleaning recoveries range from as low as 23% for ceramic
membranes to below 1% for polymeric ones (Angelis and Cortalezzi, 2016;
Resosudarmo et al., 2013). This low efficacy results from the hydraulically
irreversible nature of alginate fouling layer, which adheres strongly to the
membrane surface and resists physical cleaning. To address this, various
fouling mitigation techniques have been explored, including enhancing
membrane hydrophilicity, chemical cleaning with sodium hydroxide (NaOH),
hydrochloric acid (HCI), or sodium hypochlorite (NaClO), and integration with
advanced oxidation processes (AOPs) (Xu et al., 2022; Zhao et al., 2022;
Alresheedi et al., 2019b). However, hydrophilic modifications can deteriorate
fouling when adhesive forces dominate over surface properties (Xu et al.,
2022). Chemical cleaning with NaOH and HCl yields modest efficacies of 31%
and 45%, respectively (Ding et al., 2023). NaClO can achieve 60% alginate
removal contributing to its oxidative potential (Alresheedi et al., 2019a).
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However, NaClO, as harsh chemical, can pose environmental challenges due
to its harsh nature and the need for post-treatment of cleaning wastewater (Ding
et al., 2023). AOPs, which generate reactive radicals for foulant degradation,
offer a promising alternative. For instance, ozone-based cleaning in place
outperforms NaClO and NaOH due to the radical-induced degradation, but its
practical application is limited by low efficacy and high energy demands
(Alresheedi et al., 2019b). These limitations underscore the need for alternative,
sustainable, and cost-effective cleaning strategies.

Fenton-like reaction, one type of AOPs, has been regarded as a potential
solution for the removal of persistent fouling. In these reactions, hydroxyl
radicals (*OH) can be induced from hydrogen peroxide (H>0») in the presence
of catalysts such as CuFe,O4, which exhibits a higher activity and stability over
other spinel ferrites in radical generation (Feng and Zhang, 2023). Importantly,
H,O, decomposes into water and oxygen, making it an environmentally-
friendly oxidant. Previous studies have integrated Fenton-like reactions into
forward flush using catalytic ceramic membranes, and demonstrated enhanced
fouling removal (Lin et al., 2021). However, these methods require continuous
dosing of H>O; during a long-time flush process, leading to increased costs and
concerns over oxidant consumption and residuals. An alternative and less-
explored approach is to couple Fenton-like reactions with backwash. In
hydraulic backwash, operational parameters such as backwash pressure and
duration have been widely studied to physically loosen the cake layer
(Katsoufidou et al., 2007). When coupled with Fenton-like reactions backwash,
the performance can be influenced by both hydraulic force and the oxidation
process. A higher backwash pressure can enhance drag force and promote
partial fouling detachment, creating pathways for radicals’ transport, which
may improve radical-based cleaning. However, it can also increase flux,
reducing H,O» residence time and limiting radical formation, thus hindering
fouling degradation. Similarly, while extended backwash duration may
increase the total contact time of H»O,, its actual influence on the efficacy of
Fenton-like backwash remains unclear. At present, it is not well understood
how backwash pressure or duration interacts with the Fenton-like reaction to
influence the overall cleaning performance, and which mechanism plays the
dominant role under different conditions. Furthermore, the effect of Ca ions on
Fenton-like backwash remains unstudied, although Ca is known to alter fouling
structure (Zhang et al., 2017), increase flux decline (van den Brink et al., 2009),
and reduce the efficacy of hydraulic backwash and Fenton-like forward flush
(Katsoufidou et al., 2007; Lin et al., 2021). The presence of Ca can form cake
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layer, which can limit the transport of H>O,. Notably, the interaction between
Ca and alginate can result in distinct structures, such as the egg-box structures
or rigid, cross-linking alginate-Ca clusters. These distinct structures may
influence how the fouling attaches to the membrane and how *OH radicals
diffuse into the fouling layer, thereby affecting the overall efficacy of Fenton-
like backwash. These knowledge gaps highlight the need for a systematic
investigation of how operational parameters and Ca-induced fouling structures
affect Fenton-like backwash. A better understanding, therefore, is crucial to
improve its cleaning performance and practical applicability

This work aims to gain a comprehensive understanding of the effect of
backwash duration, backwash pressure and the presence of Ca on the
performance of Fenton-like backwash for catalytic UF membranes fouled by
alginate, thereby providing a practical and cost-effective cleaning strategy.
CuFe;04 was deposited as a stable and efficient catalyst to generate radicals
from H>O,. The operational parameters of backwash pressure and duration
were studied to reveal their roles in Fenton-like backwash. Additionally, we
explored the effect of Ca on fouling structures, and its subsequent effect on
cleaning performance. Finally, this study evaluated the cleaning performance
for fouling caused by high-concentration alginate and the leaching of the
catalytic UF membrane when exposed to H,O;, NaClO, and NaOH.

3.2. Materials and methods

3.2.1. Ceramic (un)coated UF Membranes

Ceramic UF membranes with a selective layer of Al,Os3, and a nominal pore
size of 100 nm, were obtained from CoorsTek (the Netherlands). The tubular
membranes had a single channel, an internal diameter of 7 mm, an outer
diameter of 10 mm, and a length of 100 mm. The edges of the membranes (10
mm for each side) were sealed by two-component epoxy adhesives (Araldite
AW 5047-1 and Hardener HW 5067-1, from VIBA, the Netherlands) to avoid
potential leaking from the two edges of the membrane during filtration.

The precursor solution of the catalyst CuFe,Os was prepared by dissolving
copper nitrate trihydrate (Cu(NOs3),-3H,O, from Merck, Germany), ferric
nitrate nonahydrate (Fe(NOs)3;-9H,0, from Sigma-Aldrich), and citric acid
(from Sigma-Aldrich) with a molar ratio of 1:2:3.6, respectively. The mixed
solution was stirred at 80 °C for 1 h. Then, 50 mL of precursor solution was
filtered through the pristine UF membrane via a dead-end setup under a
pressure of 0.1 bar to ensure that the membrane surface and body had sufficient
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contact time with the precursor solution. Afterward, the wet membrane was
dried at 100 °C for 10 min. The coating and drying processes were repeated
three times. Afterward, the membranes, covered with catalyst precursors, were
calcined at 400 °C for 2 h, and then washed with demineralized water. This
water was produced at WaterLab, TU Delft (conductivity < 0.1 pus cm™!, water
filtered by a reverse osmosis filter, a candle filter, and a resin vessel).

3.2.2. Crossflow setup

A constant pressure crossflow setup (Fig. 3.1) was designed and constructed
for the fouling and cleaning experiments. A balance (KERN, Germany) was
used to measure the permeate flux with a time interval of 30 s. To capture the
initial sharp drop in flux, which typically occurs within the first few min of
filtration, the balance and pressure sensors (ESI, UK) were initiated before
activating the pump (AxFlow, the Netherlands). For the backwash process,
tubes were first connected to a pure water container, and the system was
flushed with clean water. Subsequently, the orientation of the membrane
module was reversed for backwash.

3.2.3. Performance tests
3.2.3.1. Effect of backwash intensities and Ca concentration over three cycles

Before fouling tests, the pure water flux was tested to ensure that the
membranes were clean. An extended description of the preparation of the
alginate solution is given in Text S1. 50 mg/L alginate solution, containing
CaCl, (1, 3, and 5 mM), was filtered over the membranes at 0.3 bar and a
crossflow velocity of 0.65 m/s (Re =4531) for 45 min to reach the steady flux.
The membranes were cleaned via backwashing with demineralized water or 30
mM H;O: (pH 2.5) using varying times (6, 18, 36 min) and pressures (0.3, 0.5,
1 bar). A 1-min forward flush at a crossflow velocity of 1.1 m/s (Re = 7552)
was followed to remove loose foulants. During the forward flush process, the
tube connected to the permeate side of the membrane module was closed to
prevent permeate flow. Temperature was monitored for permeability
adjustments (Eq. S3.1). The (un)coated membranes cleaned with
demineralized water served as blank experiments. The fouling and cleaning
processes were conducted during three cycles.

3.2.3.2. Radical quenching experiments

Tert-butyl alcohol (TBA) was used to quench *OH radicals during Fenton-like
backwash, in order to assess the role of *OH in fouling removal. The fouling
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process was conducted at 0.3 bar for 75 min by using a solution containing 50
mg/L alginate and 3 mM Ca. Then the fouled CuFe,Os membranes were
backwashed with demineralized water, 30 mM H,O, and 300 mM TBA (at
pH=2.5), or 30 mM H,O, (at pH=2.5), at 0.5 bar for 36 min. Afterwards, 1-min
forward flush by demineralized water was applied. The pure water flux was
measured before and after cleaning to determine flux recovery to assess the
effect of radicals on fouling removal.

In addition to flux recovery tests, methylene blue degradation experiments
were conducted to verify the oxidative activity of the coated membranes in a
simplified system and to further confirm the involvement of *OH radicals. In
these tests, the coated membranes were immersed in the prepared 50 mL
solution containing 10 mg/L methylene blue and 30 mM H,O, (pH 2.5), or 30
mM H;0; with 300 mM TBA (pH 2.5).

3.2.3.3. Effect of the concentrated alginate

Single-cycle fouling and cleaning of the (un)coated membranes. In this
experiment, the demineralized water flux of the clean (un)coated membrane
was measured at 0.3 bar. Subsequently, a concentrated alginate solution (800
mg/L) containing CaCl, (3 mM), NaCl (1 mM), and NaHCOs3 (1 mM), was
filtered through the pristine or coated membrane at 0.3 bar and a crossflow
velocity of 0.65 m/s to simulate a municipal sewage filtration experiment of
approximately 1.7 days (Kramer et al., 2020). Then the demineralized water
flux was re-measured at 0.3 bar. The cleaning process involved a backwash
using either demineralized water or the H>O» solution (30 mM, pH 2.5) at 0.5
bar for 18 min, followed by a 1-min forward flush with demineralized water at
a crossflow velocity of 1.1 m/s. After cleaning, the demineralized water flux
was measured again at 0.3 bar. The pristine membranes, backwashed with
demineralized water and the H,O» solution, were used as blank experiments.

Long-term (seven-cycle) fouling and cleaning of the coated membrane. In the
seven-cycle fouling and cleaning experiment, the CuFe,O4-coated membrane
was fouled by 800 mg/L alginate with 3 mM CaCl,, 1 mM NaCl, and 1 mM
NaHCOs at 0.3 bar, 0.65 m/s crossflow velocity. The membrane was then
cleaned by a 6-min backwash with a H>O, solution (30 mM, pH=2.5) at 0.5
bar, followed by a 1-min forward flush with demineralized water. This test
aimed to examine the performance of the developed Fenton-like backwash
under severe fouling conditions using a shorter 6-min backwash, thereby
evaluating its practical feasibility for maintaining the cleaning efficacy during
long-term application.
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3.2.3.4. Stability of the CuFe,O4 membrane

The H,O; solution (30 mM, pH = 2.5) and two other common cleaning agents
(0.1% NaClO, and 10 mM NaOH) were chosen for leaching tests of Cu and Fe.
The leaching test was carried out by immersing the used CuFe,Os membrane
in a 500 mL H,O; solution (pH=2.5), 0.1% NaClO, and 10 mM NaOH,
respectively, for 8 h. Then the Cu and Fe leaching were measured by
inductively coupled plasma-mass-spectrometry (ICP-MS, Plasma Quant MS,
Analytik Jena AG, Germany). Additionally, we compared the cleaning
performances of the aged catalytic membrane (after immersion in H>O, for 96
h) with that of the newly coated membrane. The structures of the new and aged
catalytic membranes were also analyzed by X-ray diffraction (XRD).

3.2.4. Characterization

The top and cross-sections of the (un)coated membranes were examined by
scanning electron microscopy (SEM, Hitachi S-3400 II, Japan) equipped with
energy dispersive spectroscopy (EDS). The D8 discover diffractometer
(Bruker, USA) with Cu Ka radiation at 50 kV and 1000 pA was employed for
the X-ray diffraction (XRD) pattern of the membranes under a scan step size
of 0.04° and a step time of 2 s. We measured the alginate’s size distribution
using a particle size analyzer (Bluewave, Microtrac, USA).

3.2.5. Performance analysis

Multi-cycle fouling and cleaning. Flux was determined through the filtration
of the alginate solution. Calculations of cleaning efficacy and resistance were
based on the work of Lee et al. (2021) and Zsirai et al. (2012).

Cleaning ef ficacy = Je =y 3.1
Jo—Jr
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where Jo (in m/s) is the initial flux in the first fouling cycle, J; (in m/s) is the
final, steady flux at the end of the fouling (e.g., Cycle N), /. (in m/s) is the
initial flux in the subsequent fouling cycle (e.g., Cycle N+1), R (in m™) is the
total resistance, R; (in m™) is the total fouling resistance, R,, (in m™!) is the
membrane resistance, R, (in m™') is the reversible resistance, R;, (inm™) is the
irreversible resistance, AP (in Pa) is the transmembrane pressure, and y (in Pa
s) is the dynamic viscosity of the permeate-side solution, depending on
temperature.

To evaluate the fouling potential of the feed water, we used the unified
membrane fouling index (UMFI), because it is independent from traditional
fouling models (e.g., pore blocking and cake filtration) (Huang et al., 2009;
Nguyen et al., 2011; Shang et al., 2015) in the multicycle test. The UMFI (in
m? L") is defined as the slope of the linear equation of Eq. 3.6, where J, is the
normalized specific permeate flux (J//,) and V; (in L m?) is the unit permeate
volume. UMFI can be expressed as UMFI; for each fouling curve,
representing the total fouling index, while UMFI_., being the chemically
irreversible fouling index, can be obtained by using a two-point method based
on the 1/J," values of the first and the last cycle.

1

— =14+ (UMFI) x V, 3.6
Is
Single-cycle fouling and cleaning. Backwash performance was evaluated by

flux recovery (Eq. 3.7), based on the water flux measured before fouling (J,,¢,
in m/s) and after cleaning (J,,, in m/s).

Flux recovery = =< 3.7

wo

The residence time of the H>O: solution. As given in Eq. 3.8, the residence time
(in s) of the H>O; solution passing the membrane was calculated by the flux (/,
in m/s), porosity (¢), and the thickness of the selective layer of the membrane
(L, in m).
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Residence time = 3.8
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Figure 3.1. The constant pressure setup for fouling and backwash operation.
3.3. Results and discussions

3.3.1. Membrane characterization before and after modification

Fig. 3.2a and 3.2b show that the CuFe,O, coating had a minimal influence on
the overall morphology of the membrane, since no considerable structural
difference was observed before and after the coating. This negligible effect of
CuFe;04 on the ceramic membrane has also been found in a previous study
(Zhao et al., 2020). Additionally, a uniform distribution of CuFe,O4 on the
surface of the membrane was observed from the SEM-EDS elemental mapping
analysis of the top-view CuFe>O4 coated membrane (Fig. 3.2¢). SEM-EDS line
scanning verified that CuFe,O4 was grown on the entire selective layer of the
membrane (Fig. 3.2d). The XRD of the coated membrane (Fig. S3.1) shows
that the characteristic peaks at 20 of 18.4, 30.2, 35.6,37.2,43.0, 57.1, and 62.7,
corresponded to the (111), (220), (311), (222), (400), (511), and (440) lattice
planes of CuFe;Os4, respectively (Jiang et al., 2021; Xu et al., 2023; Zhao et al.,
2020). Besides, Fig. S3.2 shows that the permeability of the ceramic UF
membrane only declined from 362 to 346 L m2 h! after coating, while a larger
permeability drop (from 470 to 196 L m2 h'!) was observed in polymeric UF
membranes after CuFe,O4 coating (Wang et al., 2019).
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Figure 3.2. Top SEM view of (a) the pristine and (b) the CuFe,O4 membranes.
SEM-EDS images of (¢) top-view mapping and (d) cross-section line scanning
of the CuFe;O4 membranes.

3.3.2. Effect of backwash duration

In the experiments where the fouled coated membranes were backwashed with
demineralized water for 6, 18, and 36 min over three cycles, their Ry,
(1.1x10'°-1.9x10" m™!) and R;, ratio (85%-96%) remained at a high level
(Fig. 3.3a-3.3d). An extended duration of the hydraulic backwash did not
exhibit a positive effect on the cleaning. For example, in the third cycle,
cleaning efficacies of only 1.6% and 1.0% were found for a backwash duration
of 6 min and 36 min, respectively. Moreover, in the single fouling and cleaning
test (Fig. S3.3), the flux recovery was only 45% after a 36-min hydraulic
backwash. The extension of cleaning duration cannot improve the cleaning
performance in the absence of chemical reactions, as reported by Ang et al.
(2006). This is likely due to the inherent limitations of physical cleaning
methods in removing strongly adhered alginate foulants.
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With 6-36 min Fenton-like backwash, the R;, of the CuFe,O4 membranes
consistently remained at a low level, ranging from 1.7x10° to 7.6x10° m™!, one
order of magnitude lower than that of the hydraulic backwash counterpart (Fig.
3.3a). In addition, the R;. values in the Fenton-like backwash test were
maintained at a low level over three cycles. The marginally higher R;,, found
in 36-min case compared to 18-min case, can be caused by the experimental
variations. To eliminate this effect and allow for more consistent comparison,
the normalized R;-/R; was used to evaluate the contribution of irreversible
fouling. It is observed that the R;,./R; of CuFe,Os membranes decreased with
increasing Fenton-like backwash duration, indicating that a longer backwash
can effectively reduce the relative contribution of irreversible fouling.
Moreover, when the duration of the H,O, backwash was extended from 6 to 36
min, the cleaning efficacy improved from 32% to 62%, much higher than the
efficacy (1%-7%) achieved in hydraulic backwash (Fig. 3.3b-3.3d). The
prolonged H,>O, backwash increased contact time between H,O» and catalytic
sites, which, accordingly, generated more *OH radicals to degrade alginate
fouling for the improved cleaning (Lin et al., 2021).
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Figure 3.3. (a) R;-, (b—) R; ratio and cleaning efficacy of the coated
membrane with H,O, backwash or the pristine membrane with hydraulic
backwash, conducted at 0.3 bar with 50 mg/L alginate solution for 45 min each
fouling cycle, then backwashed at 0.5 bar with demineralized water or 30 mM
H2O; (pH = 2.5) for 6, 18 and 36 min, respectively, and rinsed by 1-min

forward flush with demineralized water.

3.3.3. Effect of backwash pressure

Fig. 3.4 shows the effect of backwash pressure on cleaning efficacy over three
cycles. The selected backwash pressures of 0.3, 0.5, and 1 bar were based on
the correlation between applied filtration pressures and backwash pressures
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(Fig. 3.4a), where most employed backwash pressures are higher than the
applied filtration pressures.

The low cleaning efficacy (1%—14%) and high R;, ratio (81%—-96%) were
found at 1 bar hydraulic backwash over three cycles (Fig. S3.4). These suggest
that most alginate fouling, formed on the membrane surface or in the pores,
could not be flushed off by hydraulic backwash, even at a high backwash
pressure. In addition, the demineralized water flux measured after hydraulic
backwash, was even lower than the final flux measured at the end of the fouling
cycle, as found in the single-cycle fouling and cleaning test (Fig. S3.5).

Fig. 3.4b shows that the highest cleaning efficacy (68%—71%) was achieved at
0.3 bar with Fenton-like backwash over three cycles. Usually, backwash at a
higher pressure is assumed to enhance the cleaning by providing an intensified
drag force to loosen and remove the cake fouling (Resosudarmo et al., 2013;
Katsoufidou et al., 2008). Therefore, a higher backwash pressure was widely
used in previous studies, as shown in Fig. 3.4a. However, in the H,O, backwash
of the fouled CuFe,O4 membrane, higher backwash pressures resulted in a
lower cleaning efficacy, along with a higher R;, ratio and a higher R;, (Fig.
3.4b and S3.6). As the backwash pressure increased from 0.3 to 1 bar, the
residence time—calculated based on Eq. 3.8, and Fig. S3.7—decreased
considerably from 0.15 to 0.06 s (Fig. 3.4c), due to the increased backwash
flux. The reduced residence times, therefore, limited the transport of H,O»
towards the catalytic sites to form the "OH radicals, and constrained the
diffusion distance of the radicals. The linear relation (Fig. 3.4d) indicates that
residence time, rather than the total backwash time (Fig. S3.8), dominated the
backwash performance. The prominent effect of residence time on cleaning
was further confirmed by experiments conducted at a constant backwash flux
0f 90 and 140 L m h™!, corresponding to residence times of 0.14 and 0.09 s,
respectively (Fig. 3.4d).
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Figure 3.4. (a) Applied (filtration) and backwash pressures used in previous
studies and in this work (red dots) (Al-Hammadi and Al-Bastaki, 2007; Chang
et al., 2017b; Ferrer et al., 2016; Hong et al., 2005; Huang et al., 2020, 2014;
Jermann et al., 2007; Katsoufidou et al., 2007; Kennedy et al., 1998; Nakatsuka
et al., 1996; Pervov et al., 2003, 2003; Qu et al., 2014; Remize et al., 2010;
Vroman et al., 2021; Xia et al., 2008; Zsirai et al., 2016), (b) fouling resistance
ratios and cleaning efficacies of the coated membranes over three cycles, and
(c, d) the residence time and cleaning efficacies. The coated membranes fouled
by 50 mg/L alginate were backwashed for 18 min with 30 mM H,O,, under
various backwash pressures, followed by 1 min forward flush, while the
constant flux backwash was carried out at a flux of 90 and 140 Lm 2 h'. The
residence time in constant pressure backwash was calculated by using the
average flux during the backwash.
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3.3.4. Effect of calcium on cleaning performance

The presence of Ca will influence the fouling behaviour, which perhaps, in turn,
will affect the Fenton-like backwash. Therefore, various Ca concentrations (1,
3, and 5 mM) were employed to evaluate the backwash performance with
demineralized water or H>O,.

Fig. 3.5a shows that the total resistance caused by 1 mM Ca (3.1x10°-3.3x10'°
m') was an order of magnitude higher than the range observed for both 3 and
5mM Ca (3.5x10°-7.2x10°m™"). The higher fouling resistance, found in 1 mM
Ca case, probably resulted from pore clogging. As reported in previous studies,
a small dosage of Ca results in the formation of small alginate colloids
(Katsoufidou et al., 2008, 2007). These small-sized alginate particles
contribute to pore blocking, which leads to a low flux and a high fouling
resistance (Katsoufidou et al., 2007; You et al., 2020). However, higher Ca
concentrations promote alginate aggregation into more rigid clusters, resulting
in the generation of a cake layer fouling with a relatively high porosity (You et
al., 2020; Zhang et al., 2017). Fig. S3.9 shows that the size of the alginate
indeed increased with an increased concentration of Ca. The highest cleaning
efficacy (of 63%) was achieved in 1 mM Ca case (Fig. 3.5b). Although fouling
resistance was similar for 3 mM and 5 mM Ca, the Fenton-like backwash
achieved a higher cleaning efficacy at 3 mM (51%) than at 5 mM (36%).
Similarly, 9 mM Ca exhibited comparable resistance but a further decreased
cleaning efficacy (Fig. S3.10). However, for the fouled catalytic membranes,
the hydraulic backwash resulted in low cleaning efficacies (1%—11%, Fig.
S3.11a), and high R;, values (5.1x10°-3.0x10'"" m™!, Fig. S3.11b), under all Ca
conditions.

Fig. 3.6 shows the proposed mechanisms for cleaning the CuFe,O4 membranes
fouled with a calcium-rich alginate solution. Demineralized water backwash
promotes the reorganization of the alginate-Ca structures and flushes away
only part of the Ca ions. However, the alginate can still interact with the
residual Ca ions, which can then bind to the membrane surface again. In
addition, under low Ca concentrations, Fenton-like degradation leads to the
formation of smaller alginate particles, which is more prone to pore blocking
in the subsequent filtration cycle. This explains why hydraulic backwash gave
a low cleaning efficacy in our experiments.

In contrast, during Fenton-like backwash, the stretchy egg-box alginate-Ca
fouling (in less Ca case) is reorganized by the physical flush. This
reorganization creates more space for H>O, to transfer to CuFe,O, areas,
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facilitating the formation of the strongly oxidizing “OH radicals (Wu et al.,
2014). Ca then can be released due to the partial degradation of the alginate
structures, which further loosens the fouling and facilitates the transfer of H,O»
to break down the fouling. However, as reported by Zhang et al. (2017), at
higher Ca concentrations, fouling is prone to cake formation by the cross-
linking alginate-Ca clusters, where the ions are trapped in the inner structure
of alginate clusters. These clusters are rigid and compact because they strongly
interact with Ca ions. This makes it more difficult for the physical flush to
disperse the rigid structures of alginate-Ca during the backwash, thereby
limiting the diffusion of H»O, to the catalytic sites (Alresheedi et al., 2019b;
Xin et al., 2016). Besides, even if such complex rigid clusters are partially
destroyed by the radials, the alginate fragments would be captured by and again
bound to the Ca ions that are released from the inner fouling structure. These
fragments would then reattach to the cleaning membrane surface or the residual
fouling. Effective cleaning has been found to depend on the enhanced mass
transfer of cleaning agents (towards fouling) and the fouling (towards the bulk),
as well as the destruction of the intermolecular fouling interaction (Ang et al.,
2000).

In this work, we have proposed a mechanism describing how different fouling
structures would influence the performance of Fenton-like backwash. However,
further studies are needed to verify this mechanism. Future work should
directly characterize the alginate—Ca structures before and after Fenton-like
reactions, assess the structural changes under different Ca levels, and measure
how these changes affect mass transfer of radicals and cleaning efficiency.
Such studies would provide stronger evidence for the proposed mechanism and
the development of more effective cleaning strategies.
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Figure 3.5. (a) Fouling resistance, (b) R;;- ratio and cleaning efficacy of the
coated membranes. The fouling was conducted at a constant pressure of 0.3
bar with 50 mg/L alginate solution and with varying concentrations of Ca. The
fouled membrane was cleaned by backwashing at 0.5 bar with 30 mM H0O,
(pH = 2.5) for 18 min, followed by 1 min forward flush.
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Figure 3.6. Schematic illustration of the structure of alginate with Ca and the
proposed mechanism of backwash with demineralized water (DW) and the
H,O, solution for the cleaning of the fouled CuFe,O4 membranes.

3.3.5. Performance of (un)coated membranes fouled by
concentrated alginate

The pristine and coated membranes were backwashed with -either
demineralized water or an H,O; solution after fouling with 800 mg/L alginate
with 3 mM Ca, followed by a 1-min forward flush. In addition, the
demineralized water flux was determined before and after the fouling process
as well as after the cleaning, as shown in Fig. 3.7a. Flux recoveries and
(ir)reversible resistances are given in Fig. 3.7b, where the permeability
recovery was determined by the flux of demineralized water before fouling and
after cleaning (Eq. 3.7).

Flux curves show that both the pristine and coated membranes experienced a
rapid flux decline during the initial phase of fouling. This phenomenon can be
attributed to the rapid adsorption of alginate, leading to pore blocking and thus
to a permeance decrease (Akamatsu et al., 2020). Subsequently, the flux
exhibited a gradual decline, probably due to the formation of alginate-Ca gel
layer and cake compression (Katsoufidou et al., 2007).

In all experiments, the demineralized water flux measured after fouling was
comparable to the final, steady flux in the fouling test, suggesting that fouling
could not be removed without cleaning. When an 18-min backwash with
demineralized water was employed on the fouled pristine membrane, a flux
recovery of 43% was found. An 18-min H,O, backwash achieved a slightly
higher flux recovery of 53%. An additional 18-min H,O, backwash only
increased the recovery from 53% to 58%. The modest improvement of
backwash with H>O, compared to the backwash with demineralized water
likely resulted from the limited oxidation potential (E°H,O»/H.O = 1.763 V),
due to the self-decomposition of H»O- (Lin et al., 2021). An earlier study has
also reported that the limited reaction between the cleaning agent and alginate-
Ca leads to ineffective cleaning (Ang et al., 2006).

The highest flux recovery (80%) was achieved in the combination of the
CuFe;04 membranes and an 18-min H,O; backwash, which is probably due to
the highly reactive radicals of ‘OH (E° = 2.73V) activated by CuFe,Os. This
performance surpasses most existing cleaning strategies in alginate removal
(Fig. 3.7¢). It highlights the prominent influence of the Fenton-like backwash




3.3. Results and discussions | Page 84

on the destruction of persistent alginate-Ca fouling, compared to the cleaning
methods such as forward flush, hydraulic backwash, and chemical cleaning.

The evolution of the fouling resistances is shown in Fig.3. 7b. The high
resistances, caused by alginate fouling, have also been revealed in previous
studies (Ye et al., 2005; van den Brink et al., 2009). The total fouling
resistances were in the same order of magnitude (2.4x10'°-3.1x10'm™) for
the three experiments: the pristine membranes backwashed with either
demineralized water, the pristine membranes backwashed with an H,O,
solution, and the coated membrane backwashed with an H,O, solution.
However, their irreversible resistances differed. Because of Fenton-like
reactions the R;;- of the CuFe,O4 membrane with H,O» backwash was reduced
to 2.6x10° m!, five times lower than with the pristine membrane with
hydraulic backwash (1.3x10"m™").
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Figure 3.7. (a) Normalized flux declines during fouling, and normalized
demineralized water flux measured before the alginate adding, at the end of
fouling, after cleaning, and additional backwash procedure. (b) The resistances
and flux recoveries for different systems. The fouling tests were conducted by
40 min filtration of 800 mg/L alginate solution with 3 mM Ca at 0.3 bar.
Cleaning was done by backwashing with 30 mM H,O; or demineralized water
at 0.5 bar for 18 min, followed by a 1-min forward flush. The additional
cleaning of the pristine membrane was performed by an H>O, backwash for 18
min. (¢) Performance comparison in removal of alginate fouling from the
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fouled membranes (Ang et al., 2006; Chen and Columbia, 2011; Gray et al.,
2011; Hashino et al., 2011; Huang et al., 2021; Kim et al., 2021; Kramer et al.,
2020; Lee et al., 2021; Li and Elimelech, 2004; Lin et al., 2021; Meshram et
al., 2016).

3.3.6. Long-term performance of the CuFe204 membrane fouled by
concentrated alginate

To evaluate the long-term performance of Fenton-like backwash on the
CuFe;04 membrane, the fouling experiments were conducted using a
concentrated alginate (800 mg/L) with 3 mM Ca over seven cycles. Fig. 3.8a
shows that the normalized flux was restored to 89%-94% in the first three
cycles, and then stabilized at 83%—87% over the rest of the four cycles. Since
UMFI is independent of the traditional fouling models, it can be used in the
prediction of anti-fouling performance, regardless of whether pore blocking or
cake filtration occurs (Shang et al., 2015). As depicted in Fig. 3.8b, UMFI, was
2.3x10° m? L', higher than 1.13x10° m? L' in the ceramic UF membrane
found by Alresheedi et al. (2019b). Their fouling experiments used an
approximately 31 mg/L alginate with 0.75 mM Ca, which was much lower than
our test using 800 mg/L alginate with 3 mM Ca. This possibly led to the higher
UMFI; found in our experiment. However, our observed UMFI. only
accounted for 2.2% of UMFI;, much lower than 20% and 30% found in 10 mM
NaOH and 14 mM NaClO backwash, respectively, found in the study by
Alresheedi et al. (2019b). The low UMFI, observed in our seven-cycle
experiment indicates that the Fenton-like backwash effectively removed
alginate fouling that was resistant to hydraulic, NaOH, and NaClO cleaning,
even when treating such a concentrated alginate feedwater.
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Figure 3.8. (a) Long-term fouling and cleaning experiment conducted by
filtration of 800 mg/L alginate with 3 mM Ca and backwash with 30 mM H,O,
under 0.5 bar for seven cycles. (b) Assessment of total fouling index (UMFI,)
and chemically irreversible fouling index (UMFI,.) in the long-term running.

3.3.7. Radical quenching

The *OH radical scavenger of TBA was used to assess the role of *OH in the
CuFe,04-coated membranes with H,O,. TBA was first introduced in the H,O,
backwash solution to inhibit *OH activity and assess its impact on fouling
removal by the CuFe,O4 membrane (Fig. 3.9a). Cleaning performance was
evaluated through flux recovery, based on the pure water fluxes before and
after fouling. It shows that the presence of TBA in H>O, backwash reduced the
flux recovery from 80% to 54%, which was only slightly higher than the
pristine membrane with demineralized water backwash (45%). This suggests
that «OH radicals play a key role in fouling removal during Fenton-like
backwash by the CuFe,Os membranes with H>O,.

The generation of *OH radicals was further confirmed using methylene blue as
a model pollutant. As shown in Fig. 3.9b, 55% of methylene blue was degraded
by the CuFe;Os membrane with H,O;. In contrast, the degradation was
considerably inhibited due to the presence TBA, confirming that *OH radicals
were primarily responsible for the degradation process.
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Figure 3.9. Radical quenching experiments. Flux recovery of (a) the pristine
membrane backwashed with demineralized water, (b) the coated membrane
backwashed with H,O, and TBA, and (c) the coated membrane backwashed
with H»>O; in treating alginate water. (¢) C/Coy of methylene blue conducted by
the coated membranes with H>O, or H,O, and TBA.

3.3.8. Leaching of the catalytic membrane

NaClO and NaOH are widely used in the cleaning of the fouled membranes to
restore flux (Alresheedi et al., 2019b). Hence, H>O,, NaClO, and NaOH were
employed to examine the leaching of Cu and Fe. Besides, the performance of
the newly coated membrane in alginate removal was compared to that of the
aged catalytic membranes.

The CuFe,Os membranes were examined by a prolonged leaching test, where
the used membranes were immersed in 500 mL 30 mM H»O, at a pH of 2.5,
0.1% NaClO, or 10 mM NaOH, for 8 h. The leaching rate of Cu eventually
stabilized, reaching a final value of 0.08 mg/L per hour in the H,O» test during
the last hour (Fig. 3.10a and S3.12a). Previous studies show H,O- alone has
negligible effects on Cu and Fe leaching, but higher Cu leaching occurs with
acids such as HCI (Boyanov et al., 2015; Fontecha-Camara et al., 2016). Hence,
the leaching of Cu in H>O, was probably caused by HCI addition for pH
adjustment. Negligible Cu and Fe leaching was found in NaClO and NaOH
(Fig. 3.10a, Fig. S3.12b and S3.12c¢). The XRD test (Fig. S3.13) confirmed the
coated membrane retained its spinel structure after aging in H,O, for 96 h. A
study has reported that a 2-h treatment with oxidizing agents can remove
unstable catalysts from the modified ceramic UF membranes, resulting in low
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leaching but maintaining high catalytic capacity (Xu et al., 2022). After 96-h
aging, the catalytic membrane was tested in a single-cycle fouling and cleaning
experiment. As shown in Fig. 3.10b, the aged membrane experienced a slightly
higher flux drop but acquired a similar flux recovery (around 78%) compared
to the newly coated membrane.
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Figure 3.10. (a) Leaching of Cu and Fe ions per hour during last-hour leaching
test. (b) Performance comparison of newly and aged (after immersion in 30
mM H>O; solution at pH of 2.5 for 96 h) the catalytic membranes.
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3.3.9. Comparison of Fenton-like cleaning during filtration and
backwash

Direct injection of oxidant agents in feedwater is a broadly used method to
mitigate the formation of fouling upon membranes (Zhao et al., 2020). Hence,
30 mM H»O, was added to the alginate solution with an adjusted pH of 2.5 for
the continuous oxidation of alginate during filtration process. The fouled
catalytic membranes were then backwashed with demineralized water at 0.5
bar for 18 min, followed by a forward flush to remove the loosened alginate.
We compared the cleaning performance and H>O, consumption between two
application methods: the H,O,-in-feed method and the H,O» backwash method.

Fig. S3.14a shows that the flux of the H,O»-in-feed method faced a sharper
flux drop in the early phase, followed by an increase that can be attributed to
the continuous Fenton-like oxidation of alginate fouling during the filtration.
However, the H,O»-in-feed method exhibited a lower flux recovery (71%) than
the H,O,-backwash method (81%). The total organic carbon (TOC) tests
showed that the H,O,-in-feed method had a lower TOC rejection (50%) than
the H,O,-backwash method (79%) (Fig. S3.14b). This is because the
continuous Fenton-like reactions break alginate into small fragments during
filtration, which are more likely to pass through the membrane. Furthermore,
the H,O»-in-feed method consumed more H,O, (7.35 kg) than the H,O,-
backwash method (0.05 kg) during a 24-h running (Fig. S3.14c).

Although Fenton-like cleaning has been integrated into filtration or into
forward flush to mitigate membrane fouling, these methods often suffer from
high chemical consumption, which considerably raises environmental
concerns related to residual oxidants, and increases operational costs (e.g., the
high chemical consumption). Besides, the low TOC rejection may lead to
secondary contamination. In contrast, the integration of H,O, into the
backwash phase provides a more efficient use of oxidants while maintaining
high pollutant rejection and effective backwash performance. Therefore, the
application of H,O> in backwash represents a more practical and cost-effective
strategy for the long-term operation of catalytic UF systems in treating alginate
fouling. However, for full-scale applications, the proposed Fenton-like
backwash process requires further optimization. For example, a low-pressure
Fenton-like backwash can be combined with a high-pressure hydraulic
backwash to first degrade the fouling and then flush away the detached fouling.
This combined approach may achieve effective fouling removal while further
reducing chemical consumption. Besides, to evaluate the feasibility of this
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proposed cleaning method, future work should also examine its performance
in different types of wastewaters, which usually contain complex foulants that
may influence the effectiveness of the Fenton-like backwash. Nevertheless, the
evaluation and validation of such a hybrid cleaning strategy fall beyond the
scope of the present study and should be addressed in future research.

3.4. Conclusion

To tackle fouling in ceramic UF membrane applications, we proposed a
practical and efficient cleaning strategy by coupling Fenton-like reactions with
backwash. This study reveals how backwash pressure, duration, and calcium
concentration influence the efficacy of Fenton-like backwash in the CuFe;Os-
coated membranes fouled by alginate. The long-term performance of the
coupled systems and leaching of the CuFe>O4 membranes were also examined
in this work. The main conclusions can be described as follows:

(1) Backwash with demineralized water on both pristine and coated ceramic
UF membranes was ineffective for removing alginate-Ca fouling, with
cleaning efficacy remaining low (1%—-14%), even when the duration (6—
36 min) and pressure (0.3—1 bar) were increased.

(2) The backwash efficacy was considerably enhanced in the presence of
Fenton-like reactions, achieving 71% cleaning efficacy at a backwash
pressure of 0.3 bar.

(3) The improved Fenton-like cleaning was dominated by reducing backwash
pressure, rather than extending backwash duration. This improvement was
attributed to the increased residence time of H»O,, facilitating the radical
formation.

(4) Ca ions altered the fouling structure and impacted cleaning performance.
At high concentrations, the rigid, and compacted alginate-Ca clusters
restricted the backwash to loosen the fouling, limiting H,O, and radical
transport. Moreover, the broken alginate chains were captured and bound
with the excess Ca ions released from the internal clusters, hindering
fouling detachment.

(5) Fenton-like backwash effectively cleaned the catalytic membranes which
was fouled by a concentrated alginate solution (800 mg/L), restoring
83%—94% of the initial flux over seven cycles.

(6) Cu leaching in 30 mM H,O, gradually ceased to 0.08 mg/L. Negligible
leaching of Cu and Fe ions occurred in 0.1% NaClO and 10 mM NaOH.
Flux recovery of the aged, coated membranes backwashed with H>O, was
comparable to that of the newly coated membranes.




Reference | Page 92

Reference

Akamatsu, K., Kagami, Y., Nakao, S., 2020. Effect of BSA and sodium alginate
adsorption on decline of filtrate flux through polyethylene microfiltration
membranes. J. Membr. Sci. 594, 117469.
https://doi.org/10.1016/j.memsci.2019.117469

Al-Hammadi, H., Al-Bastaki, N., 2007. Experimental study of the dead-end
ultrafiltration process using silicone dioxide suspensions. Desalination 206,
513-523. https://doi.org/10.1016/j.desal.2006.05.019

Alresheedi, M.T., Barbeau, B., Basu, O.D., 2019a. Comparisons of NOM fouling and
cleaning of ceramic and polymeric membranes during water treatment. Sep.
Purif. Technol. 209, 452—-460. https://doi.org/10.1016/j.seppur.2018.07.070

Alresheedi, M.T., Basu, O.D., Barbeau, B., 2019b. Chemical cleaning of ceramic
ultrafiltration membranes — Ozone versus conventional cleaning chemicals.
Chemosphere 226, 668—677.
https://doi.org/10.1016/j.chemosphere.2019.03.188

Ang, W.S., Lee, S., Elimelech, M., 2006. Chemical and physical aspects of cleaning of
organic-fouled reverse osmosis membranes. J. Membr. Sci. 272, 198-210.
https://doi.org/10.1016/j.memsci.2005.07.035

Angelis, L.D., Cortalezzi, M.M.F.D., 2016. Improved membrane flux recovery by
Fenton-type reactions. J. Membr. Sci. 500, 255-264.
https://doi.org/10.1016/j.memsci.2015.11.042

Boyanov, B.S., Peltekov, A.B., Ivanov, K.I., 2015. Ferrites of the MeFe204 system
(Me — Zn, Cu, Cd) and their two faces. Int. J. Chem. Mol. Eng. 9, 765-771.
https://doi.org/10.5281/zenodo.1109521

Chang, H., Liu, B., Liang, H., Yu, H., Shao, S., Li, G., 2017. Effect of filtration mode
and backwash water on hydraulically irreversible fouling of ultrafiltration
membrane. Chemosphere 179, 254-264.
https://doi.org/10.1016/j.chemosphere.2017.03.122

Chen, D., Columbia, M., 2011. Enzymatic control of alginate fouling of dead-end MF
and UF ceramic membranes. J. Membr. Sci. 381, 118-125.
https://doi.org/10.1016/j.memsci.2011.07.033

Chen, M., Heijman, S.G.J., Luiten-Olieman, M.W.J., Rietveld, L.C., 2022. Oil-in-
water emulsion separation: fouling of alumina membranes with and without
a silicon carbide deposition in constant flux filtration mode. Water Res. 216,
118267. https://doi.org/10.1016/j.watres.2022.118267

Ding, J., Xiao, H., Huang, X., Zou, Y., Ye, Z., Wang, S., Xie, P., Chen, Y., Ma, J., 2023.
Application of heat-activated peroxydisulfate process for the chemical
cleaning of fouled ultrafiltration membranes. Chin. Chem. Lett. 34, 108316.
https://doi.org/10.1016/j.cclet.2023.108316

Feng, J., Zhang, Y., 2023. Ascorbic acid enhanced CuFe204-catalyzed heterogeneous
photo-Fenton-like degradation of phenol. J. Environ. Chem. Eng. 11, 111009.
https://doi.org/10.1016/j.jece.2023.111009

Ferrer, O., Lefévre, B., Prats, G., Bernat, X., Gibert, O., Paraira, M., 2016.
Reversibility of fouling on ultrafiltration membrane by backwashing and
chemical cleaning: differences in organic fractions behaviour. Desalin. Water
Treat. 57, 8593—-8607. https://doi.org/10.1080/19443994.2015.1022807



Chapter 3 | Page 93

Fontecha-Camara, M.A., Moreno-Castilla, C., Loépez-Ramoén, M.V, Alvarez, M.A.,
2016. Mixed iron oxides as Fenton catalysts for gallic acid removal from
aqueous solutions. Appl. Catal. B Environ. 196, 207-215.
https://doi.org/10.1016/j.apcatb.2016.05.032

Gray, S.R., Dow, N., Orbell, J.D., Tran, T., Bolto, B.A., 2011. The significance of
interactions between organic compounds on low pressure membrane fouling.
Water Sci. Technol. 64, 632—639. https://doi.org/10.2166/wst.2011.488

Hashino, M., Hirami, K., Katagiri, T., Kubota, N., Ohmukai, Y., Ishigami, T,
Maruyama, T., Matsuyama, H., 2011. Effects of three natural organic matter
types on cellulose acetate butyrate microfiltration membrane fouling. J.
Membr. Sci. 379, 233-238. https://doi.org/10.1016/j.memsci.2011.05.068

Hong, S., Krishna, P., Hobbs, C., Kim, D., Cho, J., 2005. Variations in backwash
efficiency during colloidal filtration of hollow-fiber microfiltration
membranes. Desalination 173, 257-268.
https://doi.org/10.1016/j.desal.2004.07.049

Huang, B., Gu, H., Xiao, K., Qu, F., Yu, H., Wei, C., 2020. Fouling mechanisms
analysis via combined fouling models for surface water ultrafiltration process.
Membranes 10, 149. https://doi.org/10.3390/membranes10070149

Huang, H., Young, T., Jacangelo, J.G., 2009. Novel approach for the analysis of bench-
scale, low pressure membrane fouling in water treatment. J. Membr. Sci. 334,
1-8. https://doi.org/10.1016/j.memsci.2009.01.049

Huang, J., Liu, L., Zeng, G., Li, Xue, Peng, L., Li, F., Jiang, Y., Zhao, Y., Huang, X_,
2014. Influence of feed concentration and transmembrane pressure on
membrane fouling and effect of hydraulic flushing on the performance of
ultrafiltration. Desalination 335, 1-8.
https://doi.org/10.1016/j.desal.2013.11.038

Huang, J.J., Chen, S., Liao, Y., Chen, Y., You, X., Wang, R., 2021. Performance,
fouling and cleaning of a thin film composite hollow fiber membrane during
fertiliser-drawn forward osmosis process for micro-polluted water. Environ.
Sci.: Water Res.Technol. 7, 1279-1291.
https://doi.org/10.1039/DOEW00996B

Jafari, M., Vanoppen, M., van Agtmaal, J.M.C., Cornelissen, E.R., Vrouwenvelder, J.S.,
Verliefde, A., van Loosdrecht, M.C.M., Picioreanu, C., 2021. Cost of fouling
in full-scale reverse osmosis and nanofiltration installations in the
Netherlands. Desalination 500, 114865.
https://doi.org/10.1016/j.desal.2020.114865

Jermann, D., Pronk, W., Meylan, S., Boller, M., 2007. Interplay of different NOM
fouling mechanisms during ultrafiltration for drinking water production.
Water Res. 41, 1713—1722. https://doi.org/10.1016/j.watres.2006.12.030

Jiang, S.-F., Wang, L., Hu, W.-F., Tian, K., Jiang, H., 2021. Preparation of flower-like
CuFe204 by a self-templating method for high-efficient activation of
peroxymonosulfate to degrade carbamazepine. Ind. Eng. Chem. Res. 60,
11045—-11055. https://doi.org/10.1021/acs.iecr.1c02254

Katsoufidou, K., Yiantsios, S.G., Karabelas, A.J., 2008. An experimental study of UF
membrane fouling by humic acid and sodium alginate solutions: the effect of
backwashing on flux recovery. Desalination 220, 214-227.
https://doi.org/10.1016/j.desal.2007.02.038




Reference | Page 94

Katsoufidou, K., Yiantsios, S.G., Karabelas, A.J.,, 2007. Experimental study of
ultrafiltration membrane fouling by sodium alginate and flux recovery by
backwashing. J. Membr. Sci. 300, 137-146.
https://doi.org/10.1016/j.memsci.2007.05.017

Kennedy, M., Kim, S.-M., Mutenyo, 1., Broens, L., Schippers, J., 1998. Intermittent
crossflushing of hollow fiber ultrafiltration systems. Desalination 118, 175—
187. https://doi.org/10.1016/S0011-9164(98)00121-0

Kim, H., Shim, 1., Zhan, M., 2021. Chemical enhanced backwashing for controlling
organic fouling in drinking water treatment using a novel hollow-fiber
polyacrylonitrile nanofiltration membrane. Appl. Sci. 11, 6764.
https://doi.org/10.3390/app11156764

Kramer, F.C., Shang, R., Rietveld, L.C., Heijman, S.J.G., 2020. Fouling control in
ceramic nanofiltration membranes during municipal sewage treatment. Sep.
Purif. Technol. 237, 116373. https://doi.org/10.1016/j.seppur.2019.116373

Lee, Hyunsu, Im, S.-J., Lee, Hyeonho, Kim, C.-M., Jang, A., 2021. Comparative
analysis of salt cleaning and osmotic backwash on calcium-bridged organic
fouling in nanofiltration process. Desalination 507, 115022.
https://doi.org/10.1016/j.desal.2021.115022

Li, Q., Elimelech, M., 2004. Organic fouling and chemical cleaning of nanofiltration
membranes: measurements and mechanisms. Environ. Sci. Technol. 38,
4683—4693. https://doi.org/10.1021/es0354162

Lin, B., Heijman, S.G.J., Shang, R., Rietveld, L.C., 2021. Integration of oxalic acid
chelation and Fenton process for synergistic relaxation-oxidation of persistent
gel-like fouling of ceramic nanofiltration membranes. J. Membr. Sci. 636,
119553. https://doi.org/10.1016/j.memsci.2021.119553

Meshram, P., Dave, R., Joshi, H., Dharani, G., Kirubagaran, R., Venugopalan, V.P,,
2016. A fence that eats the weed: alginate lyase immobilization on
ultrafiltration membrane for fouling mitigation and flux recovery.
Chemosphere 165, 144-151.
https://doi.org/10.1016/j.chemosphere.2016.09.017

Nakatsuka, S., Nakate, 1., Miyano, T., 1996. Drinking water treatment by using
ultrafiltration hollow fiber membranes. Desalination 106, 55-61.
https://doi.org/10.1016/S0011-9164(96)00092-6

Nguyen, A.H., Tobiason, J.E., Howe, K.J., 2011. Fouling indices for low pressure
hollow fiber membrane performance assessment. Water Res. 45, 2627-2637.
https://doi.org/10.1016/j.watres.2011.02.020

Pervov, A.G., Andrianov, A.P., Efremov, R.V., Desyatov, A.V., Baranov, A.E., 2003. A
new solution for the Caspian Sea desalination: low-pressure membranes.
Desalination 157, 377-384. https://doi.org/10.1016/S0011-9164(03)00420-X

Qu, F., Liang, H., Zhou, J., Nan, J., Shao, S., Zhang, J., Li, G., 2014. Ultrafiltration
membrane fouling caused by extracellular organic matter (EOM) from
Microcystis aeruginosa: Effects of membrane pore size and surface
hydrophobicity. J. Membr. Sci. 449, 58—66.
https://doi.org/10.1016/j.memsci.2013.07.070

Remize, P.J., Guigui, C., Cabassud, C., 2010. Evaluation of backwash efficiency,
definition of remaining fouling and characterisation of its contribution in
irreversible fouling: cyer deposition for tight ceramic nanofiltration



Chapter 3 | Page 95

membranes: sdraulically irreversible fouling on ceramic MF/UF membranes:
comparison of foynthesis and applicaase of drinking water production by air-
assisted ultra-filtration. J. Membr. Sci. 355, 104-111.
https://doi.org/10.1016/j.memsci.2010.03.005

Resosudarmo, A., Ye, Y., Le-Clech, P., Chen, V., 2013. Analysis of UF membrane
fouling mechanisms caused by organic interactions in seawater. Water Res.
47,911-921. https://doi.org/10.1016/j.watres.2012.11.024

Shang, R., Vuong, F., Hu, J., Li, S., Kemperman, A.J.B., Nijmeijer, K., Cornelissen,
E.R., Heijman, S.G.J., Rietveld, L.C., 2015. Hydraulically irreversible
fouling on ceramic MF/UF membranes: comparison of fouling indices,
foulant composition and irreversible pore narrowing. Sep. Purif. Technol. 147,
303-310. https://doi.org/10.1016/j.seppur.2015.04.039

van den Brink, P., Zwijnenburg, A., Smith, G., Temmink, H., van Loosdrecht, M., 2009.
Effect of free calcium concentration and ionic strength on alginate fouling in
cross-flow membrane filtration. J. Membr. Sci. 345, 207-216.
https://doi.org/10.1016/j.memsci.2009.08.046

Vroman, T., Beaume, F., Armanges, V., Gout, E., Remigy, J.-C., 2021. Critical
backwash flux for high backwash efficiency: case of ultrafiltration of
bentonite suspensions. J. Membr. Sci. 620, 118836.
https://doi.org/10.1016/j.memsci.2020.118836

Wang, T., Wang, Z., Wang, P., Tang, Y., 2019. An integration of photo-Fenton and
membrane process for water treatment by a PVDF@CuFe204 catalytic
membrane. J. Membr. Sci. 572, 419-427.
https://doi.org/10.1016/j.memsci.2018.11.031

Wu, J., Contreras, A.E., Li, Q., 2014. Studying the impact of RO membrane surface
functional groups on alginate fouling in seawater desalination. J. Membr. Sci.
458, 120-127. https://doi.org/10.1016/j.memsci.2014.01.056

Xia, S., Li, X., Yao, Ji, Dong, B., Yao, Juanjuan, 2008. Application of membrane
techniques to produce drinking water in China. Desalination 222, 497-501.
https://doi.org/10.1016/j.desal.2007.01.142

Xin, Y., Bligh, M.W.,, Kinsela, A.S., Waite, T.D., 2016. Effect of iron on membrane
fouling by alginate in the absence and presence of calcium. J. Membr. Sci.
497, 289-299. https://doi.org/10.1016/j.memsci.2015.09.023

Xu, D., Zheng, J., Zhang, X., Lin, D., Gao, Q., Luo, X., Zhu, X, Li, G., Liang, H., Van
der Bruggen, B., 2022. Mechanistic insights of a thermoresponsive interface
for fouling control of thin-Film composite nanofiltration membranes. Environ.
Sci. Technol. 56, 1927-1937. https://doi.org/10.1021/acs.est.1c06156

Xu, H., Cheng, W., Chen, Z., Zhai, X., Ma, J., Zhang, T., 2022. Selective oxidation of
water pollutants by surface-complexed peroxymonosulfate during filtration
with highly dispersed Co(II)-doped ceramic membrane. Chem. Eng. J. 448,
137686. https://doi.org/10.1016/j.cej.2022.137686

Xu, P., Wei, R., Wang, P, Li, X., Yang, C., Shen, T., Zheng, T., Zhang, G., 2023.
CuFe204/diatomite  actuates peroxymonosulfate activation process:
mechanism for active species transformation and pesticide degradation. Water
Res. 235, 119843. https://doi.org/10.1016/j.watres.2023.119843




Reference | Page 96

Ye, Y., Clech, P.L., Chen, V., Fane, A.G., 2005. Evolution of fouling during crossflow
filtration of model EPS solutions. J. Membr. Sci. 264, 190-199.
https://doi.org/10.1016/j.memsci.2005.04.040

You, X., Teng, J., Chen, Y., Long, Y., Yu, G., Shen, L., Lin, H., 2020. New insights into
membrane fouling by alginate: impacts of ionic strength in presence of
calcium ions. Chemosphere 246, 125801.
https://doi.org/10.1016/j.chemosphere.2019.125801

Zhang, M., Lin, H., Shen, L., Liao, B.-Q., Wu, X., Li, R., 2017. Effect of calcium ions
on fouling properties of alginate solution and its mechanisms. J. Membr. Sci.
525, 320-329. https://doi.org/10.1016/j.memsci.2016.12.006

Zhang, S., Liang, Y., Yang, C., Venema, P., Rietveld, L.C., Heijman, S.G.J., 2024.
Concentration polarizations of PEG and silica colloids in ceramic
nanofiltration. Desalination 583, 117722.
https://doi.org/10.1016/j.desal.2024.117722

Zhao, Y., Lu, D., Xu, C., Zhong, J., Chen, M., Xu, S., Cao, Y., Zhao, Q., Yang, M., Ma,
J., 2020. Synergistic oxidation - filtration process analysis of catalytic
CuFe204 - tailored ceramic membrane filtration via peroxymonosulfate
activation for humic acid treatment. Water Res. 171, 115387.
https://doi.org/10.1016/j.watres.2019.115387

Zhao, Yumeng, Zhao, Yanxin, Yu, X., Kong, D., Fan, X., Wang, R., Luo, S., Lu, D,
Nan, J., Ma, J., 2022. Peracetic acid integrated catalytic ceramic membrane
filtration for enhanced membrane fouling control: performance evaluation
and mechanism analysis. Water Res. 220, 118710.
https://doi.org/10.1016/j.watres.2022.118710

Zsirai, T., Al-Jaml, A.K., Qiblawey, H., Al-Marri, M., Ahmed, A., Bach, S., Watson, S.,
Judd, S., 2016. Ceramic membrane filtration of produced water: impact of
membrane  module. Sep.  Purif.  Technol. 165,  214-221.
https://doi.org/10.1016/j.seppur.2016.04.001

Zsirai, T., Buzatu, P., Aerts, P., Judd, S., 2012. Efficacy of relaxation, backflushing,
chemical cleaning and clogging removal for an immersed hollow fibre
membrane bioreactor. Water Res. 46, 4499-4507.
https://doi.org/10.1016/j.watres.2012.05.004



Chapter 3 | Page 97

Support information

Text S3.1. Preparation of sodium alginate solution

The feed solution for fouling was prepared by sodium alginate as a model
polysaccharide pollutant. 50 ppm sodium alginate solution was continuously
stirred for one night. The high concentration of sodium alginate was employed
to generate pronounced fouling, thereby examining the cleaning efficacy of
coated membranes in mitigating severe fouling (Kramer et al., 2020).
Background salts of 1 mM sodium chloride (NaCl, from Sigma-Aldrich), and
calcium chloride dihydrate (CaCl,-2H»0O, from Sigma-Aldrich) were injected
into sodium alginate solution. Considering the alginate would generate a strong
bridging between the carboxylic groups of the alginate and divalent ion of Ca?*,
this phenomenon was also studied by mixing the fouling solution with different
calcium concentrations (1, 3, 5 mM) to have a better understanding of the
cleaning efficacy by H>O» backwash. 1 mM sodium bicarbonate (NaHCOs3)
was added to the alginate solution as the buffer to maintain the pH at 7. The
pH of targeted solutions was adjusted by 1 mM NaOH and HCI.

Text S3.2. Permeability adjustments based on an earlier study (Shang et al.,
2017).

] 9 e-0.0239 (T-20) S3.1
Laoec = AP

where Lygec is the permeability after temperature calibration at 20 °C
(L/(m?-h-bar)), ] is membrane flux (L/(m?-h)), T is the temperature (°C), and
AP is the transmembrane pressure (bar).
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Figure S3.2. Permeability of the membrane before and after coating.
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Figure S3.3. Demi water flux of coated membranes measured before fouling
and after cleaning. 50 mg/L alginate was employed for 45 min fouling test,
then the membrane was cleaned by backwash with demi water or H>O, at 0.5
bar for 36 min, and 1 min forward flush.
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Figure S3.4. Irreversible resistance fouling ratio and cleaning efficacy of the
coated membrane. 50 mg/L alginate was employed for 45 min fouling test, then
the membrane was cleaned by backwash with demi water at 0.3, 0.5, 1 bar for
18 min, and 1 min forward flush.
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Figure S3.5. Demi water flux of coated membranes measured before fouling
and after cleaning. 50 mg/L alginate was employed for 45 min fouling test,
then the membrane was cleaned by the backwash with demi water or H>O; at
0.3 bar for 18 min, and 1 min forward flush.
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Figure S3.6. Irreversible fouling resistance of coated membrane performed
with H>O, backwash pressures of 0.3, 0.5, and 1 bar.

Figure S3.7. (a) Cross-section SEM view of the coated membrane with 9.022
um measured thickness of the selective layer and (b) 39.5% porosity was
determined by ImageJ analysis of top SEM view of the coated membrane.
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Figure S3.8. Relationship between total backwash time and cleaning efficacy
based on the experiments of the coated membrane backwashed with 6, 18, and
36 minutes.
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Figure S3.11. (a) R;; ratio, (b) Rj., and cleaning efficacy of the coated
membrane fouled by 50 mg/L alginate with 1, 3, or 5 mM Ca when using demi
water for the backwash under 0.3 bar for 18 min.
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Figure S3.12. Leaching from the used CuFe.Os-membrane was tested by
immersing such membrane in 500 mL cleaning agent solution of (a) 30 mM
H,O, at pH = 2.5 (adjusted by HCI), (b) 0.1% NaOCI, and (¢) 10 mM NaOH
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results.
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(new and aged). The aged, coated membrane represents the newly coated CM
after 96 h aging in H,O,. JCPDS, No. 25-0283, is the CuFe,;04 diffraction

peaks.



Support information | Page 108

1.2 100% —

| U H,0,in feed a * [ 9H:0: in feed b7
§ s H,0, backwash 80% O, | G%O
=0.8 E bR omosin 1o | g
3 | Soo N il & I =}
;c—<: 15) B H20: Cr 48
= backwashi... 2
E0.4 0 40% % Y=
S 5y O 8
Z S g = L2
: 3 S,
0 e

0 30 60 90 0% - - 0

Time [mln] 1 cycle 24h

Figure S3.14. Comparison of alginate fouling removal by dosing 30 mM H-»0O,
at pH of 2.5 in the filtration and backwash. (a) Normalized flux, (b) TOC
removal, and (c) H,O» consumption. In the H,O»-in-feed method, 30 mM H,O,
was added to the prepared 50 mg/L alginate with 3 mM Ca. After filtration, 18
min water backwash at 0.5 bar was performed, followed by a water forward
flush for 1 min. In H,O, backwash method, alginate solution was filtered over
catalytic membranes. Then, 18 min H>O; (30 Mm, at pH=2.5) backwash at 0.5
bar was performed, followed by a water forward flush for 1 min. Before
filtration and after cleaning, fluxes were measured by demineralized water to
determine the flux recovery.
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Chapter 4

Ceramic ultrafiltration membrane with low
palladium loading via atomic layer deposition

for enhanced micropollutant degradation

Hide and Seek game
Easy: OMP hides in a small house Hard: OMP hides in a big house

Need less catalytic seekers Need more catalytic seekers
to find OMP to find OMP

This chapter is based on

Zhang, S., Li, M., Tian, H., Van Ommen, J. R., Rietveld, L. C., & Heijman, S.
G. (2025). Ceramic ultrafiltration membrane with low palladium loading via
atomic layer deposition for enhanced micropollutant degradation. 7o be
submitted for publication.
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Abstract

Catalytic ceramic membranes are regarded as a promising technology for
enhanced removal of organic micropollutants (OMPs). However, the excessive
catalyst loading will increase the resistance of the membrane and the
deposition costs, thus hindering their practical application. In this work,
ceramic ultrafiltration membranes were modified by atomic layer deposition
to achieve a low loading of palladium (Pd) for efficient OMP degradation. The
Pd deposited on the membrane surface and within the pores activated
peroxymonosulfate (PMS) to induce reactive species (RS) for the degradation
of four OMPs (benzotriazole, diclofenac, sotalol, and trimethoprim). The Pd-
modified membrane exhibited an almost complete degradation of the four
OMPs at a flux below 100 L/(m?-h). The presence of Pd deposition in the pores
increased degradation kinetics by three orders of magnitude, which was
attributed to the abundant catalytic sites and the improved mass transfer of RS
and OMPs in the membrane pores. Varying RS can be generated from PMS
activation by Pd-modified alumina membranes, but the dominant RS for
degradation depended on the type of OMP. A high degradation efficacy was
achieved at a pH of 7, while the PMS dosage (20-80 uM), anion (1 mM CI
SO4*, HCOs , or CIO ), and natural substances in river water had a minor
impact on the OMPs’ degradation. However, a high salinity, e.g., as present in
brine water, exhibited a negative impact on the degradation of certain OMPs.
This study demonstrates that a robust and effective strategy for OMPs’
degradation can be achieved by ceramic membranes with a low loading of
catalysts.
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4.1. Introduction

Organic micropollutants (OMPs), present in drinking and source water, have a
potentially adverse effect on human health and the environment. These OMPs,
often originating from pharmaceuticals, personal care products, and industrial
processes, can persist in water, and their removal by conventional wastewater
treatment methods is challenging (Fu et al., 2021). Membrane-based processes
have widely been used in water treatment due to its compact design, and small
footprint, among other advantages (Chen et al., 2022; Zhang et al., 2024). In
contrast to nanofiltration and reverse osmosis membranes, ultrafiltration (UF)
membranes operate at low pressures, resulting in reduced energy consumption
and operational expenses. Additionally, UF membranes can maintain a high
flux under low pressures, and their ability to be backwashed simplifies the
cleaning and maintenance. However, UF membranes usually do not remove
OMPs, because of their large pore sizes (10-100 nm). The rejection of
benzotriazole (BT) by UF, from surface water, e.g., has only been in the range
of 29%-44% (Acero et al., 2015). The low rejection of OMPs by UF
membranes underscores the need for additional treatment strategies to
effectively remove these micropollutants.

To address the challenges of the low removal of OMPs, the integration of
(catalytic) membranes with advanced oxidation processes (AOPs) has been
explored to promote the degradation of OMPs. Unlike ozone and chlorine,
which rely mainly on selective direct oxidation and often produce harmful by-
products, AOPs utilize highly reactive species (RS) to non-selectively
mineralize a broad range of OMPs with minimal toxic byproduct formation
(Huang et al., 2022). Among various AOPs, peroxymonosulfate (PMS) is a
promising oxidant with a high redox potential (1.82 V), e.g., compared to 1.76
V for H,O, (Berruti et al., 2021). In the PMS activation, different RS can be
induced, such as "OH, SO4™, '0,, and O," (Kong et al., 2021). Pd/AL,O; has
been reported to be an effective catalyst in PMS activation, which can achieve
a higher degradation of OMPs compared to other catalysts (Ahn et al., 2019).
However, in Pd/Al,O3-PMS system, the currently identified dominant RS
remains controversial. A non-radical pathway was identified for 4-
chlorophenol, whereas the surface-bound sulfate radical was found to

dominate in the degradation of 1,4-dioxane (Ahn et al., 2016; Feng et al., 2017).

Earlier studies have primarily focused on the degradation of individual OMP,
which likely led to these inconsistent conclusions regarding the dominant RS
in the same system.
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Although catalytic membranes coupled with AOPs have garnered attention, the
excessive loading of catalysts on the membrane can result in substantial flux
loss and the inhibition of OMPs degradation. For instance, ceramic UF
membranes experienced a flux loss of 20 % to 66 % after being coated with a
TiO, photocatalyst (Berger et al., 2020), which is consistent with the finding
of Ma et al. (2022). In addition, Feng et al. (2017) have found that the highest
degradation kinetics of 1,4-dioxane were found at the lowest Pd/Al,O3 loading
(0.02 g/L). The negative effects, caused by the high loading of catalysts, have
been attributed to the quenching of catalytic surfaces on the formed RS. A
decrease of OMP degradation with overloaded catalysts was also reported by
Berger et al. (2020). Moreover, excessive catalyst loading will significantly
increase the coating costs.

Atomic layer deposition (ALD) is a precise thin-film deposition technique that
allows for the controlled modification of membranes at the atomic level
(Berger et al., 2020). In addition, the conformal coating achieved by ALD can
ensure uniform coverage of catalysts across the entire membrane structure,
including the membrane surface and internal pores, thereby increasing the
catalytic surface areas (Li et al., 2024; Lotfi et al., 2022). Currently, ALD has
been employed to load catalysts onto membranes for the degradation of OMPs,
although most studies report significant flux loss due to high catalyst loadings
(Berger et al., 2020; Lotfi et al., 2022). Moreover, a high catalyst loading can
also reduce catalytic efficiency and increase operational costs. To overcome
these limitations, low catalyst loadings achieved via ALD have been explored
in electrocatalytic applications, where they have demonstrated high efficacy
(Pickrahn et al., 2015). Nevertheless, it remains unclear whether such low
loadings can enhance the catalytic performance in PMS activation for OMPs’
degradation.

Hence, this study aims to load a low amount of Pd on the surfaces and in the
pores of a ceramic UF membrane by ALD to activate PMS for the enhanced
degradation of four selected OMPs, being benzotriazole (BT), diclofenac
(DIC), sotalol (SOT), and trimethoprim (TMP). Pd is used as a catalyst due to
its ability to effectively activate PMS, and its low ALD growth rate that favors
deposition of small amounts. To assess the influence of pore deposition of Pd,
kinetic experiments were performed with only flow over the membrane surface
and experiments with flow over the membrane surface and through the pores.
The most important RS were determined by quenching experiments, where
corresponding scavengers for different RS were added, and therefore the effect
on the degradation of the four OMPs was measured. In addition, parameters
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such as pH, PMS dosage, and ions, potentially affecting the performance, were
studied. Finally, OMPs were spiked into reverse osmosis brine and river water
to evaluate the degradation performance in complex water matrices.

4.2. Materials and Methods

4.2.1. Ceramic UF membranes

Single-channel tubular ceramic UF membranes (CoorsTek, the Netherlands),
with a pore size of 20 nm (CoorsTek data), were used in this study. The
membranes consist of top and support layers made of Al,O3, having an internal
diameter of 7 mm, an outer diameter of 10 mm, and a length of 100 mm. To
avoid membrane leaking during the filtration experiments, a two-component
epoxy adhesive (Araldite AW 5047—-1 and Hardener HW 5067—1, from VIBA,
Netherlands) was used to seal the two edges of the membranes (10 mm for
each side).

Pd-deposited ceramic UF membranes (Pd-UF) were prepared by ALD.
Pd(hfac), (Sigma-Aldrich), formalin (Sigma-Aldrich), and ultrahigh purity
nitrogen (99.999%) were used as the precursor, co-reactant, and purging gas,
respectively. Before initiating Pd deposition, the ALD reactor was stabilized at
200 °C. The time sequence of the one-cycle ALD used in this study was 30-
30-40-30 s. A gas mixture of 0.5 L/min of Pd(hfac),and 0.5 L/min of N, was
flowed over the membrane substrates for 30 s. 1 L/min N, was executed to
purge the excessive Pd(hfac),. After purging, 0.7 L/min formalin with 0.3
L/min N» was introduced for 40 s, followed by a purging step of 1 L/min N,
for 30s, completing one cycle of ALD. The ceramic UF membranes deposited
with Pd by 3, 30, and 60 cycles of ALD are denoted as C3, C30, and C60,
respectively, while the pristine membrane is referred to as CO.

The pristine and modified membranes were characterized by scanning electron
microscopy (SEM, Hitachi S-3400 II, Japan) with energy dispersive
spectroscopy (EDS). X-ray photoelectron spectroscopy (XPS) was carried out
to examine the inner surface of the Pd-UF membrane by using a Ka system
(ThermoFisher Scientific) with a photon energy of 1486.7 eV. To eliminate the
charging effect on peak shift, the carbon 1s (C1s) spectrum peak at 284.8 eV
was used as a reference to calibrate the XPS peak positions through CasaXPS
software (Fang et al., 2020). The porosity of the membrane and the thickness
of the selective layer were estimated by the SEM image through the ImageJ
analysis (Chen et al., 2020; Lin et al., 2016).
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4.2.2. OMPs degradation experiments

4.2.2.1. Constant-flux setup

The setup, shown in Fig. 4.1, was used for the filtration experiments. The dead-
end setup consisted of a balance (KERN, Germany) to measure the permeate
flux during a certain interval, a needle valve (connected in circulation feed flow)
to control the pressure and flux, a peristaltic pump (Waston-Marlow,
Netherlands) to pump the feed water, a ceramic membrane module, and a feed
tank containing a mixed OMPs and PMS solution.

Figure 4.1. Constant flux setup for membrane filtration.
4.2.2.2. OMPs degradation during membrane filtration

Degradation of single OMPs over time. To have an insight into the removal of
a single OMP over time, sotalol (SOT, from Sigma-Aldrich) was selected as
the model OMP. After adding 40 uM potassium PMS (from Sigma-Aldrich)
solution into 5 pg/L SOT solution, the pH was adjusted by HCI and NaOH.
This solution was used as a feed for the subsequent experiment. Dead-end
constant flux filtration started at a certain pressure for 5 min to achieve a stable
fixed flux of 30 L/(m?*h). Then the filtration experiment ran for 40 min. 5 mL
permeate samples, taken at different time intervals to determine the SOT and
PMS concentration, were immediately injected with 50 pL. 40 mM Na,S,0;
(from Sigma-Aldrich) to terminate any oxidation.

Degradation of multiple OMPs by Pd-UF with PMS. The four OMPs were
purchased from Sigma-Aldrich, and their properties are listed in Table 4.1 (Fu
et al., 2021). The stock solution, containing benzothiazole (BT), diclofenac
(DIC), sotalol (SOT), and trimethoprim (TMP), with a concentration of 1 mg/L.
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was diluted with demineralized water to 5 pg/L each. 5 mL of the prepared
OMPs’ solution was taken to determine the initial concentrations. Then the
OMPs’ solution mixed with 20, 40, or 80 uM PMS at pH of 2.5, 7, or 11,
respectively, was filtered over the Pd-UF membrane at a certain pressure for 5
min to achieve a stable fixed flux (i.e., 30, 100, 200, or 500 L/(m?-h)). During
the subsequent 40-min of filtration, 5 mL samples were taken from the
permeate side and mixed with Na,S>0s. Given that anions can quench RS, the
presence of 1 mM CI, SO4*, HCOs , or CIO was also studied.

Effect of Pd deposited on the surface and in the pores. The role of Pd deposited
on the membrane surface in OMPs’ degradation was conducted by closing the
permeate side and opening the concentration side (Fig. S4.1b). As a result, the
solution only flowed along the membrane surface. In this case, OMPs were
only degraded by the Pd deposited on the surface without the contribution of
Pd deposited in the pores. The residence time was calculated by the tubular
membrane length and the flow velocity from feed side to the concentration side.

Scavenging experiments for RS identification. Based on earlier studies,
different scavengers were dosed in the feed water to eliminate certain RS (Gao
et al.,, 2022; Nandi and Chatterjee, 1987). Tert-butanol (TBA), and ethanol
(EtOH) were used to quench RS of "OH, and both "OH and SO4" , respectively,
while furfuryl alcohol (FFA), and L-ascorbic acid (LAA) were used to
scavenge 'O, and O, , respectively. In the quenching experiment, 0.4 mM
scavenger was injected into the mixed OMPs and PMS solution, where the
concentration of scavenger was 10 times higher than the concentration of PMS
(40 uM).

Potential practical application. The applicability of the combined filtration-
AOPs system was evaluated using real water types, including river water and
two types of brines: brine A with low salinity and brine B with high salinity.
The river water was collected from the canal Delftse Schie (Delft, the
Netherlands) without pretreatment for the experiment, and brine water A and
B were simulated based on the earlier studies (Ali, 2021; Martinetti et al., 2009;
Yang et al., 2016). The total dissolved solids (TDS) were measured as 568
mg/L for river water, 4573 mg/L for brine A, and 22867 mg/L for brine B.
Detailed water quality parameters are provided in Table S4.1.

Table 4.1. Structure and properties of the selected OMPs (Azzi et al., 2021; Fu
et al., 2022; PubChem, n.d.).
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Molecula Charee Min/Max
Name Molecular structure r weight K (at 1%17) projection
(g/mol) o p radius (A)
Benzothiazole ,,NKJ
(BT) s 119 1.44  neutral 3.66/4.12

Diclofenac o o _

(DIC) 5Nj© 296 4.51 negative 4.62/6.34
ho i

Sotalol (SOT) T, oo 272 024 positive  4.21/7.94

Trimethoprim ™~

(TMP) v A 290 091 positive  4.97/6.95

NH,

4.2.2.3. Water sample analysis

The UPLC-MS/MS system (Waters, ACQUITY UPLC I-Class, Xevo TQ-S
micro fitted with the ESI) equipped with a C18 column (ACQUITY UPLC™
BEH 2.1 x 50 mm, 1.7 um particle size) was employed to measure the
concentration of the OMPs (Fu et al., 2021). The PMS concentration was
measured by adding 1.5 mL of a mixed solution containing 100 g/L KI and 5
g/L NaHCO; to 1.5 mL samples and then was tested by UV-Vis at 352 nm, as
proposed by Liang et al. (2008). The calibrated curve of PMS concentration
and corresponding UV spectra is shown in Fig. S4.2.

4.3. Results and discussion

4.3.1. Characterization of ceramic membranes

The top-view SEM image of the Pd-deposited membrane (C60) shows that,
compared to the pristine membrane, hardly any morphological changes existed
(Fig. 4.2a and 4.2b). This suggests that the Pd deposition process did not
notably alter the membrane’s surface structure, maintaining its original texture
and integrity. Due to the low loading of Pd after 60-cycle ALD, no Pd was
detected by SEM-EDX. As reported, the ALD growth rate of Pd on Al,Os is
0.15-0.2 A/cycle with a loading rate of 0.18 mg/m?%/cycle (Elam et al., 2006;
Lu and Stair, 2010). This means that after 60 cycles ALD, the estimated Pd
particle size was 0.9-1.2 nm, with a total Pd loading of 11.04 mg/m?.
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The full spectrum scan of XPS shows that Pd was successfully deposited on
the membrane with Pd atomic ratios (ar.) of 1.36% (Pd/Al). The peak fit of the
fine XPS spectra of Pd 3d was based on an earlier report by Datta et al. (2021),
as shown in Fig. 4.2d. The binding energy of 335.3 and 340.6 eV were ascribed
to Pd® which accounted for 83.8% (ar. of Pd% Pd), while 337.3 and 342.6 ¢V
represented Pd** with an ar. of 16.2% (Pd**/Pd) (Li et al., 2022; Militello and
Simko, 1994a, 1994b). A 1.33% (ar.) of F was also found from the XPS full
scan, which can be attributed to the formation Al-O—Pd(hfac)* or HhFac
during the ALD reaction process (Elam et al., 2006).
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Figure 4.2. SEM image of the membrane surface of (a) pristine and (b) C60
membranes. XPS spectra of (c) full scan survey and (d) Pd fine spectra of C60.
4.3.2. PMS activated by Pd-UF

Different membrane systems were employed to evaluate their performance
over filtration time during PMS activation for the removal of SOT.
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The pristine Al,O3; UF membrane (C0) and C60 Pd-UF were first examined at
a flux of 30 L/(m?-h). The degradation efficacy was calculated by Eq. S4.4. As
shown in Fig. 4.3a, both CO and C60 exhibited low rejections of SOT (5%-
14%), attributed to the large pore size of the UF membrane (17.7-20 nm)
compared to the size of SOT (< 1 nm). These findings align with the study of
Salehi et al. (2019), where it was reported that SOT rejection by UF membrane
is in the range of 5%-32%, depending on the permeate flux. In addition, the
addition of 40 pM H>O: to the C60 Pd-UF resulted in only 3% SOT removal
after 40 min of filtration at pH 2.5. However, the removal efficacy of SOT by
the pristine membrane CO with 40 uM PMS slightly increased to 20%,
probably due to the direct oxidation by PMS. The highest SOT removal
efficacy, around 98%, was achieved by the C60 Pd-UF membrane with 40 uM
PMS. This enhanced removal was likely due to the high oxidation potential of
RS, such as SO4", "OH, '0,, and O, , induced by the catalyst-PMS system,
with potentials ranging from 1.52 V to 3.1 V. To further evaluate the
consumption of PMS in different systems, PMS concentration was measured
during the filtration with the CO and C60 membranes (Fig. 4.3b). The CO
membrane showed a gradual PMS decomposition from 27% at 3 min to 39%
at 40 min, while the C60 membrane achieved a rapid PMS decomposition,
ranging from 93% to 100% throughout the filtration process, also indicating
the high efficacy of the C60 membrane in catalyzing PMS.

Fig. 4.3¢ shows the performance of the C3, C30, and C60 membranes in SOT
degradation over time. All Pd-UF membrane systems exhibited a rapid
degradation of SOT. After 40 min, the C3 membrane achieved 52% SOT
degradation, while the C30 and C60 membranes achieved comparable results,
with 99% and 98% SOT degradation, respectively. The relatively low SOT
degradation by the C3 membrane with PMS can be caused by the much lower
loading of Pd to catalyze PMS into RS. Based on Lu and Stair, (2010), the
loading of Pd on the C3, C30, and C60 membranes was 0.55, 5.52, and 11.04
mg/m?, respectively. Once the membrane surface is uniformly covered with a
certain loading of catalysts, additional deposition will not further increase the
available reactive area. Consequently, it will not enhance PMS activation for
OMP degradation, as was evident after 30 ALD cycles. Feng et al. (2017) have
reported that a high loading of Pd on the Al>O; particles can even deteriorate
the stoichiometric efficiency of PMS utilization due to the scavenging effect
caused by the excess Pd.

Apart from the similar SOT degradation efficacies between the C30 and C60
membranes, the C30 membrane exhibited a smaller permeability decrease,
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from 232 to 193 L/(m>-h-bar), compared to the C60 membrane, from 235 to
184 L/(m?-h-bar), respectively (Fig. 4.3d). This can be attributed to the low
loading of Pd, which has a limited effect on the pore sizes (Fig. 4.3d). The
representative pore sizes of the C30 and C60 membranes, for example, were
estimated to be 18.2 nm and 17.7 nm, respectively, using the Carman-Kozeny
equation (Eq. S4.1) developed for membrane (Levitsky et al., 2021). It should
be noted that the pore sizes were estimated based on the assumption that the
entire membrane structure was uniformly deposited by Pd, without altering
membrane tortuosity or porosity due to the much lower loading. These
calculated pore sizes were comparable to the values estimated based on the
pore narrowing due to the deposited Pd particle size (Fig. S4.3). Given its
higher permeability, efficient degradation, and lower chemical use for coating,
the C30 membrane was selected for further experiments.

The capacities of CO and C30 with and without PMS in the removal of the four
selected OMPs are shown in Fig. 4.3e. Without PMS, the CO membrane
removed 3%—24% of the four OMPs. With PMS, the removal of BT, SOT, and
TMP by the CO membrane increased to 44%, 35%, and 28%, respectively,
while DIC removal reached 90%, likely because PMS can directly oxidize DIC.
However, the C30 membrane with PMS achieved an almost complete removal
of all OMPs.
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Figure 4.3. Performance examination of different membrane systems in (a)
SOT removal over time, and (b) PMS consumption by CO or C60. (c) SOT
removal over time by the membranes (C3, C30, and C60) modified by 3, 30,
and 60 ALD cycles, respectively. (d) Flux of pristine and deposited membranes.
(e) Removal of four OMPs by different membrane systems. The experiments
were conducted at 30 L/(m?-h) with and without 40 uM PMS, at pH = 7, or (a)
with 40 uM H,O», at pH = 2.5.
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4.3.3. Influence of pH, PMS concentration, and co-existed ions

The effects of pH, PMS concentration, and anion can play a role in the
oxidation process (Ghanbari and Moradi, 2017). Hence, variations of pH (2.5,
7, and 11), PMS concentrations (20, 40, and 80 uM), and ions (CI, SO4*,
HCO; , and ClO ) were examined, respectively, for their impact on OMP
degradation and PMS activation, as shown in Fig. 4.4 and Fig. S4.4.

Although the degradation efficacy of BT and DIC exhibited a small decrease
at a pH of 2.5, the degradation efficacies of the two other OMPs reduced
considerably at a pH of 2.5, while the degradation of all four OMPs was
reduced at a pH of 11, in comparison to the performance at a pH of 7 (Fig.
4.4a). Kang et al. (2021) have also found that in the a-Fe,O3-PMS system, the
highest OMPs’ degradation was achieved at a pH = 7, and the pH lower or
higher than 7 has a negative influence on OMPs’ degradation. Dong et al. (2021)
also reported that in the MoSe,-PMS system, the most effective pH for PMS
was in the range of 4 to 9, while the OMPs’ oxidation is reduced prominently
when pH < 3 or > 11. The oxidation of OMPs at a pH of 2.5 and 11 can be
ascribed to the inhibited consumption of PMS, since PMS decomposition was
reduced from 100% at a pH of 7 to 44% and 48% at a pH of 2.5 and 11,
respectively (Fig. 4.4b and Fig. S4.4a).

The degradation of TMP decreased considerably to 41% and 88% at PMS
concentrations of 20 and 80 uM, respectively, while the degradation of the
three other OMPs remained relatively high, ranging from 92% to 100% across
PMS concentrations of 20, 40, and 80 uM (Fig. 4.4¢), respectively. Although
PMS was completely depleted at 20 and 40 puM, its consumption decreased to
90% at 80 uM (Fig. 4.4d and Fig. S4.4b). This decline is likely due to the
limited catalytic surface area, which was insufficient to activate the excess
PMS at higher concentrations.

It has been reported that anions can inhibit the degradation of OMPs due to the
reaction between anions and radicals (Wang et al., 2020). However, when 1
mM anions of CI', SO4*, HCOs , or CIO  were present in the system, the
degradation of most OMPs remained as high as 93%-100%, while only the
degradation of BT was reduced to 81% in the presence of C1O  (Fig. 4.4e). Fig.
4.4f and Fig. S4.4c show that none of these anions inhibited the PMS
consumption. This can be attributed to the excess radicals formed in the
membrane pores, which probably compensated for any potential interference
caused by the anions (Zhang et al., 2020).
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Figure 4.4. OMPs’ removal and PMS consumption under different (a, and b)
pH, (c, and d) PMS concentration, and (e, and f) anion (1 mM) presence.
Unless otherwise specified, the filtration experiments were conducted by the
C30 membrane at a permeate flux of 30 L/(m?-h), at pH 7, with 40 uM PMS,
and an initial OMP concentration of 5 pug/L for each compound. For testing the
effect of ions, different ions (1 mM) were individually added to assess their
influence.

4.3.4. Effective degradation of OMPs at high flux

The flux, related to the residence time, can have an impact on the OMPs’
degradation in the coupled system of the catalytic membrane with PMS (Meng
et al., 2022). Therefore, fluxes of 30, 100, 200, and 500 L/(m?-h) were
employed over the C30 membrane for 40-min filtration. The residence time
was calculated by the permeate flux, porosity of the membrane (Fig. S4.5), and
thickness of the selective layer (Fig. S4.5) with Eq. S4.2.
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Below 100 L/(m?-h), almost complete degradation of the four OMPs was
achieved. As the flux increased to 500 L/(m?-h), the degradation efficacies of
BT and TMP decreased considerably (Fig. 4.5a), e.g., at fluxes of 200 and 500
L/(m?-h), BT was only degraded by 81% and 51%, respectively. This was
likely due to the reduced residence time of the PMS and OMPs across the
membrane at a higher flux. As a result, it led to a decrease in the contact
opportunities between PMS and the Pd catalyst, as well as between the formed
RS and OMPs. The removal of BT, DIC, SOT, and TMP by different
membranes at varying fluxes, as obtained from literature, is summarized in Fig.
4.5b and Table S4.2. The high removal of the four selected OMPs is typically
achieved by membranes with small pore sizes, such as nanofiltration and
reverse osmosis membranes, at a low flux (4-55 L/(m?-h)). In contrast, UF
membranes, due to their larger pore sizes, generally exhibited low rejection of
these small-sized OMPs. Ceramic UF membranes with low Pd loading, when
coupled with PMS, achieved performance comparable to that of nanofiltration
and reverse osmosis membranes. Besides, the high removal of OMPs was
achieved by these membranes at a much higher flux while operating at a low
transmembrane pressure.

PMS consumption measured in the permeate side was maintained at 98%-100%

during 40-min filtration through the C30 membrane at a flux of 30 L/(m?*h)
(Fig. 4.5c). This suggests that the Pd deposited by ALD on the membrane was
stable for continuous catalysis of PMS. However, it was found that PMS
consumption decreased with an increased flux. At fluxes of 30, 100, 200, and
500 L/(m?-h), PMS decomposition was 99%, 87%, 74%, and 43%, respectively
(Fig. 4.5¢ and 4.5d). The decline of PMS decomposition, and thus OMP
degradation, for fluxes above 100 L/(m?-h) can be attributed to the decreased
retention time (Fig. 4.5d). Moreover, increasing the flux could dilute the RS
retained within the pores, thereby reducing the degradation efficacy of OMP.

The optimized flux needs to be further explored because the best balance
between degradation efficacy and water production can change under different
conditions. Real waters contain natural organic matter (NOM), ions, and
particles that may influence fouling behaviour, residence time, and PMS
activation. In addition, the optimal flux also depends on practical factors such
as energy use, chemical cost, and the required level of OMP removal.
Therefore, pilot-scale and long-term studies are necessary to determine the
most suitable operating flux for real applications.
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Figure 4.5. (a) Removal efficacy of four OMPs, (¢ and d) PMS consumption
and retention time by the C30 membrane with PMS at the varying flux. (b)
OMPs removal by membranes found in this study and reported in literature (as
summarized in Table S4.2). A mixed OMPs solution (5 ug/L for each
compound) with 40 uM PMS was adjusted at a pH of 7, and then the feed was
filtered over the C30 membrane for 40-min at varying flux.

4.3.5. Important role of Pd deposited in the pores

It was expected that Pd deposited in the pores promotes the contact of reactants
with the Pd catalyst and subsequently of the RS with the OMPs (Zhang et al.,
2020). To gain insight into the contribution of Pd deposited on the membrane
surface compared to the Pd in the pores, experiments were conducted to study
this effect. The effect of Pd on the surface and within the pores was studied
using the setup with and without permeate flow (Fig. 4.1 and S4.1), i.e.,
experiments involving flow exclusively over the membrane surface and flow
both over the surface and through the pores.
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When both the Pd on the surface and inside the pores were involved in the
catalytic reactions (i.e., with permeate flow), almost 100% of the four OMPs
were degraded within a retention time of 162 ms (at 100 L/(m?-h)), as shown
in Fig. 4.5a and 4.5d. However, when only Pd on the membrane surface was
involved, the degradation efficacy of the four OMPs was less than 12%, even
with an extended retention time (859-2412 ms) (Fig. 4.6a). This low removal
can be attributed to the limited diffusion of RS from the active areas to the bulk
water away from the membrane surface, as reported by Chang et al. (2025).

The degradation kinetics of the four OMPs by the sole Pd on the membrane
surface, and Pd on the surface and in the pores are revealed in Fig. 4.6b and
Fig. S4.6a and S4.6b, using Eq. S4.2 for the calculation. The kinetic constants
of BT, DIC, SOT, and TMP were 4.2 x 10 °,3.6 x 10 >, 6.0 x 10 2, and 2.2 X
10" 2 (ms)!, respectively, for Pd on the surface. However, the kinetic constants
of OMPs degradation, achieved by Pd on the surfaces and in the pores, reached
0.028, 0.050, 0.034, and 0.030 (ms) ! for BT, DIC, SOT, and TMP, respectively.
This suggests that the presence of Pd within the pores enhanced the kinetics by
three orders of magnitude. This kinetic enhancement is consistent with an
earlier study, where Fenton degradation kinetics of para-chlorobenzoic acid
were increased by a factor of 107 when Fe;O4 was also deposited in 20 nm
pores (Zhang et al., 2020). The high kinetic degradation, facilitated by Pd in
the pores, can be attributed to the nanoconfinement effect. Studies have shown
that the concentration of RS is highly dependent on the distance from the
catalytic regions, with RS concentration increasing when RS is confined in
nanopores, thereby promoting their mass transfer (Zhang et al., 2021, 2020).
The membrane pores also provide abundant catalytic surface areas to trigger
the formation of RS to degrade the nearby OMPs enriched within the pores.
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Figure 4.6. (a) Removal of OMPs by Pd deposited on the membrane surface at
different residence times. (b) Kinetic constant comparison of OMPs’ removal
with and without the involvement of Pd deposited in the pores. The
performance of Pd on the surface was evaluated by feeding OMPs (5 pg/L for
each OMP) and 40 uM PMS over the C30 membrane surface by closing the
permeate side.

4.3.6. Dependence of OMPs oxidation on the types of RS

Scavengers are typically used to identify the dominant RS in PMS activation.
However, there are varying conclusions regarding the dominant RS generated
by alumina-supported Pd catalysts. Feng et al. (2017) have reported that SO,
and "OH were the primary RS responsible for the degradation of 1,4-dioxane,
whereas Ahn et al. (2019, 2016) have found that both SO,~ and non-radical
pathways played dominant roles in the degradation of 4-chlorophenol. These
studies, however, only focused on the degradation of individual OMPs, which
likely overlooks the synergistic effects of different RS in the degradation of
multiple OMPs, especially in real water containing complex mixtures of OMPs.
Therefore, to study the influence of the RS, S04, "OH, '0,, and O>" on the
degradation of multiple OMPs by Pd/Al,O3;-PMS system, TBA, MeOH, FFA,
and LAA were used as their scavengers, respectively.

Fig. 4.7a-4.7d show the degradation efficacy of OMPs with the addition of the
different scavengers. It can be concluded that none of the scavengers had an
inhibiting effect on the degradation of BT. However, the scavenger LAA
considerably inhibited the degradation of DIC and SOT, reducing their
degradation efficacies from 100% to 9%-13%. In addition, all scavengers
contributed to the reduction of TMP degradation. Apparently, the degradation
of BT was subjected to other RS pathways than foreseen, while DIC and SOT
degradation were probably governed by O," oxidation. All the considered RS
had an impact on TMP degradation. This is in contrast with the findings of
Feng et al. (2017) who have reported that SOs" and "“OH should be considered
as the dominant RS in PMS catalysis by alumina-supported Pd. These results
indicate that varying RS can be induced in PMS activated by alumina-
supported Pd, and the degradation of multiple OMPs is largely dependent on
the combined effects of different RS rather than any single specific species.

However, it should be noted that OMPs and the quenchers of FAA and LAA
can also react rapidly with ‘OH or SO~ (Table S4.3). This indicates that the
relatively low reaction kinetics between MeOH or TBA and ‘OH or SOs"
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likely limit their capacity in scavenging such radicals. Probably, surface-bound
SO, radicals in PMS with alumina-supported Pd systems, as proposed by
Feng et al. (2017), also resulted in a failure of quenching. The resistance of
*OH radicals, accumulated surrounding the heterogeneous catalysts to the TBA
scavenger, has also been found by Zhang et al. (2017). The surface-bound
radicals can be ascribed to the short diffusion distance of the radicals, which,
consequently, led to a gradient of radical concentration in the membrane pores
(Zhang et al., 2020). The above discussion thus suggests that "OH and SO4™
probably play important roles in the degradation of the four OMPs. However,
the specific contribution of different RS is beyond the scope of this work.
Further studies are recommended to quantitatively elucidate the roles of
individual RS.
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Fig. 4.7. Scavenger experiments by adding TBA, MeOH, FFA, and LAA (0.4
mM) to the mix of PMS (40 puM) and OMPs (5 pg/L for each compound)
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solution at a pH of 7. The filtration was performed by the C30 membrane at a
permeate flux of 30 L/(m?-h).

4.3.7. Degradation of OMPs from brine and river water

The degradation of OMPs from brine water with a low (brine A) and high
(brine B) salinity and from river water was performed to evaluate the potential
application of the catalytic Pd-UF membrane. The water quality parameters of
these water types are shown in Table S4.1, where the main anions in the brine
A, brine B, and the river water were CI (16.4, 81.8, and 1.4 mM for brine A,
brine B and river water, respectively), and SO4* (18.4, 91.9, and 0.7 mM for
brine A, brine B and river water, respectively), with a TDS 0f 4573, 22867, and
538 mg/L, respectively. The OMPs’ degradation and PMS consumption in
brine and river water are shown in Fig. 4.8 and Fig. S4.7.

In brine A water, the degradation of DIC and SOT was retained at a high
efficacy of around 97%, while the degradation of BT and TMP was reduced to
82% and 65%, respectively. In brine B, the degradation efficacies of BT, SOT,
and TMP dropped to 78%, 57%, and 16%, respectively, whereas DIC
maintained a high degradation efficacy of 97%. The negative impact of high
ion concentrations on OMPs’ degradation was consistent with the earlier study
by Wang et al. (2020). This suggests that the efficacy of OMPs’ degradation
can be decreased due to the competitive reaction caused by the higher
concentration of anions. Fig. 4.8d shows that PMS consumption in brine B was
reduced to 79%, compared to 97% in brine A, thereby inhibiting the
degradation of OMPs.

High OMPs’ degradation efficacies, ranging from 89%-100 %, were kept
during the duration of the experiment with river water, and all PMS was
decomposed in this water type (Fig. 4.8¢c). These findings indicate that the main
substance in the river water, i.e., the natural organic matter (characterized by a
total organic carbon concentration of 24 mg/L), had a minor impact on the
degradation of OMPs and on the high PMS decomposition to induce RS.
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Figure 4.8. Degradation of OMPs from (a) brine A with a low concentration of
ions, (b) brine B with a higher concentration of ions, and (c) river water. (d)
PMS consumption in permeate water from the different water types after 40-
min reaction. The mixed OMPs with 5 pg/L of each compound with 40 pM
PMS were added to the brine A, brine B, and river water, and then the filtration
was conducted by the C30 membrane at 30 L/(m?-h).

4.4. Conclusion

To enhance the removal of OMPs, ceramic UF membranes, modified with low
Pd loading through ALD were coupled with PMS. The Pd-UF membranes were
studied for their performance in degrading four selected OMPs under varying
conditions.

The membrane, deposited with a small amount of Pd by 30 ALD cycles,
exhibited 100% degradation of the four selected OMPs by the activation of
PMS at a flux of 30 L/(m?*-h). In contrast, the pristine UF membrane exhibited
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only 3%-24% OMPs removal. At a high flux of 200 L/(m*-h), the Pd-UF
membrane still achieved a degradation efficacy of 76%-96%. Compared to
nanofiltration and reverse osmosis membranes, these catalytic UF membranes
not only provided a high flux at a low applied pressure, but also achieved an
efficient removal of OMPs.

The degradation kinetics of the OMPs by Pd within the pores were found to be
three orders of magnitude higher than that by Pd on the membrane surface.
This enhanced performance was attributed to the abundant Pd-surface area and
the enhanced mass transfer of RS and OMPs in the membrane pores.

Various RS can be induced in the system of Pd-UF membranes with PMS
activation, but the primary RS responsible for the degradation was found to
vary depending on the specific type of OMP.

The highest OMP degradation efficacy was achieved at a pH of 7, while at a
pH of 2.5 and 11 OMP degradation was affected by the inhibition of PMS
activation. Moreover, PMS concentrations (20-80 uM), ions (1 mM CI , SO4 ,
and NOs ), and NOM (in river water) exhibited a mild effect on the
degradation of OMPs in the Pd-UF systems activated by PMS. However, in the
treatment of water with high salinity, the inhibited PMS activation and
competing reaction led to a reduction in OMPs degradation.
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Supporting information
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Figure S4.1. (a) The setup was designed for the examination of the
performance of Pd coated on the membrane surface.
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To examine the effect of Pd coating on the membrane surface, the setup (Fig.
S4.1) was designed to ensure that the feed water only flowed over the
membrane surface, where the permeate side of the membrane was closed by a
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Figure S4.2. Calibrated curve of PMS concentration with UV absorbance at
352 nm.

The PMS concentration was measured by the UV method proposed by Liang
et al., (2008), which relies on a reaction between PMS and iodide, resulting in
the formation of iodine. In the calibration experiments, different volume of
PMS stock solution (10 M) was added to the mixed solution containing 5 g/L
NaHCOs and 100 g/L KI. Then the solution was shaken, and after 15 min, the
sample was measured by UV (Genesys 10S UV-Vis, USA, A = 352 nm). To
determine the PMS concentration before, during, and after the OMPs
degradation experiment, 1.5 mL sample was added to 1.5 mL stock solution
containing NaHCOs and KI, and then it was measured by UV after 15 min.

Pd thickness

Original pore size of 20 nm

Figure S4.3. Pore sizes estimated based on the pore narrowing resulting from
the grown Pd layer. The ALD growth rate of Pd on Al,Os is 0.15-0.2 A/cycle,
which suggests that the Pd layer thickness after 30 and 60 ALD cycles will be
0.45-0.6 nm, and 0.9-1.2 nm, respectively. Assuming the original membrane
pore (20 nm) walls on both sides are uniformly coated with Pd, the estimated
pore sizes for the C30 and C60 membranes would be 18.8—-19.1 nm, and 17.6—
18.2 nm, respectively.

The pore size (r in nm) of membranes can also be calculated by comparing r
before and after coating via the Carman-Kozeny equation (Eq. S4.1) (Levitsky
et al., 2021). The pore size of 20 nm, specified by the manufacturer, was used
for the pristine membranes.
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(S4.1)

where | is the flux (m/s), u is the water dynamic viscosity (Pa s), H is the
membrane thickness (m), T is the pore tortuosity, AP is the applied pressure

(Pa), ¢ is the porosity.
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Figure S4.4. PMS consumption under different conditions (a) at pH of 2.5, 7,
and 11, (b) with PMS concentration of 20, 40, and 80 pM, or with the addition
of 1 mM anion of Cl, SO4*, HCOs , and ClO . Generally, the filtration
experiment was conducted at a flux of 30 LMH, at a pH of 7, with 40 uM PMS,
and without the injection of 1 mM anion.
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Figure S4.5. Porosity of different SEM top-view images of C30 (a), and the
thickness of the selective layer of C30 (b), after examination by Image].

Residence time calculation:

t=o (S4.2)

|-



Chapter 4 | Page 143

where t is the residence time (ms), ¢ is the porosity of the membrane (33%),
J is the flux (m/ms), and h is the thickness of the selective layer (m). ¢p and h
was determined by Imagel (Fig. S4.5a and S4.5b) through the top-view and
cross-section SEM image, respectively.
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Figure S4.6. Degradation kinetics of OMPs with the presence of (a) Pd coated
on the membrane surface and (b) Pd coated on the surface and in the pores.

The kinetics (K, in 1/ms) were calculated by Eq. S4.3, where C (in pg/L) is the
concentration of OMP in the permeate side after oxidation, C; (in ug/L) is the
initial concentration of OMP, and ¢ (in ms) is the residence time computed by
Eq. S4.2. Besides, the removal efficacy of OMPs was calculated by Eq. S4.4.
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Figure S4.7. The consumption of PMS concentration in the oxidation of OMPs
from brine A (with low anion concentration), brine B (with high anion
concentration), and river water.
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Table S4.1. Water quality parameters of brine and river water.

Water mg/L
matrices

Cl_ BI‘_ NH4+ NO3_ PO43_ SO42_TDS
Brine water A 16.36 0.03 0.121 0.202 0.119 18.4 4573
Brine water B 81.81 0.14 0.606 1.011 0.595 91.9 22867
River water 1.44 002 / 0.073 0.014 0.7 568

The simulated brine A water was based on the previous work, while the brine
B had the concentrated anions with a concentration five times higher than that
of brine A (Yang et al., 2016). The river water was taken from collected from
the Schie Canal (Delft, the Netherlands) with a chemical oxygen demand
(COD) of 155 mg/L. measured by the Hach spectrophotometer (DR 3900, US)
with COD cuvettes (LCK 514 and LCK 314, Hach). The dissolved organic
carbon (DOC, 23.7 mg/L), turbidity (0.354 NTU), and ion concentrations of
river water were measured by the total organic carbon analyser (TOC-VCPH,
Shimadzu, Japan), the turbidimeter (2100N, Hach, USA), and the ion
chromatography (883 Basic IC plus, Metrohm Instrument, the Netherlands),

respectively.
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Table S4.2. The rejection of BT, DIC, SOT, and TMP by different kinds of
membranes at different flux.

OMPs Membrane Flux Rejection Reference
(LMH)
Benzotriazole NF 36 10% (Xu et al., 2020)
(BT) NF 54 20%
NF 202 28% (Acero et al., 2015)
NF 202 29%
NF 202 29%
UF 89 44%
UF 89 34%
UF 89 49%
Diclofenac NF 54 10% (Maryam et al., 2020)
(DIC) NF 43 93% (Kimura et al., 2003)
RO 43 95%
UF 105 26% (Plakas et al., 2019)
UF 105 2.9%
NF 43 90% (Alturki et al., 2010)
NF 4.3 95%
UF 141 61% (Vergili, 2013)
NF 22.9 100% (Radjenovi¢ et al,
2008)
RO 22.5 100%
RO 22.5 100%
UF 76.4 44% (Garcia-Ivars et al.,,
2017)
UF 80.8 24%
UF 1214 20%
Sotalol (SOT) NF 22.9 100% (Radjenovi¢ et al,
2008)
RO 22.5 90%
RO 22.5 100%
UF 64.15 32% (Salehi et al., 2019)
UF 141.51  17%
UF 128.3 13%
UF 183.01 5%
Trimethoprim UF 76.4 24% (Garcia-Ivars et al.,

(TMP) 2017)
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UF
UF
NF
NF
NF
NF
NF

80.8
121.4
54
14.4
243
36

54

20%
7%

70%
78%
76%
65%
75%

(Xu et al., 2020)
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Table S4.3. Scavengers used to eliminate the target reactive species, and the
reaction kinetics between the radicals and scavengers or OMPs (Gao et al.,
2022; Guo et al., 2022; Liu et al., 2019; Ma et al., 2019; Mahdi Ahmed et al.,
2012; Mandal, 2018; Meng et al., 2022; Tay and Ismail, 2016; Wojnarovits
and Takacs, 2019; Xiao et al., 2022).

Scavenger ~Quench Mt
reactive
/OMPs species K.on Ksos Koz~ Koo>
MeOH OHL 9.7x10* 1.1 x107 N(? 3.89 x 103
SO4 reaction
1.8x 10—
. 9 5
TBA OH 4.8 x 10 8.3x10 30 % 10}
FFA 10, 1.5x10' 13x10"Y 3.5x10° 1.2 x108
LAA 0, 45x10° 1.0x10% 54x10°
BT 7.6 x10° 1.1 x10°
DIC 7.5x10° 9.2 x10°
SOT 7.9x10° 3.0 x 10"

TMP 83x10° 7.71x10° 6.17x10° 3.2x10°
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Abstract

Persistent fouling and the low rejection of organic micropollutants (OMPs)
remain among the most significant challenges limiting the performance of
ceramic ultrafiltration (UF) membranes. To address these, catalytic membranes
have been coupled with peroxymonosulfate (PMS) to mitigate fouling and
enhance OMP degradation simultaneously. However, it remains unclear how
fouling influences the degradation of OMPs. In this study, palladium-modified
ceramic UF membranes (Pd-UF) were employed to activate a low dosage of
PMS for simultaneous fouling control and OMPs’ degradation. The focus was
on the effect of fouling on OMPs’ degradation. We found that the Pd-UF
membranes with PMS effectively mitigated fouling, and maintained a high
degradation efficacy of OMPs, especially over multiple cycles. Although
fouling severity and mechanism (pore blocking and cake fouling) were
influenced by flux and feedwater chemistry (PMS concentration, foulant type,
and calcium presence), fouling exhibited hardly any impact on PMS activation
and OMPs’ degradation. This was attributed to the size exclusion of the
foulants, ensuring that the activity of the catalytic sites within the pores
remained sufficient for PMS activation. Additionally, the nanoconfinement
effect enriched PMS, reactive species (RS), and OMPs in the pores, thereby
promoting their mass transfer. The dominant RS were almost consistent in
fouling and non-fouling cases, but fouling influenced their relative
contributions to OMPs’ degradation and the oxidation pathway. The findings
thus provided insights into the fouling control and its subsequent effect on
OMPs’ degradation, demonstrating the robustness of the coupled system of the
Pd-UF membrane with PMS for water treatment, even under severe fouling.
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5.1. Introduction

Ceramic ultrafiltration (UF) membranes have been increasingly applied in
wastewater treatment due to their excellent chemical and thermal stability, high
mechanical strength, and ease of cleaning via backwashing (Kramer et al.,
2015). These properties make them particularly well-suited for long-term
operation under harsh treatment conditions. Compared to polymeric
membranes, ceramic membranes are more durable and allow for frequent
cleaning without compromising integrity. Despite these advantages, their
performance is still limited by two major challenges: persistent membrane
fouling and the poor rejection of small organic micropollutants (OMPs).
Fouling can cause considerable flux decline and increase cleaning frequency
and operational costs, especially in the filtration of natural organic matter
(NOM) such as alginate (Chen and Columbia, 2011). Simultaneously, the
relatively large pore size of ceramic UF membranes (typically 10-100 nm)
limits their ability to remove low-molecular-weight OMPs, resulting in the low
rejection (Garcia-Ivars et al., 2017). These limitations restrict the broader
application of ceramic UF membranes, particularly in treating complex water
matrices that contain a mixture of NOM and trace contaminants.

To improve the removal of fouling and OMPs, a promising approach is to
couple catalytic ceramic UF membranes with in-situ advanced oxidation
processes (AOPs). Among the AOPs, peroxymonosulfate (PMS) has gained
attention for degrading foulants and OMPs, due to its high redox potential
(Dong et al., 2021; Zhao et al., 2020). In this hybrid system, catalytic
membranes activate PMS to form reactive species (RS) during filtration,
enabling simultaneous fouling mitigation and pollutant degradation. While size
exclusion mechanisms help retain larger foulants and protect catalyst activity
in membrane pores, the generated RS oxidizes foulants and OMPs, promoting
a synergistic effect between physical separation and chemical oxidation.
Nevertheless, most existing studies have focused either on fouling mitigation
or on OMP degradation (Meng et al., 2022; Zhang et al., 2024, 2023; Zhao et
al., 2020). This leaves a knowledge gap regarding the effect of fouling on the
degradation of OMPs in this coupled system.

In the normal membrane filtration process, fouling can significantly alter
membrane performance depending on its mechanism—whether through pore
blocking, cake layer formation, or a combination of both. These mechanisms
not only affect membrane permeability but can also influence the rejection of
OMPs. For instance, pore blocking has been shown to enhance steric exclusion
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and improve OMP rejection, while cake layer formation may reduce rejection
efficacy (Zhu, 2015; Yangali-Quintanilla et al., 2009). Besides, the fouling
behaviour is strongly influenced by operating conditions, such as flux, foulant
type, and calcium concentration (Lin et al., 2024; Long et al., 2021). When
AOPs are integrated with membrane filtration, RS may modify the fouling
structure, leading to either fragmentation into smaller species or aggregation
into larger clusters. This can result in a shift between fouling mechanisms from
cake formation to pore blocking (Zhang et al., 2024), or the reverse (Zhao et
al., 2020). Moreover, the presence of NOM in the feedwater can interfere with
PMS activation by scavenging RS (Luo et al., 2024), competing with target
pollutants (Dong et al., 2021), or deactivating catalytic sites (Awfa et al., 2020).
These results provide insights into how fouling influences the normal or AOPs-
based filtration processes. However, the effect of fouling on the degradation of
OMPs in AOPs-based membrane systems remains poorly understood

This work explored the simultaneous fouling mitigation and OMP degradation
by a catalytic ceramic UF membrane with low-dose PMS. The goal was to
reveal the effect of fouling on the degradation of OMPs. A catalytic palladium
(Pd) UF membrane (Pd-UF) was fabricated via atomic layer deposition (ALD),
enabling uniform, low Pd loading throughout the membrane structure to
facilitate PMS activation. A controlled dosage of PMS was introduced into the
different feedwaters: (i) containing sodium alginate (SA) and benzothiazole
(BT) as the model OMP due to its wide detection in wastewater and surface
water. Traditional treatment, like adsorption, can remove 20-30% of BT
(Kowalska et al., 2019); (ii) containing SA and multiple OMPs (BT, diclofenac
(DIC), and sotalol (SOT)). The effects of process conditions on fouling and its
subsequent influence on OMPs’ degradation were examined, including PMS
concentration, foulant type, flux, and calcium (Ca). Given that little is known
about how fouling influences the dominant RS, scavenging experiments were
conducted under both fouling and non-fouling conditions to determine the
contribution of different RS to OMPs’ degradation.

5.2. Materials and Methods

5.2.1. Ceramic UF membranes

Tubular ceramic UF membranes with a single channel and a nominal pore size
of 20 nm were obtained from CoorsTek (the Netherlands). Composed of Al,O3
membrane layer and support layers, the membranes have a 7 mm internal
diameter, a 10 mm external diameter, and a 100 mm length. The edges of the
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membrane were sealed by a two-component epoxy adhesive (Hardener HW
5067-1 and Araldite AW 5047—1, VIBA, Netherlands) to prevent potential
leaking during the filtration process.

The Pd-UF membranes were fabricated using ALD. Pd(hfac), (Sigma-Aldrich)
served as the precursor, formalin (Sigma-Aldrich) as the co-reactant, and
ultrahigh purity nitrogen (99.999%) as the purging gas. To prevent the
reabsorption of Pd(hfac),, the ALD reactor was preheated and maintained at
200 °C before initiating Pd deposition. The ALD cycle sequence was 30-30-
40-30 s. During each cycle, Pd(hfac), was introduced over the membrane
substrate with a flow of 0.5 L/min, accompanied by 0.5 L/min N>, for 30 s.
Excess Pd(hfac), was purged using 1 L/min N, for 30 s. Subsequently, a
mixture of 0.7 L/min formalin and 0.3 L/min N, was introduced for 40 s,
followed by another purging step with 1 L/min N> for 30 s. The process was
repeated during 30 cycles.

5.2.2. Performance examination of the catalytic membrane
5.2.2.1. Filtration setup

The experimental setup (Fig. 5.1), designed for constant flux operation,
consists of a syringe pump with a 300 mL stainless steel syringe (No. 1, Fusion
6000-X, Chemxy, USA), a pressure sensor (No. 2, GS4200-USB, ESI, UK)
connected to a computer (No. 4), a module (No. 3) for tubular ceramic
membranes, and a backwash vessel (No. 5) linked to a compressed air system
(No. 6). During constant flux filtration, the valves No. 9 and 10 were opened,
while valves of No. 7 and 8 remained closed. During backwash, the valves No.
9 and 10 were closed, while the valves of No. 7 and 8 were opened. For the
backwash, demineralized water was pressurized from the backwash vessel
under constant pressure, flowing from the permeate side to the concentration
side.
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Figure 5.1. Constant flux setup for membrane filtration.
5.2.2.2. Fouling mitigation and OMPs’ degradation

Performance comparison of the pristine and Pd-UF membranes. The
performance of the pristine and Pd-UF membranes was evaluated, with and
without PMS, to assess the cleaning efficacy of the fouled membranes. A
fouling solution containing 10 mg/L SA (Sigma-Aldrich), 1 mM CaCl, (Sigma-
Aldrich), 3.3 mM NaCl (Sigma-Aldrich), and with or without 40 uM PMS
(Sigma-Aldrich), was filtered through the pristine and the Pd-UF membranes
in a constant pressure setup (Fig. S5.1), starting filtration at 100 L/(m?*-h). After
filtration, membrane cleaning was performed by backwashing with
demineralized water for 1 min at 1 bar. The degradation of a single model
compound, 5pg/L BT (Sigma-Aldrich), was evaluated under SA fouling
conditions using pristine and Pd-UF membranes in the presence of PMS.
Samples were collected from the permeate side at specific time intervals, and
then mixed with 40 mM Na,S,0s (Sigma-Aldrich) to stop the oxidation. The
prepared solutions for the filtration experiments were adjusted to a pH of 7 by
using HCI or NaOH.

Fouling mitigation and single OMP degradation in a single cycle under
varying conditions. To better understand the fouling effect on OMP
degradation by the Pd-UF membrane, the degradation of model OMP, BT, was
examined across different experimental conditions at constant flux. The
fouling solution was prepared by mixing 10 mg/L SA, bovine serum albumin
(BSA, Sigma-Aldrich), or humic acid (HA, Sigma-Aldrich) with a background
salt concentration of either 1 or 1.9 mM CaCl; and 3.3 mM NaCl. Then 5 pg/L
BT together with 40, 100, or 400 uM PMS was injected into the fouling
solution. The mixed solution was adjusted to a pH of 7. Before filtration, a
sample was taken to check the initial BT and PMS concentration. Afterwards,
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the mixed solution was filtered over the pristine and the Pd-UF membranes
under a constant flux of 30, 100, or 150 L/(m?*-h), using the setup as shown in
Fig. 5.1. After filtration, the backwash with demineralized water was
performed at 1 bar for Imin Samples were taken from the permeate side, and
mixed with 40 mM Na»S,0s (Sigma-Aldrich).

Fouling mitigation and multiple OMPs’ degradation over multicycles. This
experiment was designed to evaluate the long-term performance of the Pd-UF
membrane in fouling removal and its effectiveness in degrading multiple
OMPs. Therefore, a solution containing 10 mg/L. SA, 1 mM CaCl,, and 3.3
mM NaCl was mixed with BT, diclofenac (DIC, Sigma-Aldrich), and sotalol
(SOT, Sigma-Aldrich) at 5 pg/L each, then adjusted to a pH of 7. Filtration (at
100 L/(m*-h)) was applied to the pristine membrane without PMS and the Pd-
UF membrane with 40 pM PMS for four cycles. 1 min backwash with
demineralized water at 1 bar was used for the cleaning. Water samples were
taken from the permeate side and then mixed with 40 mM Na,S,0s.

Determination of the dominant RS. Considering the distinct reaction kinetics
between scavengers and RS, different scavengers were employed to selectively
target specific radicals (Gao et al., 2022; Nandi and Chatterjee, 1987). Tert-
butanol (TBA, Sigma-Aldrich) was used to scavenge hydroxyl radicals (*OH),
while ethanol (EtOH, Sigma-Aldrich) served to scavenge both *OH and sulfate
radicals (SOs¢ ). Additionally, furfuryl alcohol (FFA, Sigma-Aldrich) was
utilized to scavenge singlet oxygen ('0,), and L-ascorbic acid (LAA, Sigma-
Aldrich) was applied to scavenge superoxide radicals (O,¢ ). In the scavenging
experiment, each scavenger (1000 pM) was added into the mixed solution
containing 10 mg/L SA with 1 mM CacCl, and 3.3 mM NacCl, the three OMPs
(5 ng/L for each OMP), and 40 uM PMS. The solution was adjusted to a pH of
7. Then the prepared solution was filtered over the Pd-UF membrane at 100
L/(m*-h). For comparison, a separate filtration experiment was conducted
using the solution without SA, allowing the determination of RS under non-
fouling conditions. The degradation of OMPs in the absence of both SA and
scavengers served as a control. Water samples were collected from the
permeate side and subsequently mixed with 40 mM Na,S,0s.

5.2.3. OMPs and PMS concentration measurement

The UPLC-MS/MS (Waters ACQUITY UPLC I-Class, Xevo TQ-S micro with
ESI) featuring a C18 column (ACQUITY UPLC™ BEH, 2.1 x 50 mm, 1.7 um
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particle size) and standard addition was used to determine the concentrations
of the OMPs (Fu et al., 2021).

The PMS concentration was measured by adding 1.5 mL of a mixed solution
containing 100 g/L KI (Sigma-Aldrich) and 5 g/[. NaHCOs3 (Sigma-Aldrich) to
1.5 mL of the sample. The mixture was then analyzed by UV-Vis
spectrophotometry at 352 nm, following the method proposed by Liang et al.
(2008). The calibration curve and corresponding UV spectra for PMS
concentration are shown in Fig. S5.2.

5.2.4. Data analysis

The resistance of the membrane was calculated by Eq. 5.1-5.3:

1
Ry, = 5.1
U Lpw
1
R, =— 5.2
WLy
Ry =~ (- — ) 5.3
v B Lpn Lpl .

where R, (in 1/m) is the resistance of the clean membrane, R, (in 1/m) is the
total resistance during filtration, R;. (in 1/m) is the irreversible fouling
resistance, p (in Pa s) is the dynamic viscosity, Ly, (in m/(Pa s)) is the pure
water permeability of the clean membrane, L, is the permeability during
fouling filtration, and Ly, is the initial permeability in the n cycle fouling
filtration.

The cake fouling mechanism was evaluated based on the work of Kirschner et
al. (2019), as shown in Eq. 5.4:
TMP =TMPy, (1+K.]t) 54

where TMP (in bar) is the transmembrane pressure measured during filtration,
TMP, is the initial transmembrane pressure, K. (in 1/m) is the cake filtration
constant, / (in m/min) is the flux, and ¢ (in min) is the filtration time.
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The degradation efficacies of the OMPs and the consumption of PMS were
calculated by the initial (Cy in pg/L) and final (C in pg/L) concentrations, as
shown in Eq. 5.5:

C
Removal ef ficacy or PMS consumption = 1 — - 5.5
0

5.3. Results and discussion

5.3.1. Performance of the pristine and Pd-UF membranes

To examine the efficacy of the Pd-UF-PMS system, its performance was
compared with that of the pristine membrane with and without PMS, as shown
in Fig. 5.2. The filtration started with an initial flux of 100 L/(m?-h) at each
cycle by the constant pressure setup, followed by backwashing with
demineralized water at 1 bar for 1 min to assess cleaning efficacy.

Similar permeability declines (Fig. 5.2a) were observed in the pristine
membrane without PMS, the Pd-UF membrane without PMS, and the pristine
membrane with PMS. This indicates that without PMS activation by the
catalyst, the pristine and Pd-UF membranes were ineffective in mitigating the
effect of fouling on permeability loss. However, the permeability of the Pd-
UF-PMS system exhibited a moderate decline, stabilizing at 76%, which was
8%—12% higher than the other three filtration modes. Moreover, after
backwashing, the Pd-UF-PMS system showed the highest cleaning efficacy,
being 62% (Fig. 5.2b), outperforming the Pd-UF membrane without PMS
(44%), the pristine membrane with PMS (26%), and the pristine membrane
without PMS (13%). This can be attributed to the strong oxidation of SA by
RS, which makes the oxidized SA fragments easier to be flushed away. The
Pd-UF membrane without PMS also exhibited a relatively high backwash
efficacy of 44%. Previous studies have reported that the zeta potential of Pd at
pH 7 is approximately -35 mV, much lower than -15 mV of the pristine Al,O3
membranes (Chen et al., 2022; Sathishkumar et al., 2009). This suggests that
the Pd-UF membranes are more negatively charged than the pristine
membranes, which weakens the interaction between the foulants and the
membrane surface, thereby facilitating their removal during backwashing.
With the Pd-UF membrane, PMS was completely and rapidly consumed by the
Pd-UF membrane during two-cycle filtration (Fig. 5.2c and S5.3a). This
indicates that the Pd-UF membrane effectively activated and consumed PMS.
In contrast, only partial PMS consumption was observed with the pristine
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membrane, which can be attributed to PMS self-decomposition or the limited
catalytic activity of the Al,O3-made pristine membrane (Li et al., 2024).

Fig. 5.2d shows that 18% and 12% BT were degraded by the pristine
membrane with PMS in the first and second filtration, respectively, whereas
almost complete degradation (93%-99%) of BT was achieved by the Pd-UF-
PMS system in two-cycle filtration. Due to fouling, flux exhibited a moderate
decline in the constant pressure filtration (Fig. S4). However, Fig. S3b shows
that fouling had a limited impact on BT degradation by the Pd-UF-PMS system
during the 45-min filtration.
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Figure 5.2. Normalized permeability in the filtration by the pristine membrane
and the Pd-UF membrane with and without PMS (a), cleaning efficacies (b),
PMS concentrations (c), and BT degradation by the pristine membrane and the
Pd-UF membrane with 40 uM PMS. The performance was evaluated under
constant pressure filtration, starting with an initial flux of 100 L/(m?*h). The
concentrations of alginate, BT, and PMS were 10 mg/L, 5 pug/L, and 40 uM,
respectively.
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5.3.2. Effect of PMS concentration

Higher PMS concentrations typically enhance both fouling mitigation and
OMP degradation. However, it remains unclear how fouling, which is
influenced by the PMS concentration, impacts the degradation efficiency of
OMPs (Asifetal., 2021; Zhou et al., 2023). Therefore, we examined the impact
of PMS concentration (40, 100, and 400 uM) on fouling mitigation and the
subsequent effect on the degradation of model OMP, BT.

Normalized permeability (Fig. 5.3a) showed that after 45-min filtration, the
Pd-UF membrane maintained 68%, 74%, and 95% of its initial flux for 40, 100,
and 400 pM PMS, respectively, indicating enhanced fouling mitigation at
higher PMS concentrations. In comparison, the permeability of the pristine
membrane dropped to 64%. After 45-min filtration, the pristine membrane
without PMS showed the highest R; (2.6x10'* 1/m), followed by the Pd-UF
membrane with 40 uM PMS (2.5 x 10'? 1/m), 100 uM PMS (2.2 x 10'? 1/m),
and 400 uM PMS (1.7 x 10'? 1/m), respectively, as shown in Fig. 5.3b. The
higher permeability drop and resistance in the pristine membrane align with
the study by Lin et al. (2021), which is attributed to the compressed SA cake
fouling. In the Pd-UF-PMS system, its lower permeability drop can be ascribed
to the generation of RS through PMS activation, which facilitates the
degradation of SA fouling (Zhao et al., 2020).

To analyze the fouling mechanism, the cake model for constant-flux filtration
was applied to the TMP/TMP; versus time curve (Fig.5. 3¢). The highest cake
filtration constant (K.) of 8.0 1/m was found in the filtration by the pristine
membrane without PMS. However, the constant of K, showed a decrease with
PMS for the Pd-UF membranes. Similarly, the correlation coefficient values
(R?) for cake fouling also decreased with the increase of PMS concentration,
suggesting the cake fouling was mitigated at higher PMS level. In contrast, R?
for pore blocking was maintained at a high level, even at 400 uM PMS (Fig.
S5.5), indicating that pore blocking was still significant under these conditions.
These results perhaps suggest a shift in the dominant fouling mechanism from
cake layer formation to pore blocking, likely due to the generation of smaller
SA fragments at higher PMS concentrations.

The consumption of PMS, as presented in Fig. 5.3d, shows that 97%, and 94%
of PMS were decomposed at 40 uM, and 100 uM, respectively. However, in
400 pM PMS case, both the overall PMS consumption and PMS consumption
rate decreased, likely due to the limited active sites. This suggests that while
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the Pd-UF membrane effectively activated PMS, optimizing PMS dosage is
important for improving its utilization, minimizing treatment costs, and
reducing the residual PMS in the effluent.

To understand the effect of fouling on BT degradation, BT degradation by PMS
alone and BT removal by the pristine membrane without PMS were compared
to the degradation of BT in the Pd-UF-PMS system. PMS alone had a moderate
effect on BT degradation, as shown in Fig. 5.3e. In addition, a low BT removal
of 6.5% was found for the pristine membrane without PMS (Fig. 5.3f). These
findings demonstrate that direct PMS oxidation or separation by the pristine
membrane has a limited effect on BT removal.

As reported by Wang et al. (2022), the presence of NOM could inhibit the
degradation of OMPs due to competition for reaction sites and reduced
catalytic areas. However, this limitation was not observed in the Pd-UF-PMS
system. Although PMS concentration had a considerable effect on fouling (Fig.
5.3a), its impact on BT degradation was minor (Fig. 5.3f), even at the lowest
PMS concentration under fouling condition. Compared to PMS alone and the
pristine membrane without PMS, the Pd-UF-PMS system achieved near-
complete BT degradation, with efficacies of 100%, 100%, and 98% at 40, 100,
and 400 uM PMS, respectively (Fig. 5.3f).

Zhao et al. (2020) have reported that the presence of PMS during filtration by
a catalytic ceramic membrane could alter the fouling mechanism, which is
consistent with our results. As shown in Fig. 5.3c, the fouling mechanism
shifted from cake layer formation to pore blocking with increasing PMS
concentration. Katsoufidou et al. (2007) have also reported that broken, and
thus smaller, SA fragments can clog the membrane pores, leading to more pore
blocking, which, in turn, causes a prominent permeability decline. Since PMS
influences fouling, the mechanism of BT degradation may also vary depending
on the fouling mechanisms affected by PMS concentration. At low PMS
concentrations, fouling mainly forms a cake layer on the membrane surface
(Fig. 5.3c and Fig. S5.5), preventing foulants from infiltrating into the pores.
This, in turn, will reduce the competing reaction, thus promoting the OMPs’
degradation. At high PMS concentration, more broken SA with a smaller size
can infiltrate the pores. However, the high PMS concentration enhanced the
generation of RS, which compensated for any fouling-induced limitations and
thereby maintained high BT degradation efficacy.
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Figure 5.3. The performance of the pristine membrane without PMS and of the
Pd-UF membrane with PMS, examined at the flux of 100 L/(m*h): (a)
normalized permeability, (b) total resistance, (¢) normalized TMP and cake
fouling mechanism fitting, (d) PMS consumption, (¢) BT concentration in the
feed before and after dosing PMS, and (f) BT degradation after membrane
filtration.
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5.3.3. Effect of foulant type

Membrane fouling by BSA, HA, and SA—representing protein, humic
substances, and polysaccharides, respectively—was studied. These
compounds are major fractions of NOM that are commonly found in natural
and industrial wastewater systems (Wang et al., 2023).

Fig. 5.4a shows that BSA fouling resulted in the most rapid permeability
decline, with permeability dropping to 51%, followed by SA (68%), and HA
(95%). The Pd-UF-PMS system at 100 L/(m?-h) experienced the highest
resistance (R;) with BSA fouling (3.2 x 10'> 1/m), followed by SA (2.5 x 10'2
1/m) and HA (1.6 x 10'? 1/m). A similar trend has been reported for Fe-
activated PMS in treating these NOM fractions during nanofiltration (Bai et al.,
2021). Additionally, Angelis and Cortalezzi (2016) have reported that BSA
resulted in the lowest mineralization efficiency (below 60%) by Fenton-like
reactions, compared to approximately 80% for HA and SA. This suggests that
BSA is harder to be degraded by AOPs than HA and SA. Therefore, BSA led
to more severe fouling. Fig. S5.6 shows that intermediate pore blocking
governed HA filtration, while both pore blocking (intermediate and standard)
and cake fouling were predominant in the filtration of BSA and SA. Although
the size of these three foulants followed the order HA>BSA>SA (Bai et al.,
2021), it seems that HA was more easily degraded by the Pd-UF-PMS system,
thus producing smaller byproducts that led to the intermediate pore clogging.
In contrast, the pronounced pore blocking and cake fouling observed with BSA
and SA can be attributed to their partial fragments and the subsequent
formation of larger aggregates through aggregation. (Yang et al., 2023).

Coexisting substances can typically react with RS at high kinetics, which could
influence OMPs’ degradation to varying degrees, due to the competitive
reactions (Hwang et al., 2020; Wang et al., 2022). However, despite the
presence of different types of foulants (HA, BSA, and SA), a nearly complete
degradation of BT was observed in all fouling cases (Fig. 5.4c). This indicates
that competitive reactions associated with these foulants hardly had an impact
on BT degradation in Pd-UF-PMS system. This can be attributed to the size
exclusion, which prevents parts of the fouling from infiltrating into the pores
and contaminating the catalyst in the pores. In addition, the nanoconfinement
effect can facilitate the generation of sufficient RS within the pores (Zhang et
al., 2021), effectively compensating for any potential competitive reactions
caused by the foulants, even under severe internal pore blocking. As reported
by Chang et al. (2025), nanoconfined catalytic macrostructures can enrich
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PMS, OMPs, and RS, thus promoting their mass transfer for the enhanced
degradation efficacy. Furthermore, the high PMS consumption (see Fig. 5.4d)
also shows that different foulants and fouling mechanisms had limited effects
on PMS activation.
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Figure 5.4. The normalized permeability (a), total membrane resistance (b), BT
degradation (d), and PMS consumption (c), under the 10 ppm HA, SA, and
BSA fouling conditions in constant flux filtration with 40 uM PMS at 100
L/(m?-h) by the Pd-UF membrane.

5.3.4. Effect of flux

Flux could play a critical role in fouling and can also influence the degradation
efficacy of OMPs (Chen et al., 2022; Lotfi et al., 2022). To study these effects,
fouling and BT degradation were examined under varying constant flux
conditions, as shown in Fig. 5.5.
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Normalized permeability at 30 L/(m?-h) exhibited a gradual and mild decline,
dropping to 92% by the end of filtration. However, under higher flux
conditions, a more rapid and higher permeability drop was observed, as shown
in Fig. 5.5a. Similarly, the R; values (Fig. 5.5b), at 30 L/(m?-h) (7.7 x 10'! 1/m)
were 2.7 and 4.8 times lower than the values at 100 L/(m?-h) (2.1x 102 1/m)
and 150 L/(m*h) (3.7 x 10'* 1/m), respectively. The higher permeability
decline and resistance at the higher flux are, as expected, caused by the higher
accumulation of SA on the surface. Moreover, the reduced retention time (Fig.
S7) of RS at higher flux will also limit fouling degradation during filtration,
thereby hindering the detachment of SA from the membrane surface. The
influence of retention time is further supported by the observed shift in fouling
mechanisms. At lower flux, where retention time is longer, the dominant
mechanism appears to shift from cake formation to pore blocking (Fig. S5.8).
This shift is likely due to enhanced SA degradation, resulting in smaller
fragments that contribute more to pore blockage than to cake layer formation.

Fig. 5.5¢ shows that BT was completely degraded below the flux of 100
L/(m?-h) in both fouling and non-fouling cases, while the degradation efficacy
decreased to approximately 92% at 150 L/(m*-h) for both conditions. This
suggests that, although different fouling mechanisms (severe pore blocking or
cake fouling) occur at varying flux levels (Fig. S5.8), SA fouling has a
negligible impact on BT degradation. A high PMS consumption was also
observed in all cases, reaching approximately 97% in fouling conditions, and
89%-96% under non-fouling conditions, as shown in Fig. 5.5d. The high
effectiveness of the Pd-UF membrane at high fluxes is most likely attributable
to the synergistic effect between membrane separation and nanoconfinement
(Zhang et al., 2021). However, the kinetics regression analysis (Fig. S5.9)
suggests that the optimal operating flux was 100 L/(m?-h), as the kinetics of
BT oxidation and PMS consumption would reach a plateau at flux levels below
100 L/(m?-h).
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Figure 5.5. Fouling curves (a), R; (b), BT degradation (c), and PMS
consumption (d) under different constant fluxes. The degradation efficacy of
BT and consumption of PMS under no fouling conditions were also studied for
comparison.

5.3.5. Effect of Ca

In the treatment of SA-enriched feed water using membranes, SA fouling
structures can form either stretchy egg-box gel layers at a low Ca concentration
or rigid cross-linked clusters at a higher Ca concentration, as reported by Zhang
et al. (2017). These structural differences, in turn, could influence both the
fouling and the oxidation process. Hence, Ca-ion concentrations of 1 mM and
1.9 mM were used to study their effect on fouling and OMPs’ degradation by
the Pd-UF membrane with 40 uM PMS (at 100 L/(m?-h)), as shown in Fig. 5.6.

Compared to the high permeability drop of 33% observed in the Pd-UF
membrane with 1 mM Ca and PMS, mild permeability declines below 10%
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were found in the Pd-UF membrane with 1.9 mM Ca and PMS. The high
permeability decline observed at 1 mM Ca is likely attributed to the formation
of smaller SA—Ca colloids capable of penetrating membrane pores, the
compressibility of the egg-box structure, and its susceptibility to oxidative
degradation into smaller fragments(Katsoufidou et al., 2008; Lin et al., 2023).
Conversely, high Ca concentrations promoted the formation of rigid SA
clusters through strong SA-Ca interactions (Zhang et al., 2017). These rigid
clusters were more resistant to degradation by AOPs and were more difficult
to compress. As a result, larger SA-Ca structures remained in the case of
1.9 mM Ca, reducing the possibility of pore blocking, and thereby mitigating
the permeability decline. Although the Pd-UF-PMS system experienced a high
permeability loss in the 1 mM Ca case, it achieved complete BT degradation
(Fig. 5.6b). However, the removal efficacy of BT was reduced to 81% in the
case of 1.9 mM Ca. This is presumably because the higher Ca concentration
(1.9 mM) increases the zeta potential of the SA-Ca fouling layer (You et al.,
2020), and consequently enhances the adsorption of negatively charged PMS
onto the fouling surface. As a result, less PMS can be available for activation
at the catalytic areas, thus inhibiting RS generation, and resulting in lower BT
degradation efficacy. Further study is needed to explore how Ca concentrations
influence alginate structures and how these structural differences, in turn,
affect the degradation of OMP.
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Figure 5.6. The effect of Ca (1 and 1.9 mM) on the removal of fouling (a) and
BT (b) by the Pd-UF membrane with 40 uM PMS at 100 L/(m?-h).
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5.3.6. Fouling and multiple OMPs’ degradation over multicycles

From Fig. 5.3a, it can be concluded that dosing of 40 uM PMS had a limited
effect on fouling mitigation during a single-cycle Pd-UF membrane filtration
at the flux of 100 L/(m?-h), compared to the pristine membrane without PMS
dosing. To further study fouling and permeability recovery, multi-cycle fouling
and cleaning cycles were conducted under constant flux. A SA solution
containing multiple OMPs (BT, DIC, and SOT) and 1 mM Ca was employed
for filtration by the Pd-UF membrane with 40 pM PMS and by the pristine
membrane without PMS. After each filtration cycle with a constant flux of 100
L/(m?-h), the membrane was backwashed with demineralized water at 1 bar
for 1 min, and the fouling and cleaning processes were repeated for four cycles,
as illustrated in Fig. 5.7.

Before the first two cycles, the normalized permeability of the Pd-UF-PMS
system (Fig. 5.7a) was similar to that of the pristine membrane without PMS.
However, in the third and fourth cycles, the permeability of the Pd-UF
membrane recovered to 70% and 61% of its initial value, respectively, after
backwashing. In contrast, the pristine membrane without PMS experienced a
continuous decline in permeability, dropping to 45% after the fourth cycle.
These findings align with the results of R;,., as shown in Fig. 5.7b, where R;,
values of the pristine membrane were higher than those of the Pd-UF
membrane in all cycles. In addition, the irreversible fouling index (UMFI;) of
the Pd-UF-PMS system was 0.003 m?/L, lower than 0.005 m*/L for the pristine
membrane without PMS, as shown in Fig. S5.10. These results indicate that
RS generated from the Pd-UF-PMS system can effectively remove SA fouling,
thereby enhancing backwash efficacy for fouling detachment. In contrast, in
the absence of AOPs, SA fouling formed a dense, compressed cake layer,
which is more difficult to remove, thus leading to ineffective hydraulic
backwash, as found in the pristine membrane without PMS.

PMS consumption by the Pd-UF membrane (Fig. 5.7c) showed a moderate
decline after the first filtration/backwash cycle but subsequently stabilized at
approximately 75% over the following cycles. Probably, after the first fouling
cycle, SA deposition partially covered the catalytic sites, and the backwash was
insufficient to fully restore them. As a result, the reduced availability of active
sites led to a decrease in PMS activation for the degradation of fouling.
However, the inhibited PMS activation had a limited effect on the OMPs’
degradation by the Pd-UF-PMS system (Fig. 5.7d). Only BT degradation
efficacy decreased from 100% in the first cycle to 79% in the last cycle, while
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DIC and SOT were completely degraded throughout all cycles. In contrast, the
pristine membrane without PMS experienced a gradual decline in OMPs’
rejection over multicycles (Fig. 5.7d). In addition, a much lower rejection of
all OMPs (0%-11%) was observed in the pristine membrane without PMS.
Moreover, PMS alone had minimal effect on OMP degradation, as the
concentrations of BT, DIC, and SOT in the feed showed little change before
and after PMS addition (Fig. S5.11).
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Figure 5.7. Membrane performance in four-cycle operations: normalized
permeability (a), irreversible fouling resistance (b), PMS consumption (c), and
degradation of BT, DIC, and SOT (d), by the pristine membrane without PMS
and the Pd-UF membrane with 40 uM PMS under 100 L/(m?-h) filtration,
followed by a 1-min backwash with demineralized water at 1 bar.
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5.3.7. Dominant RS for the degradation of multiple OMPs

The dominant RS in AOPs is typically identified through scavenging
experiments, where specific scavengers of TBA, EtOH, FFA, and LAA are
individually introduced into the feed solution to selectively scavenge the
corresponding RS. A previous study has reported that the dominant RS are
dependent on the type of OMPs (Wu et al., 2017). However, the effect of
fouling on RS is unclear. Hence, the influence of fouling on RS contribution to
the degradation of multiple OMPs was studied. Control experiments were
conducted by exploring OMPs’ degradation by the Pd-UF-PMS system in the
absence of SA and scavengers.

The control experiments (Fig. 5.8a-5.8d) showed that all OMPs (BT, DIC, and
SOT) were completely degraded by the Pd-UF-PMS system. However, the
presence of scavengers exhibited varying degrees of inhibition on the
degradation of the various OMPs. In the absence of SA fouling, BT degradation
was governed by both *OH and 'O,, DIC by O,¢ , and SOT by both 'O, and
O+, respectively. This observation is consistent with a previous study
showing that different RS contribute differently to the degradation of various
OMPs (Rao et al., 2023). Furthermore, scavenging results under fouling
conditions revealed that the degradation of BT was dominated by *OH, DIC
by O»¢, and SOT by both 'O, and O+, respectively. Except for BT, the
dominant RS for BT, DIC, and SOT remained the same under both fouling and
non-fouling conditions. However, the presence of SA altered the role of RS in
OMPs’ degradation. This was observed in all cases where the relative
contributions of RS to the degradation of OMPs were changed in the presence
of SA fouling. For example, the degradation of SOT was increased from 27%
in the absence of SA to 91% in the presence of SA, suggesting that SO,* had
a higher impact on SOT degradation under SA fouling. This finding reveals
that fouling can influence the contribution of RS, and probably further alter the
oxidation pathway.

Our work thus highlights the prominent effect of fouling on RS. However, the
underlying mechanisms remain complex. A study has shown that scavenging
experiments alone may be insufficient to fully elucidate RS behaviour, as the
reaction between OMPs, fouling, scavengers, and PMS can collectively
influence the pathways of PMS activation, RS formation, and OMPs’
degradation (Gao et al., 2022; Wu et al., 2017). In particular, NOM has been
reported to inhibit RS activity through the scavenging or reduction processes
(Zhang et al., 2025). Moreover, the impact of *OH and SO, on the
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degradation of all OMPs cannot be ignored, as these RS can be bound to
membrane surfaces, limiting their accessibility to scavengers in the bulk (Feng
etal., 2017; Gao et al., 2022; Zhang et al., 2017). These factors complicate RS
mechanisms under fouling and indicate the need for further studies to clarify
their roles in OMPs’ degradation.

Control ©TBA 0OSATBA Control T EtOH ©1SA EtOH

1 a 1 b
0.8 0.8
B g
g 0.6 g 0.6
204 204
=4 &
0.2 0.2
0 0
BT DIC SOT BT DIC SOT
Control FFA SA FFA Control LAA SA LAA
1 1
C d
0.8 0.8
g s
g 0.6 g 0.6
204 20.4
& =7
0.2 0.2
0 0
BT DIC SOT BT DIC SOT

Figure 5.8. Evaluation of the dominated RS in the Pd-UF membrane with 40
uM PMS, performed at the flux of 100 L/(m?-h). 1000 uM scavengers of TBA,
EtOH, FAA, and LAA were separately introduced into the OMPs-PMS
solution or the OMPs-PMS-SA solution. OMPs’ degradation by the Pd-UF
membrane with PMS under no fouling conditions and in the absence of
scavengers served as the control experiment.

5.4. Conclusion

This study explored the simultaneous fouling mitigation and OMPSs’
degradation by catalytic Pd-UF membranes coupled with a low dosage of PMS.
The goal was to reveal the effect of fouling on the degradation of OMPs. The
findings showed that the Pd-UF-PMS system can effectively mitigate fouling,
particularly over multiple cycles. Despite the presence of fouling, the Pd-UF-
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PMS system achieved nearly complete BT degradation across a range of PMS
concentrations, fluxes, and foulant types. This indicates that fouling had a
minimal effect on the BT degradation, likely contributing to the synergistic
effect of size exclusion and nanoconfinement. The presence of Ca at relatively
high concentrations exhibited a moderate inhibitory impact on the degradation
of BT. Moreover, the Pd-UF-PMS system achieved nearly complete
degradation of multiple OMPs and high cleaning efficacy over multiple cycles,
outperforming the pristine membrane. Although severe fouling, such as cake
layer formation and internal pore blockage, was influenced by feedwater
chemistry and filtration conditions, the Pd-UF-PMS system consistently
exhibited robust performance in degrading OMPs. Nevertheless, these
chemical and operational parameters were found to subsequently affect the
oxidation mechanisms due to changes in competing reactions, PMS availability,
and foulant structures. Scavenging experiments suggested that the dominant
reactive species were similar under fouling and non-fouling conditions.
However, fouling influenced the relative contribution of the different RS to
OMP degradation, highlighting the complex role of fouling in the oxidation
pathways. Overall, the potential negative effects of fouling on OMP
degradation in the Pd-UF-PMS system were mainly counterbalanced by two
key mechanisms: (1) size exclusion of the fouling molecules, which prevented
the contamination of catalytic sites and thus ensured the sufficient generation
of RS, and (2) nanoconfinement, which enhanced the enrichment and mass
transfer of PMS, RS and OMPs within the pores. These advantages make the
Pd-UF-PMS system a promising approach for advanced water treatment
applications, even under harsh and complex feedwater conditions.
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Figure S5.1. Constant pressure setup.

The constant pressure setup (Fig. S5.1) was constructed using a gear pump (No.
1, AxFlow, the Netherlands) to feed the solution from the bulk reservoir (No.
2) through the membrane (No. 3) to the permeate side. During this process,
valves No. 4 and 5 were opened, while valves No. 6 and 7 remained closed. A
backflow system was incorporated because the lowest operating power of the
gear pump could not provide the expected flux. To regulate the transmembrane
pressure, a needle valve (No. 8) was connected to the backflow tubing system.
Pressure and flux data were recorded using a pressure sensor (No. 9, GS4200-
USB, ESI, UK) and a digital balance (No. 10, KERN EWJ 600, Germany),
both of which were connected to a computer for real-time monitoring. For
backwash, the valves No. 6 and 7 were opened, while valves No. 5 and 6 were
closed. The backwash vessel (No. 11), filled with demineralized water and
connected to a compressed air system (No. 12), was used to perform the
backwash at a controlled pressure.
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Figure S5.2. Calibration curve for the determination of PMS concentration
based on the UV-Vis spectrophotometry at 352 nm.
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Figure S5.4. Flux change with time by the pristine and Pd-UF membranes with
PMS under constant pressure filtration.
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Figure S5.5. Determination of fouling mechanisms (cake filtration, standard
pore blocking, and intermediate pore blocking) based on TMP data in the case
of 0-400 n PMS.

The fouling mechanisms. Standard and intermediate pore blocking were
evaluated by the model developed for constant flux filtration (Kirschner et al.,
2019).

_ TMP,
(1-Ksapjt)

TMP,

TMP S5.1

TMP =

G+ (1- ) exp(—K; B )

S5.2
Where TMP (bar) is the transmembrane pressure measured during the
filtration, TMP, is the initial transmembrane pressure, K (in 1/m?) is constant
for standard pore blocking, a, (in m?) is the clean membrane surface area, J
(in m/s) is flux, t (in min) is the filtration time, K; is constant for intermediate
pore blocking, and B (in 1/s) is the particle resuspension rate.
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Calculation of kinetic constant and removal efficacy. The kinetic rate constant
(K, in 1/ms) was determined using Eq. S5.3, where C (ug/L) represents the
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OMP concentration in the permeate after oxidation, Cy (ng/L) is the initial
concentration, and t (ms) is the retention time calculated from Eq. S5.4.

l C—Kt S5.3
nCO— .

Retention time calculation:

S5.4

S|~

t=¢

where t is the residence time (ms), ¢ is the porosity of the membrane (33%,
obtained from analysis of SEM by ImagJ), J is the flux (m/s), and h is the
thickness of the selective layer (1.36 x 10> m). ¢ and h were determined by
ImageJ (not shown here) through the top-view and cross-section SEM images,
respectively.
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Figure S5.10. Total fouling index (UMFI,) and chemically irreversible fouling
index (UMFI;) in the multi-cycle running.

The unified membrane fouling index (UMFI). UMFI, independent of the
traditional fouling models (e.g., pore blocking and cake filtration), was used to
evaluate the fouling potential of the feed water (Huang et al., 2009; Nguyen et
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al., 2011; Shang et al., 2015). Defined as the slope of the linear equation in Eq.
S6, UMFI (m?%L) relates the normalized specific permeate flux (J;' = J/J,) to
the unit permeate volume (V; in L/m?). The total fouling index (UMFI,) is
derived from each fouling curve, while the chemically irreversible fouling
index (UMFI,) is obtained using a two-point method based on 1/J values
from the first and last cycle.
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Figure S5.11. Concentrations of BT, DIC, and SOT in the feed, measured
before and after PMS addition.
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Conclusions and outlook
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6.1. Conclusions

The contribution of fouling and CP caused by nano-sized contaminants to
permeability decline was found to be considerable, highlighting the need for
efficient fouling mitigation strategies in ceramic membrane filtration.
Therefore, catalytic ceramic ultrafiltration (UF) membranes were developed
and demonstrated a strong potential for both fouling control and OMPs’
degradation. These membranes were modified with CuFe,O4 via filtration
coating and with palladium (Pd) via atomic layer deposition (ALD) and
maintained high water permeability after modification. The CuFe,O4-coated
membranes, coupled with Fenton-like backwash, were effective in the
degradation of alginate fouling, formed on the membrane surface and within
pores. Moreover, membranes with a low Pd loading were fabricated via ALD
and integrated with advanced oxidation process (AOP) during filtration
through the dosage of peroxymonosulfate (PMS). These Pd-modified
membranes exhibited an enhanced cleaning performance and effective
degradation of organic micropollutants (OMPs), even under varying and
challenging fouling conditions. Overall, the findings demonstrate that catalytic
ceramic membranes, when coupled with AOP in backwash or filtration, offer
a promising strategy for enhanced membrane performance.

Specific conclusions in response to the research questions proposed in Chapter
1 are presented below.

o Research question 1: What is the contribution of CP and fouling to
permeability decline?

The role of CP and fouling in permeability decline was studied by comparing
the pure water flux measured before and after filtration of nano-sized
colloids/particles. A permeability loss of 43%-95% was attributed to the high
CP caused by the colloids. The modified CP model also revealed that a higher
CP can result from the lower diffusion of colloids that have a larger size.
Although crossflow has been widely reported to mitigate CP, the colloidal CP
remained at a high level, e.g., 250 for silica at Re of 7317, still resulting in a
high permeability loss.

o Research question 2: How does Fenton-like cleaning influence backwash?

CuFe,04 was grown on the ceramic UF membrane surface and within pores,
showing a minor (5%) permeability loss compared to the pristine membrane.
The membranes were then combined with Fenton—like backwash, achieved by
adding H>O, to the backwash solution, with the aim of enhancing fouling
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removal. Compared to backwash with demineralized water, which achieved
only 1-14% cleaning efficacy, even under increased pressure and duration,
Fenton-like backwash reached up to approximately 70% efficacy over multiple
cycles at a low backwash pressure (0.3 bar). It was found that the low backwash
pressure, rather than the prolonged duration, dominated the efficacy of Fenton-
like backwash. This can be attributed to the increased residence time of the
oxidizing agent in the membrane pores, promoting radical formation. However,
the presence of increased concentrations of Ca in the alginate solution reduced
efficacy, probably due to the formed rigid alginate-Ca clusters, which limited
H,O» transport towards the catalytic surface, hindering radical formation and
fouling breakdown.

o Research question 3: Can ceramic membranes with low-loading catalysts
achieve effective degradation of OMPs?

Ceramic UF membranes, modified with a low Pd loading via ALD, exhibited
a permeability loss of 1%-22%, depending on the number of ALD cycles. The
Pd-modified membranes, by activating PMS, achieved nearly 100% removal
of the four studied OMPs at the flux of 30 L/(m?-h), and maintained a high
removal efficacy (76-96%) even at a high flux of 200 L/(m?-h). The high
degradation kinetics were primarily attributed to the Pd loaded within
membrane pores, which enhanced the kinetics by 567-1389 times, compared
to the Pd deposited on the membrane surface. The pore environment provided
abundant Pd sites and improved mass transfer of both reactive species (RS)
and OMPs. In contrast, Pd deposited only on the membrane surface showed a
limited efficacy, probably due to the restricted transport of RS. Furthermore, a
high OMPs degradation was maintained across a range of PMS concentrations
(20-80 uM), water matrix ions (1 mM CI", SO4* , HCO; , or C1O ), and even
in river water. Optimal degradation occurred at neutral pH (pH=7), while
extreme pH conditions (2.5 and 11) inhibited PMS activation. The contribution
of RS to OMPs’ degradation was found to depend on the type of OMPs. High
salinity (i.e., brine water) reduced OMPs removal, probably due to competition
and RS scavenging. The overall results confirm that a low loading of Pd
catalyst on ceramic membrane structures is effective for OMPs degradation.

o Research question 4: What role does fouling play in the degradation of
OMPs by catalytic ceramic membranes?

It was found that fouling played a complex but minimal role in the degradation
of OMPs when using a catalytic Pd-modified UF membrane coupled with PMS.
Fouling, influenced by PMS concentration, foulant type, Ca presence, and flux,
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can vary in severity (permeability decline) and mechanism (pore blocking and
cake formation). However, these variations had little impact on PMS activation
and OMPs’ degradation. Nearly complete degradation of OMPs was achieved
under a wide range of fouling conditions, attributed to: (i) size exclusion, which
prevents foulants from deactivating catalytic sites within the membrane pores,
and (ii) nanoconfinement, which promotes the enrichment and mass transfer of
RS and OMPs in the pore environment. Dominant RS almost remained
consistent under fouling and non-fouling conditions, but fouling altered their
relative contributions to OMP decomposition by affecting competing reactions,
PMS availability, and foulant structure, thereby influencing the oxidation
pathway. Unlike pristine membranes, the coupled system also achieved a high
backwash efficacy and a nearly complete OMP degradation over multiple
cycles.

6.2. Outlook

6.2.1. Application of catalytic membranes
Stability of catalytic membrane.

As demonstrated in this thesis, catalytic membranes can be coupled with AOP
during both backwash and filtration processes to enhance membrane cleaning
and the removal of OMPs. However, metal leaching, particularly in newly
prepared membranes, must be carefully considered. Metal leaching from
catalytic ceramic membranes presents a potential risk of secondary pollution,
especially in the application for drinking water production. As discussed in
Chapter 2, the leaching will be gradually stopped over time, and the aged
CuFe,04 membrane maintained a high performance after 96 h leaching. This
suggests, a post-treatment step (e.g., treating the membranes in H,O» to remove
the unstable catalysts) may help to mitigate leaching without compromising
the catalytic performance. In contrast, the Pd-modified ceramic membranes,
fabricated by ALD, exhibited higher stability. As shown in Fig. 6.1, during
prolonged leaching experiments with PMS and NaClO, respectively,15-80
pg/L Al was leached, much higher than the 2-5 pg/L Pd, as found in both PMS
and NaClO cases.

However, ceramic membranes are typically expected to operate over several
years. Therefore, long-term stability tests, including repeated cleaning cycles,
variable feedwater conditions, and sustained harsh chemical exposure, are
essential to fully evaluate the lifespan and durability of the proposed catalytic
membranes. Addressing this will be crucial for translating laboratory-scale
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innovations into reliable, full-scale water treatment solutions. Moreover, the
toxicity of potentially leached metals should be evaluated, especially when
catalytic membranes are intended for drinking water production.
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Figure 6.1. Al and Pd leaching from Pd-coated ceramic membranes
Comparison of integrating AOP into backwash or filtration.

Coupling AOP with membrane filtration, by dosing oxidizing agents such as
PMS directly into the feed, allows for continuous degradation of OMPs and
foulants during filtration. However, a major limitation is the relatively high
dosage of chemicals required in the feed stream, which can lead to increased
operational costs and raised concerns about the oxidation by-products in the
permeate side.

In this thesis, AOP was also integrated into the filtration process by a Pd-
deposited membrane. The performance was evaluated using a relatively low
dosage of PMS (40-100 uM). While promising results were achieved under
these conditions, further research is required to assess whether such low
concentrations are effective and practical in real-world applications.
Additionally, a detailed cost analysis is needed to evaluate whether this
approach is economically competitive with traditional methods for controlling
fouling and removing OMPs.

Effect of pore sizes of catalytic membranes on OMPs’ degradation

The membrane pore size is a critical factor in separation performance,
particularly for the rejection of low-molecular-weight OMPs. In this thesis, it
was found that in the filtration by catalytic membranes, the synergistic effect
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of size exclusion and catalytic oxidation contributed to fouling mitigation and
OMPs’ degradation. The membrane pores effectively rejected most foulants,
preventing catalyst deactivation, while the catalyst located within the pores
enhanced the mass transfer of RS and OMPs due to the so-called
nanoconfinement effect.

In the presented study, ceramic UF membranes with an average pore size of 20
nm, as the catalytic support for OMPs’ degradation, were employed. Although
near-complete OMPs’ degradation was achieved even at a high flux, further
studies are required to evaluate the impact of pore sizes on overall performance,
including smaller (e.g., 1 nm and sub-nano) and larger pores (e.g., 40 and 100
nm). In particular, membranes with larger pore sizes are expected to maintain
a high OMPs’ degradation efficacy while allowing for a higher water
permeability. This enhancement could improve treatment efficacy, reduce
energy consumption, and lower operational costs in practical applications.
Future work should thus systematically explore the trade-off between pore size,
permeability, and catalytic effectiveness to optimize membrane design.

Deeper understanding of mechanisms

This work has revealed that integrating ceramic membranes with AOPs during
backwash and filtration can effectively mitigate the fouling and enhance the
degradation of OMPs.

For CuFe;O4 membranes, we propose that the structure of alginate-Ca changed
with varying Ca concentrations and strongly affected the performance of
Fenton-like backwash. Our proposed mechanism was based on a previous
study of Zhang et al. (2017) and our measured cleaning efficacies. However,
more studies are required to directly characterize the fouling structures before
and after Fenton-like backwash to establish a clear relationship between the
alginate—Ca structures and the cleaning performance.

For the Pd-UF-PMS system, the roles of OH and SO4¢ have been found to be
probably underestimated due to the limitations of the scavenging experiments.
This indicates the need for further studies to clarify their actual contributions
to the degradation of multiple OMPs. Advanced analytical techniques will also
be required to quantify the specific roles of *OH, SO4* , 10, and O,¢ . Besides,
we have found that fouling had a limited effect on OMPs’ degradation,
although fouling could affect the degradation pathway by changing the PMS
activation. However, a deeper study is necessary to reveal the specific effect of
fouling (types and structures) on PMS activation, competition reactions, and
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the contribution of different RS, especially when treating more complex water
containing various ions, particles, and NOM.

6.2.2. Development of ceramic membranes with small pore size

Currently, commercial ceramic nanofiltration membranes with MWCO
ranging from 200 to 450 Da (corresponding to pore sizes of approximately 0.7—
0.9 nm) are available on the market. However, their widespread application
remains limited due to broad pore size distributions, high production costs, and
relatively low permeability. As the demand for advanced water treatment,
resource recovery, and reuse continues to grow, the development of ceramic
membranes with narrower pore size distributions and even smaller, well-
defined pores is becoming increasingly important. These next-generation
membranes offer promising opportunities for the removal of OMPs, precise
ion separations, and the recovery of critical resources—particularly those
essential to green energy technologies, such as lithium and rare earth elements.
Advances in material science and nanotechnology are opening new pathways
to realize this goal.

Although ALD has been widely used to tailor the pore size of ceramic
membranes, it often results in reduced permeability due to the low porosity and
dense nature of the deposited layers. An alternative is molecular layer
deposition (MLD), a promising technique capable of fabricating ultrathin
separative layers with tunable pore narrowing while maintaining high
membrane porosity (Sondhi et al., 2025). Unlike ALD, MLD uses organic
precursors for the coating. These organics can be removed through subsequent
calcination, potentially facilitating the restoration of porosity.

In addition to MLD, two-dimensional (2D) materials, such as graphene oxide,
MXenes, and molybdenum disulfide (MoS>), present exciting opportunities for
narrowing the pore size of ceramic membranes (Gong et al., 2021; Huang et
al.,, 2013). These 2D layers can act as ultra-thin separation barriers or
functional coatings, enabling precise molecular sieving and fouling mitigation
while maintaining a high permeability. However, challenges remain in terms
of the long-term stability, adhesion, and scalability of such 2D materials.

6.2.3 Low loading of catalysts: beyond catalytic membranes

In this thesis, it has been demonstrated that catalytic membranes with a low
catalyst loading, particularly those fabricated via ALD, can achieve an
effective catalytic performance, with a relatively high stability. The strategic
use of minimal catalyst amounts not only reduces fabrication costs and lowers
the risk of metal leaching, but also enhances catalyst utilization efficiency.
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The development of single-atom catalysts, where individual catalyst atoms are
dispersed and stabilized on support surfaces, has demonstrated high catalytic
activity and selectivity (Wu and Kim, 2022). This progress further reinforces
the potential of low-catalyst-loading approaches for effective and sustainable
catalytic applications. However, their industrial application remains limited
due to challenges in large-scale synthesis, stability, and integration. In contrast,
the low-loading catalyst strategy proposed in this thesis offers a more practical
and scalable solution for real-world applications.

Future research, however, should aim to improve low-loading catalyst designs
for different catalytic processes, explore other deposition methods beyond
ALD such as spraying and electrodeposition (Ganesan and Narayanasamy,
2019), and test their performance under real-world conditions. In addition,
applying this strategy beyond membrane systems could broaden its scope of
application.
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Summary

Membranes are widely recognized as promising technologies for addressing
the growing demand for freshwater driven by rapid population growth and
industrialization. Ceramic membranes, in particular, offer advantages such as
high mechanical strength, chemical resistance, and long lifespan compared to
polymeric membranes. However, permeability loss during filtration is one of
the challenges. The specific contributions of concentration polarization (CP)
and fouling to this decline remain insufficiently understood. Fouling is a major
obstacle in ceramic membrane operation, and the removal of organic
micropollutants (OMPs)—increasingly detected in different water bodies—
poses an additional challenge due to the relatively large pore sizes of ceramic
membranes, mostly in the range of microfiltration and ultrafiltration (UF). To
address these challenges, various modification strategies have been developed
to improve membrane performance in water treatment. One promising
approach is to modify ceramic membranes with catalysts, enabling them to
perform both separation and catalytic functions. However, currently,
developed catalytic ceramic membranes often suffer from severe flux decline
after deposition, especially when coated with a dense or thick coating. In
addition, catalytic membranes coupled with advanced oxidation processes
(AOPs) have typically been achieved by large dosages of oxidizing agents
during filtration. The excessive loading of catalysts and the overdosage of
chemicals not only increase operational costs but also limit the practical
application of catalytic ceramic membranes.

This thesis aims to enhance the performance of ceramic membranes for water
treatment, focusing on the challenges of both fouling and OMPs’ removal. First,
a method was proposed to determine the main reason for flux decline,
suggesting that both CP and fouling had impacts on flux decline. Then,
catalytic ceramic ultrafiltration membranes, modified with CuFe,Os and
palladium, were employed to be coupled with H,O; and peroxymonosulfate
(PMS) based AOPs, respectively. The catalytic ceramic membranes not only
exhibited a high flux after coating but were also effective in fouling removal
and OMPs degradation.

High flux loss in membrane filtration can result from both CP and fouling, and
a high CP level may further exacerbate fouling. However, the traditional CP
model is unable to qualify their individual contributions. To better understand
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flux decline, a practical strategy was developed to distinguish the effects of CP
and fouling by measuring pure water flux before and after the filtration of
nano-sized colloids by ceramic nanofiltration (NF) membrane. The results
indicated that colloidal CP could account for 43% to 95% of the total flux
decline, with the remainder attributed to fouling. The CP values, calculated by
a modified model, showed that the colloidal CP was in the range of 7-460,
which is considerably higher than the CP (typically 1-2) caused by ions in
spiral-wound reverse osmosis or NF. The highest CP level, i.e., 460, was
observed for larger silica colloids, likely due to their slower diffusion.
Although an increased crossflow was found to mitigate CP, high CP levels, i.e.,
values of around 250, were still observed.

To address membrane fouling, CuFe,O4-coated ceramic UF membranes were
fabricated. The catalytic membranes with a minor flux loss after coating were
then combined with Fenton-like backwash to enhance fouling removal. A low
cleaning efficacy (1%—14%) was found in conventional hydraulic backwash.
In contrast, due to the strong radicals induced by H»O,-based AOPs, the
cleaning efficacy for removing alginate fouling from the catalytic membranes
was improved to approximately 70% over multiple cycles. The backwash
pressure or flux, rather than duration, was found to govern the AOP-enhanced
cleaning performance. This is attributed to the increased residence time of
H,0, at low backwash pressure or flux. The presence of calcium (Ca) can form
the rigid alginate-Ca clusters, not only negatively influencing the flux but also
limiting the transport of radicals to the internal structure to break down the
fouling. Besides, the fragments of alginate can reattach to the membrane
surface by binding with excess Ca, thus reducing Fenton-like backwash
efficacy. During seven-cycle filtration of concentrated alginate feedwater, the
catalytic membranes restored 83%-94% flux after Fenton-like backwash. The
leaching of catalysts gradually ceased over time, with negligible leaching in
NaClO or NaOH.

Building upon this success, the catalytic ceramic membranes were further
explored with a low loading of catalyst. Therefore, atomic layer deposition
(ALD) was used to achieve a precise and low loading of Pd, ensuring minimal
impact on membrane flux. The catalytic membranes modified with 30 ALD
cycles were coupled with PMS for in-situ AOP degradation of OMPs during
filtration. The coupled system achieved nearly 100% OMP removal at flux
below 100 L/(m?-h) and maintained a high degradation efficacy (76% to 96%)
even at a higher flux of 200 L/(m?-h). The OMPs’ degradation was enhanced
by Pd deposited within the membrane pores, improving degradation kinetics
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by up to three orders of magnitude due to nanoconfinement effects, compared
to the effect of Pd deposited on the membrane surface. The contribution of
different reactive species (RS) to OMPs degradation was found to depend on
the compound. Although ions and natural organic matter had minimal impact,
harsh feedwater conditions, such as high salinity of brine water and pH at 2.5
or 11, reduced the degradation of certain OMPs, likely due to inhibited PMS
activation.

Although the AOPs-enhanced removal of fouling and OMPs has been widely
studied, little is known about the effect of fouling on OMPs’ degradation.
Therefore, Pd-deposited ceramic ultrafiltration membranes with PMS were
used to treat feedwater containing alginate and OMPs. The results showed that
the Pd-coated membranes effectively mitigated fouling and achieved a high
degradation efficacy of OMPs, even under severe cake fouling or pore blocking.
Fouling was found to influence permeability and changed fouling mechanisms
(cake fouling and pore blocking) depending on the PMS concentration, flux,
foulant type, and Ca concentration, but its effect on OMP degradation was
minimal. This is attributed to the synergy between membrane separation of
foulants and nanoconfinement, which prevents the deactivation of catalytic
sites and enriches RS and OMPs within the membrane pores. Although the
governed RS for OMPs degradation almost remained consistent under fouling
and non-fouling conditions, fouling altered their relative contributions to OMP
degradation. However, different fouling is likely to alter the dominant
oxidation pathway during OMP degradation.
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