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ARTICLE INFO ABSTRACT

Editor: Junyong Zhu Catalytic ceramic membranes are regarded as a promising technology for removal of organic micropollutants

(OMPs). However, excessive catalyst loading will decrease membrane flux and increase deposition costs, thus

Keywords: hindering practical application. In this work, ceramic ultrafiltration membranes were modified by atomic layer
Ceramic ultrafiltration deposition to achieve a low loading of palladium (Pd) for OMP degradation. The Pd deposited on the membrane
Peroxymonosulfate

surface and within the pores was used to activate peroxymonosulfate (PMS) to induce reactive species (RS) for
the degradation of four OMPs (benzotriazole, diclofenac, sotalol, and trimethoprim). The Pd-deposited mem-
branes exhibited an almost complete degradation of the four OMPs at a high flux of 100 L/(m? h). Notably, Pd
confined within membrane nanopores induced a pronounced nano-confinement effect, enhancing degradation
kinetics by up to three orders of magnitude compared to surface-deposited Pd, revealing a distinct catalytic
mechanism governed by confined reaction environments. Varying RS can be generated from PMS activation by
Pd-modified alumina membranes, but the dominant RS pathways were found to depend on the type of OMPs,
providing new mechanistic insight into PMS activation in heterogeneous catalytic membrane systems. A high
degradation efficacy was achieved at a pH of 7, while the PMS dosage (20-80 pM), anion (1 mM Cl~, SOF ,
HCO3 ", or ClO"), and natural substances in river water had a minor impact on the OMPs' degradation. However,
considerably 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 ach-
ieved by ceramic membranes with a low loading of catalysts, which shows strong potential for cost-effective and
scalable application in water treatment.

Organic micropollutants
Atomic layer deposition
Low catalyst loading

Additionally, UF membranes can maintain a high flux under low pres-
sures, and their ability to be backwashed simplifies the cleaning and

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 [1]. Membrane-based processes have been widely used in
water treatment due to their compact design, and small footprint, among
other advantages [2,3]. In contrast to nanofiltration and reverse osmosis
membranes, ultrafiltration (UF) membranes operate at low pressures,
resulting in reduced energy consumption and operational expenses.

maintenance. However, UF membranes usually do not remove OMPs,
because of their large pore sizes (10-100 nm). The rejection of benzo-
triazole (BT) by UF, from surface water, e.g., was only in the range of
29%-44% [4]. The low rejection of OMPs by UF membranes underscores
the need for additional treatment strategies to effectively remove these
OMPs.

To address the challenges of the low OMPs' removal, the integration
of catalytic membranes with advanced oxidation processes (AOPs) has
been explored to promote the degradation of OMPs. Unlike chlorine,
which relies mainly on selective direct oxidation and often produces
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harmful by-products, AOPs utilize highly reactive species (RS) to non-
selectively mineralize a broad range of OMPs with minimal toxic
byproduct formation [5,6]. Among various AOPs, peroxymonosulfate
(PMS) is a promising oxidant with a high redox potential (1.82 V),
compared to 1.76 V for HyO,, thereby enabling more effective degra-
dation of OMPs.

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 [7]. The high flux loss due
to the thick catalytic coating was also found by Ma et al. [8]. In addition,
Feng et al. have found that the highest degradation kinetics of 1,4-
dioxane were found at the lowest Pd/Al,O3 loading (0.02 g/L) [9].
The negative effects, caused by the high loading of catalysts, have been
attributed to the quenching effect of catalytic surfaces on the formed RS.
A decrease in OMP degradation due to overloaded catalysts was also
reported by Berger et al. [7]. Moreover, excessive catalyst loading will
significantly increase the coating costs. To reduce the loading of cata-
lysts, recent studies have explored the integration of single-atom cata-
lysts to enhance the performance of catalytic membranes [8,10].
However, single-atom catalysts still suffer from limited stability, chal-
lenges in dispersion control, and difficulties in scalable fabrication,
which hinder their large-scale application in catalytic membranes [11].
Therefore, it requires a practical and cost-effective strategy to modify
the membrane with low catalyst loading, which is crucial to promote the
application of catalytic membranes in water treatment.

Atomic layer deposition (ALD) is a precise thin-film deposition
technique that allows for the controlled modification of membranes at
the atomic level [7]. 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 [12,13]. Currently, ALD has been
employed to load catalysts onto membranes for the degradation of
OMPs, but most studies report considerable flux loss due to high catalyst
loadings [7,13]. Moreover, excessive catalyst loading may diminish
catalytic efficacy 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 [14-16]. Nevertheless, it remains unclear whether such low
loadings can enhance the performance of catalytic membranes in PMS
activation for OMPs' degradation. Among various metal catalysts, Pd/
AlyO3 is an effective catalyst in PMS activation, which can achieve a
higher degradation of OMPs compared to other catalysts [17]. In addi-
tion, Pd can be deposited at relatively low and controllable growth rates
via ALD, enabling precise ultralow-loading catalyst deposition, which
makes it a promising candidate for low-loading catalytic membranes.
For example, the Pd growth rate via ALD (0.15-0.2 A/cycle) is lower
than that of TiO, photocatalysts (~0.3 A/cycle), which allows for more
precise deposition and a lower catalyst loading [7,18]. This allows
membranes to be modified with an ultra-low catalyst loading, which can
reduce cost and minimize flux loss that typically caused by thick coating.
In addition, excessive catalyst loading can inhibit OMP degradation.
Therefore, low Pd loading via ALD will be an effective strategy for
simultaneously enhancing catalytic activity and catalyst utilization ef-
ficiency. However, studies on Pd-deposited Al;0O3 ceramic membranes,
particularly those employing ultra-low Pd loadings, are still limited.

Moreover, in the PMS activation, different RS can be induced, such as
*OH, SO% , 102, and O3 [19]. However, in the Pd/Al;03-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 [9,20]. This may result from the focus on the degradation
of individual OMP in previous studies, which likely led to these incon-
sistent conclusions regarding the dominant RS in the same system.
Therefore, further investigation is needed to clarify the contribution of
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individual RS in the Pd/Al,03-PMS system to the degradation of mul-
tiple OMPs.

Hence, this study aims to load a low amount of Pd on the surfaces and
in the pores of ceramic UF membranes by ALD to activate PMS for the
degradation of four selected OMPs, being benzotriazole (BT), diclofenac
(DIC), sotalol (SOT), and trimethoprim (TMP). To assess the influence of
Pd deposited in pores, 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 different scavengers were
used to quenching corresponding RS. In addition, parameters such as
pH, PMS dosage, and ions, potentially affecting the performance, were
studied. Finally, OMPs were spiked into brine and river water to eval-
uate the degradation performance in complex water matrices.

2. Materials and methods
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;0O3, 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).

The Pd-deposited ceramic UF membranes (Pd-UF) were achieved via
ALD in a custom-built, atmospheric-pressure flat-substrate ALD reactor
[21-23]. The reactor chamber consists of a metal cylinder with an inner
diameter of 40 mm and a length of 190 mm. To maintain a uniform
temperature profile during deposition, temperature was monitored and
controlled using two thermocouples placed inside and outside the
reactor. Atmospheric-pressure ALD was selected over vacuum-based
ALD to lower capital costs and improve scalability and throughput
[22,23]. The Pd deposition procedure was adapted from previous work
[18], with modifications to the reaction time and precursor gas flow rate
based on our own requirements. The ALD precursors, Pd(hfac), (Sigma-
Aldrich) and formalin (Sigma-Aldrich), were contained in stainless steel
bubblers. High-purity nitrogen (99.999%) was used as both the carrier
and purging gas, flowing parallel to the substrate surface inside the
reactor. Pd(hfac),, formalin, 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 Ny was
used to purge the excessive Pd(hfac),. After purging, 0.7 L/min formalin
with 0.3 L/min Ny was introduced for 40 s, followed by a purging step of
1 L/min Ny 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 denoted as CO.

The pristine and modified membranes were characterized by scan-
ning 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 Pd-UF 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 1 s (C1s) spectrum
peak at 284.8 eV was used as a reference to calibrate the XPS peak po-
sitions through CasaXPS software [24]. The porosity of the membrane
and the thickness of the selective layer were estimated by the SEM image
through the ImageJ analysis [25,26].
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2.2. OMPs degradation experiments

2.2.1. Constant-flux setup

The filtration experiments were conducted using the setup shown in
Fig. 1. The dead-end filtration system consisted of a feed tank (No. 1)
containing a mixed solution of OMPs and PMS, a peristaltic pump (No. 2,
Watson-Marlow, Netherlands) to deliver the feed, and a ceramic mem-
brane module (No. 5). A needle valve (No. 3), installed in the recircu-
lation line, was used to regulate the transmembrane pressure, which was
monitored by a pressure gauge (No. 4), thereby controlling the permeate
flux. A balance (No. 6, KERN, Germany) connected to a computer (No. 7)
for data acquisition, enabling real-time determination of the permeate
flux. To maintain a constant flux during filtration, the needle valve was
adjusted throughout the experiment.

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, SOT (from Sigma-Aldrich) was
selected as the model OMP. After adding 40 pM potassium PMS (from
Sigma-Aldrich) solution into 5 pg/L SOT solution, the pH was adjusted
with 0.1 M HCl and 0.1 M NaOH. This solution was used as a feed for the
subsequent experiment. The filtration was first run for 5 min to achieve a
stable fixed flux of 30 L/(m2 h). Then the filtration experiment ran for
40 min. 5 mL permeate samples, taken at different time intervals to
determine the SOT and PMS concentrations, were immediately injected
with 50 pL 40 mM NayS;03 (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 1
[1]. The selected OMPs (BT, DIC, SOT, and TMP) are pharmaceutical or
pharmaceutical-related compounds commonly detected in surface water
and wastewater [27]. However, traditional treatment cannot effectively
remove these compounds [1]. As a result, they have been listed by the
Dutch Ministry of Infrastructure and Water Management as target sub-
stances for evaluating the effectiveness of advanced treatment technol-
ogies for pharmaceutical removal from water [27]. Despite belonging to
the same group, BT, DIC, SOT, and TMP exhibit different physico-
chemical properties such as molecular structures and charge charac-
teristics at neutral pH, allowing evaluation of the Pd-UF-PMS system
across representative pharmaceutical pollutants. The stock solution,
containing the four OMPs, with a concentration of 1 mg/L for each, 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 pM PMS at pH of 2.5, 7, or
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11, respectively, was filtered over Pd-UF for 5 min to achieve a stable
fixed flux (i.e., 30, 100, 200, or 500 L/(m2 h)). During the subsequent
40-min of filtration, 5 mL samples were taken from the permeate side
and mixed with NayS203. Given that anions can affect AOP performance,
the presence of 1 mM CI”, SO%~, HCO5 , or ClO~ 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 con-
ducted by closing the permeate side and opening the concentration side
(Fig. S1). As a result, the solution only flowed along the membrane
surface from the feed side to the concentration side. 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
the 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
[30,31]. Tert-butanol (TBA), and methanol (MeOH) were used to
quench RS of *OH, and both *OH and SO} , respectively, while furfuryl
alcohol (FFA), and r-ascorbic acid (LAA) were used to scavenge 10, and
03 , respectively. In the quenching experiment, scavenger was injected
into the mixed OMPs and PMS solution, where the concentration of
scavenger (0.4 mM) was 10 times higher than the concentration of PMS
(40 pM).

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 A and B were simulated based on the earlier studies [32-34].
The total dissolved solids (TDS) were measured as 568 mg/L for river
water, 4573 mg/L for brine A, and 22,867 mg/L for brine B. Detailed
water quality parameters are provided in Table S1.

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 pm particle size) was employed to
measure the concentration of the OMPs [1]. The PMS concentration was
measured by adding 1.5 mL of a mixed solution containing 100 g/L KI
and 5 g/L NaHCOj3 to 1.5 mL samples and was then tested by UV-Vis at
352 nm, as proposed by Liang et al. [35]. The calibrated curve of PMS
concentration and corresponding UV spectra is shown in Fig. S2.

Fig. 1. Constant-flux setup for membrane filtration with components labeled as follows: (1) feed tank, (2) peristaltic pump, (3) needle valve, (4) pressure gauge, (5)

membrane module, (6) balance, and (7) computer.
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Table 1
Structure and properties of the selected OMPs [27-29].
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Name Molecular structure Molecular weight (g/Mol) LogKow Charge Min./max. Projection radius A)
(at pH7)
N
Benzotriazole (BT) i 119 1.44 Neutral 3.66/4.12
on
o«
Diclofenac (DIC) “ 296 4.51 Negative 4.62/6.34
o
.o
HC. N,
Sotalol (SOT) = J\Q\N;\s\(cm 272 0.24 Positive 4.21/7.94
H O
HC
e’
Trimethoprim (TMP) "o o 290 0.91 Positive 4.97/6.95
o

3. Results and discussion
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. 2a and b). This suggests that the Pd deposition
process did not notably alter the membrane's surface structure, main-
taining its original texture and integrity. The XPS (Fig. S12) and SEM-
EDX (Fig. S13) analyses confirm the successful deposition of Pd on the
inner pore structures of the C60 membrane.

Previous studies have demonstrated that Pd growth via ALD on AlyO3
exhibits highly reproducible and predictable cycle-dependent growth

Q Pristine

A

et srot dwell WD Wil
TD 0° 5.0 s 4.4425 mm 20.00 kV 2.07 ym 0.0 °

behavior. Such growth characteristics have been quantitatively inves-
tigated using highly sensitive techniques including quartz crystal mi-
crobalance, and rutherford backscattering spectroscopy [18,36,37]. Pd
growth rates on Al,O3 are reported in the range of 0.15-0.2 A/cycle with
loading rates of approximately 1.841 x 107> mg/cm?/cycle under
comparable deposition conditions [18,36,37]. Therefore, the Pd loading
in the present study was estimated based on these established ALD
growth characteristics together with the applied ALD cycle number. This
means that after 60 ALD cycles, the estimated Pd particle size was
0.9-1.2 nm, with a total Pd loading of 1.1 x 10~ mg/cm?. Given the
ultralow Pd loading and the confinement of Pd within nanopores, direct
quantitative determination of the absolute Pd loading remains experi-
mentally challenging. Importantly, this study mainly focuses on
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Fig. 2. SEM images of the membrane surface: (a) pristine and (b) C60 membranes; XPS spectra of C60: (c) full survey and (d) Pd 3d spectra.
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exploring the performance of ceramic membranes with low catalyst
loading enabled by ALD, rather than establishing a precise quantitative
relationship between Pd loading and catalytic activity.

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, as shown in Fig. 2d [38]. The binding energy of 335.3 and 340.6
eV were ascribed to Pdo, which accounted for 83.8% (ar. of Pd’/ Pd),
while 337.3 and 342.6 eV represented Pd>* with an ar. of 16.2% (Pd>*/
Pd) [39-41]. A 1.33% (ar.) of F was also found from the XPS full scan,
which can be attributed to the formation of Al-O-Pd(hfac)* or HhFac
during the ALD reaction process [18].

3.2. PMS activated by Pd-UF

Different membrane systems were first employed to evaluate their
performance over filtration time for the degradation of contamination.

The pristine Al;03 UF membrane (CO) and C60 Pd-UF were first
examined at a flux of 30 L/(m2 h). The degradation efficacy was
calculated by Eq. S4. As shown in Fig. 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 previous study, where it was reported that SOT
rejection by UF membrane was in the range of 5%-32%, depending on
the permeate flux [42]. In addition, the removal efficacy of SOT by the
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pristine membrane CO with 40 pM PMS slightly increased to 20%,
probably due to the direct oxidation by PMS [43]. The highest SOT
removal efficacy, around 98%, was achieved by the C60 membrane with
40 pM PMS. This enhanced removal was likely due to the high oxidation
potential of RS, such as SOj , *OH, 10,4, and 0% , 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 concentra-
tion was measured during the filtration with the CO and C60 membranes
(Fig. 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. 3c shows the performance of the C3, C30, and C60 membranes in
SOT degradation over time. All Pd-UF 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, the loading of Pd on the C3, C30, and C60 membranes was 5.5 x
1075, 5.5 x 1074 and 1.1 x 10~3 mg/cm?, respectively [36]. Once the
membrane surface is uniformly covered with a certain loading of cata-
lysts, additional deposition will not further increase the available reac-
tive area. Consequently, it will not enhance PMS activation for OMP
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Fig. 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) Pure water flux of pristine and deposited membranes. (e) Removal of four
OMPs by different membrane systems. The experiments were conducted at the constant flux of 30 L/(m? h) with and without 40 uM PMS, at pH = 7.
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degradation, as was evident after 30 ALD cycles. Feng et al. have re-
ported that a high loading of Pd on the Al,O3 particles can even dete-
riorate the stoichiometric efficiency of PMS utilization due to the
scavenging effect caused by the excess Pd [9].

Apart from the similar SOT degradation efficacies between the C30
and C60 membranes, the C30 membrane exhibited a smaller perme-
ability decrease, from 232 to 193 L/(m? h bar), compared to the C60
membrane, from 235 to 184 L/(m? h bar) (Fig. 3d). This can be
contributed to the low loading of Pd, which has a limited effect on the
pore sizes (Fig. 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. S1) developed for
membranes [44]. It should be noted that the calculated pore sizes are
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just indicative values: they 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.
S3). Given that the C30 membrane shows higher permeability and
efficient degradation, and lower chemical use for coating, it 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. 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 61%, 35%, and
28%, respectively, while DIC removal reached 90%, likely because PMS

b
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can directly oxidize DIC. From Fig. 3e, the removal of OMPs by the
pristine CO membrane without PMS can be attributed to adsorption,
while the OMPs' removal by CO with PMS can be caused by the direct
oxidation by PMS [43,45]. It shows that adsorption likely accounted for
3%-24% OMPs' removal, while direct oxidation by PMS increased the
removal efficacies of BT, SOT and TMP to 28%-44% and that of DIC to
89%. In contrast, when the C30 membrane was coupled with PMS, it
achieved an almost complete removal of all OMPs.

To evaluate the operational stability of the membrane, a continuous
filtration experiment was conducted for 10 h (Fig. S14a). The removal
efficacies remained consistently high throughout the operation, with no
noticeable decline observed. In addition, the leaching test (Fig. S14b)
showed that Pd leaching was as low as 1.9 pg/L, which is significantly
lower than the leaching level of Al (15.3 pg/L) from the pristine mem-
brane, indicating strong immobilization of Pd on the ceramic mem-
brane. These results confirm the membrane's excellent operational and
structural stability.

3.3. Influence of pH, PMS concentration, and co-existing ions

The effects of pH, PMS concentration, and anion can play a role in the
oxidation process [43]. Hence, variations of pH (2.5, 7, and 11), PMS
concentrations (20, 40, and 80 pM), and ions (Cl~, SO% , HCO3 , and
ClO ) were examined, respectively, for their impact on OMP degrada-
tion and PMS activation, as shown in Fig. 4 and Fig. S4.

Although the degradation efficacy of BT and DIC exhibited a small
decrease at a pH of 2.5, the degradation efficacies of SOT and TMP
reduced considerably at a pH of 2.5, while the degradation of all four
OMPs was reduced at a pH of 11 comparing to the performance at a pH
of 7 (Fig. 4a). Kang et al. have also found that in the a-Fe;O3-PMS sys-
tem, the highest OMPs' degradation was achieved at a pH = 7, and the
pH lower or higher than 7 has a negative influence on OMPs' degrada-
tion [46]. Dong et al. 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 [47]. 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 (Figs. 4b
and S4a). Compared to conventional Fenton processes that generally
require acidic conditions, PMS-based AOPs show that this system can
operate efficiently under neutral pH, avoiding pH adjustment. Besides,
neutral pH conditions are representative of most natural waters [48] and
practical water treatment scenarios [49], which suggests that the Pd-UF-
PMS system shows promise for real-world applications.

The degradation of TMP decreased considerably to 41% and 88% at
PMS concentrations of 20 and 80 pM, respectively, while the degrada-
tion of the three other OMPs remained relatively high, ranging from
92% to 100% across PMS concentrations of 20, 40, and 80 pM (Fig. 4c).
Although PMS was completely depleted at 20 and 40 pM, its consump-
tion decreased to 90% at 80 pM (Figs. 4d and S4b). 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 [50]. However, when 1
mM anions of CI_, SO3, HCO3 , 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 ClO™
(Fig. 4e). Figs. 4f and S4c 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 [51].

3.4. Effective degradation of OMPs at high flux

The flux, related to the residence time, can impact the OMPs'
degradation in the coupled the catalyst-PMS system [52]. Therefore,
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fluxes of 30, 100, 200, and 500 L/(m? h) were employed over the C30
membrane for 40-min filtration. The flux as a function of filtration time
is shown in Fig. S10. The residence time was calculated by the permeate
flux, porosity of the membrane (Fig. S5), and thickness of the selective
layer (Fig. S5) with Eq. S2.

Below 100 L/ (rn2 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. 5a), e.g., at fluxes
of 200 and 500 L/(m2 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. 5b and Table S2. 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/ (rn2 h)). In contrast, UF membranes, due to their larger
pore sizes, generally exhibited low rejection of these small-sized OMPs.
When Pd-UF was coupled with PMS, its performance became compa-
rable to that of nanofiltration and reverse osmosis membranes. Besides,
the high removal of OMPs was achieved by Pd-UF at a much higher flux
while operated at a low transmembrane pressure.

To further compare the proposed system with other studies, AOP-
catalytic membrane systems reported in the literature were summa-
rized in Table S4, including catalyst loading, flux, and removal effi-
ciency. In general, high removal efficiencies are often achieved at
relatively high catalyst loadings or lower flux. For example, most sys-
tems require loadings above 0.01 mg/cm?, and in some cases up to
hundreds of mg/cm?, to maintain high degradation performance. In
contrast, the Pd loading in this study (5.5 x 10~ mg/cm?) is several
orders of magnitude lower than those reported catalytic membranes,
and also significantly lower than previously reported ultra-low-loading
catalysts (0.08-0.2 mg/cm?). Considering that catalyst materials are
the dominant cost component in catalytic membranes, this ultra-low
loading directly translates to a substantially reduced material cost.
Despite this ultra-low loading, our system achieves complete removal at
a relatively high flux (100 L/(m> h)), outperforming most reported
catalytic membrane systems for OMP removal (Table S4 and Fig. S11).

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. 5¢). 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. 5c and d). The decline of PMS
decomposition, and thus OMP degradation,at fluxes above 100 L/(m2 h)
can be attributed to the decreased retention time (Fig. 5d). Moreover,
increasing the flux could dilute the RS retained within the pores, thereby
reducing the degradation efficacy of OMP.

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 [51]. 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. 1 and S1), i.e., experiments involving flow exclusively over the
membrane surface and flow both over the surface and through the pores.

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. 5a and d. However, when only Pd on the
membrane surface was involved, the degradation efficacy of the four
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throughout the experiment.

OMPs was less than 12%, even with an extended retention time
(859-2412 ms) (Fig. 6a). This low removal can be attributed to the
limited diffusion of RS from the active areas to the bulk, as reported by
previous study [53].

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

1 —
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in Fig. 6b and Fig. S6a and b, using Eq. S3 for the calculation. The kinetic
constants of BT, DIC, SOT, and TMP were 4.2 x 10 >, 3.6 x 10>, 6.0 x
1072 and 2.2 x 10 2 (ms) "}, respectively, for Pd on the surface. How-
ever, 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
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Fig. 6. (a) Removal of OMPs by Pd deposited on the membrane surface at different residence times. (b) Kinetic constant comparison of OMPs' degradation 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 pM PMS

over the C30 membrane surface by closing the permeate side.
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of Pd within the pores enhanced the kinetics by three orders of magni-
tude. This kinetic enhancement is consistent with an earlier study,
where Fenton degradation kinetics of para-chlorobenzoic acid was
increased by a factor of 107 when Fe304 was also deposited in 20 nm
pores [51]. 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 [51,54].
The enrichment of RS induced by the nanoconfinement effect is further
supported by the estimated RS concentration gradient derived from the
reaction-diffusion model (Text S3), which indicates that nanoscale pores
restrict RS diffusion distances and promote their accumulation within
the pores. The membrane pores also provide abundant catalytic surface
areas to trigger the formation of RS to degrade the nearby OMPs
enriched within the pores.

3.6. Dependence of OMPs degradation 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.
have reported that SO7 and *OH were the primary RS responsible for
the degradation of 1,4-dioxane [9], whereas Ahn et al. have found that
both SO; and non-radical pathways played dominant roles in the
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degradation of 4-chlorophenol [17,20]. These studies, however, only
focused on the degradation of individual OMP, 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, SO% , *OH, 10,, and 0%, on
the degradation of multiple OMPs by the Pd/Al,03-PMS system, TBA,
MeOH, FFA, and LAA were used as their scavengers, respectively.
Electron paramagnetic resonance (EPR) coupled with spin trapping is
widely used technique for RS identification in heterogeneous catalytic
systems. However, EPR was not performed in the present study. Recent
reassessments of RS detection in catalytic membrane reactors have also
shown that short residence times may limit complete reactions between
RS and spin traps, while unstable adducts such as DMPO-OOH can
decompose during transport from the membrane reactor to the EPR
instrument [55]. In addition, the relatively low PMS concentration (40
uM) employed in this study likely resulted in low steady-state RS con-
centrations, which may complicate reliable EPR signal detection and
interpretation, as EPR is typically designed to detect RS at pM level [56].
Previous studies on heterogeneous PMS activation systems have re-
ported that steady-state RS concentrations were in the range of
1078-1077 uM under 50-120 pM PMS [57,58]. Furthermore, although
EPR can detect the formation of RS, it is difficult to directly determine
which RS is mainly responsible for the degradation of individual OMP in
complex systems containing multiple OMPs [55,56,59]. We therefore
employed scavenger-based quenching experiments, a widely accepted
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TMP removal. TBA, MeOH, FFA, and LAA (0.4 mM) were individually added to a mixed solution containing 40 pM PMS and 5 pg/L of each OMP at pH 7. Filtration
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qualitative approach, to comparatively evaluate the contribution of
different RS to the degradation of individual OMPs in complex water
matrices containing multiple OMPs.

Fig. 7a-d show the degradation efficacy of OMPs with the addition of
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. Appar-
ently, the degradation of BT was subjected to other RS pathways than
foreseen, while DIC and SOT degradation were probably governed by
O3 oxidation. All the considered RS had an impact on TMP degradation.
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 SO7 (Table S3). This in-
dicates that the relatively low reaction kinetics between MeOH or TBA
and *OH or SO; likely limit their capacity in scavenging such radicals.
Probably, surface-bound SO3 radicals in PMS with alumina-supported
Pd systems, as proposed by Feng et al. [9], can lead to 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. [60]. 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 [51]. The above dis-
cussion thus suggests that *OH and SO probably play important roles
in the degradation of the four OMPs.

The distinct degradation behaviors observed among the four target
OMPs can also be elucidated by their structure-activity relationships
governed by specific functional groups (Table 1). The fused triazole ring
in BT exerts a strong electron-withdrawing effect, significantly reducing
the electron density of its adjacent benzene ring. This structural stability
makes BT recalcitrant to conventional RS attacks (Fig. 7a). DIC features
an electron-donating secondary amine bridge connecting two aromatic
rings, while SOT contains a sulfonamide group and protonated sec-
ondary amine (Table 1). O3 was reported to preferentially attack the
amine structures contained in DIC and SOT. As reported by Xiong et al.,
O3 exhibits high selectivity toward amine architectures, promoting
C—N bond activation and cleavage through single-electron transfer or
hydrogen abstraction [61]. Hayyan et al. also demonstrated that O3
acts as a strong nucleophile and Brgnsted base, readily interacting with
cationic amine groups via proton abstraction, or nucleophilic attack
[62]. This also aligns with previous findings that O3 plays a critical role
in the oxidative degradation of amine-containing pollutants such as
diclofenac [63]. These nitrogen-containing functional groups therefore
make DIC and SOT particularly susceptible to O3 attack, rather than
only attacked by the electrophilic RS such as *OH and SO% . TMP con-
tains multiple electron-donating methoxy groups and amino groups, as
well as a heteroaromatic pyrimidine ring. This TMP structure may
provide multiple oxidation sites, explaining the collaborative inhibition
observed with all scavengers (Fig. 7d) and its reported reactivity toward
several RS, including "OH, SO4, 03, and 10, (Table S3). Overall, these
results indicate that the degradation of OMPs by RS can also be influ-
enced by structure-activity relationships. Molecular features such as
electron density and functional groups can influence the reactivity of
OMPs toward different oxidative pathways. Further investigation is
suggested to gain a deeper understanding of these relationships in future
studies.

It should also be noted that we found that the identification of RS in
Pd-UF-PMS systems is inherently dependent on the type of OMPs. As
demonstrated by the quenching experiments using multiple represen-
tative OMPs, different scavenger effects were observed for BT, DIC, SOT,
and TMP, indicating that multiple RS pathways contribute to the
degradation. This means that the contribution of individual RS to OMPs
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depends on the target compound. Therefore, conclusions regarding a
single dominant RS derived from single-OMP systems should be inter-
preted with caution, as such approaches may overlook the contributions
of other RS pathways. Quantitative separation of individual RS contri-
butions was beyond the scope of this study and requires further
investigation.

Furthermore, the interpretation of scavenger experiments in PMS-
based heterogeneous systems is intrinsically complex and should be
paid attention. Recent studies have highlighted that commonly used
scavengers are not fully selective and may participate in competing re-
actions with PMS or other RS, thereby affecting RS generation pathways
rather than solely quenching them [30,64]. In addition, the effectiveness
of scavengers is further constrained by the extremely short lifetimes of
RS and their localized generation within membrane pores or at catalyst
surfaces, where target OMPs may be enriched and react before scaven-
gers can effectively compete [9,51]. Moreover, scavengers themselves
may participate in side reactions with PMS or be transformed into
reactive intermediates, thereby altering RS generation pathways rather
than purely quenching them [30,65]. Taken together, the lack of sig-
nificant inhibition by individual scavengers does not mean that the
corresponding RS play a negligible role. Instead, it reflects the combined
effects of RS interconversion, non-radical pathways, kinetic competi-
tion, and spatial confinement.

To further examine the potential involvement of Pd species during
PMS activation, XPS spectra of the Pd-modified membrane were
collected before and after the reaction with PMS (Figs. 2d and S15).
After the long-term PMS exposure, the Pd° 3ds,, peak shifted slightly
from 335.3 to 335.5 eV. In addition, the relative fraction of Pd°
decreased from 83.8% to 75.0%, whereas the fraction of Pd%>" increased
from 16.2% to 25.0%. These changes suggest partial oxidation of Pd®
and possible electron transfer from Pd sites to PMS during catalytic
activation, implying the involvement of Pd®/Pd* redox process. Similar
Pd®/Pd?" transformations have been reported for Pd/ Al,05 catalysts
during catalytic oxidation reactions and were considered important for
catalyst activity [66,67]. Furthermore, operando XPS studies have
directly observed dynamic Pd’/Pd?* transformations during catalytic
oxidation processes [66,67]. Pd®/Pd?t transitions have also been re-
ported during oxidant activation processes (e.g., HoO and PMS),
contributing to the generation of RS [17,68,69]. Nevertheless, a
comprehensive understanding of the Pd-mediated PMS activation
mechanism is beyond the scope of the present study and requires further
operando characterization.

3.7. Degradation of OMPs from brine and river water

The degradation of OMPs from brine 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. The water quality param-
eters of these water types are shown in Table S1, 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 SO%_ (18.4,
91.9, and 0.7 mM for brine A, brine B and river water, respectively),
with a TDS of 4573, 22867, and 538 mg/L, respectively. The OMPs'
degradation and PMS consumption in brine and river water are shown in
Figs. 8 and S7.

In brine A (low salinity), 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 (higher
salinity), the degradation efficacies of BT, SOT, and TMP dropped to
78%, 57%, and 16%, respectively, whereas DIC maintained a high
degradation efficacy of 97%. These observations show that background
ion interference is concentration-dependent. Compared to the minor
impacts at 1 mM (Fig. 4e), the primary anions in brine A (16-19 mM)
caused a moderate decrease in degradation of OMPs, which became
significant in brine B (81-92 mM, Fig. 8b). This suggests that the
degradation efficiency is gradually reduced by competitive reactions at
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higher anion concentrations. The negative impact of high ion concen-
trations on OMPs' degradation is consistent with the earlier study [50].
Fig. 8d shows that PMS consumption in brine B was reduced to 79%,
compared to 97% in brine A, thereby inhibiting the degradation of
OMPs. In addition to the reduced PMS availability caused by high
salinity, other mechanisms such as RS scavenging, secondary RS gen-
eration, and competition for catalytic sites on the membrane surface
have also been reported to induce inhibitory effects on OMPs' degra-
dation. High brine anions (e.g., Cl ) can scavenge primary strong RS and
form low-activity secondary species (e.g., C1* and CI3 ) [34]. Anions can
also compete with OMPs and PMS for catalytic sites on the membrane
surface, further hindering contaminant adsorption and oxidation [70].
These mechanisms are likely to act synergistically, resulting in the
observed inhibition of OMP degradation under high-salinity conditions
[71]. However, the individual contributions of these mechanisms are
beyond the scope of the present study and require further study.

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. 8c and d). These findings
indicate that the main substance in the river water, i.e., the natural
organic matters (NOM) (characterized by a total organic carbon con-
centration of 24 mg/L), had a minor impact on the degradation of OMPs
and on the high PMS decomposition to induce RS.

4. Conclusion

This study demonstrates that ceramic UF membranes, conformally
deposited with an ultra-low Pd loading via ALD, can effectively activate
PMS for the degradation of OMPs. Compared to 3%-24% OMPs' removal
via pristine UF membrane, the Pd-UF with PMS achieved near-complete
removal of various OMPs, even at a high flux of 100 L/ (rn2 h). This can
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be attributed to the nanoconfinement effect, which enriches OMPs and
RS and improves their mass transfer in the confined-pore environment.
Consistent with this, kinetic experiments showed that Pd deposited
within the membrane pores increased degradation kinetics by three
orders of magnitude compared to Pd located only on the membrane
surface. Furthermore, quenching experiments showed that the dominant
RS varied across different OMPs, highlighting the limitation of assigning
the dominant RS based on the experiment by using a single OMP. For
practical application, the system maintained high removal efficiency at
neutral pH and in various water matrices, and was only marginally
affected by common anions. Only extreme pH conditions or high salinity
significantly suppressed degradation. Future research should focus on
scaling up the deposition process, elucidating the contributions of
different RS to the degradation of different OMPs, and optimizing per-
formance under realistic operating conditions, thereby further
advancing the practical applicability of this approach.
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