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ABSTRACT: Oily wastewater, a global environmental concern, demands efficient
oil/water separation and pollutant removal. Our compressible separator and catalyst
(CSC) balls, prepared through sponge etching and metal nanoparticle synthesis,
exhibited efficient degradation of dyes of varying sizes, spanning a molecular weight
range from 139 to 696 g/mol during the oil/water separation. Control over the
distance between catalysts was achieved by incorporating Ag−Pt−Pd catalysts into
the sponge skeleton and by adjusting the compression rates. The dispersion of the
catalysts improved degradation efficiency for larger dyes, while concentrating the
catalysts proved to be more effective for the smaller ones. By optimizing the
compression rates of CSC balls, we successfully achieved the effective removal of
emulsions of different sizes and precise control of flux. Our CSC ball-loaded system
offers efficient and versatile solutions for concurrent separation and purification of
emulsions and pollutants with potential environmental benefits.

1. INTRODUCTION
Oily wastewater poses a significant environmental challenge in
both developing and developed countries due to its
detrimental impact on human health and ecosystems. Due to
the industry’s advancement, there has been a simultaneous
increase in both the volume and variety of constituent
materials present in the emission of oily wastewater. Oily
wastewater, a type of industrial wastewater, often contains
hazardous aqueous pollutants.1,2 Prior to discharge, it is
necessary to separate the oil/water mixture and remove the
aqueous pollutants from the water. While numerous studies
have been conducted on oil/water separation,3−15 only a
limited number of researchers have focused on exploring
materials and technologies that possess the ability to
simultaneously achieve both oil/water separation and pollutant
purification.16−19 Two approaches, namely, the filter type and
particle type, have been proposed for the removal of aqueous
pollutants during oil/water separation. In the filter-type
approach, the oil/water mixture is first separated, followed
by the decomposition of organic matter in the water using a
catalyst.16−18 On the other hand, in the particle-type approach,
the organic matter is decomposed using a particle catalyst, and
then the oil/water mixture is separated using particles.19 The
filter-type approach suffers from drawbacks, such as long
processing time and challenges in emulsion separation.
Conversely, the particle-type approach carries the risk of
particle outflow and exhibits a lower separation capacity.
Consequently, it is essential to develop novel processing
technologies and materials that can accentuate two benefits
while compensating for their limitations.

An oil/water mixture can be categorized into two types:
immiscible oil/water mixture and emulsified oil/water mixture,
which includes oil-in-water (O/W) or water-in-oil (W/O)
emulsions.20 The separation of the immiscible oil/water
mixture is relatively straightforward due to the density
difference between the two phases. However, the presence of
an emulsified oil/water mixture poses a greater challenge in
separation due to its stable dispersion within the immiscible
continuous phase. Moreover, the difficulty of separation is
further amplified when dealing with small-sized emulsions that
are smaller than 20 μm.21 Various methods, such as solvent
extraction, irradiation, oxidation, microwaves, and landfill, have
been employed to address the challenge of emulsion
separation. However, these methods often suffer from low
efficiency and high costs, limiting their applicability. In
contrast, membrane-based filtration technologies have emerged
as a promising solution, offering high separation efficiency, low
energy costs, environmental friendliness, and excellent
selectivity.20 The key to successful emulsion separation lies
in filtration membranes, which leverage special wettability and
size-based effects.22,23 Membrane materials can be derived
from common substrates such as polymers, carbon, ceramic,
metal meshes, gel, and biomass.24−29 For instance, the Tseng
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group introduced superoleophilic and superhydrophobic
carbon membranes designed for efficient separation of trace
water-in-oil emulsions.25 In another study, Hou’s group
developed nanofiber membranes utilizing natural loofah and
poly(vinylidene fluoride) (PVDF) for gravity-driven water
purification.29 More recently, the Xie group synthesized coaxial
electrospun nanofibrous aerogel membranes, effectively facil-
itating oil removal and water-in-oil emulsion separation.28

These materials enable the development of convenient and
effective membranes for emulsion purification. However, a
major challenge lies in achieving high flux rates for these
membranes with pore sizes ranging from several tens of
nanometers to hundreds of nanometers. A diverse array of flux
control techniques is also essential, as the flux requirements
fluctuate across different application fields.

In this letter, we present a novel compressible separator and
catalyst (CSC) ball-loaded column system. This system utilizes
tightly packed spherical CSC balls to effectively separate
emulsions and decompose pollutants. The CSC balls exhibit
the ability to rapidly separate O/W emulsions while achieving
a high flux and decomposition efficiency for aqueous
pollutants. By adjusting the compression rates of the catalyst-
coated sponge, it becomes possible to control the distance
between the catalysts and the pore size within the porous and
flexible CSC ball.

2. EXPERIMENTAL SECTION
2.1. Materials. A sulfate melamine formaldehyde sponge

(MFS) was purchased from BASF. Silver nitrate (AgNO3,
≥99.0%), chloroplatinic acid hydrate (H2Cl6Pt·H2O, ≥99.9%),
palladium(II) nitrate hydrate (Pd(NO3)2·H2O), sodium

borohydride (NaBH4, 98%), span 80 (Mw: 428.6 g mol−1

and d: 0.986 g mL−1), methyl orange (MO), methylene blue
(MB), Congo red (CR), rhodamine 6G (R6G), and 4-
nitrophenol (4-NP) were purchased from Sigma-Aldrich.
Soybean oil was purchased from CJ (Korea). All chemicals
were used without further purification. Deionized (DI) water
with a resistance of 18 MΩ·cm was obtained from a Millipore
Simplicity 185 system.

2.2. Preparation of CSC-18 Balls. CSC-18 balls (MFS/
Ag−Pt−Pd NP) were prepared by immersing 20 cylindrical
MFS pieces (D: 10 mm and H: 10 mm) into a sandpaper-
wrapped beaker containing a mixed metal precursor solution
(300 mL) composed of silver nitrate (0.1 g), chloroplatinic
acid hydrate (0.1 g), and palladium nitrate hydrate (0.07 g).
The solution was vigorously stirred at room temperature for 6
h. The resulting CSC balls were washed three times with DI
water and then reduced with a 5 mM NaBH4 solution for 30
min. Finally, the CSC balls (MFS/Ag−Pt−Pd NP) were
washed three times with DI water and dried at 50 °C for 12 h.

2.3. Catalytic Test for Reductive Degradation of
Dyes. To conduct the catalytic test for the reductive
degradation of dyes, the following procedure was followed.
First, 15 mL of each dye solution (0.08 mM) and 7 mL of
NaBH4 solution (100 mM) were freshly prepared. These two
solutions were then combined, resulting in a mixed solution.
Next, the mixed solution was poured into a catalysis column
system loaded with CSC balls. Afterward, 2 mL of the filtered
solution was extracted from the system and subjected to
analysis by using UV−vis spectroscopy.

2.4. O/W Emulsion Separation. To prepare an O/W
emulsion, soybean oil (2 mL), span 80 (0.03 g), and water (99

Figure 1. Schematic illustration of CSC ball formation and a novel column filtration system utilizing loaded CSC balls for the simultaneous removal
of emulsions and aqueous pollutants.
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mL) were mixed together and stirred for 1 h at T15% and 2 h
at T5%. Next, 6 mL of the prepared emulsion was poured into
a column system loaded with CSC balls. The emulsion was
then subjected to filtration, and 2 mL of the filtered solution
was extracted from the system for further analysis by using
UV−vis spectroscopy.

2.5. Characterization. Scanning electron microscopy
(SEM)/energy-dispersive X-ray (EDX) analyses were per-
formed by using a Hitachi S-4800 instrument. Thermogravi-
metric analysis (TGA) was performed using a thermogravi-
metric analyzer (Sinco TGA N-1500) over a temperature range
of 25−800 °C at a heating rate of 5 °C min−1 in air (flow rate,
60 cm2/min). UV−vis absorption spectra were recorded on a
UV−vis spectrophotometer (Sinco Evolution 201). FT-IR
spectra were obtained by using a Sinco Nicolet IS5 instrument.
Optical microscopy measurements were performed on a Leica
DM lL LED instrument after a drop of an emulsion solution
was placed on a microscope slide glass. The zeta potential
measurements were performed on a Malvern Nano-ZS
Zetasizer at room temperature. By comparing the volumes
before and after compression, the compression rate can be
calculated according to the following equation

= ×V V VCompression rate (%) ( )/ 100%i f i

where Vi (mm3) and Vf (mm3) refer to the volumes before and
after compression, respectively. The volume of a catalysis
column was premeasured and marked with a scale.
Subsequently, the CSC ball was inserted into the column,
and a specific weight was placed on top of it. After a designated
period, the weight was removed, and the volume of the CSC
ball was measured and recorded to correspond with each scale
marking. In order to create three sets, each consisting of 6
CSC-18 balls compressed to 56, 63, and 72%, the procedure
involved loading six CSC-18 balls into conical cylinders.
Subsequently, weights of 50, 100, and 200 g were positioned
on top of the corresponding set of six CSC-18 balls for a
duration of 5 min. To ensure the uniformity of column
manufacturing, CSC balls with an average size were
consistently chosen for each experiment. Furthermore,
columns with an average compression ratio were selected
and tested, even after the CSC balls were loaded into the
column.

3. RESULTS AND DISCUSSION
3.1. Synthesis of CSC Balls. Figure 1 shows a schematic

illustration of the formation of a CSC ball through physical

Figure 2. (a,b) SEM images of the MFS and CSC ball (MFS/Ag−Pt−Pd). The insets display the images of the cylindrical MFS and the CSC ball
(MFS/Ag−Pt−Pd). (c) EDX and (d−f) mapping data of the CSC ball (MFS/Ag−Pt−Pd). (g) FT-IR data of the MFS and CSC ball (MFS/Ag−
Pt−Pd). (h) TGA data of the CSC ball (MFS/Ag−Pt−Pd), CSC ball (MFS/Ag), and CSC ball (MFS/Pd). (i) Zeta potential data of the MFS and
CSC ball (MFS/Ag−Pt−Pd).
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etching of a melamine formaldehyde sponge (MFS), followed
by the synthesis of noble metal nanoparticles (NPs). The MFS
is chosen as the base material due to its compressible, porous,
and sulfonated functional properties. The CSC ball (MFS/
Ag−Pt−Pd NP) is prepared by the immersion of the
cylindrical MFS into a beaker wrapped in sandpaper, which
contains the mixed metal precursor solution. During the
stirring of the resulting solution, the cylindrical MFS with a
centimeter scale is gradually transformed into a tiny spherical
MFS by the collision between the MFS and sandpaper. During
physical etching, three types of metal precursors are
simultaneously adsorbed onto the sulfonated groups of the
MFS for the synthesis of noble metal NPs. After reduction
treatment, three types of metal NP-loaded CSC balls are
formed. A conical cylinder filled with 1−10 CSC balls can be

used to simultaneously separate and purify O/W emulsions
and aqueous pollutants, respectively.

3.2. Characterization of CSC Balls. Figure 2a,b shows the
SEM images of the MFS and CSC ball (MFS/Ag−Pt−Pd NP).
The MFS exhibited a smooth surface with a three-dimensional
network structure, while the CSC ball displayed a rough
surface composed of both large (average 310 nm) and small
(average 40 nm) particles, indicating successful synthesis of
metal NPs on the MFS. The surface of the CSC ball revealed
the presence of particles smaller and larger than 100 nm, which
were identified as three types of metal NPs and complexes
composed of three types of precursors, respectively (inset of
Figure 2b). The MFS is characterized by its cylindrical shape,
white color, and an average size of 10 mm, whereas the CSC
ball is characterized by its spherical shape, black color, and

Figure 3. (a) Catalytic test setup of the column filtration system loaded with CSC balls. (b) UV−vis absorption spectral changes in the
decomposition of MO catalyzed by 10 CSC-18 balls. Reuse tests for MO until the 10th cycle. (c) Decomposition efficiency of MO catalyzed by 10,
8, 6, and 4 CSC-18 balls. (d) Decomposition efficiency of MO catalyzed by 10, 8, 6, and 4 CSC-12 balls. (e) Flux capacity of MO filtration using
10, 8, 6, and 4 CSC-18 balls. (f) Flux capacity of MO filtration using 10, 8, 6, and 4 CSC-12 balls.
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average size of 9 mm (insets of Figure 2a,b). The synthesis of
Ag, Pt, and Pd metal NPs on the MFS was confirmed through
EDX and mapping data, which provided information about the
presence and content of each metal species (Figure 2c−f). The
highest content was observed in Ag, with Pt and Pd showing a
similar content (Ag > Pt ⇋ Pd; Figure 2c). The mapping data
confirm the presence of three types of elements (Ag, Pt, and
Pd) (Figure 2d−f). To further confirm the synthesis of the
three types of NPs on MFS, FT-IR spectroscopy was
conducted. The peak intensities at 1455 cm−1 (C�N
stretching), 1111 cm−1 (−SO3

− stretching), and 809 cm−1

(C−N stretching) were observed to decrease in the CSC
sample compared to the corresponding peaks in the pristine
MFS samples (red line, Figure 2g). This observation suggests
that a reaction took place between groups possessing unshared
electron (N) pairs (or −SO3

−) and metal precursors. The
TGA data showed that the CSC ball (MFS/Ag−Pt−Pd NP)
had an inorganic portion of 12−18% (red and black lines,
Figure 2h), indicating the presence of 12−18% metal NPs. To
investigate the possibility of controlling the metal content
within the CSC ball, single metals or mixed metals were
synthesized. By variation of the reaction cycle, the content of
metal NPs within the CSC ball could be controlled for the
synthesis of the three types of mixed metals (Ag, Pt, and Pd).
The metal content within the CSC ball measured in the first
cycle was 12%, which increased to 18% in the second cycle
(red and black lines, Figure 2h). However, the metal contents
in the CSC ball were limited to approximately 11 and 15% for
single metal (Ag and Pd), respectively, and did not increase
even though the reaction cycle increased (green/blue and ice
blue/pink lines, Figure 2h). These values are estimated to be
the maximum content of Ag and Pd that can be synthesized in
the CSC ball. However, in the case of three types of metals, a
higher content was obtained because cation (Ag and Pd) and
anion (Pt) precursors were mixed, allowing them to be coated
on MFS while forming complexes. Thus, as shown in Figure
2b, it is estimated that large particles consist of complexes
composed of metal NPs, while small particles consist of
individual metal NPs. The results suggest that three types of
metal NPs with higher content can be synthesized in the CSC
balls by using a mixed metal system with oppositely charged
precursors. Due to the high pH of the Pt precursor solution,
the MFS was oxidized, which made the synthesis of Pt NPs
alone impossible. The zeta potential of the CSC ball (MFS/
Ag−Pt−Pd) was found to be −20.8 mV, which was slightly
lower compared to that of MFS (−18.2 mV) (Figure 2i).
These findings suggest that the CSC ball (MFS/Ag−Pt−Pd)
still maintains a negatively charged surface, even after the
synthesis of three types of metal NPs on the surface of MFS. A
water droplet was rapidly absorbed by the CSC ball sample
(Figure S1). The water contact angle (WCA) measured on the
CSC ball sample was 0°, indicative of its superhydrophilic
nature (Figure S1).

3.3. Catalytic Activity and Flux of CSC Balls. To
evaluate the catalytic activity of the CSC balls, a catalysis
column system was employed. Specifically, 4−10 CSC balls
were loaded into a conical cylinder with a volume of 2 mL and
used to purify aqueous pollutants (Figure 3a). The CSC balls
with metal contents of 12 and 18% were labeled CSC-12 and
CSC-18, respectively. Five types of dyes including MO, MB,
CR, R6G, and 4-NP were selected based on their known
harmful effects on human health and the environment. The
selection of these dyes also took into consideration the type of

charge and size of each molecule. The 10 CSC balls with the
highest number were tested first. After the 10 CSC-18 balls
were prewetted with water, the MO solution rapidly penetrated
the 10 CSC-18 balls when the MO solution was poured into a
conical cylinder loaded with the 10 CSC-18 balls (Figure 3a).
A transparent solution was obtained that could not be
distinguished by the naked eye. Figure 3b shows the UV−vis
spectra of MO degradation catalyzed by the 10 CSC-18 balls.
After a single filtration, the absorption peak of MO at 460 nm
decreased and stabilized, accompanied by the emergence of a
new peak at around 250 nm, indicating the degradation of MO.
The appearance of the new peak can be attributed to the
cleavage of the azo bond (−N�N−) in MO, which contains
an azo-benzene group that absorbs at 460 nm.30,31 This
process leads to the generation of new degradation products. It
is believed that possible degradation products include sulfanilic
acid and N,N-dimethyl-p-phenylenediamine, which have UV
absorption at a wavelength of 240−250 nm.30,31

To investigate the effect of the number of CSC-18 balls on
their catalytic activity, experiments were conducted using 10, 8,
6, and 4 balls. The results showed that the 10, 8, and 6 CSC-18
balls exhibited similar decomposition efficiencies (DEs) of
99.4, 99.3, and 99.2%, respectively, which were all higher than
the DE obtained using 4 CSC-18 balls (97.2%) (Figure 3c).
The results suggest that using only four CSC-18 balls was not
enough to decompose most of the MO in one filtration,
whereas using more than six balls was sufficient to achieve this.
Comparative experiments were conducted using 10, 8, 6, and 4
CSC-12 balls to investigate the effect of the metal content on
the catalytic activity of the CSC balls. The CSC-12 ball has
metal contents lower than those of the CSC-18 balls. The DEs
of CSC-12 balls gradually increased as the number of balls
increased, suggesting that the catalytic activity of the catalysis
column system can be controlled by varying the number of
CSC-12 balls used (Figure 3d). The DE of 10 CSC-12 balls
was 99.1%, which was similar to the DEs observed for 10, 8,
and 6 CSC-18 balls. These results indicate that for the
decomposition of MO, an increase in the number of CSC-12
balls is required when using CSC-12, whereas a small number
of CSC-18 balls is sufficient when using CSC-18. When
evaluating the effectiveness of filters, it is crucial to consider
the flux factor as one of the key components. MO solution was
used to investigate the fluxes of CSC-12 and CSC-18. As the
number of CSC balls decreases, the flux increases (Mocha →
yellow → ice blue → pink bars, Figure 3e,f). This inverse
relationship holds true in both cases (Figure 3e,f). The CSC-
18 balls with 10, 8, 6, and 4 counts exhibited lower flux rates
compared to the CSC-12 balls with the same counts due to
their higher metal content. However, the 10, 8, and 6 CSC-18
balls demonstrated relatively high average flux rates of 4390,
6637, and 8135 L/m2 h, respectively (Figure 3e). Additionally,
based on the data presented in Figure 3c, it can be observed
that the 10, 8, and 6 CSC-18 balls exhibited comparable DEs,
ranging from 99.4 to 99.2%. Therefore, in some circumstances,
using only 6 CSC-18 balls with a high flux rate of 8135 L/m2 h
and a DE of 99.2% may be a practical substitute for using 10
CSC-18 balls. Thus, considering the high flux and DE of 6
CSC-18 balls, the 6 CSC-18 balls were determined to be an
optimized condition for a catalysis column system.

3.4. Effect of Size and Charge of Pollutants on the
Decomposition Efficiency of CSC Balls. To examine the
impact of the size and charge of aqueous pollutants on the DE
of CSC-18 balls, we conducted tests using MB, 4-NP, CR, and
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R6G. The 6 CSC-18 balls showed high DEs of 99.9 and 99%
for MB and 4-NP, respectively, which were comparable with
that of MO (99.2%) (Figures 4a,b,e, and 3c). The charge of
pollutants did not have a significant impact on the DE of the 6
CSC-18 balls, as the negatively charged 6 CSC-18 balls
demonstrated similar DEs for MO (−), MB (+), and 4-NP
(−) (Figures 4a,b,e, and 3c). The DE of the pollutants was
more significantly influenced by their sizes than their charges.
The 6 CSC-18 balls demonstrated DEs of 97.1 and 95.9% for
CR (−) and R6G (+), respectively, which have large molecular
sizes. These DEs were lower compared to those achieved for
MO (99.2%), MB (99.9%), and 4-NP (99%), which have
smaller molecular sizes. The 6 CSC-18 balls showed the
highest DE for MB [MB (+) > MO (−) > 4-NP (−) > CR (−)
> R6G (+)], indicating that the CSC was more effective at

breaking down small-sized dyes like MB, MO, and 4-NP,
regardless of the charge of the pollutant. The results
mentioned above were obtained by a filtration method using
6 CSC-18 balls for 10 cycles. Despite the repeated use of the 6
CSC-18 balls, there was no significant change in the DE
observed, indicating that the filtration treatment using 6 CSC-
18 balls could be utilized for long-term use (Figure 4f). In
order to investigate the potential leakage of metal NPs from
the CSC-18 balls, six newly acquired CSC-18 balls were
carefully inserted into conical cylinders. Subsequently,
deionized water was allowed to pass through these cylinders
for a total of 10 cycles.

Notably, the conducted tests did not reveal any discernible
characteristic peaks corresponding to the three types of metal
NPs (Figure S2). A plausible mechanism underlying the

Figure 4. UV−vis absorption spectral changes in the decomposition of (a) MB, (b) 4-NP, (c) CR, and (d) R6G catalyzed by 6 CSC-18 balls.
Reuse tests for each dye up to the 10th cycle. (e) Average decomposition efficiency and (f) efficiency variation of each dye catalyzed by 6 CSC-18
balls until the 10th cycle.
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reduction of organic dyes, such as MO, CR, MB, and R6G, can
be outlined as follows: The Au/Pt/Pd catalysts situated on the
MFS serve as mediators for electron transfer throughout the
catalytic process.32,33 BH4

−1 molecules promptly approach and
contribute electrons to the surface of the Au/Pt/Pd catalyst
located on the support. Subsequently, the Au/Pt/Pd catalysts
residing on the MFS surface convey electrons to each dye
molecule, prompting the reduction of each dye into
compounds featuring a singular phenyl ring alongside an
amine group. Notably, these transformed compounds exhibit
considerably lower toxicity compared to the initial chem-

icals.32,33 Utilizing Au catalysts for reductive decomposition,
which represents an effective pretreatment method, yields
cleavage of azo bonds within dye molecules. This trans-
formative process results in the production of products that are
more amenable to subsequent mineralization within biological
treatment processes.34

3.5. Effect of Compression on the Flux and Catalytic
Activity of CSC Balls. To investigate the effect of
compression on the flux and catalytic activity of six CSC-18
balls, the balls were loaded into conical cylinders at three
different compression rates. Three sets of six CSC-18 balls,

Figure 5. (a) Flux capacity and (b−d) optical microscopy images of six CSC-18 balls at compression rates of 56, 63, and 72%. Insets display conical
cylinders loaded with six CSC-18 balls at different compression rates. (e) Decomposition efficiency of MO catalyzed by six CSC-18 balls with
compression rates of 56, 63, and 72%. (f) Decomposition efficiency and (g) ΔDE of MO, MB, CR, R6G, and 4-NP catalyzed by six CSC-18 balls at
compression rates of 56 and 72%. These results demonstrated an inverse relationship between the compression rate and flux. The catalytic activity
of six CSC-18 balls with different compression rates was tested. Among them, those with compression rates of 56, 63, and 72% showed DEs of 99.2,
98.4, and 98.1%, respectively, for the degradation of MO (e). Although it was expected that the six CSC-18 balls with the highest compression rate
would exhibit the highest DE due to their low flux (or high retention time), the results were the opposite. The six CSC-18 balls with the lowest
compression rate, indicating the longest distance between the catalysts, exhibited the highest efficiency. The synthesis of Ag−Pt−Pd catalysts in the
sponge ball’s skeleton enables the control of the distance between the catalysts by adjusting the compression rates of the sponge. In other words,
the compression rate of 56% resulted in higher DEs compared to the compression rate of 72%, indicating that dispersing the catalysts yielded better
results than concentrating them for the degradation of MO. This phenomenon was observed not only in MO but also in experiments involving
other dyes. In most cases, the six CSC-18 balls with the compression rate of 56% exhibited higher DEs [orange bars, (f)]. This phenomenon was
particularly noticeable for larger sized dyes (ΔDE = 1.9, 1.8, 1, 1, and −0.5% for CR, R6G, MB, MO, and 4-NP, respectively) (f,g).
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compressed to 56, 63, and 72%, were tested for their flux and
catalytic activity. The flux values of the six CSC-18 balls varied
depending on the compression rate, with the highest and
lowest fluxes observed in the balls compressed to 56 and 72%,
respectively (Figure 5a). The six CSC-18 balls, which have
compression rates of 56, 63, and 72%, exhibited pore sizes of
50−260, 41−152, and 32−85 μm, respectively (Figure 5b−d).
The corresponding flux values were 8135, 7315, and 6292 L/
m2 h, respectively (Figure 5a). As the compression rate
increased, the pore size decreased, leading to a lower flux
(Figure 5a−d).

3.6. Difference in Decomposition Efficiency between
Compression Rates of CSC Balls. The difference in DE
between the compression rates was denoted as ΔDE (DE56% −
DE72%). It means that as the ΔDE value increases and becomes
a larger positive value, it indicates that when the catalyst is
dispersed, it is more efficient compared to when it is
concentrated. Even after degradation, CR and R6G still have
a relatively large molecular size (Figure S3). As a result, when
these large-sized reactants and products are concentrated
around the catalysts (the case of a compression rate of 72%),
the transfer of the reactant to the catalysts is hindered.
However, when the catalyst is dispersed (the case of the
compression rate of 56%), catalytic reactions occur sequen-
tially, which can help to alleviate overcrowding of reactants and
products around the catalysts. Even in cases where the dye
sizes were medium (MB and MB), this phenomenon was

observed (Figure 5g). As mentioned earlier, the diffusion of
bulky dyes such as CR, R6G, MB, and MO toward the
concentrated catalyst was hindered. However, even in the
presence of 4-NP around the concentrated catalysts, the
transfer of 4-NP to the catalysts was not hindered due to its
significantly smaller size and its propensity for conversion
rather than decomposition (Figure S3).

Thus, the ΔDE value of 4-NP decreased and became a
negative value, indicating that when the catalyst is concen-
trated (the compression rate of 72%), the retention time of 4-
NP was extended, leading to increased catalyst efficiency
compared to when it is dispersed (the compression rate of
56%) (Figure 5g). The above results indicate that dispersing
the catalyst properly, rather than concentrating it in one
location, and allowing the reactant to encounter and react with
the catalyst sequentially can substantially enhance the
efficiency of the catalyst for larger sized dyes. However, it
has been observed that concentrating the catalyst yields higher
efficiency, particularly for smaller sized dyes, compared to
when it is dispersed. In other words, the determination of the
distance between the catalysts is crucial for enhancing the DE.
Thus, the determination of the optimal distance between
catalysts should be based on the size of the dye. Our approach
allows for precise control over the distance through the
adjustment of the compression rates of the sponge.

3.7. Effect of Compression on the Separation
Capability of CSC Balls. To examine the impact of

Figure 6. Optical microscopy images of the O/W emulsion (a,d) before and (c,f) after filtration by conical cylinders loaded with six CSC-18 balls at
varying compression rates, with emulsion transmittances of (a−c) 15% and (d−f) 5%, respectively. Panels (b,e) display the corresponding images
of the filtered solution. (g) Emulsion separation efficiencies and (h) flux capacities of the six CSC-18 balls at compression rates of 56, 63, and 72%
for emulsions with transmittances of 15 and 5%.
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compression on the separation capability of six CSC-18 balls
for the O/W emulsion, the six CSC-18 balls with compression
rates of 56, 63, and 72% were tested (Figure 6a−f). To prepare
the emulsion, a surfactant (span 80) was used to stabilize a
mixture of soybean oil and water. Two emulsions were
prepared, each containing droplets with a wide range of sizes
(10.6−149 μm for the first emulsion with a transmittance of
15% and 7−63.8 μm for the second emulsion with a
transmittance of 5%) (Figure 6a,d). In both cases, emulsions
with a size of 20 μm or less account for more than 50% (insets
of Figure 6a,d). The emulsion separation efficiencies were
determined by calculating the variance in the absorbance of the
emulsion solution before and after filtration through the CSC
balls. The emulsion separation efficiencies of the six CSC-18
balls with compression rates of 56, 63, and 72% were found to
be 95.8, 91.1, and 77.5%, respectively, for the first emulsion
with a transmittance of 15% (yellow bars, Figure 6g). As a
result of filtering the emulsion solution through these balls, the
emulsion color became diluted and transparent (Figure 6b,c).
Contrary to our expectations, the six CSC-18 balls with the
lowest compression rate, despite having the largest pore size,
exhibited the highest emulsion separation efficiency (Figure
6g). Conversely, the six CSC-18 balls with the highest
compression rate, which had the smallest pore size, displayed
the lowest emulsion separation efficiency (Figure 6g). This
suggests that the small pores of the balls caused the large
emulsion droplets to break down into smaller droplets. Thus,
to remove large emulsion droplets (10.6−149 μm) with a
transmittance of 15%, it is more effective to use CSC-18 balls
with larger pores (50−260 μm, compression rate 56%) rather
than the smaller ones (32−85 μm, compression rate 72%).
The emulsion separation efficiencies of six CSC-18 balls with

compression rates of 56, 63, and 72% were determined for the
second emulsion, which had a transmittance of 5% (ice blue
bars, Figure 6g). After the emulsion solution was filtered, the
emulsion color became diluted and transparent (Figure 6e,f).
Due to their higher concentration and smaller droplet size of
the O/W emulsion, the six CSC-18 balls with compression
rates of 56, 63, and 72% exhibited lower separation efficiencies
in the emulsion with a transmittance of 5% compared to that
with 15% (ice blue bars, Figure 6g). However, the results
showed that the separation efficiencies were 64.8, 78.2, and
86.5%, respectively, which was in contrast to the trend
observed for the emulsion with a transmittance of 15% (ice
blue bars, Figure 6g). The six CSC-18 balls with the highest
compression rate, which had the smallest pore size, exhibited
the highest emulsion separation efficiency. Given the results, it
can be concluded that for effective removal of small emulsion
droplets ranging from 7 to 63.8 μm, CSC-18 balls with smaller
pores (32−85 μm) and a higher compression rate (72%)
should be used instead of larger pore sizes (50−260 μm) with
a lower compression rate (56%). In summary, for efficient
elimination of small and large emulsion droplets with
transmittances of 5 and 15%, respectively, it is recommended
to employ CSC-18 balls with higher compression rates (72%)
for small droplets and lower compression rates (56%) for large
droplets. These findings indicate that the determination of the
CSC-18 ball pore size should be based on the size of
emulsions. The compressible nature of CSC-18 balls allows for
easy control of the pore size, facilitating the effective removal
of emulsions of different sizes. The flux of CSC-18 balls with
compression rates of 56, 63, and 72% was also evaluated for
O/W emulsions with transmittances of 5 and 15%. The
experimental results demonstrated that the fluxes for the

Table 1. Performance Comparison of Polymer Membranes Reported in Previous Studies

material
permeation flux
(L·m−2·h−1)

separation efficiency
(%)

type of
emulsion

number of
cycles

decomposition
efficiency (%) refs.

CSC-18 8135 95.8 O/W 10 99.1 our
work

TiO2-fly ash/α-Al2O3 668.34 98.7 O/W 3 13
Janus PAN 1410 99.8 O/W 10 14
SO@TDC/PM 55.3−118.6 91.3 ± 0.3 O/W 15
double-layer TiO2-based mesh 5 95 16
TiO2/Co3O4/graphene oxide composite
membrane

67.4 >99.5 O/W 10 96.5 17

PNL 96−99 20 18
MAC 5 95 ± 1 19
PVDF/PDA/PEI 233 >85 O/W 3 35
P(AN-MA) 4341 (0.02 bar) O/W 10 36
iPP 1108 (0.09 MPa) W/O 20 37
PK/PVA-NYL 420 (0.1 bar) O/W 38
PES/SiO2-g-PMAA 143.3 98 O/W 39
PAI (HFPS) 440 99.9 O/W 18 40
PES/SPSf 858 O/W 41
PES/SPSf/GO 816.9 O/W 42
PES/SPSf/TiO2 555.2 (1.0 bar) O/W 43
AE2311@SMA/PVDF 99 O/W 10 44
P(MMA-co-GMA)/PEI/PVDF 90 99.3 O/W 10 45
PVDF−PDMS-PEG 1009 (1 bar) 99 O/W 10 46
zwitterionic PVDF blending membrane 6350 91 O/W 47
PVDF-TiO2 400 99.7 O/W 5 48
PDA/PVDF/MWCNT 1282.5 90 O/W 6 49
NiCo-LDH/PVDF 600 99.5 O/W 10 50
Ag/EGCG-PVDF 735 95.4 O/W 5 51
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emulsion with a transmittance of 15% were 8610, 5941, and
2845 L/m2 h, respectively (gray bars, Figure 6h). These fluxes
decreased to 7789, 5208, and 2452 L/m2 h for the emulsion
with a transmittance of 5% (dark gray bars, Figure 6h). Despite
the high concentrations of emulsions (transmittances of 5 and
15%), the CSC-18 balls exhibited high fluxes ranging from
2452 to 8610 L/m2 h. The emulsion separation efficiency of
CSC balls was measured to be in the range of 95.8−86.5%,
which is slightly lower or comparable to previously reported
values (Table 1). However, the CSC balls demonstrated
exceptional flux performance, surpassing the values reported in
previous studies (Table 1). Our CSC balls possess larger pore
sizes compared with previously reported polymer membranes

(Table 1), which contributes to their high flux capability.
However, these CSC balls are stacked in a multistructure
arrangement, resulting in an increased path length for the
emulsion solution. This longer path length enhances the
separation efficiency of the system. Furthermore, the control of
flux can be achieved by adjusting the compression rates of CSC
balls. This flexibility allows for the effective utilization of CSC
balls in various application fields that require different flux
requirements. The catalytic efficiency of the CSC balls was
determined to be 99.1%, surpassing the previously reported
values (Table 1).

3.8. Feasibility Test of Purifying Aqueous Pollutants
during the O/W Separation. In order to explore the

Figure 7. (a) Purification setup for aqueous pollutants (MO) separated from the O/W emulsion containing MO using six CSC-18 balls. Optical
microscopy images (b) before and (c) after filtration, with corresponding insets. (d) Decomposition efficiencies and emulsion separation
efficiencies of MO catalyzed and separated by six CSC-18 balls up to the 10th cycle. Optical microscopy images (e) before and (f) after filtration of
the O/W emulsion containing MB, with corresponding insets. (g) Decomposition efficiencies and emulsion separation efficiencies of MB catalyzed
and separated by six CSC-18 balls up to the 10th cycle.
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feasibility of purifying aqueous pollutants during the O/W
separation, we prepared an emulsion consisting of a blend of
soybean oil, surfactant (span 80), and water (MO or MB). For
the test, we utilized the six CSC-18 balls with the highest and
lowest compression rates, which corresponded to the smallest
and largest pore sizes, respectively. The six CSC-18 balls with
the lowest compression rate were used to remove large
emulsion containing MO, while those with the highest
compression rate were used for removal of small emulsion
containing MB. Figure 7a shows the purification process for
aqueous pollutants that are separated from the O (soybean oil)
and W (aqueous MO solution) mixture using six CSC-18 balls.
When the large emulsion was passed through the six CSC-18
balls with the lowest compression rate, the aqueous MO
solution filtered quickly into a beaker below, leaving soybean
oil droplets atop the same six CSC-18 balls. After the filtration,
the O/W emulsion changed from yellow to transparent, and
the filtered solution in the beaker no longer contained oil
droplets ranging from 8.5 to 152 μm in size (Figure 7b,c). The
six CSC-18 balls with the lowest compression rate exhibited a
catalytic activity of 99.1% and an emulsion separation
efficiency of 91.5% up to 10 cycles when tested simultaneously
(Figure 7d). These values were found to be comparable to or
lower than those obtained in the catalytic test of an aqueous
MO solution (99.2%) or the separation test of an O/W
emulsion (95.8%), respectively (Figures 7d, 5f, and 6g). The
observed phenomenon was also observed in the six CSC-18
balls with the highest compression rate when removing a small
emulsion containing MB (Figure 7e,f). The six CSC-18 balls
exhibited a catalytic activity and an emulsion separation
efficiency of 97.9 and 76.8%, respectively, up to 10 cycles when
tested simultaneously (Figure 7g).

These values were lower than or comparable to those
obtained in the catalytic and separation tests of aqueous MB
solution (99.9%) or O/W emulsion (76.5%), respectively
(Figures 5f and 6g). These results suggest that there is no
significant difference in performance between conducting
catalytic and separation tests simultaneously versus conducting
a catalytic test alone or separation test alone. Our CSC-18 balls
with controllable distance between the catalysts exhibited
exceptional catalytic performances up to 10 cycles in the
process of oil/water separation, effectively demonstrating
simultaneous separation and purification of emulsions and
aqueous pollutants.

4. CONCLUSIONS
CSC-18 balls were initially synthesized by physically etching a
sponge, followed by the synthesis of three types of metal NPs
with a higher content (18%). These negatively charged CSC-
18 balls exhibited enhanced efficiency in the degradation of
small-sized dyes such as MB, MO, and 4-NP, irrespective of
the charge of the pollutant [MB(+) > MO(−) > 4-NP(−) >
CR(−) > R6G(+)]. By synthesizing Ag−Pt−Pd catalysts
within the sponge ball’s skeleton, it became possible to control
the distance between the catalysts by adjusting the
compression rates of the CSC-18 ball. Properly dispersing
the catalyst, instead of concentrating it in a single location, and
enabling the reactant to encounter and react with the catalyst
in a sequential manner can significantly boost the efficiency of
the catalyst for larger sized dyes. However, concentrating the
catalyst results in greater efficiency, especially for smaller sized
dyes, compared to when it is dispersed. To address different
emulsion droplet sizes, it is recommended to utilize CSC-18

balls with smaller and larger pore sizes for the elimination of
small and large droplets, respectively. Our approach provides
precise control over the pore size and catalyst distance by
adjusting the compression rates of the sponge, enabling the
effective removal of emulsions of various sizes, and enhancing
the decomposition efficiency. The control of flux can also be
achieved by adjusting the compression rates of CSC balls.
Furthermore, our compressible CSC-18 balls demonstrated
exceptional catalytic performance in the oil/water separation
process, showcasing their capability for simultaneous separa-
tion and purification of emulsions and aqueous pollutants.
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