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ARTICLE INFO ABSTRACT

Keywords: The integration of ultrafiltration (UF) into recirculating aquaculture systems (RAS) is a promising strategy for
A‘l“?C“lture managing organic wastewater contaminants, yet its efficacy is hindered by severe membrane fouling and
Fouling physico-chemical transformation. This study investigates these challenges by evaluating polysulfone (PS)
Polysulfone . . .

Ultrafiltration membrane under dead-end and cross-flow hydrodynamics. Performance was systematically assessed using
RAS shrimp feed (SF; 1.5-2.5g L’l) and humic acid (HA; 0.2-0.7 g L’l) as aquaculture-relevant model foulants under

varied operating pressures. The single-foulant systems were employed to isolate foulant-specific membrane re-
sponses under controlled conditions rather than to reproduce the complete physicochemical composition of
actual RAS water. Pristine and fouled membranes were characterized (MWCO, SEM, FTIR, contact angle) to
elucidate fouling mechanisms. Post-operation analyses revealed distinct, foulant-specific surface transformations.
Higher operating pressures were associated with more pronounced time-dependent flux deterioration, particu-
larly during SF filtration, whereas HA maintained consistently high rejection across the investigated pressure
range. Furthermore, Cross-flow operation exhibited higher mean flux than dead-end filtration under the inves-

tigated conditions, with the configuration-associated enhancement being particularly pronounced for SF.

1. Introduction

The growth of the aquaculture industry continues to increase which
simultaneously raises the demand for sustainable aquaculture waste-
water management [1,2]. The Recirculating Aquaculture System (RAS)
is an attractive option for contaminant removal through a series of in-
tegrated processes, which results in a reduction in the amount of water
consumption [3-5]. The primary objective of this process is to eliminate
any unwanted substances and pathogens for water recycling purposes
[6-8]. The uneaten feed and the animal excretions need to be minimized
as both are ammonia contributors in aquaculture systems and are
harmful to the animals living in the system [9,10].

It is commonly known that organic contaminant in aquaculture
systems have diverse characteristics and sizes and are distributed
randomly. Thus, conventional processes such as classification or
centrifugation may not be effective in handling them [11]. In addition,
the presence of protein in the system can lead to the formation of col-
loids, thus making the coagulation-flocculation process as one of the
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potential techniques to solve this problem [12]. However, it is indis-
pensable to minimize additional chemicals in the system. Therefore, the
membrane filtration process which has no additional chemicals arises as
an alternative to removing contaminants. Among the variety of pore size
available, microfiltration (0.1 — 10 pm) and ultrafiltration (0.001 —
0.01 pm) have the potential to replace the coagulation — flocculation
process [13]. In addition, nanofiltration and reverse osmosis can also be
used in aquaculture systems, although both processes generally require
more energy than microfiltration or ultrafiltration [10,14,15]. Besides,
Yong et al. have applied membrane distillation in aquaculture systems,
which showed success in recovering ammonia up to 465 mg L1 (~23
times the initial concentration at around 19.83 mg LY [16]. Simulta-
neously, almost all of the ammonia is rejected, resulting in a high sep-
aration factor of 148 (only 0.04 mg L™! of ammonia is able to pass
through the membrane).

Despite the advantages, the implementation of membrane processes
in aquaculture remains limited by several challenges, including (1) low
membrane selectivity, (2) high operating costs, (3) membrane fouling,
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and (4) membrane degradation [17]. Among those obstacles, membrane
fouling is the most difficult barrier to overcome. In addition, various
factors also affect the occurrence of membrane fouling namely: (1)
wastewater characteristics, (2) operating conditions, (3) membrane
properties [18,19].

The membrane properties, such as porosity, tortuosity, hydrophi-
licity, surface charge, pore size, and other physical properties, are
crucial in separation processes. In general, membranes with hydrophilic
properties are always preferred in aqueous-based separations, which
cannot be separated from their high surface wettability and anti-fouling
ability [20,21]. In addition, membranes with high surface wettability
produce high flux without reducing their selectivity [22]. Furthermore,
with certainty, the size ratio between contaminants and pore size can
determine the existing fouling mechanism [18]. Overall, the relation-
ship between membrane surface charge and isoelectric points of con-
taminants is affected by pH. Up to now, the electrostatic repulsion
between the membrane and the contaminants has resulted in lower
fouling and increased flux [18].

Several membrane fouling studies are summarized in Table S1,
indicating that fouling behavior is strongly dependent on membrane
properties, foulant characteristics, solution chemistry, and operating
conditions. Actual RAS water contains a complex mixture of feed- and
fecal-derived organic matter, fine suspended solids and colloids,
microbial-derived compounds, dissolved organic matter, nitrogen spe-
cies, and inorganic constituents [23-25]. Feed input and feed-derived
particles have been directly associated with increased membrane
fouling in marine RAS, while the continuous recirculation of water
promotes the accumulation and transformation of dissolved organic
matter, including humic- and fulvic-type compounds [23,24]. Conse-
quently, a single synthetic solution cannot reproduce the complete
fouling environment of an operating RAS. Nevertheless, controlled
model-foulant systems are useful for isolating membrane responses to
chemically distinct foulant classes, and previous aquaculture membrane
studies have employed shrimp-feed-derived organic matter and humic
acid for this purpose [26]. Therefore, in this study, shrimp feed (SF) and
humic acid (HA) were employed as aquaculture-relevant model foulants
representing feed-derived and humic-type organic matter, respectively.
The objective was to investigate their individual effects on the filtration
performance and physicochemical properties of a commercial poly-
sulfone ultrafiltration membrane under controlled laboratory condi-
tions, rather than to reproduce the complete composition of actual RAS
wastewater. The effects of operating pressure, foulant concentration,
and filtration configuration were evaluated, while MWCO, SEM, FTIR,
and water contact angle analyses were used to characterize the corre-
sponding membrane transformations.

2. Material and methods
2.1. Materials

Commercial polysulfone (PS) ultrafiltration membranes with a
nominal molecular weight cut-off (MWCO) of 20,000 Da were supplied
by RisingSun Membrane Technology. Shrimp feed (SF; IRAWAN 681 V,
Central Proteina Prima Indonesia) and humic acid (HA; Sigma-Aldrich)
were used as aquaculture-relevant model foulants. The shrimp feed
contained protein (>30%), crude fiber (<4%), fat (>5%), moisture
(<12%), and ash (<11%). Sodium chloride (NaCl), hydrochloric acid
(HCI), sulfuric acid (H2SO4), phenol (C¢HsOH), glucose (CgH120¢), su-
crose (C12H22011), and dextran standards with molecular weights of
1-40 kDa were used for feed preparation and membrane characteriza-
tion. Deionized water produced in the laboratory, with a conductivity of
approximately 15 pS cm™! and total dissolved solids of approximately
11 mg L™}, was used throughout the experiments.
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2.2. Methods

2.2.1. Filtration feed preparation

Shrimp feed was ground and sieved to obtain particles smaller than
200 mesh. The sieved particles were then dispersed in deionized water at
concentrations of 1.5, 2.0, and 2.5 g L™!. The suspensions were ho-
mogenized using an IKA T25 digital ULTRA-TURRAX® at 20,000 rpm
for 5 min at 25 + 2 °C, followed by filtration to remove residual large
particles. The resulting filtrate was exposed to UV-C irradiation to
minimize microbial growth before use in the filtration experiments.
Humic acid solutions were prepared separately at concentrations of 0.2,
0.4, and 0.7 g L 1. NaCl was added to each feed solution at 10 g L™* to
provide a simplified saline background relevant to low-salinity shrimp
aquaculture conditions [27]. The NaCl-based medium was used to
control ionic background and was not intended to reproduce the com-
plete ionic composition of actual RAS water.

SF and HA were investigated separately as single-foulant challenge
solutions to enable controlled comparison of their individual membrane-
fouling behavior. Previous aquaculture membrane studies have
employed residual shrimp feed and HA as model organic foulants [26].
However, the SF concentrations employed in the present study
(1.5-2.5 g L™1) are higher than the 0.3-0.8 g L™! shrimp-feed range
previously investigated by Widiasa et al. [26]. Similarly, the HA con-
centrations used here (0.2-0.7 g L™!) are within or above the upper
range of high-concentration model-fouling studies; for example, HA
concentrations of 50-150 mg L ™! and 500 mg L™! have been employed
in accelerated membrane-fouling evaluations [28,29]. Accordingly, the
present concentrations are interpreted as accelerated fouling conditions
designed for comparative mechanistic evaluation rather than as envi-
ronmentally representative concentrations of actual RAS water. There-
fore, the resulting fouling rates should not be quantitatively
extrapolated to full-scale RAS operation.

2.2.2. Filtration procedure

The filtration experiments were organized into three experimental
sets (See Fig. 1). The effect of operating pressure was evaluated under
stirred dead-end filtration at 3, 5, 7, and 10 bar using SF at 2.0 g L lor
HA at 0.4 g L. The effect of foulant concentration was evaluated under
dead-end filtration at a fixed pressure of 5 bar using SF concentrations of
1.5,2.0,and 2.5 g L~! and HA concentrations of 0.2, 0.4, and 0.7 g L%
Filtration-configuration effects were evaluated separately at 5 bar by
comparing dead-end and cross-flow operation using SF at 2.0 g L ™! and
HA at 0.4 g L™1. All experiments were conducted at 25 + 2 °C.

Prior to filtration, PS membrane coupons were immersed in deion-
ized water for 24 h. Pure-water filtration was subsequently performed to
establish the baseline membrane response. Dead-end filtration was
conducted using a stirred cell with an effective membrane area of
15.9 cm?, with Ny gas providing the transmembrane pressure and
continuous stirring at 500 rpm. Cross-flow experiments were conducted
using a Sterlitech Explorer CFO42P cell with an effective membrane area
of approximately 42 cm? and a hold-up volume of 17 mL. The feed was
recirculated at approximately 1.0 L min~?, corresponding to an average
cross-flow velocity of approximately 0.18 m s, calculated from the
volumetric recirculation rate and the cross-sectional area of the flow
channel. Prior to foulant filtration, pure-water flux was measured using
the pristine PS membrane under the corresponding operating pressures.
For dead-end filtration, pure-water measurements were conducted at 3,
5, 7, and 10 bar to establish the pressure-dependent baseline membrane
response. These measurements were used as clean-water controls for
distinguishing pressure-related changes in membrane permeability from
additional resistance arising during foulant filtration. The corresponding
pure-water flux profiles are provided in Fig. S1. The upper pressure of
10 bar was included as a high-pressure challenge condition to evaluate
the membrane response over an extended operating range and should
not be interpreted as a recommended operating pressure for RAS
ultrafiltration.
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Fig. 1. Experimental setups and corresponding separation mechanisms for (a, ¢) dead-end stirred and (b, d) cross-flow filtration modes.

Permeate volume and the corresponding elapsed filtration time were
recorded throughout filtration and used to calculate permeate flux ac-
cording to Eq. (1).

\4

= (€Y

where V, t, A are volume permeate (L), time (h), active membrane area
(m?), respectively.

Filtration duration varied according to the permeation behavior of
each condition rather than being fixed across all experiments. For the PS
cross-flow experiments conducted at 5 bar, cumulative permeate
collection reached 80 mL after approximately 63.9 min for SF and
50.9 min for HA. The initial feed volume required to determine con-
ventional permeate recovery could not be reliably reconstructed from
the archived experimental records; therefore, recovery was not used as a
basis for quantitative interpretation of the filtration results.

Foulant concentrations in the initial feed and permeate were quan-
tified by UV-Vis spectrophotometry using foulant-specific calibration
curves. SF and HA were analyzed at wavelengths of 280 and 255 nm,
respectively, following the UV-Vis approach previously applied for
aquaculture-relevant organic foulants [26]. For SF, the calibration
relationship was A = 0.0754C—0.0053 (R% = 0.999), whereas for HA the
relationship was A = 3.6623C—0.0343 (R2 =0.998), where A represents
absorbance and C represents the corresponding foulant concentration (g
L™Y). The concentrations determined for the initial feed and permeate
were used as Cr and Cp, respectively, to calculate rejection according to
Eq. (2).

R:(17&> x 100% (2)
Cre
where Cp and Cp are the permeate concentration (g.L’l) and the initial
feed concentration (g.L 1), respectively.

2.2.3. Membrane characterization

The membranes were systematically characterized to determine their
pore size, hydrophobicity, morphology, and surface chemistry. Pore size
was evaluated by the molecular weight cut-off (MWCO), defined as the
molecular weight at 90% solute rejection. These tests were conducted at
25 °C and 5 bar using 200 mg/L organic solute solutions. Solute con-
centrations were quantified via the phenol-sulfuric acid method and
measured with a UV-Vis spectrophotometer [Thermo Scientific™, Evo-
lution™ 60S]. Membrane surface morphology was visualized by Scan-
ning Electron Microscopy (SEM) [Hitachi, Flexsem 1000]. For SEM
characterization, the SF concentration series (1.5, 2.0, and 2.5 g LH
and HA concentration series (0.2 and 0.4 g L™!) were obtained under
dead-end filtration at a fixed pressure of 5 bar. Configuration-associated
morphology was evaluated at 5 bar using SF at 2.0 g L™} and HA at
0.4 g L™ under both dead-end and cross-flow operation. Surface hy-
drophobicity was determined by static water contact angle measure-
ments [DataPhysics Instruments, OCA25]. Meanwhile, surface
functional groups were identified using Fourier Transform Infrared
(FTIR) spectroscopy [Shimadzu, IRTracer-100] over a wavenumber
range of 4000-450 cm™!. Post-filtration WCA and FTIR analyses were
performed using PS membrane samples obtained at 5 bar. The SF-
exposed sample corresponded to filtration with 2.0 g L™ SF, whereas
the HA-exposed sample corresponded to filtration with 0.4 g L™ HA.
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2.2.4. Statistical analysis

Quantitative filtration-performance experiments were performed in
triplicate. Statistical analyses were performed using MATLAB R2025b
(MathWorks, USA), with statistical significance defined at p < 0.05. For
the dead-end filtration experiments, the effects of operating pressure
and foulant concentration on permeate flux and rejection were evalu-
ated separately for SF and HA using one-way analysis of variance
(ANOVA), followed by Tukey's honestly significant difference (HSD) test
for pairwise comparisons. For the comparison between dead-end and
cross-flow filtration, two-way ANOVA was used to evaluate the effects of
foulant type, filtration configuration, and their interaction on flux and
rejection. Within-foulant comparisons between cross-flow and dead-end
filtration were additionally evaluated using Welch's independent-
samples t-test. Detailed statistical results are provided in Table S2-S5
of the Supplementary Data.
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3. Results and discussion
3.1. Correlation of membrane characteristics with fouling phenomena

As previously mentioned, the characteristics of membranes are
crucial for the successful implementation of ultrafiltration (UF) in the
treatment of aquaculture wastewater. This analysis provides a compre-
hensive examination of the specific roles played by pore size, hydro-
philicity, and surface chemistry [30,31]. The pore size of the membrane,
indicated by its Molecular Weight Cut-Off (MWCO), serves as the prin-
cipal mechanism for selectivity, operating through a size exclusion
process.[32]. Nevertheless, the pore structure alone does not determine
performance within this complex matrix. Membrane hydrophilicity is
equally significant; a highly hydrophilic surface tends to reduce the
adsorption of organic foulants, primarily proteins and carbohydrates,
which are prevalent in aquaculture systems. This surface wettability is,
in turn, influenced by the functional groups present on the membrane
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Fig. 2. (A) Rejection curve for MWCO determination of the pristine PS membrane at 5 bar; (B) water contact angle of pristine PS (PS1), PS after filtration with
20g L1 SF at 5 bar (PS2), and PS after filtration with 0.4 g L~! HA at 5 bar (PS3); and (C) FTIR spectra of the corresponding pristine, SF-exposed, and HA-exposed
PS membranes.
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surface.[30,31]. The interdependence among these three factors is
crucial for comprehending the overall processes of separation and
fouling.

3.1.1. Pristine membrane characterization

Characterization of the pristine PS UF membrane established its
baseline properties. The MWCO was experimentally determined to be
~24 kDa (Fig. 2A), which is in close agreement with the manufacturer's
reported value of 20 kDa. The slight discrepancy is likely attributable to
differences in measurement methodologies and operating conditions.
This MWCO confirms the membrane's theoretical capacity to reject large
macromolecules, such as proteins and carbohydrates, via size exclusion
[33].

Analysis by FTIR (Fig. 2C) confirmed the characteristic functional
groups of the PS polymer. Key peaks were identified for the sulfone
group (O=S=0), with symmetric and asymmetric stretching vibrations
observed at 1159 em™! and 1231 cm™?, respectively [34]. Other sig-
nificant peaks included the asymmetric C-O-C stretch of the aromatic
ether at ~1248 cm ™, aromatic C=C stretching at 1682 em™ ), and ar-
omatic C-H bending in the fingerprint region at 849 cm™". Aliphatic C-H
stretching from methyl groups was also detected at 2869 cm ™! [35].

Wettability analysis (Fig. 2B) showed the pristine membrane surface
to be moderately hydrophilic, leaning towards hydrophobic, with a
water contact angle (WCA) of 62.74°. This inherent wettability is
attributed to the sulfone (O—=S—O0) and ether (C-O-C) groups [34]. The
oxygen atoms in these groups possess lone electron pairs, allowing the
molecules as hydrogen bond acceptors for water molecules.

3.1.2. Post-operation analysis: SF-induced organic fouling

Membrane autopsy following operation with SF revealed a distinct
surface transformation associated with the deposition of feed-derived
organic material. As shown in Fig. 2C, several new FTIR features
emerged after SF filtration, indicating changes in the chemical compo-
sition of the membrane surface. A prominent band at approximately
1550 em ™! is consistent with Amide II-associated vibrations, involving
N-H bending and C-N stretching, while the feature observed in the
Amide TIII region at approximately 1350 cm ™! provides additional evi-
dence of proteinaceous material associated with the fouled surface [36].
The broad O-H stretching band at approximately 3200 cm ™}, together
with the C-O-associated feature around 1050 cm’l, is consistent with
hydroxyl- and carbohydrate/polysaccharide-like functionalities.
FTIR-based characterization of organic membrane fouling similarly as-
sociates amide- and carbohydrate-related spectral regions with pro-
teinaceous and polysaccharide-containing foulants [36].

Collectively, these spectral changes support the deposition of an SF-
derived organic layer containing proteinaceous and polysaccharide-like
components. However, FTIR identifies chemical functionalities and does
not by itself establish the three-dimensional organization of these
components as a protein—polysaccharide gel layer. The corresponding
change in membrane wettability provides complementary evidence of
surface transformation. For the SF-exposed membrane characterized
after filtration at 5 bar, the WCA decreased from 62.74° for pristine PS to
47.78° (Fig. 2B), indicating increased surface hydrophilicity. The lower
WCA is consistent with the presence of polar functionalities within the
deposited organic material, which can increase the affinity of the surface
toward water through interactions involving hydroxyl- and amide-
containing groups [33,37]. Thus, the combined FTIR and WCA obser-
vations support an SF-induced transformation in both the surface
chemistry and wettability of the PS membrane.

3.1.3. Post-operation analysis: HA fouling

In contrast, post-operation characterization following HA filtration
revealed a surface transformation distinct from that observed for SF. For
the HA-exposed membrane characterized at 5 bar, the WCA increased
slightly from 62.74° to 66.92° (Fig. 2B), indicating a modest increase in
surface hydrophobicity. FTIR showed a broad O-H band around
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3350 cm ™}, O-H bending near 1410 cm ™!, and aliphatic C-H-associated
features around 1468 cm ™", consistent with HA-derived functionalities
on the membrane surface [38]. Together, the FTIR and WCA results
indicate that HA deposition altered the membrane-water interfacial
properties in a manner distinct from SF exposure, although the spectral
data do not independently establish the molecular organization of the
deposited HA layer [39].

3.1.4. Morphological transformation and foulant-specific deposition

Surface morphological analysis provided complementary qualitative
evidence of foulant-specific deposition on the PS membrane (Fig. 3). The
pristine PS membrane exhibited a comparatively clean and uniform
surface, whereas membranes exposed to either SF or HA showed clear
deposition and substantial changes in surface morphology. For the dead-
end configuration, the revised SEM comparison was conducted at a fixed
pressure of 5 bar, enabling the effects associated with foulant concen-
tration to be examined without simultaneously varying pressure. SF-
exposed membranes at 1.5-2.5 g L™! exhibited comparatively fine and
dispersed surface deposits, with differences in surface coverage and
deposit morphology across the investigated concentrations. In contrast,
HA-exposed membranes exhibited more heterogeneous and aggregate-
like deposits. These morphological differences are consistent with the
known foulant-specific nature of organic membrane fouling, in which
chemically distinct macromolecular and humic substances can exhibit
different deposition, pore-blocking, and cake-growth behavior [40]. The
influence of filtration configuration was further examined under
matched conditions at 5 bar using SF at 2.0 g L™! and HA at 0.4 g L.
For both foulants, the cross-flow samples exhibited deposition patterns
that differed from the corresponding dead-end samples. This observa-
tion is consistent with the influence of tangential flow and
membrane-surface shear on foulant accumulation and concentration
polarization during cross-flow filtration [41,42]. However, SEM pro-
vides qualitative surface-morphology information rather than quanti-
tative measurements of deposit mass, thickness, mechanical properties,
or hydraulic resistance. The SEM observations are therefore interpreted
together with the filtration-performance results rather than as inde-
pendent proof of a specific fouling mechanism.

3.2. Membrane filtration performance

Membrane performance was evaluated according to the procedures
previously described. The results are presented to correlate the mem-
brane's physical and chemical characterization with its separation effi-
cacy (flux and rejection) under varied operating pressures and foulant
concentrations.

3.2.1. Performance with SF foulant

Filtration experiments utilizing the SF-containing solution demon-
strated a distinct pressure-dependent flux behavior. At lower trans-
membrane pressures (3 and 5 bar), the membrane showed a
comparatively smaller time-dependent change in flux, whereas a more
pronounced decline was observed at 7 and 10 bar (Fig. 4A). Statistical
analysis confirmed that operating pressure significantly affected
permeate flux during SF filtration (one-way ANOVA, F(3,8) = 24.36,
p < 0.001), whereas no statistically significant pressure effect was
detected for SF rejection (F(3,8) = 3.36, p = 0.076). Tukey's HSD
analysis showed that the flux at 3 bar differed significantly from those at
5, 7, and 10 bar, while the 10-bar flux was also significantly higher than
that at 5 bar (Table S3). No significant difference was detected between
5 and 7 bar or between 7 and 10 bar. The pure-water controls also
exhibited some pressure-dependent flux decline, particularly at 10 bar
(Fig. S1), indicating that intrinsic membrane compaction may
contribute to the observed behavior. During SF filtration, the additional
time-dependent resistance may further arise from enhanced foulant
transport, accumulation, and compression of the deposited organic layer
at elevated pressure. Therefore, the observed flux decline is interpreted
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Fig. 3. Pristine and Post-treated Membrane surfaces characterization using SEM at 10,000x magnification.

as the combined effect of pressure-induced membrane response and
foulant-associated resistance rather than membrane compaction alone.
The protein-, carbohydrate-, and lipid-containing SF matrix may
consequently form a compressible surface deposit, with increasing
pressure potentially promoting closer packing of the accumulated fou-
lant layer.

Variation in bulk SF concentration produced only limited changes in
filtration performance within the investigated range. No statistically
significant concentration effect was detected for either permeate flux (F
(2,6) = 3.07, p = 0.121) or rejection (F(2,6) = 1.89, p = 0.231), and
Tukey's HSD analysis identified no significant pairwise differences
among 1.5, 2.0, and 2.5 g L~ SF (Tables S2 and S3). These results
indicate that, within the investigated concentration range, bulk SF
concentration alone did not explain the observed variation in membrane
performance. This observation indicates that the fouling mechanism is
not exclusively reliant on the bulk foulant concentration. Other signifi-
cant factors, such as protein-membrane and protein-protein in-
teractions, are crucial determinants of fouling [43]. Moreover, the
interactions between proteins and other constituents of the feed matrix,
such as carbohydrates, lipids, and ash, are likely to contribute to the
structure of the fouling layer. The inherent ash content of SF is known to
contain ionized minerals (e.g., Ca, Mg, P, K, and Na), which can influ-
ence these interactions [44]. Furthermore, NaCl was incorporated into
the feed solution to provide a simplified saline background relevant to
low-salinity shrimp aquaculture rather than to reproduce the complete

ionic composition of actual RAS water [27]. Ionic composition may in-
fluence organic fouling because membrane—foulant and foulant—foulant
interactions can change in the presence of dissolved ions [45,46]. In the
present study, however, NaCl concentration was fixed at 10 g L7};
therefore, the effect of salinity or ionic strength was not independently
investigated. Further studies incorporating systematic ionic-strength
variation and multivalent ions are required to clarify ion—protein in-
teractions in this system.

3.2.2. Performance with HA foulant

Using an identical testing methodology, the membrane's perfor-
mance against the HA foulant was evaluated. The characteristic flux
decline observed during HA filtration (Fig. 4D) indicates the progressive
development of filtration resistance across the investigated pressures.
Such behavior is consistent with the combined effects of concentration
polarization, HA accumulation, and the development of additional
foulant-associated resistance during ultrafiltration [29,47]. Operating
pressure also significantly affected permeate flux during HA filtration (F
(3,8) = 18.47, p < 0.001), whereas HA rejection did not exhibit a sig-
nificant pressure-dependent response (F(3,8) = 0.00, p = 1.000)
(Table S2). Tukey's HSD analysis showed significantly higher flux at
7 bar than at 3 bar and at 10 bar than at 3 and 5 bar, whereas the
remaining pressure comparisons were not statistically significant
(Table S3). Increasing pressure increased the absolute permeate flux,
while time-dependent flux decline remained evident. Because the
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Fig. 4. Dead-end filtration performance of the PS membrane with (A-C) SF and (D-F) HA foulants. (A, D) Flux decline profiles; (B, E) Effect of operating pressure on

flux and rejection; (C, F) Effect of feed concentration on flux and rejection.

pure-water controls also showed pressure-related flux changes, partic-
ularly at 10 bar, the present data cannot quantitatively distinguish
intrinsic membrane compaction from HA-induced resistance. At
elevated transmembrane pressure, both pressure-dependent membrane
response and compression of accumulated foulant layers may contribute
to the observed decline in permeability [47]. The observed behavior is
therefore interpreted as resulting from combined contributions of
membrane compaction, concentration polarization, and HA deposition.
Hydrophobic interactions involving HA can further contribute to

persistent or hydraulically irreversible membrane fouling [48]. Despite
the decline in flux, the membrane exhibited excellent and consistent
rejection performance, maintaining over 90% rejection across the entire
pressure range. Similar to the SF trials, filtration performance showed
only limited variation with bulk HA concentration within the investi-
gated range.

3.2.3. Effect of filtration configuration: dead-end vs. cross-flow
Comparison of dead-end and cross-flow filtration revealed that the
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Fig. 5. Comparative Performance of Dead-End (DE) and Cross-Flow (CF) Filtration Modes at 5 bar.
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configuration-associated effect on membrane performance depended on
foulant type (Fig. 5). Two-way ANOVA showed significant effects of
foulant type (F(1,8) = 147.29, p < 0.001) and filtration configuration (F
(1,8) = 40.87, p < 0.001) on permeate flux, together with a significant
foulant configuration interaction (F(1,8) = 9.21, p = 0.016) (Table S4).
The significant interaction indicates that the magnitude of the
configuration-associated flux difference was not identical for SF and HA.
Subsequent within-foulant comparisons showed that cross-flow filtra-
tion produced a significantly higher flux than dead-end filtration for SF
(p = 0.018), whereas the corresponding difference for HA was not sta-
tistically significant (p = 0.110) (Table S5). Thus, the configuration-
associated enhancement in flux was particularly pronounced for SF. In
contrast, filtration configuration did not significantly affect rejection (F
(1,8) = 0.49, p = 0.503), and no significant foulant x configuration
interaction was detected for rejection (F(1,8) = 0.22, p = 0.652). Foulant
type itself significantly affected rejection (F(1,8) = 14.00, p = 0.006),
with HA exhibiting higher mean rejection than SF under the investigated
conditions. Within-foulant Welch tests likewise showed no significant
CF-DE difference in rejection for either HA (p = 0.855) or SF (p = 0.507)
(Tables S4 and S5).

These findings indicate that the principal configuration-associated
response was observed in membrane productivity rather than solute
rejection. The higher SF flux under cross-flow operation is consistent
with reduced foulant accumulation and concentration polarization
under tangential flow [49]. However, because the dead-end and
cross-flow experiments employed different filtration cells and mem-
brane areas, the statistically observed differences should be interpreted
as configuration-associated effects rather than being attributed exclu-
sively to hydrodynamics.

3.3. Practical significance and implications

The present results provide laboratory-scale evidence that operating
pressure, foulant identity, and filtration configuration influence the
behavior of PS ultrafiltration membranes under aquaculture-relevant
model-foulant conditions. Within the investigated pressure range,
elevated pressure did not necessarily translate into proportionally
improved separation performance and was associated with greater time-
dependent filtration resistance, particularly during SF filtration. These
observations indicate that increasing transmembrane pressure alone
may not be an effective strategy for sustaining UF performance when
organic fouling is dominant. However, because energy consumption was
not measured, the present study does not permit quantitative conclu-
sions regarding energy efficiency or the energetic optimum of the
filtration process.

The cross-flow experiments exhibited higher and more stable
permeate flux than the corresponding dead-end experiments under the
investigated conditions. This behavior is consistent with the ability of
tangential flow to influence concentration polarization and foulant
accumulation at the membrane surface. Nevertheless, the two configu-
rations were operated using different filtration cells and membrane
areas; therefore, the observed performance difference should not be
attributed exclusively to hydrodynamics. The present results conse-
quently support further evaluation of cross-flow operation for fouling
control rather than demonstrating a definitive operational advantage for
full-scale RAS.

The practical implications of the present study should also be
interpreted within the limitations of the model-foulant experimental
design. Actual RAS water contains feed- and fecal-derived organic
matter, fine suspended and colloidal solids, microbial-derived com-
pounds, dissolved organic matter, nitrogen species, and inorganic con-
stituents that may interact during membrane filtration [23-25]. These
multicomponent interactions are not reproduced by the isolated SF and
HA solutions used here. Moreover, the elevated foulant concentrations
represent accelerated challenge conditions rather than quantitative
simulations of actual RAS water. Cleaning frequency, membrane
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lifetime, energy demand, long-term flux recovery, and operating costs
were not evaluated and therefore cannot be inferred from the present
experiments.

Accordingly, the findings are best interpreted as a controlled mech-
anistic basis for identifying operating variables and foulant-specific re-
sponses that should be considered in subsequent RAS-oriented UF
studies. Validation using actual RAS water or appropriately character-
ized multicomponent model matrices, together with longer-duration
cross-flow operation, cleaning and flux-recovery experiments, and en-
ergy assessment, will be required before recommendations regarding
full-scale operating pressure, cleaning strategy, or process economics
can be established.

4. Conclusions

This study provides a mechanistic understanding of foulant-specific
transformations of polysulfone ultrafiltration membranes under
controlled aquaculture-relevant model-foulant conditions. Shrimp-feed
exposure produced an organic surface deposit containing proteina-
ceous and polysaccharide-like functionalities and was accompanied by
increased membrane hydrophilicity, whereas HA exposure produced
more heterogeneous aggregate-like deposits together with a modest
increase in surface hydrophobicity. Elevated pressures were associated
with greater filtration resistance for both foulant systems, with a more
pronounced deterioration in flux stability observed during SF filtration
at 7-10 bar. Pure-water controls indicated that intrinsic pressure-
dependent membrane compaction may also contribute at high pres-
sure; therefore, the observed flux decline cannot be attributed exclu-
sively to foulant deposition. Cross-flow filtration exhibited higher and
more stable flux than dead-end filtration under the investigated condi-
tions, although differences in module geometry and membrane area
prevent attribution of this performance difference exclusively to hy-
drodynamics. Collectively, these findings provide a controlled mecha-
nistic basis for understanding foulant-specific UF behavior relevant to
aquaculture water treatment; however, validation using actual RAS
water is required before the observed trends can be extrapolated to long-
term or full-scale operation.
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Notation
RAS Recirculating Aquaculture Systems
PS : Polysulfone
PVDF Polyvinylidene fluoride
PP Polypropylene
PES Polyethersulfone
SF Shrimp Feed
HA Humic Acid
Q Flow rate Lh7!
T Temperature °C
P Pressure bar/kPa/mPa
S Agitation speed rpm
D Diameter m
J Permeate Flux Lm 2h7!
\Y Volume L
A Active area m?
t Time h
R Rejection %
Cp Permeate Concentration g.L’1
Cr Feed Concentration gLt
RS Stokes Radii nm
RP Pore Radii nm
MWCO Molecular Weight Cut-Off Da
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ARTICLE INFO ABSTRACT

Keywords: The integration of ultrafiltration (UF) into recirculating aquaculture systems (RAS) is a promising strategy for
A‘l“?C“lture managing organic wastewater contaminants, yet its efficacy is hindered by severe membrane fouling and
Fouling physico-chemical transformation. This study investigates these challenges by evaluating polysulfone (PS)
Polysulfone . . .

Ultrafiltration membrane under dead-end and cross-flow hydrodynamics. Performance was systematically assessed using
RAS shrimp feed (SF; 1.5-2.5g L’l) and humic acid (HA; 0.2-0.7 g L’l) as aquaculture-relevant model foulants under

varied operating pressures. The single-foulant systems were employed to isolate foulant-specific membrane re-
sponses under controlled conditions rather than to reproduce the complete physicochemical composition of
actual RAS water. Pristine and fouled membranes were characterized (MWCO, SEM, FTIR, contact angle) to
elucidate fouling mechanisms. Post-operation analyses revealed distinct, foulant-specific surface transformations.
Higher operating pressures were associated with more pronounced time-dependent flux deterioration, particu-
larly during SF filtration, whereas HA maintained consistently high rejection across the investigated pressure
range. Furthermore, Cross-flow operation exhibited higher mean flux than dead-end filtration under the inves-

tigated conditions, with the configuration-associated enhancement being particularly pronounced for SF.

1. Introduction

The growth of the aquaculture industry continues to increase which
simultaneously raises the demand for sustainable aquaculture waste-
water management [1,2]. The Recirculating Aquaculture System (RAS)
is an attractive option for contaminant removal through a series of in-
tegrated processes, which results in a reduction in the amount of water
consumption [3-5]. The primary objective of this process is to eliminate
any unwanted substances and pathogens for water recycling purposes
[6-8]. The uneaten feed and the animal excretions need to be minimized
as both are ammonia contributors in aquaculture systems and are
harmful to the animals living in the system [9,10].

It is commonly known that organic contaminant in aquaculture
systems have diverse characteristics and sizes and are distributed
randomly. Thus, conventional processes such as classification or
centrifugation may not be effective in handling them [11]. In addition,
the presence of protein in the system can lead to the formation of col-
loids, thus making the coagulation-flocculation process as one of the

* Corresponding author.
E-mail address: candrawijaya@staff.ubaya.ac.id (C. Wijaya).

https://doi.org/10.1016/j.cscee.2026.101478

potential techniques to solve this problem [12]. However, it is indis-
pensable to minimize additional chemicals in the system. Therefore, the
membrane filtration process which has no additional chemicals arises as
an alternative to removing contaminants. Among the variety of pore size
available, microfiltration (0.1 — 10 pm) and ultrafiltration (0.001 —
0.01 pm) have the potential to replace the coagulation — flocculation
process [13]. In addition, nanofiltration and reverse osmosis can also be
used in aquaculture systems, although both processes generally require
more energy than microfiltration or ultrafiltration [10,14,15]. Besides,
Yong et al. have applied membrane distillation in aquaculture systems,
which showed success in recovering ammonia up to 465 mg L1 (~23
times the initial concentration at around 19.83 mg LY [16]. Simulta-
neously, almost all of the ammonia is rejected, resulting in a high sep-
aration factor of 148 (only 0.04 mg L~ of ammonia is able to pass
through the membrane).

Despite the advantages, the implementation of membrane processes
in aquaculture remains limited by several challenges, including (1) low
membrane selectivity, (2) high operating costs, (3) membrane fouling,

Received 13 June 2026; Received in revised form 26 August 2026; Accepted 28 August 2026
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and (4) membrane degradation [17]. Among those obstacles, membrane
fouling is the most difficult barrier to overcome. In addition, various
factors also affect the occurrence of membrane fouling namely: (1)
wastewater characteristics, (2) operating conditions, (3) membrane
properties [18,19].

The membrane properties, such as porosity, tortuosity, hydrophi-
licity, surface charge, pore size, and other physical properties, are
crucial in separation processes. In general, membranes with hydrophilic
properties are always preferred in aqueous-based separations, which
cannot be separated from their high surface wettability and anti-fouling
ability [20,21]. In addition, membranes with high surface wettability
produce high flux without reducing their selectivity [22]. Furthermore,
with certainty, the size ratio between contaminants and pore size can
determine the existing fouling mechanism [18]. Overall, the relation-
ship between membrane surface charge and isoelectric points of con-
taminants is affected by pH. Up to now, the electrostatic repulsion
between the membrane and the contaminants has resulted in lower
fouling and increased flux [18].

Several membrane fouling studies are summarized in Table S1,
indicating that fouling behavior is strongly dependent on membrane
properties, foulant characteristics, solution chemistry, and operating
conditions. Actual RAS water contains a complex mixture of feed- and
fecal-derived organic matter, fine suspended solids and colloids,
microbial-derived compounds, dissolved organic matter, nitrogen spe-
cies, and inorganic constituents [23-25]. Feed input and feed-derived
particles have been directly associated with increased membrane
fouling in marine RAS, while the continuous recirculation of water
promotes the accumulation and transformation of dissolved organic
matter, including humic- and fulvic-type compounds [23,24]. Conse-
quently, a single synthetic solution cannot reproduce the complete
fouling environment of an operating RAS. Nevertheless, controlled
model-foulant systems are useful for isolating membrane responses to
chemically distinct foulant classes, and previous aquaculture membrane
studies have employed shrimp-feed-derived organic matter and humic
acid for this purpose [26]. Therefore, in this study, shrimp feed (SF) and
humic acid (HA) were employed as aquaculture-relevant model foulants
representing feed-derived and humic-type organic matter, respectively.
The objective was to investigate their individual effects on the filtration
performance and physicochemical properties of a commercial poly-
sulfone ultrafiltration membrane under controlled laboratory condi-
tions, rather than to reproduce the complete composition of actual RAS
wastewater. The effects of operating pressure, foulant concentration,
and filtration configuration were evaluated, while MWCO, SEM, FTIR,

d water contact angle analyses were used to characterize the corre-
onding membrane transformations.

2. Material and methods
2.1. Materials

Commercial polysulfone (PS) ultrafiltration membranes with a
nominal molecular weight cut-off (MWCO) of 20,000 Da were supplied
by RisingSun Membrane Technology. Shrimp feed (SF; IRAWAN 681 V,
Central Proteina Prima Indonesia) and humic acid (HA; Sigma-Aldrich)
were used as aquaculture-relevant model foulants. The shrimp feed
contained protein (>30%), crude fiber (<4%), fat (>5%), moisture
(<12%), and ash (<11%). Sodium chloride (NaCl), hydrochloric acid
(HCI), sulfuric acid (H2SO4), phenol (CcHsOH), glucose (CgH120), su-
crose (C12H22011), and dextran standards with molecular weights of
1-40 kDa were used for feed preparation and membrane characteriza-
tion. Deionized water produced in the laboratory, with a conductivity of
approximately 15 pS cm™! and total dissolved solids of approximately
11 mg L™}, was used throughout the experiments.
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2.2. Methods

2.2.1. Filtration feed preparation

Shrimp feed was ground and sieved to obtain particles smaller than
200 mesh. The sieved particles were then dispersed in deionized water at
concentrations of 1.5, 2.0, and 2.5 g L', The suspensions were ho-
mogenized using an IKA T25 digital ULTRA-TURRAX® at 20,000 rpm
for 5 min at 25 + 2 °C, followed by filtration to remove residual large
particles. The resulting filtrate was exposed to UV-C irradiation to
minimize microbial growth before use in the filtration experiments.
Humic acid solutions were prepared separately at concentrations of 0.2,
0.4, and 0.7 g L 1. NaCl was added to each feed solution at 10 g L™* to
provide a simplified saline background relevant to low-salinity shrimp
aquaculture conditions [27]. The NaCl-based medium was used to
control ionic background and was not intended to reproduce the com-
plete ionic composition of actual RAS water.

SF and HA were investigated separately as single-foulant challenge
solutions to enable controlled comparison of their individual membrane-
fouling behavior. Previous aquaculture membrane studies have
employed residual shrimp feed and HA as model organic foulants [26].
However, the SF concentrations employed in the present study
(1.5-2.5 g L™1) are higher than the 0.3-0.8 g L™! shrimp-feed range
previously investigated by Widiasa et al. [26]. Similarly, the HA con-
centrations used here (0.2-0.7 g L™!) are within or above the upper
range of high-concentration model-fouling studies; for example, HA
concentrations of 50-150 mg L~! and 500 mg L ™! have been employed
in accelerated membrane-fouling evaluations [28,29]. Accordingly, the
present concentrations are interpreted as accelerated fouling conditions
designed for comparative mechanistic evaluation rather than as envi-
ronmentally representative concentrations of actual RAS water. There-
fore, the resulting fouling rates should not be quantitatively
extrapolated to full-scale RAS operation.

2.2.2. Filtration procedure

The filtration experiments were organized into three experimental
sets (See Fig. 1). The effect of operating pressure was evaluated under
stirred dead-end filtration at 3, 5, 7, and 10 bar using SF at 2.0 g L lor
HA at 0.4 g L. The effect of foulant concentration was evaluated under
dead-end filtration at a fixed pressure of 5 bar using SF concentrations of
1.5,2.0,and 2.5 g L~! and HA concentrations of 0.2, 0.4, and 0.7 g L.
Filtration-configuration effects were evaluated separately at 5 bar by
comparing dead-end and cross-flow operation using SF at 2.0 g L™! and
HA at 0.4 g L1, All experiments were conducted at 25 + 2 °C.

Prior to filtration, PS membrane coupons were immersed in deion-
ized water for 24 h. Pure-water filtration was subsequently performed to
establish the baseline membrane response. Dead-end filtration was
conducted using a stirred cell with an effective membrane area of
15.9 cm?, with Ny gas providing the transmembrane pressure and
continuous stirring at 500 rpm. Cross-flow experiments were conducted
using a Sterlitech Explorer CFO42P cell with an effective membrane area
of approximately 42 cm? and a hold-up volume of 17 mL. The feed was
recirculated at approximately 1.0 L min~?, corresponding to an average
cross-flow velocity of approximately 0.18 m s, calculated from the
volumetric recirculation rate and the cross-sectional area of the flow
channel. Prior to foulant filtration, pure-water flux was measured using
the pristine PS membrane under the corresponding operating pressures.
For dead-end filtration, pure-water measurements were conducted at 3,
5, 7, and 10 bar to establish the pressure-dependent baseline membrane
response. These measurements were used as clean-water controls for
distinguishing pressure-related changes in membrane permeability from
additional resistance arising during foulant filtration. The corresponding
pure-water flux profiles are provided in Fig. S1. The upper pressure of
10 bar was included as a high-pressure challenge condition to evaluate
the membrane response over an extended operating range and should
not be interpreted as a recommended operating pressure for RAS
ultrafiltration.
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Fig. 1. Experimental setups and corresponding separation mechanisms for (a, ¢) dead-end stirred and (b, d) cross-flow filtration modes.

Permeate volume and the corresponding elapsed filtration time were
recorded throughout filtration and used to calculate permeate flux ac-
cording to Eq. (1).

\4

= (€Y

where V, t, A are volume permeate (L), time (h), active membrane area
(m?), respectively.

Filtration duration varied according to the permeation behavior of
each condition rather than being fixed across all experiments. For the PS
cross-flow experiments conducted at 5 bar, cumulative permeate
collection reached 80 mL after approximately 63.9 min for SF and
50.9 min for HA. The initial feed volume required to determine con-
ventional permeate recovery could not be reliably reconstructed from
the archived experimental records; therefore, recovery was not used as a
basis for quantitative interpretation of the filtration results.

Foulant concentrations in the initial feed and permeate were quan-
tified by UV-Vis spectrophotometry using foulant-specific calibration
curves. SF and HA were analyzed at wavelengths of 280 and 255 nm,
respectively, following the UV-Vis approach previously applied for
aquaculture-relevant organic foulants [26]. For SF, the calibration
relationship was A = 0.0754C—0.0053 (R% = 0.999), whereas for HA the
relationship was A = 3.6623C—0.0343 (R2 =0.998), where A represents
absorbance and C represents the corresponding foulant concentration (g
L™1). The concentrations determined for the initial feed and permeate
were used as Cr and Cp, respectively, to calculate rejection according to
Eq. (2).
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R:(1~&> x 100% (2)
Cr
where Cp and C are the permeate concentration (g.L’l) and the initial
feed concentration (g.L 1), respectively.

2.2.3. Membrane characterization

The membranes were systematically characterized to determine their
pore size, hydrophobicity, morphology, and surface chemistry. Pore size
was evaluated by the molecular weight cut-off (MWCO), defined as the
molecular weight at 90% solute rejection. These tests were conducted at
25 °C and 5 bar using 200 mg/L organic solute solutions. Solute con-
centrations were quantified via the phenol-sulfuric acid method and
measured with a UV-Vis spectrophotometer [Thermo Scientific™, Evo-
lution™ 60S]. Membrane surface morphology was visualized by Scan-
ning Electron Microscopy (SEM) [Hitachi, Flexsem 1000]. For SEM
characterization, the SF concentration series (1.5, 2.0, and 2.5 g LH
and HA concentration series (0.2 and 0.4 g L™!) were obtained under
dead-end filtration at a fixed pressure of 5 bar. Configuration-associated
morphology was evaluated at 5 bar using SF at 2.0 g L™ and HA at
0.4 g L7 under both dead-end and cross-flow operation. Surface hy-
drophobicity was determined by static water contact angle measure-
ments [DataPhysics Instruments, OCA25]. Meanwhile, surface
functional groups were identified using Fourier Transform Infrared
(FTIR) spectroscopy [Shimadzu, IRTracer-100] over a wavenumber
range of 4000-450 cm!. Post-filtration WCA and FTIR analyses were
performed using PS membrane samples obtained at 5 bar. The SF-
exposed sample corresponded to filtration with 2.0 g L™ SF, whereas
the HA-exposed sample corresponded to filtration with 0.4 g L™ HA.
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2.2.4. Statistical analysis

Quantitative filtration-performance experiments were performed in
triplicate. Statistical analyses were performed using MATLAB R2025b
(MathWorks, USA), with statistical significance defined at p < 0.05. For
the dead-end filtration experiments, the effects of operating pressure
and foulant concentration on permeate flux and rejection were evalu-
ated separately for SF and HA using one-way analysis of variance
(ANOVA), followed by Tukey's honestly significant difference (HSD) test
for pairwise comparisons. For the comparison between dead-end and
cross-flow filtration, two-way ANOVA was used to evaluate the effects of
foulant type, filtration configuration, and their interaction on flux and
rejection. Within-foulant comparisons between cross-flow and dead-end
filtration were additionally evaluated using Welch's independent-
samples t-test. Detailed statistical results are provided in Table S2-S5
of the Supplementary Data.
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3. Results and discussion
3.1. Correlation of membrane characteristics with fouling phenomena

As previously mentioned, the characteristics of membranes are
crucial for the successful implementation of ultrafiltration (UF) in the
treatment of aquaculture wastewater. This analysis provides a compre-
hensive examination of the specific roles played by pore size, hydro-
philicity, and surface chemistry [30,31]. The pore size of the membrane,
indicated by its Molecular Weight Cut-Off (MWCO), serves as the prin-
cipal mechanism for selectivity, operating through a size exclusion
process.[32]. Nevertheless, the pore structure alone does not determine
performance within this complex matrix. Membrane hydrophilicity is
equally significant; a highly hydrophilic surface tends to reduce the
adsorption of organic foulants, primarily proteins and carbohydrates,
which are prevalent in aquaculture systems. This surface wettability is,
in turn, influenced by the functional groups present on the membrane
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Fig. 2. (A) Rejection curve for MWCO determination of the pristine PS membrane at 5 bar; (B) water contact angle of pristine PS (PS1), PS after filtration with
20g L~! SF at 5 bar (PS2), and PS after filtration with 0.4 g L~! HA at 5 bar (PS3); and (C) FTIR spectra of the corresponding pristine, SF-exposed, and HA-exposed

PS membranes.
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surface.[30,31]. The interdependence among these three factors is
crucial for comprehending the overall processes of separation and
fouling.

3.1.1. Pristine membrane characterization

Characterization of the pristine PS UF membrane established its
baseline properties. The MWCO was experimentally determined to be
~24 kDa (Fig. 2A), which is in close agreement with the manufacturer's
reported value of 20 kDa. The slight discrepancy is likely attributable to
differences in measurement methodologies and operating conditions.
This MWCO confirms the membrane's theoretical capacity to reject large
macromolecules, such as proteins and carbohydrates, via size exclusion
[33].

Analysis by FTIR (Fig. 2C) confirmed the characteristic functional
groups of the PS polymer. Key peaks were identified for the sulfone
group (O=S=0), with symmetric and asymmetric stretching vibrations
observed at 1159 em™! and 1231 em™?, respectively [34]. Other sig-
nificant peaks included the asymmetric C-O-C stretch of the aromatic
ether at ~1248 cm ™!, aromatic C=C stretching at 1682 em ™}, and ar-
omatic C-H bending in the fingerprint region at 849 cm™". Aliphatic C-H
stretching from methyl groups was also detected at 2869 cm ™! [35].

Wettability analysis (Fig. 2B) showed the pristine membrane surface
to be moderately hydrophilic, leaning towards hydrophobic, with a
water contact angle (WCA) of 62.74°. This inherent wettability is
attributed to the sulfone (O—=S—O0) and ether (C-O-C) groups [34]. The
oxygen atoms in these groups possess lone electron pairs, allowing the
molecules as hydrogen bond acceptors for water molecules.

3.1.2. Post-operation analysis: SF-induced organic fouling

Membrane autopsy following operation with SF revealed a distinct
surface transformation associated with the deposition of feed-derived
organic material. As shown in Fig. 2C, several new FTIR features
emerged after SF filtration, indicating changes in the chemical compo-
sition of the membrane surface. A prominent band at approximately
1550 em ™! is consistent with Amide II-associated vibrations, involving
N-H bending and C-N stretching, while the feature observed in the
Amide TIII region at approximately 1350 cm ™! provides additional evi-
dence of proteinaceous material associated with the fouled surface [36].
The broad O-H stretching band at approximately 3200 cm ™!, together
with the C-O-associated feature around 1050 cm’l, is consistent with
hydroxyl- and carbohydrate/polysaccharide-like functionalities.
FTIR-based characterization of organic membrane fouling similarly as-
sociates amide- and carbohydrate-related spectral regions with pro-
teinaceous and polysaccharide-containing foulants [36].

Collectively, these spectral changes support the deposition of an SF-
derived organic layer containing proteinaceous and polysaccharide-like
components. However, FTIR identifies chemical functionalities and does
not by itself establish the three-dimensional organization of these
components as a protein—polysaccharide gel layer. The corresponding
change in membrane wettability provides complementary evidence of
surface transformation. For the SF-exposed membrane characterized
after filtration at 5 bar, the WCA decreased from 62.74° for pristine PS to
47.78° (Fig. 2B), indicating increased surface hydrophilicity. The lower
WCA is consistent with the presence of polar functionalities within the
deposited organic material, which can increase the affinity of the surface
toward water through interactions involving hydroxyl- and amide-
containing groups [33,37]. Thus, the combined FTIR and WCA obser-
vations support an SF-induced transformation in both the surface
chemistry and wettability of the PS membrane.

3.1.3. Post-operation analysis: HA fouling

In contrast, post-operation characterization following HA filtration
revealed a surface transformation distinct from that observed for SF. For
the HA-exposed membrane characterized at 5 bar, the WCA increased
slightly from 62.74° to 66.92° (Fig. 2B), indicating a modest increase in
surface hydrophobicity. FTIR showed a broad O-H band around
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3350 cm ™}, O-H bending near 1410 cm ™!, and aliphatic C-H-associated
features around 1468 cm ™", consistent with HA-derived functionalities
on the membrane surface [38]. Together, the FTIR and WCA results
indicate that HA deposition altered the membrane-water interfacial
properties in a manner distinct from SF exposure, although the spectral
data do not independently establish the molecular organization of the
deposited HA layer [39].

3.1.4. Morphological transformation and foulant-specific deposition

Surface morphological analysis provided complementary qualitative
evidence of foulant-specific deposition on the PS membrane (Fig. 3). The
pristine PS membrane exhibited a comparatively clean and uniform
surface, whereas membranes exposed to either SF or HA showed clear
deposition and substantial changes in surface morphology. For the dead-
end configuration, the revised SEM comparison was conducted at a fixed
pressure of 5 bar, enabling the effects associated with foulant concen-
tration to be examined without simultaneously varying pressure. SF-
exposed membranes at 1.5-2.5 g L™! exhibited comparatively fine and
dispersed surface deposits, with differences in surface coverage and
deposit morphology across the investigated concentrations. In contrast,
HA-exposed membranes exhibited more heterogeneous and aggregate-
like deposits. These morphological differences are consistent with the
known foulant-specific nature of organic membrane fouling, in which
chemically distinct macromolecular and humic substances can exhibit
different deposition, pore-blocking, and cake-growth behavior [40]. The
influence of filtration configuration was further examined under
matched conditions at 5 bar using SF at 2.0 g L' and HA at 0.4 g L.
For both foulants, the cross-flow samples exhibited deposition patterns
that differed from the corresponding dead-end samples. This observa-
tion is consistent with the influence of tangential flow and
membrane-surface shear on foulant accumulation and concentration
polarization during cross-flow filtration [41,42]. However, SEM pro-
vides qualitative surface-morphology information rather than quanti-
tative measurements of deposit mass, thickness, mechanical properties,
or hydraulic resistance. The SEM observations are therefore interpreted
together with the filtration-performance results rather than as inde-
pendent proof of a specific fouling mechanism.

3.2. Membrane filtration performance

Membrane performance was evaluated according to the procedures
previously described. The results are presented to correlate the mem-
brane's physical and chemical characterization with its separation effi-
cacy (flux and rejection) under varied operating pressures and foulant
concentrations.

3.2.1. Performance with SF foulant

Filtration experiments utilizing the SF-containing solution demon-
strated a distinct pressure-dependent flux behavior. At lower trans-
membrane pressures (3 and 5 bar), the membrane showed a
comparatively smaller time-dependent change in flux, whereas a more
pronounced decline was observed at 7 and 10 bar (Fig. 4A). Statistical
analysis confirmed that operating pressure significantly affected
permeate flux during SF filtration (one-way ANOVA, F(3,8) = 24.36,
p < 0.001), whereas no statistically significant pressure effect was
detected for SF rejection (F(3,8) = 3.36, p = 0.076). Tukey's HSD
analysis showed that the flux at 3 bar differed significantly from those at
5, 7, and 10 bar, while the 10-bar flux was also significantly higher than
that at 5 bar (Table S3). No significant difference was detected between
5 and 7 bar or between 7 and 10 bar. The pure-water controls also
exhibited some pressure-dependent flux decline, particularly at 10 bar
(Fig. S1), indicating that intrinsic membrane compaction may
contribute to the observed behavior. During SF filtration, the additional
time-dependent resistance may further arise from enhanced foulant
transport, accumulation, and compression of the deposited organic layer
at elevated pressure. Therefore, the observed flux decline is interpreted
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Fig. 3. Pristine and Post-treated Membrane surfaces characterization using SEM at 10,000x magnification.

as the combined effect of pressure-induced membrane response and
foulant-associated resistance rather than membrane compaction alone.
The protein-, carbohydrate-, and lipid-containing SF matrix may
consequently form a compressible surface deposit, with increasing
pressure potentially promoting closer packing of the accumulated fou-
lant layer.

Variation in bulk SF concentration produced only limited changes in
filtration performance within the investigated range. No statistically
significant concentration effect was detected for either permeate flux (F
(2,6) = 3.07, p = 0.121) or rejection (F(2,6) = 1.89, p = 0.231), and
Tukey's HSD analysis identified no significant pairwise differences
among 1.5, 2.0, and 2.5 g L~ SF (Tables S2 and S3). These results
indicate that, within the investigated concentration range, bulk SF
concentration alone did not explain the observed variation in membrane
performance. This observation indicates that the fouling mechanism is
not exclusively reliant on the bulk foulant concentration. Other signifi-
cant factors, such as protein-membrane and protein-protein in-
teractions, are crucial determinants of fouling [43]. Moreover, the
interactions between proteins and other constituents of the feed matrix,
such as carbohydrates, lipids, and ash, are likely to contribute to the
structure of the fouling layer. The inherent ash content of SF is known to
contain ionized minerals (e.g., Ca, Mg, P, K, and Na), which can influ-
ence these interactions [44]. Furthermore, NaCl was incorporated into
the feed solution to provide a simplified saline background relevant to
low-salinity shrimp aquaculture rather than to reproduce the complete
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ionic composition of actual RAS water [27]. Ionic composition may in-
fluence organic fouling because membrane—foulant and foulant—foulant
interactions can change in the presence of dissolved ions [45,46]. In the
present study, however, NaCl concentration was fixed at 10 g L7}
therefore, the effect of salinity or ionic strength was not independently
investigated. Further studies incorporating systematic ionic-strength
variation and multivalent ions are required to clarify ion—protein in-
teractions in this system.

3.2.2. Performance with HA foulant

Using an identical testing methodology, the membrane's perfor-
mance against the HA foulant was evaluated. The characteristic flux
decline observed during HA filtration (Fig. 4D) indicates the progressive
development of filtration resistance across the investigated pressures.
Such behavior is consistent with the combined effects of concentration
polarization, HA accumulation, and the development of additional
foulant-associated resistance during ultrafiltration [29,47]. Operating
pressure also significantly affected permeate flux during HA filtration (F
(3,8) = 18.47, p < 0.001), whereas HA rejection did not exhibit a sig-
nificant pressure-dependent response (F(3,8) = 0.00, p = 1.000)
(Table S2). Tukey's HSD analysis showed significantly higher flux at
7 bar than at 3 bar and at 10 bar than at 3 and 5 bar, whereas the
remaining pressure comparisons were not statistically significant
(Table S3). Increasing pressure increased the absolute permeate flux,
while time-dependent flux decline remained evident. Because the
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Fig. 4. Dead-end filtration performance of the PS membrane with (A-C) SF and (D-F) HA foulants. (A, D) Flux decline profiles; (B, E) Effect of operating pressure on

flux and rejection; (C, F) Effect of feed concentration on flux and rejection.

pure-water controls also showed pressure-related flux changes, partic-
ularly at 10 bar, the present data cannot quantitatively distinguish
intrinsic membrane compaction from HA-induced resistance. At
elevated transmembrane pressure, both pressure-dependent membrane
response and compression of accumulated foulant layers may contribute
to the observed decline in permeability [47]. The observed behavior is
therefore interpreted as resulting from combined contributions of
membrane compaction, concentration polarization, and HA deposition.
Hydrophobic interactions involving HA can further contribute to

persistent or hydraulically irreversible membrane fouling [48]. Despite
the decline in flux, the membrane exhibited excellent and consistent
rejection performance, maintaining over 90% rejection across the entire
pressure range. Similar to the SF trials, filtration performance showed
only limited variation with bulk HA concentration within the investi-
gated range.

3.2.3. Effect of filtration configuration: dead-end vs. cross-flow
Comparison of dead-end and cross-flow filtration revealed that the
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Fig. 5. Comparative Performance of Dead-End (DE) and Cross-Flow (CF) Filtration Modes at 5 bar.
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configuration-associated effect on membrane performance depended on
foulant type (Fig. 5). Two-way ANOVA showed significant effects of
foulant type (F(1,8) = 147.29, p < 0.001) and filtration configuration (F
(1,8) = 40.87, p < 0.001) on permeate flux, together with a significant
foulant configuration interaction (F(1,8) = 9.21, p = 0.016) (Table S4).
The significant interaction indicates that the magnitude of the
configuration-associated flux difference was not identical for SF and HA.
Subsequent within-foulant comparisons showed that cross-flow filtra-
tion produced a significantly higher flux than dead-end filtration for SF
(p = 0.018), whereas the corresponding difference for HA was not sta-
tistically significant (p = 0.110) (Table S5). Thus, the configuration-
associated enhancement in flux was particularly pronounced for SF. In
contrast, filtration configuration did not significantly affect rejection (F
(1,8) = 0.49, p = 0.503), and no significant foulant x configuration
interaction was detected for rejection (F(1,8) = 0.22, p = 0.652). Foulant
type itself significantly affected rejection (F(1,8) = 14.00, p = 0.006),
with HA exhibiting higher mean rejection than SF under the investigated
conditions. Within-foulant Welch tests likewise showed no significant
CF-DE difference in rejection for either HA (p = 0.855) or SF (p = 0.507)
(Tables S4 and S5).

These findings indicate that the principal configuration-associated
response was observed in membrane productivity rather than solute
rejection. The higher SF flux under cross-flow operation is consistent
with reduced foulant accumulation and concentration polarization
under tangential flow [49]. However, because the dead-end and
cross-flow experiments employed different filtration cells and mem-
brane areas, the statistically observed differences should be interpreted
as configuration-associated effects rather than being attributed exclu-
sively to hydrodynamics.

3.3. Practical significance and implications

The present results provide laboratory-scale evidence that operating
pressure, foulant identity, and filtration configuration influence the
behavior of PS ultrafiltration membranes under aquaculture-relevant
model-foulant conditions. Within the investigated pressure range,
elevated pressure did not necessarily translate into proportionally
improved separation performance and was associated with greater time-
dependent filtration resistance, particularly during SF filtration. These
observations indicate that increasing transmembrane pressure alone
may not be an effective strategy for sustaining UF performance when
organic fouling is dominant. However, because energy consumption was
not measured, the present study does not permit quantitative conclu-
sions regarding energy efficiency or the energetic optimum of the
filtration process.

The cross-flow experiments exhibited higher and more stable
permeate flux than the corresponding dead-end experiments under the
investigated conditions. This behavior is consistent with the ability of
tangential flow to influence concentration polarization and foulant
accumulation at the membrane surface. Nevertheless, the two configu-
rations were operated using different filtration cells and membrane
areas; therefore, the observed performance difference should not be
attributed exclusively to hydrodynamics. The present results conse-
quently support further evaluation of cross-flow operation for fouling
control rather than demonstrating a definitive operational advantage for
full-scale RAS.

The practical implications of the present study should also be
interpreted within the limitations of the model-foulant experimental
design. Actual RAS water contains feed- and fecal-derived organic
matter, fine suspended and colloidal solids, microbial-derived com-
pounds, dissolved organic matter, nitrogen species, and inorganic con-
stituents that may interact during membrane filtration [23-25]. These
multicomponent interactions are not reproduced by the isolated SF and
HA solutions used here. Moreover, the elevated foulant concentrations
represent accelerated challenge conditions rather than quantitative
simulations of actual RAS water. Cleaning frequency, membrane
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lifetime, energy demand, long-term flux recovery, and operating costs
were not evaluated and therefore cannot be inferred from the present
experiments.

Accordingly, the findings are best interpreted as a controlled mech-
anistic basis for identifying operating variables and foulant-specific re-
sponses that should be considered in subsequent RAS-oriented UF
studies. Validation using actual RAS water or appropriately character-
ized multicomponent model matrices, together with longer-duration
cross-flow operation, cleaning and flux-recovery experiments, and en-
ergy assessment, will be required before recommendations regarding
full-scale operating pressure, cleaning strategy, or process economics
can be established.

4. Conclusions

This study provides a mechanistic understanding of foulant-specific
transformations of polysulfone ultrafiltration membranes under
controlled aquaculture-relevant model-foulant conditions. Shrimp-feed
exposure produced an organic surface deposit containing proteina-
ceous and polysaccharide-like functionalities and was accompanied by
increased membrane hydrophilicity, whereas HA exposure produced
more heterogeneous aggregate-like deposits together with a modest
increase in surface hydrophobicity. Elevated pressures were associated
with greater filtration resistance for both foulant systems, with a more
pronounced deterioration in flux stability observed during SF filtration
at 7-10 bar. Pure-water controls indicated that intrinsic pressure-
dependent membrane compaction may also contribute at high pres-
sure; therefore, the observed flux decline cannot be attributed exclu-
sively to foulant deposition. Cross-flow filtration exhibited higher and
more stable flux than dead-end filtration under the investigated condi-
tions, although differences in module geometry and membrane area
prevent attribution of this performance difference exclusively to hy-
drodynamics. Collectively, these findings provide a controlled mecha-
nistic basis for understanding foulant-specific UF behavior relevant to
aquaculture water treatment; however, validation using actual RAS
water is required before the observed trends can be extrapolated to long-
term or full-scale operation.
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Abstract

The integration of ultrafiltration (UF) into recirculating aquaculture systems (RAS) is a promising strategy for managing organic
wastewater contaminants, yet its efficacy is hindered by severe membrane fouling and physico-chemical transformation. This study Author keywords
investigates these challenges by evaluating polysulfone (PS) membrane under dead-end and cross-flow hydrodynamics. Funding details
Performance was systematically assessed using shrimp feed (SF; 1.5—2.5g L™") and humic acid (HA; 0.2—o0.7gL™) as aquaculture- Corresponding authors
relevant model foulants under varied operating pressures. The single-foulant systems were employed to isolate foulant-specific

membrane responses under controlled conditions rather than to reproduce the complete physicochemical composition of actual

RAS water. Pristine and fouled membranes were characterized (MWCO, SEM, FTIR, contact angle) to elucidate fouling mechanisms. e

Post-operation analyses revealed distinct, foulant-specific surface transformations. Higher operating pressures were associated with Lea pS pace

more pronounced time-dependent flux deterioration, particularly during SF filtration, whereas HA maintained consistently high Dive deeper: explore, evaluate, and
rejection across the investigated pressure range. Furthermore, Cross-flow operation exhibited higher mean flux than dead-end advance your research with
filtration under the investigated conditions, with the configuration-associated enhancement being particularly pronounced for SE. confidence.
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Date: Jun 13, 2026

To: "Candra Wijaya" candrawijaya.210419@gmail.com;candrawijaya@staff.ubaya.ac.id

From: "Case Studies in Chemical and Environmental Engineering" noreply_EMsupport@elsevier.com
Subject: Confirming submission to Case Studies in Chemical and Environmental Engineering

*This is an automated message.*
Manuscript Number: CSCEE-D-26-00428

Foulant-Specific Transformations of Polysulfone Membrane: A Mechanistic Study of Shrimp Feed and Humic Acid Fouling for
Recirculating Aquaculture Systems (RAS) Application

Dear Dr. Wijaya,

We have received the above referenced manuscript you submitted to Case Studies in Chemical and Environmental
Engineering. It has been assigned the following manuscript number: CSCEE-D-26-00428.

If you have transferred your submission from another journal, please note the following important information. In this
journal, Elsevier's Scientific Handling Editors manage the peer review and decision process for manuscripts transferred
from other journals. They will perform an initial check for major concerns at the point of submission, and will defer a final
judgement on the suitability of your manuscript for Case Studies in Chemical and Environmental Engineering until they
have received peer reviewer comments.

Note that peer reviewer feedback is used to provide input on the strengths of your manuscript as well as potential areas
for improvement. The Editor handling your manuscript remains solely responsible for the final decision on whether your
manuscript meets the publication requirements of Case Studies in Chemical and Environmental Engineering. Submissions
which are scientifically sound and technically correct but do not meet the journal criteria may be offered the option to
transfer to alternative journals. Performing peer review and revisions prior to the transfer offer can improve the chances of
acceptance in the offered journals.

To track the status of your manuscript, please log in as an author at https://www.editorialmanager.com/CSCEE/, and
navigate to the "Submissions Being Processed" folder.

Thank you for submitting your revision to this journal.

Kind regards,

Case Studies in Chemical and Environmental Engineering
More information and support

You will find information relevant for you as an author on Elsevier’s Author Hub: https://www.elsevier.com/authors

FAQ: How can I reset a forgotten password?
https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/
For further assistance, please visit our customer service site:
https://service.elsevier.com/app/home/supporthub/publishing/ 4

Here you can search for solutions on a range of topics, find answers to frequently asked questions, and learn oz out
Editorial Manager via interactive tutorials. You can also talk 24/7 to our customer support team by phone and y live
chat and email

https://www.editorialmanager.com/cscee/ ViewLetter.aspx 7id=456527&1sid=762d7014-f562-4f28-8662-a822cc2c6eb8&prod=&sgTask=0&cm=
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To ensure this email reaches the intended recipient, please do not delete the above code.

In compliance with data protection regulations, you may request that we remove your personal registration details at any time.
(Remove my information/details). Please contact the publication office if you have any questions.
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Date: Jul 28, 2026

To: "Candra Wijaya" candrawijaya.210419@gmail.com;candrawijaya@staff.ubaya.ac.id

ccC: vhaddeo@unisa.it, editor@vincenzonaddeo.it

From: "Case Studies in Chemical and Environmental Engineering" noreply_EMsupport@elsevier.com
Subject: Decision on your submission to Case Studies in Chemical and Environmental Engineering

Manuscript Number: CSCEE-D-26-00428

Foulant-Specific Transformations of Polysulfone Membrane: A Mechanistic Study of Shrimp Feed and Humic Acid Fouling for
Recirculating Aquaculture Systems (RAS) Application

Dear Dr. Wijaya,
Thank you for submitting your manuscript to Case Studies in Chemical and Environmental Engineering.

I have completed my evaluation of your manuscript. The reviewers recommend reconsideration of your manuscript
following revision. I invite you to resubmit your manuscript after addressing the comments below. Please resubmit your
revised manuscript by Aug 18, 2026.

When revising your manuscript, please consider all issues mentioned in the reviewers' comments carefully: please outline
in a cover letter every change made in response to their comments and provide suitable rebuttals for any comments not
addressed. Please note that your revised submission may need to be re-reviewed.

To submit your revised manuscript, please log in as an author at https://www.editorialmanager.com/cscee/, and navigate
to the "Submissions Needing Revision" folder under the Author Main Menu.

Research Elements (optional)

This journal encourages you to share research objects - including your raw data, methods, protocols, software, hardware
and more - which support your original research article in a Research Elements journal. Research Elements are open
access, multidisciplinary, peer-reviewed journals which make the objects associated with your research more discoverable,
trustworthy and promote replicability and reproducibility. As open access journals, there may be an Article Publishing
Charge if your paper is accepted for publication. Find out more about the Research Elements journals at
https://www.elsevier.com/authors/tools-and-resources/research-elements-journals?
dgcid=ec_em_research_elements_email.

Case Studies in Chemical and Environmental Engineering values your contribution and I look forward to receiving your
revised manuscript.

Kind regards,

Long Nghiem, PhD

Editor in Chief

Case Studies in Chemical and Environmental Engineering

Editor and Reviewer Comments:

Reviewer #1: The manuscript addresses a relevant topic by comparing shrimp-feed- and humic-acid-induced fouling of
polysulfone ultrafiltration membranes under different pressures and hydrodynamic conditions. The combination of filtration
performance with SEM, FTIR, contact-angle, and MWCO analyses is potentially useful. However, substantial concerns
remain regarding the representativeness of the simulated RAS conditions, incomplete reporting of the experimental design
and cross-flow parameters, unclear foulant quantification methods, insufficient statistical analysis and replication, and
overinterpretation of the fouling mechanisms and practical implications. Therefore, I recommend major revision before the
manuscript can be considered for publication.

1. The manuscript separately disperses shrimp feed and humic acid in deionized water and adds 10 g/L NaCl to simulate
aquaculture water. However, real RAS water typically contains a complex mixture of feed residues, excreta, microbial
metabolites, proteins, polysaccharides, inorganic particles, ammonium nitrogen, and various ions. Therefore, the use of
only two single-model foulant systems is insufficient to support the claims regarding "RAS application" and commercial-
scale operation.

2. The experimental design and cross-flow operating parameters are incompletely reported.

3. The Methods section provides only the rejection equation but does not explain how Cp and Cf were measured for SF and
HA. This is a critical issue affecting the reliability of the results.

4. The Abstract states that: "High operating pressure significantly exacerbated fouling by SF, a phenomenon not observed
with HA." However, Section 3.2.2 suggests that HA underwent more severe compaction and pore blockage at elevated
pressures, while the Conclusions state that:

"Elevated pressures (7-10 bar) intensified both types of fouling."These three statements are clearly incons. 4

5. The SEM images in Fig. 3 were not obtained under fully matched experimental conditions. For example, bo ges ure
and concentration were varied for the SF samples, different concentrations were also used for the HA samples) e
cross-flow samples were tested under another set of operating conditions. Therefore, the observed morphological
differences cannot be attributed independently to pressure, concentration, or filtration mode.

6. Table 1 is overly lengthy and uses inconsistent language and units. It should be substantially condensed or moved to
the Supplementary Materials.

https://www .editorialmanager.com/cscee/ViewLetter.aspx 7id=472382&lsid=fad75249-5221-42a9-8456-e532a381dbdc & prod=&sgTask=0&cm=
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7. The graphical abstract does not effectively highlight the core findings of the study and should be redesigned.

Reviewer #2: The manuscript investigated fouling of a commercial polysulfone ultrafiltration membrane using shrimp feed
and humic acid. The comparison between two foulants was potentially relevant to aquaculture wastewater treatment.
Surface characterization also provided useful observations of the deposited layers. However, the simulated solutions were
not demonstrated to represent actual RAS wastewater. The dead-end and cross-flow experiments were conducted using
different devices without sufficient hydrodynamic information. Replicate experiments and statistical analyses were not
reported. Membrane compaction was also not separated from foulant resistance at high pressure. Several mechanistic
conclusions therefore exceeded the available evidence. Therefore, I suggest the manuscript has to be reviewed after a
Major Revision. The specific comments are as follows:

Major Concerns:

1) Page 3, Lines 60-70. The manuscript was submitted as a case or pilot study, but the experiments used artificial
solutions in laboratory filtration cells. No full-scale RAS application was examined.

2) Page 4, Lines 88-92. The selected foulant concentrations were not justified using actual RAS water-quality data. Their
environmental relevance therefore remained unclear.

3) Page 4, Lines 95-106. The cross-flow velocity was not reported. This parameter was necessary for interpreting
concentration polarization and comparing the two filtration configurations.

4) Page 4, Lines 95-106. Dead-end and cross-flow experiments used different membrane areas and apparatuses. The
resulting flux differences could not be attributed solely to hydrodynamics.

5) Page 4, Lines 95-111. The experimental duration and permeate recovery were not reported. These factors directly
affected the observed flux decline and foulant concentration.

6) Page 4, Lines 94-111. The manuscript did not report experimental replicates or statistical analysis. Claims of significant
differences were therefore unsupported.

7) Page 4, Lines 96-104. Pressures up to 10 bar were unusually high for ultrafiltration. No clean-water control was
presented to separate membrane compaction from fouling.

8) Page 5, Lines 113-122. The post-operation sampling conditions were unclear. The manuscript did not specify which
pressure or filtration mode corresponded to each characterized membrane.

9) Page 5, Lines 155-170. The FTIR assignments alone did not demonstrate the formation of a protein-polysaccharide gel
layer. The claimed layer composition required more direct evidence.

10) Page 9, Lines 247-260. The practical claims concerning energy consumption and cleaning intervals were not supported
by measured data. These outcomes were not evaluated in the experiments.

More information and support
FAQ: How do I revise my submission in Editorial Manager?

https://service.elsevier.com/app/answers/detail/a_id/28463/supporthub/publishing/

FAQ: How can I reset a forgotten password?
https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/

For further assistance, please visit our customer service site:
https://service.elsevier.com/app/home/supporthub/publishing/

Here you can search for solutions on a range of topics, find answers to frequently asked questions, and learn more about
Editorial Manager via interactive tutorials. You can also talk 24/7 to our customer support team by phone and 24/7 by live
chat and email

At Elsevier, we want to help all our authors to stay safe when publishing. Please be aware of fraudulent messages
requesting money in return for the publication of your paper. If you are publishing open access with Elsevier, bear in mind
that we will never request payment before the paper has been accepted. We have prepared some guidelines
(https://www.elsevier.com/connect/authors-update/seven-top-tips-on-stopping-apc-scams ) that you may find helpful,
including a short video on Identifying fake acceptance letters (https://www.youtube.com/watch?v=05I8thDOXtE ). Please
remember that you can contact Elsevier s Researcher Support team
(https://service.elsevier.com/app/home/supporthub/publishing/) at any time if you have questions about your manuscript,
and you can log into Editorial Manager to check the status of your manuscript
(https://service.elsevier.com/app/answers/detail/a_id/29155/c/10530/supporthub/publishing/kw/status/).
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Date: Aug 15, 2026

To: "Candra Wijaya" candrawijaya.210419@gmail.com;candrawijaya@staff.ubaya.ac.id

From: "Long Nghiem" duclong.nghiem@uts.edu.au

Subject: Revision of "Fo_ulanF—Speci.fic Transformatio_ns of Polysulfone Membrane: A Mech.anistic"study of Shrimp
Feed and Humic Acid Fouling for Recirculating Aquaculture Systems (RAS) Application" is due soon

*This is an automated message.*
Manuscript Number: CSCEE-D-26-00428R1

Foulant-Specific Transformations of Polysulfone Membrane: A Mechanistic Study of Shrimp Feed and Humic Acid Fouling for
Recirculating Aquaculture Systems (RAS) Application

Dear Dr. Wijaya,

We would like to remind you that on Jul 28, 2026 we asked you to revise your above referenced manuscript and your
revision is due by Aug 18, 2026.

Case Studies in Chemical and Environmental Engineering values your contribution and we look forward to receiving your
revised manuscript.

To submit your revision, please log in as an author at https://www.editorialmanager.com/CSCEE/, and navigate to the
"Submissions Needing Revision" folder under the Author Main Menu. You will also find the decision letter and comments
available there.

If you do not plan to revise your manuscript, please click "Decline to Revise" in the "Submissions Needing Revision" folder.
If you require more time, please contact the journal office by replying to this email.

Kind regards,
Case Studies in Chemical and Environmental Engineering

Have questions or need assistance?

For further assistance, please visit Elsevier Support Center for Author Support. Here you can search for solutions on
a range of topics, find answers to frequently asked questions, and learn more about Editorial Manager via interactive
tutorials.

You can also talk to our customer support team 24/7 by live chat, email and phone.

#AU_CSCEE#

To ensure this email reaches the intended recipient, please do not delete the above code

In compliance with data protection regulations, you may request that we remove your personal registration details at any time.
(Remove my information/details). Please contact the publication office if you have any questions.
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Date: Aug 26, 2026

To: "Candra Wijaya" candrawijaya.210419@gmail.com;candrawijaya@staff.ubaya.ac.id

ccC: vhaddeo@unisa.it, editor@vincenzonaddeo.it

From: "Case Studies in Chemical and Environmental Engineering" noreply_EMsupport@elsevier.com
Subject: Decision on your submission to Case Studies in Chemical and Environmental Engineering

Manuscript Number: CSCEE-D-26-00428R1

Foulant-Specific Transformations of Polysulfone Membrane: A Mechanistic Study of Shrimp Feed and Humic Acid Fouling
with Implications for Recirculating Aquaculture Systems (RAS)

Dear Dr. Wijaya,
Thank you for submitting your manuscript to Case Studies in Chemical and Environmental Engineering.

I have completed my evaluation of your manuscript. The reviewers recommend reconsideration of your manuscript
following revision. I invite you to resubmit your manuscript after addressing the comments below. Please resubmit your
revised manuscript by Sep 09, 2026.

To view your reviewer feedback, please log in as an author at https://www.editorialmanager.com/cscee/ and navigate to
your manuscript in the " Submissions Needing Revision " folder under the Author Main Menu.

When revising your manuscript, please consider all issues mentioned in the reviewers' comments carefully. Please note
that your revised submission may need to be re-reviewed.

Research Elements (optional)

This journal encourages you to share research objects - including your raw data, methods, protocols, software, hardware
and more - which support your original research article in a Research Elements journal. Research Elements are open
access, multidisciplinary, peer-reviewed journals which make the objects associated with your research more discoverable,
trustworthy and promote replicability and reproducibility. As open access journals, there may be an Article Publishing
Charge if your paper is accepted for publication. Find out more about the Research Elements journals at
https://www.elsevier.com/authors/tools-and-resources/research-elements-journals?
dgcid=ec_em_research_elements_email.

Case Studies in Chemical and Environmental Engineering values your contribution and I look forward to receiving your
revised manuscript.

Kind regards,

Long Nghiem, PhD

Editor in Chief

Case Studies in Chemical and Environmental Engineering

Editor and Reviewer Comments:

Reviewer #1: The authors have carefully addressed my comments. I think this work can now be accepted for publication.

Reviewer #2: The authors adequately addressed the previous concerns. The revised manuscript clarified the experimental
scope and strengthened the statistical analysis. The reconstructed SEM comparison and pure-water controls also improved
the reliability of the findings. However, several presentation issues remained, particularly the manuscript classification,
language errors, broken cross-reference, and graphical abstract. Therefore, I suggest the manuscript has to be reviewed
after a Minor Revision. The specific comments are as follows:

Page 2, Lines 43-44. The expression "are also can be used" was grammatically incorrect.

Page 2, Lines 49-53. "The challenges to implementing membranes remain struggling on" was grammatically incorrect and
unclear.

Page 3, Line 63. "Error! Reference source not found" remained in the revised manuscript.

Graphical Abstract. The image showed typical characteristics associated with Al-generated content and required careful
redrawing. If Al-generated elements were retained, their use should comply with journal requirements and be formally
declared.

More information and support
FAQ: How do I revise my submission in Editorial Manager?

https://service.elsevier.com/app/answers/detail/a_id/28463/supporthub/publishing/
FAQ: How can I reset a forgotten password?
https://service.elsevier.com/app/answers/detail/a id/28452/supporthub/publishina/
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Date: Aug 28, 2026

To: "Candra Wijaya" candrawijaya.210419@gmail.com;candrawijaya@staff.ubaya.ac.id

ccC: vhaddeo@unisa.it, editor@vincenzonaddeo.it

From: "Case Studies in Chemical and Environmental Engineering" noreply_EMsupport@elsevier.com
Subject: Decision on submission to Case Studies in Chemical and Environmental Engineering

Manuscript Number: CSCEE-D-26-00428R2

Foulant-Specific Transformations of Polysulfone Membrane: A Mechanistic Study of Shrimp Feed and Humic Acid Fouling
with Implications for Recirculating Aquaculture Systems (RAS)

Dear Dr. Wijaya,
Thank you for submitting your manuscript to Case Studies in Chemical and Environmental Engineering.

I am delighted to inform you that your manuscript has been accepted for publication in the journal. Congratulations! Your
paper will now be published Open Access and freely accessible to all.

To view your reviewer feedback, please log in as an author at https://www.editorialmanager.com/cscee/ and navigate to
your manuscript in the "Submissions with a Decision" folder under the Author Main Menu.

Next Steps

Your accepted manuscript will now be transferred to our production department. We will create a proof which you will be
asked to check, and you will also be asked to complete a number of online forms required for publication. If we need
additional information from you during the production process, we will contact you directly.

Our Personal Thanks, and a Request:

We appreciate you submitting your manuscript to Case Studies in Chemical and Environmental Engineering and hope you
will consider us again for future submissions. Now that your paper has been accepted, we would like to ask you if you wish
to provide a 100-word lay summary to be posted on the journal's website https://www.journals.elsevier.com/case-studies-
in-chemical-and-environmental-engineering/ Guidance on writing a lay summary is available here:
https://www.elsevier.com/connect/authors-update/in-a-nutshell-how-to-write-a-lay-summary

The idea is to increase the visibility of your article and to make it accessible to a wider, more general audience by providing
a short, simplified account of the research. If you are keen to do this, then please e-mail your lay summary to the Journal
Manager at cscee@elsevier.com

This lay summary of your article will be considered as a component of the material submitted for publication as part of the
manuscript. Once published on the website, please feel free to distribute the link to your contacts and on social media.
Many thanks again for submitting to CSCEE and we look forward to receiving your work again soon.

We encourage authors of original research papers to share the research objects - including raw data, methods, protocols,
software, hardware and other outputs - associated with their paper. More information on how our open access Research
Elements journals can help you do this is available at https://www.elsevier.com/authors/tools-and-resources/research-
elements-journals?dgcid=ec_em_research_elements_email.

Kind regards,

Long Nghiem, PhD

Editor in Chief

Case Studies in Chemical and Environmental Engineering

Editor and Reviewer comments:

More information and support
FAQ: When and how will I receive the proofs of my article?

https://service.elsevier.com/app/answers/detail/a_id/6007/p/10592/supporthub/publishing/related/

FAQ: How can I reset a forgotten password?
https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/ 4

For further assistance, please visit our customer service site: 9
https://service.elsevier.com/app/home/supporthub/publishing/
Here you can search for solutions on a range of topics, find answers to frequently asked questions, and learn more about
Editorial Manager via interactive tutorials. You can also talk 24/7 to our customer support team by phone and 24/7 by live
chat and email
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