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a b s t r a c t 

Fouling is a critical consideration for the design of thin-film composite (TFC) nanofiltration membranes. Tradi- 
tional wisdom believes that fouling propensity is primarily dictated by membrane surface properties while porous 
substrates play little role (on the basis on the latter have no effect on the foulant-membrane interaction). Never- 
theless, porous substrates can regulate the water transport pathways, resulting in uneven water flux distribution 
over the membrane surface. For the first time, we experimentally investigated the micro-scale water flux distri- 
bution for nanofiltration membranes with different substrate porosities and the impact of such flux distribution 
pattern on fouling. With gold nanoparticles as tracers, we demonstrated more evenly distributed water flux at 
increasing substrate porosity. This was found to effectively alleviate membrane fouling by eliminating localized 
hot spots of high flux. Furthermore, higher substrate porosity also effectively enhanced the membrane water per- 
meance due to the optimized water transport pathways. Our study reveals the fundamental relationship between 
the micro-scale transport behavior and the membrane fouling propensity, which provides a firm basis for the 
rational design of TFC membranes toward better separation performance. 
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. Introduction 

Nanofiltration (NF) has been widely applied in wastewater reuse, wa-
er treatment and desalination pretreatment ( Kaya et al., 2015 ; Liu et al.,
015 ; Boo et al., 2018 ; Tang et al., 2018 ; Wang et al., 2020 ; Zhao et al.,
022 ). Modern NF membranes often adopt a thin-film composite (TFC)
tructure, with a polyamide rejection layer supported by a porous ultra-
ltration substrate ( Yang et al., 2018 ). Although NF membranes gener-
lly exhibit excellent selectivity and permeance ( Guo et al., 2021 ; Lu and
limelech, 2021 ; Yang et al., 2021 ; Guo et al., 2022 ), fouling poses a
ritical challenge in practical applications. Severe fouling could detri-
entally impact the system efficiency, decrease membrane lifespan, in-

rease energy consumption, and increase membrane maintenance costs
 Liu et al., 2017 ; Goh et al., 2018 ; Son et al., 2018 ). 

In general, membrane fouling is largely dictated by the interplay
etween foulant-membrane interaction and hydrodynamic conditions
 Field et al., 1995 ; Liu et al., 2017 ; Liu et al., 2020 ). For example, high
ater flux tends to promote fouling due to more severe concentration
olarization and greater drag towards the membrane surface ( Wang and
ang, 2011a ; Li et al., 2019 ; Liu et al., 2020 ). Meanwhile, more repul-
ive foulant-membrane interactions are beneficial to prevent fouling de-
osition and thus minimize membrane fouling. For this reason, numer-
us studies have focused on improving membrane surface properties
uch as hydrophilicity ( Wu et al., 2015 ; Ren et al., 2020 ) and charge
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 Pan et al., 2017 ; Cao et al., 2021 ) for fouling mitigation. On the other
and, conventional wisdom often neglects the role of porous substrates
n membrane fouling, on the basis that substrates do not directly affect
oulant-membrane interaction. 

Recent literature highlights the impact of substrates on membrane
eparation performance ( Peng et al., 2020 ; Peng et al., 2022 ). Typical
ubstrates of TFC NF membranes have relatively low surface porosity
e.g., ∼ or < 10%) ( Ramon et al., 2012 ; Song et al., 2020 ), which im-
oses important geometric constraints for water pathways ( Fig. 1 A).
ater molecules directly above a pore-spanning polyamide region can

ass through the rejection layer in a nearly normal (vertical) direction.
n contrast, water molecules far from the pore experience longer path-
ays as a result of the additional transverse (horizontal) distance that

hey have to travel before reaching the pore region ( Lonsdale et al.,
971 ; Wijmans and Hao, 2015 ; Peng et al., 2022 ). This difference in
ater transport pathways leads to an uneven water flux distribution on

he membrane surface, with localized high-flux hot spots over the least-
ydraulic-resistance regions (i.e., the pore-spanning polyamide regions)
 Ramon et al., 2012 ). The critical dependence of membrane fouling on
localized) water flux prompts us to hypothesize that a more porous sub-
trate could alleviate membrane fouling by providing a more uniform
ux distribution over the membrane surface ( Fig. 1 B). 

In this study, we systematically examined the effect of porous sub-
trate on fouling propensity of TFC NF membranes. Identical rejection
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Fig. 1. Schematic illustration of fouling of (A) a TFC membrane with low-porosity substrate and (B) a TFC membrane with high-porosity substrate. Low porosity 
substrate causes severe funnel effect, resulting in increased water transport pathways (indicated by the length of the arrows) and an uneven flux distribution over the 
membrane surface (indicated by the width of the arrows). This uneven flux distribution promotes foulants accumulation at “hot spots ” of high local flux. In contrast, 
high porosity substrate provides more uniform flux distribution over the membrane surface by allowing water to transport through the rejection layer closer to the 
normal direction. 
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ayers were prepared by interfacial polymerization at a free-interface
 Jiang et al., 2020 ) and were loaded onto substrates of difference porosi-
ies. This approach enables us to attribute the different fouling behaviors
olely to the substrate properties. Using the gold nanoparticle (AuNPs)
s tracers ( Pacheco et al., 2010 ; Tan et al., 2018 ; Long et al., 2022 ), we
emonstrate improved uniformity of water flux distribution for more
orous substrates, which effectively mitigates membrane fouling. The
echanistic insight from this work has important implications to the
esign of porous substrates and fouling control of TFC NF membranes. 

. Materials and methods 

.1. Materials and chemicals 

Unless otherwise specified, all chemicals were of ACS reagent grades
nd all solutions were prepared by deionized (DI) water produced from
illi-Q system with a resistivity of 18.2 Mohm-cm (Millipore, Biller-

ca, MA). Three commercial polyethersulfone (PES) ultrafiltration (UF)
ubstrates with different molecular weight cutoffs (MWCOs) were pur-
hased from Microdyn Nadir, Germany (UP005, MWCO = 5000; UP020,
WCO = 20,000; and UP150, MWCO = 150,000). Piperazine (PIP,

9%, Sigma-Aldrich), 1,3,5-Benzenetricarbonyl trichloride (TMC, 98%,
igma-Aldrich), and n-hexane ( > 95%, Fisher Chemical, UK) were used
o synthesize polyamide rejection layers via interfacial polymerization
IP). Sodium chloride (NaCl) and sodium sulfate (Na 2 SO 4 ) were all pur-
hased from Dieckmann (China) for salt rejection tests. Bovine serum
lbumin (BSA, Sigma-Aldrich) was used as a model organic foulant to
ssess the antifouling performance. The ionic compositions of the feed
olution were adjusted by the addition of NaCl and calcium chloride
CaCl 2 , Dieckmann, China). Gold nanoparticles (AuNPs, 5 nm in diam-
ter, BBI Solution, U. K.) was applied as tracers for investigating flux
istribution over membrane surfaces. Dimethylformamide (DMF, 98 %,
igma-Aldrich) was used to dissolve PES substrate to separate polyamide
ayer. 

.2. Preparation of polyamide nanofilms and NF membranes 

To exclude the effect of membrane surface properties on fouling,
dentical polyamide rejection layers were prepared in this study by per-
orming IP reaction at a support-free interface (Fig. S1, Supporting Infor-
ation) ( Choi et al., 2017 ; Jiang et al., 2018 ). A 20 mL aqueous solution

f 0.02 wt.% PIP and a 10 mL hexane solution containing 0.1 wt.% TMC
ere used to synthesize the polyamide layer at the aqueous-organic in-

erface for 2 min. Subsequently, the generated polyamide nanofilm at
2 
he free interface was transferred onto a PES substrate by vacuum filtra-
ion to remove excess PIP solution. The excess TMC solution was then
emoved, and the n-hexane solution was used to rinse the membrane
urface to terminate the IP reaction. The fabricated NF membrane that
onsisted of a rejection layer and a substrate was denoted as NF-x, where
 represents the MWCO of the substrate. According to the literature
 Choi et al., 2017 ; Jiang et al., 2018 ; Long et al., 2022 ), NF membranes
ynthesized by free-interface approach are stable to withstand the cross-
ow filtration. 

.3. Membrane characterization 

Scanning electron microscopy (SEM, Hitachi S4800 FEG SEM) was
sed to observe the morphology of NF membranes. Image-Pro Plus (Me-
ia Cybernetics, Inc.) was applied to measure the pore size and porosity
ased on the obtained SEM images (detailed information can be found
n Fig. S2, Supporting Information). To measure the thickness of the
olyamide layers, the free-standing polyamide layers were transferred
nto silicon wafers for atomic force microscopy characterization (AFM,
ruker, Billerica, MA). The thickness of the rejection layers ware demon-
trated by the height differences between polyamide layers and silicon
afers. Fourier transform infrared (FTIR) spectroscopy (Thermo Fisher
cientific) was used to characterize the surface functional groups of NF-x
embranes. Elemental compositions of membrane surface were exam-

ned by X-ray photoelectron spectroscopy (XPS, Thermo Kalpha), and
he cross-linking degree was calculate based on O/N ratio ( Yang et al.,
019 ). Water contact angle (WCA) was measured by Attension Theta
oniometer (Biolin Scientific) to determine the hydrophilicity, with the
ata recorded after the water droplet of 3 𝜇L contacting the membrane
urface for 5 s. Transmission electron microscopy (TEM, Philips CM100,
ermany) was used out to observe the AuNPs distribution on membrane

urface. 

.4. Filtration tests of gold nanoparticles 

To examine membrane water flux distribution, AuNPs tracer tests
ere performed ( Pacheco et al., 2010 ; Tan et al., 2018 ; Long et al.,
022 ). Prior to the test, all membranes were pre-compacted overnight
ith DI water at a hydraulic pressure of 5 bar in a dead-end filtra-

ion system. Subsequently, a 100 mL solution of AuNPs (5 × 10 12 

articles·mL − 1 ) was filtered until 15 mL of permeate solution was col-
ected. Membranes with AuNPs on the top surface were then taken out
nd dried in air at room temperature for 24 h. To examine the AuNPs
istribution on a membrane, its non-woven backing was carefully peeled
ff, and the polyamide layer was isolated by dissolving the PES substrate
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sing DMF according to our previous study ( Long et al., 2022 ). The iso-
ated polyamide film was then transferred onto a copper grid for further
EM characterization. To analyze the distribution of AuNPs, each TEM
icrograph was divided in to 25 equal-area parts (5 × 5) and the surface

overage by AuNPs in each part was determined (see details in Support-
ng Information S5). The average surface coverage and the standard de-
iation were calculated. Furthermore, the coefficient of variation (CV)
as used to indicate the uniformity of AuNPs distribution ( Wang et al.,
022 ): 

𝑉 = 

𝑠𝑡𝑑 ( 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 ) 
𝑎𝑣𝑒𝑟𝑎𝑔 𝑒 ( 𝑐𝑜𝑣𝑒𝑟𝑎𝑔 𝑒 ) 

(1)

.5. Filtration tests 

A cross-flow filtration setup was applied to test water flux ( J w ) and
alt rejection ( 𝑅 ) under a hydraulic pressure of 5 bar at room temper-
ture (approximately 25 °C). For each test, a new membrane coupon
as installed in the cross-flow test cell and pre-compacted for 1 h us-

ng DI water under the same pressure. The pure water flux ( J w ) was
alculated by measuring the volume of permeate over a specified time
nterval based on Eq. (1 ): 

 𝑤 = 

Δ𝑉 
Δ𝑡 × 𝑆 

(2)

here J w (L m 

–2 h –1 ) is the pure water flux, V (L) is the volume of
ermeate, ∆t (h) is the testing time, and S (m 

2 ) is the effective membrane
ig. 2. Membrane characterization results: SEM images of (A) the substrates and (B) t
ayers; (D) FTIR spectra of the NF membranes; (E) O/N ratios and cross-linking degrees

3 
rea. The pure water permeance ( A ) can be determined by the following
quation: 

 = 

𝐽 𝑤 

Δ𝑃 
(3)

here A (L m 

–2 h –1 bar –1 ) is the pure water permeance and ∆P (bar) is
he applied hydraulic pressure. 

The salt rejection of fabricated membranes was tested using a feed
olution containing single salt (1000 ppm NaCl or Na 2 SO 4 ) at 5 bar. Salt
ejection was calculated by the conductivity measurements of the feed
nd permeate solutions (Ultrameter II, Myron L) according to Eq. (3 ): 

 = 

𝐶 𝑓 − 𝐶 𝑝 

𝐶 𝑓 

× 100% (4)

here R (%) is the salt rejection, C p ( 𝜇S/cm) is the permeate solution
onductivity and C f ( 𝜇S/cm) is the feed solution conductivity. 

.6. Fouling tests 

To evaluate membrane fouling propensity, BSA was used to as a
odel foulant ( Long et al., 2022 ). Prior to each fouling test, a new mem-

rane coupon was compacted overnight to achieve stable flux. The ap-
lied pressure was adjusted such that the initial flux was approximately
0 L m 

–2 h –1 . To initiate membrane fouling, 200 ppm BSA with 1 mM
aCl and 0.5 mM CaCl 2 was introduced to the feed solution. Fouling
he NF membranes; (C) AFM thickness measurements of the polyamide rejection 
 of the NF membranes; (F) WCA results of the substrates and the NF membranes. 
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as continued for approximately 8 h, during which the water flux was
easured at predetermined time intervals. 

. Results and discussion 

.1. Properties of substrates and NF membranes 

Fig. 2 A presents SEM images of the PES substrates. The UP005,
P020, and UP150 substrates had surface porosity values of approxi-
ately 3.3 ± 0.8%, 10.8 ± 2.7%, and 21.5 ± 0.9%, respectively (Fig. S3,

upporting Information). Their pure water permeance were 51 ± 9.9,
20.6 ± 30.9, and 837.0 ± 135.7 L m 

− 2 h − 1 bar − 1 , respectively (Fig.
4, Supporting Information). After transferring the polyamide layers on
he substrates, the corresponding fabricated NF membranes (NF-005,
F-020, and NF-150) had similar surface morphology ( Fig. 2 B). Addi-

ional AFM characterization revealed that all polyamide rejection lay-
rs had a comparable thickness of approximately 38 nm ( Fig. 2 C). The
F membranes also show similar the FTIR spectra, with the Amide I
and ( ∼1624 cm 

− 1 ) characteristic to the polyamide chemistry ( Fig. 2 D)
 Tang et al., 2009 ). Furthermore, the cross-linking degree ( Fig. 2 E) and
CA results ( Fig. 2 F) were nearly the same. The characterization re-

ults verified that all membranes possessed identical polyamide layers
espite their various substrates. 
4 
.2. AuNPs tracer tests 

While current literature appears to largely focus on the effect
f macro-scale water flux on membrane fouling ( Seidel and Elim-
lech, 2002 ; Wang and Tang, 2011b ; Mohammad et al., 2015 ), the im-
act of micro-scale water flux distribution is often overlooked. In this
tudy, we used AuNPs to investigate the influence of micro-scale flux
n foulant deposition behavior. The micrograph of NF-150 shows rela-
ively uniform distribution of AuNPs ( Fig. 3 ). In contrast, large numbers
f AuNPs appeared in patches over the surface of NF-005. Further sta-
istical analysis shows the NF-005, supported on the least porous sub-
trate, had the highest surface coverage (9.9%) by AuNPs along with
he greatest standard deviation and coefficient of variation, confirm-
ng a less unform flux distribution for this membrane. According to the
iterature, AuNPs have been widely used as tracers for flux distribu-
ion over a membrane surface ( Pacheco et al., 2010 ; Dai et al., 2020 ;
ong et al., 2022 ), where hot spots of high local flux are accompanied
ith more AuNP accumulation ( Tan et al., 2018 ). Thus, the patch-like
eposition of AuNPs over NF-005 implies a highly non-uniform flux dis-
ribution for this membrane. In general, water molecules converging
rom the membrane surface to a substrate pore when passing through
he polyamide layer ( Fig. 1 ). This funnel effect results in hot spots
f high flux over the pore-spanning polyamide regions. Since NF-005
ad the least porous substrate, it would suffer the most severe funnel
Fig. 3. TEM plan images and analysis of 
AuNP distribution for (A) NF-005, (B) NF-020 
and (C) NF-150. To analyze the AuNP dis- 
tribution, each TEM micrograph was divided 
into 25 equal-area parts. The surface coverage 
by AuNPs in each part was determined by im- 
age analysis, and their distributions are pre- 
sented. The detailed procedures can be found 
in Supporting Information S5. 
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Fig. 4. (A) Separation performance. (B) Fouling test results for NF-005, NF-020, and NF-150. The separation performance was evaluated by a cross-flow set-up for at 
least three replicates of each membrane. Salt rejection was tested by 1000 ppm solution with single type of salt (NaCl and Na 2 SO 4 ). Hydraulic resistance of polyamide 
layer was calculated in Section S4 (Supporting Information). Fouling tests were conducted in duplicates for each membrane type. An identical initial water flux of 
30 L m 

-2 h -1 was used by adjusting the hydraulic pressure. The error bars are based on the range of the two replicates. 
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ffect ( Fig. 3 A), which explains its highly non-uniform pattern of AuNP
eposition. The reduced uniformity in flux distribution for less porous
ubstrates agrees well with a recent modelling work ( Wang et al., 2022 ).
uch a critical effect of substrate porosity on local flux distribution may
ranslate into major influence on membrane fouling propensity (see Sec-
ion “antifouling performance ”). 

.3. Separation and antifouling performance 

.3.1. Separation performance 

Fig. 4 A shows similar rejections of Na 2 SO 4 ( ∼96–98%) and NaCl
 ∼25%) for all the membranes which is attributed to the use of iden-
ical rejection layers ( Fig. 2 ). However, increasing substrate porosity
rom 3.3 ± 0.8% (NF-005) to 21.5 ± 0.9% (NF-150) nearly tripled the
ure water permeance. This greatly improved water permeance is con-
istent with the mitigated funnel effect for the more porous substrate.
ndeed, further analysis (Section S4, Supporting Information) suggests
hat the hydraulic resistance of the polyamide layer in NF-150 mem-
rane (1.8 × 10 11 cm 

− 1 ) is less than half of that of NF-005 membrane
4.4 × 10 11 cm 

− 1 ) ( Fig. 4 A), despite the use of identical polyamide lay-
rs in these membranes. The greatly increased hydraulic resistance of
he polyamide layer in NF-005 can be explained by the increased water
ransport pathlength in this membrane due to the low-porosity substrate
 Fig. 1 A). According to a recent modeling work ( Wang et al., 2022 ),
engthened water transport path due to severe funnel effect could po-
entially reduce water permeation efficiency by an order of magnitude.

.3.2. Antifouling performance 

We performed membrane fouling tests using BSA as a model foulant.
n identical initial flux of 30 L m 

− 2 h − 1 was applied to ensure a fair
omparison. As shown in Fig. 4 B, the water flux decreased by almost
0% for NF-005 after the 8-h fouling test. In contrast, NF-150 experi-
nced a more moderate water flux decline of approximately 20%, which
onfirms our hypothesis that increasing substrate porosity results in en-
anced antifouling performance. Even though the use of the same ini-
ial flux ensures identical average macro-scale fluxes in all cases, the
embranes would experience different localized water flux at the micro-

cale. Increasing substrate porosity optimizes the water transport path-
ays and result in more uniform flux distribution ( Fig. 1 ). The mitigated

unnel effect minimizes the presence of hot spots of high flux ( Fig. 3 ),
hich explains the improved fouling performance. 
5 
. Conclusion 

Traditional anti-fouling membrane design often solely emphasize the
mportance of membrane surface properties. For the first time, this study
xperimentally demonstrated the role of substrate porosity on mem-
rane fouling propensity. The porous substrate can influence the water
ransport path, which regulates the localized flux distribution over the
embrane surface. Low-porosity substrates may result in severe funnel

ffect, whose high-flux hot spots are more vulnerable to foulant deposi-
ion. Improving substrate porosity can greatly alleviate such unfavorable
ffect, providing greatly improved antifouling performance. The work
resented in this study reveals the fundamental relationship between
he micro-scale transport behavior and the membrane fouling propen-
ity, which enables a rational design of TFC membrane substrate toward
etter antifouling performance. Future studies need to further systemat-
cally evaluate the mechanical strength of such anti-fouling membranes.
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