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Fouling-resistant reverse osmosis
membranes grafted with
2-aminoethanethiol having a low
interaction energy with charged foulants

Check for updates

Jun Xiao1,3, Shuang Hao1,3, Yiwen Qin1, Pengfei Qi1, Zhaoqian Zhang1 & Yunxia Hu 1,2

Many fouling-resistantmaterials havebeengrafted or coated on theROmembrane surface for fouling-
resistance. However, these modified RO membranes still exhibit a fast flux drop towards small
charged organic foulants. Herein, we creatively use the quantum chemistry method to screen the thiol
group having a close to zero interaction energywith small charged organic foulants. Thus, we selected
a small molecule of 2-aminoethanethiol (AET) having a fouling-resistant thiol group and a reactive
amine group for RO membrane surface modification. The water permeance of the AET-grafted RO
membrane increases from 2.6 ± 0.1 Lm−2 h−1 bar−1 to 3.2 ± 0.05 Lm−2 h−1 bar−1, 23% higher than that
of the pristine membrane. Moreover, the AET-grafted RO membrane exhibits excellent fouling
resistance against charged surfactants. Our study offers insights on the design of fouling-resistant
molecules for antifouling surface modification of RO membranes towards small charged organic
foulants.

Along with global population growth and industrial development, fresh-
water scarcity has become one of the most urgent problems that need to be
addressed1–3. Of water treatment applications, reverse osmosis (RO) has
been extensively used for water purification owing to its high separation
efficiency, low energy consumption, and environmental friendliness4–6.
Thin film composite (TFC) polyamide (PA) membranes, composed of a
porous support layer and a dense active layer produced through interfacial
polymerization (IP), are commonly used in the RO process7. However, the
extensive application of RO membrane is significantly constrained by the
high operation cost due to membrane fouling8–10. Among the major
membrane fouling such as particle fouling, biofouling, scaling, and organic
fouling, organic fouling particularly induced by small charged organic
molecules poses the most severe challenge to ROmembranes. Based on the
work previously reported8,11,12, organic molecules with a molecular weight
lower than 600.0 Da are recognized as small molecular weight foulants for
RO membrane fouling. These foulants originate from coking wastewater
including phenolic compounds, polycyclic aromatic compounds, and het-
erocyclic compounds13. Among them, positively charged organic foulants

with a low molecular weight such as DTAB (308.3 Da) and DTAC
(263.9 Da), exhibit strong electrostatic attraction with the negatively
charged surfaces of ROmembranes having numerous carboxyl groups and
thus lead to a substantial decline in water flux and significant rise in
operation cost8,14–16. Therefore, the development of antifouling RO mem-
branes is of utmost importance in mitigating organic fouling during the
water purification process, enabling cost-effective water treatment.

It was reported that the hydrophilic surface modification of RO
membranes is recognized as an effective approach to mitigate membrane
fouling caused by organic foulants17–19. Compared with other membrane
surface modification strategies such as amide activation20, atom transfer
radical polymerization (ATPR)21,22 and others, the layer-by-layer interfacial
polymerization (LbL-IP)method is a time-saving and facilemethod to graft
fouling-resistant materials onto the polyamide surface23–25. Most of fouling-
resistant materials are generally hydrophilic polymers such as polyvinyl
alcohol (PVA)26, polyvinylamine (PVAm)27, polyethylene glycol (PEG)28,
zwitterionic polymers including 3-(3,4-dihydroxyphenyl)-alanine
(L-DOPA)29 and dialdehyde carboxymethyl cellulose (DACMC)30, and
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hyperbranched polymers including hyperbranched polyglycerol (hPG)31,32,
and polyethylenimine (PEI)33,34. Results indicate that grafting hydrophilic
polymers onto the membrane surface aids in the formation of a hydration
layer, which acts as a barrier to screen the hydrophobic interaction between
the surface of ROmembrane and foulants, thereby mitigating the extent of
membrane fouling and suppressing flux decline32. Unfortunately, small
organic foulants with positive charges and high water solubility such as
dodecyl trimethyl ammonium bromide (DTAB) and dodecyl trimethyl
ammonium chloride (DTAC) may penetrate into the polyamide layer and
plug the pores of the RO membrane, thus leading to a substantial flux
decrease and severe membrane fouling16. For instance, the RO membranes
most commonly reported as beingmodified with hydrophilic materials still
suffer from a severe membrane fouling with a high flux decline ratio (FDR)
of approximately 40%when fouled with 50 ppm of small positively charged
foulants such as DTAB or DTAC, and may even lose more than 60% flux
when the foulant concentrationwas 100ppmor200ppm23,26,30,35. To address
these issues, significant endeavors have been made to tailor the polyamide
surface charge by introducing positively charged molecules, which can
enhance the membrane fouling resistance33,36,37. These modified RO mem-
branes showmarkedly enhanced antifouling characteristics against DTAB,
with anFDRof 31%, a noteworthy reduction compared to the FDR (71%)of
the unmodified RO membrane and the FDR (50%) of the RO membranes
by hydrophilic modification23,38. Nevertheless, the ROmembrane modified
with the positively charged materials suffers from heightened fouling from
anionic small organic foulants like sodium dodecyl sulfate (SDS). This is a
result of the electrostatic attraction between anionic heads of small organic
foulants and cationic groups incorporated on the polyamide surface38.

To mitigate RO membrane fouling against cationic and anionic small
organic foulants simultaneously, the ideal fouling-resistant materials
employe for polyamide surface grafting are highly desired to have a weak
interaction energy with these typical foulants, since membrane fouling is
significantly induced by the strong interaction energy between the foulants
and polyamide surface18,24. In this work, we creatively use the quantum
chemistry method to select the fouling-resistant chemical groups having a
low interaction energy with both cationic and anionic small organic fou-
lants, and then design the ideal fouling-resistant molecules based on the
selected groups for ROmembrane surface modification. Results reveal that
the thiol group has a close to zero interaction energy with the positively
charged small molecule DTAB (−0.065 eV) and the negatively charged
small molecule SDS (−0.203 eV), and is expected to be an ideal chemical
block of fouling-resistantmaterials for ROmembrane surfacemodification.
Meanwhile, we notice that 2-aminoethanethiol (AET) is a small molecule
containing a reactive amino group and a hydrophilic thiol group, which
makes it a promising material for polyamide surface modification since
amino groups are reactive with acyl chloride and thiol groups are fouling
resistant towards small charged molecules.

Herein, AET was grafted onto the surface of the ROmembrane by the
LbL-IP process to improve the membrane fouling resistance against small
organic foulants, particularly small-molecular-weight charged surfactants,
as illustrated in Fig. 1. We systematically investigated the effects of different

AET concentrations (0.02 wt.%, 0.04 wt.%, 0.06 wt.) on the surface prop-
erties, separation performance, and antifouling performance of the RO
membranes. Furthermore, we also developed a post-treatment approach to
enhance the stability of the AET-grafted RO membrane. The antifouling
properties of the AET-grafted RO membrane against differently charged
small foulants were assessed by a RO system, while the antifouling
mechanisms of RO membranes were also explored using quartz crystal
microbalance with dissipation (QCM-D). The importance of our research
lies in the selecting of AETmolecules for antifouling surfacemodification of
ROmembranes. This is attributed to the reactivity of its amino groups with
theROmembrane and the close to zero interaction energy of its thiol groups
withDTAB (−0.065 eV) and SDS (−0.203 eV).Our study offers insights on
the design of fouling-resistant molecules for antifouling surface modifica-
tionofROmembranes towardsbothpositively andnegatively charged small
organic foulants.

Results and discussion
Characterization of ROmembranes before and after AET
modification
The RO membrane was modified with different AET concentrations
(0.02 wt%, 0.04 wt%, and0.06 wt%) viaaLbL-IPmethod (Fig. 1). In order to
verify the successfulAETgrafting, the surface elemental compositions of the
PAs were detected by XPS as shown in Table 1. With the increasing AET
concentration, the atomic percentage of S on the modified membrane
surface increases from0% to 1.17%, 1.96%, 2.78%, and the atomic ratio of S/
O increases from 0 to 0.104, 0.165, and 0.243, respectively. The results
indicate that more AET molecules were introduced onto the membrane
surface with higher AET concentrations. And the corresponding grafting
ratio (GR) of AET was calculated as 17.9%, 19.2%, and 20.8% with the
increasing AET concentration from 0.02 wt%, 0.04 wt% to 0.06 wt% (as
shown in Supplementary Note 1 and Supplementary Fig. 1). However, no
absorption peak of thiol groups appears in the ATR-IR spectrum after AET
grafting because a limited amount of the AET molecules grafted on the
membrane surface is undetected by IR (Supplementary Fig. 2). Figure 2
presents that both surfaces of the pristine membrane and the AET-grafted
membrane exhibit a representative leaf-like structure34,38–40 with the
roughness (Ra) of 71.7 ± 7.3 nm for the pristine membrane, and
49.0 ± 4.7 nm, 46.0 ± 4.1 nm, 42.3 ± 4.2 nm for the AET-graftedmembrane
with the increasing AET concentration from 0.02wt% to 0.06 wt%. The
surface roughness of the AET-grafted membrane experiences an obvious
decrease compared with the pristine membrane, and exhibits a comparable
Ra with the increasing AET grafting concentration.

The surface properties of the RO membranes including water contact
angle (WCA) and surface charge were further evaluated. As depicted in Fig.
3a, with the increasing AET grafting ratio, theWCA values of the modified
membrane experience a decrease from 76.3 ± 2.8° to 50.3 ± 2.4° for the
sample modified with 0.02 wt% AET, and 50.8 ± 9.8° for the sample mod-
ified with 0.04wt% AET. However, the WCA value of the modified mem-
brane increases to 61.0 ± 1.5° when 0.06 wt.% AET was used for RO
membrane surfacemodification,whichmight be caused by the formation of

Fig. 1 | Schematic diagram of fabrication of the
AET-grafted RO membranes. Experimental con-
ditions: the top surface of the PSf UFmembrane was
soaked in an aqueous monomer solution of 2 wt%
MPD for 2 min. Then, an organicmonomer solution
of 0.1 wt% TMC in n-hexane was poured onto the
MPD-pregnant membrane surface for 1 min, fol-
lowed by 2 min incubation with a AET solution
(0.02 wt%, 0.04 wt%, 0.06 wt% AET) in ether. Sub-
sequently, the membrane was subjected to a 10-min
treatment in an air oven at 60 oC to obtain the AET-
grafted RO membrane.
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hydrophobic disulfide bonds (-S-S-) under the high concentration of AET
(discussed in section 3.2). Furthermore, the surface zeta potential of AET-
grafted membrane increased from −46.1 ± 1.1mV to −35.0 ± 1.2 mV,
−33.1 ± 3.2mV, and −30.4 ± 2.7mV (at pH=7) when the membrane was
modifiedwith 0.02 wt%, 0.04 wt%, and0.06 wt%AET, respectively (Fig. 3b).
This increase in zeta potential can be attributed to the reduce of the number
of the carboxylic groups resulting from the hydrolysis of residual acyl
chloride groups41,42, as shown in Supplementary Fig. 3.

The separation properties and fouling resistance of the RO mem-
branes were explored before and after the AET grafting. The water per-
meance increases from 2.6 ± 0.1 Lm−2 h−1 bar−1 for the pristinemembrane
to 3.2 ± 0.02 Lm−2 h−1 bar−1 and 3.2 ± 0.05 Lm−2 h−1 bar−1 for the AET-
grafted membrane with AET having the increasing concentrations from
0.02 wt% to 0.04 wt%, respectively. While, the water permeance of the
modifiedmembrane decreases to 2.9 ± 0.19 Lm−2 h−1 bar−1 for the sample
modified with 0.06 wt% AET. This decrease is mainly attributed to the
increasing mass transfer resistance from the RO membrane grafted with
more AET16. The NaCl rejection rate of the AET-grafted membrane
remains constant ( ~ 99.0%) regardless of the AET grafting concentration.
To further evaluate the anti-fouling properties of the membrane, DTAB
and SDS were screened as model foulants. With the increasing AET con-
centration, the FDR towards DTAB of the AET-grafted membrane
decreases dramatically from 70.4% (pristine membrane) to 57.6% (M-
0.02), 43.7% (M-0.04), and 40.0% (M-0.06), respectively (Figs. 3d and 5).
Results suggest that the antifouling properties of the RO membranes
towards DTAB is improved significantly with the substantially decreased
FDR by grafting AET onto the RO membrane surface. This phenomenon
could be attributed to two aspects: (1) the AET-grafted RO membranes
exhibit better hydrophilic properties (lower WCA) than the pristine RO
membrane owing to grafting of hydrophilic -SH groups43; (2) the surface
charge of the AET-grafted membranes is less negative because some
residual acid chlorides are consumed for AET grafting. The FDR towards
SDS of the AET-grafted membrane with an AET concentration of 0.02 wt
% is 29.5%, comparable to the value of 27.6% for the pristine membrane.
However, the AET-grafted membranes exhibit severe membrane fouling
towards SDS, especially when the membrane was modified with 0.06 wt%
AET. This may be ascribed to the strong electrostatic attraction between

SDS and free amine groups (Supplementary Fig. 4) detected on the
modified PA since AET molecules with amine groups are attached on the
PA surface through disulfide bonds (-S-S-) formation. It can be concluded
that the AET concentration is a critical parameter to significantly affect the
amount of AET grafted onto the ROmembrane surface and thus governs
the surface properties, and then influences perm-selectivity and antifouling
properties of the ROmembranes. As discussed above, theAET-graftedRO
membranewith anAET concentration of 0.04 wt%was selected for further
analysis.

Post-treatment of the AET-grafted ROmembrane
To break the formation of the disulfide bonds (-S-S-) on the AET-
grafted RO membrane surface and to prevent un-grafted AET mole-
cules from attaching on themembrane surface, thus alleviating the SDS
absorption on the AET-grafted membrane. The AET-grafted RO
membrane modified with an AET concentration of 0.04 wt% was
treated with 10 mmol/L TCEP in 10 mmol/L tris-buffer (pH = 7.5) for
30 min44,45. As shown in Table 2 and Supplementary Fig. 5, the peak
area ratio of disulfide bonds (-S-S-) to sulfhydryl groups (-SH) on the
surface of the post-treated membrane decreases significantly from 0.32
to 0.12. This indicates that the TCEP post-treatment can effectively
reduce disulfide bonds to sulfhydryl groups on the membrane surface.
TCEP post-treatment did not change the membrane morphologies or
separation properties of the pristine membrane, as shown in Supple-
mentary Fig. 6.

In addition, the surface hydrophobicity and charge properties
were characterized to further investigate the influence of the TCEP
post-treatment. As Fig. 4a, b shows, the membrane surface zeta
potential (at pH = 7) slightly decreases from −33.1 ± 3.2 mV to
−37.1 ± 3.0 mV after the post-treatment, and the WCA of the post-
treated membrane experiences a decrease from 50.8 ± 9.8° to
35.4 ± 0.6°. These changes can be attributed to the conversion of
hydrophobic disulfide bonds to hydrophilic thiol groups on the
membrane surface. Furthermore, themembrane water permeance does
not change much (Fig. 4c) after the post-treatment. However, the
membrane salt rejection decreases from 99.0 ± 0.03% to 98.5 ± 0.04%.
This may be because the removal of AET attached on the membrane
surface through the disulfide bonds (-S-S-) makes the PA loose with
low salt transport resistance. In addition, the long-term operational
stability of the AET-grafted and post-treated RO membranes was
valued by a 72-h cross-flow test at 15 bar in a RO system. As Supple-
mentary Fig. 7 shows, the water permeance of both the AET-grafted
and the post-treated ROmembranes decreases slightly over time, while
the salt rejection increases during the test, which is a typical compac-
tion effect under a high operating pressure. Overall, results suggest that
both the AET-grafted and post-treated RO membranes possess good
long-term operational stability. In addition, the stability of the post-
treated membrane after long-term storage was also evaluated. The
membrane underwent a pore-preservation treatment andwas stored in
a room environment. After 15 and 30 days of storage, the post-treated

Table 1 | The elemental compositions of the AET-grafted RO
membranes modified with AET having the increasing con-
centrations from 0.02 wt.% to 0.06 wt.% (M-0.02 for 0.02 wt%,
M-0.04 for 0.04 wt%, M-0.06 for 0.06 wt%) measured by XPS

Membrane C (%) N (%) O (%) S (%) S/O Grafting ratio (%)

pristine membrane 75.29 11.12 13.59 0

M-0.02 75.72 10.45 12.53 1.30 0.10 17.9

M-0.04 75.59 10.63 11.82 1.96 0.16 19.2

M-0.06 76.04 9.73 11.44 2.78 0.24 20.8

Fig. 2 | Surface morphology characterization of
RO membranes before and after AET modifica-
tion. SEM (top) and AFM (bottom) images of the
pristine ROmembrane a, b and the AET-grafted RO
membranes c, d modified with 0.02 wt% AET;
e, fmodified with 0.04 wt% AET; g, hmodified with
0.06 wt% AET. Error bars represent the standard
deviations from three separate experiments.
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membrane retains a stable separation performance, with the water
permeance above 3.3 ± 0.08 L m−2 h−1 bar−1 and the NaCl rejection
above 98.5% (Fig. 4d). These results suggest that the post-treated
membrane can maintain its separation performance even after long-
term storage, making it suitable for practical applications.

Antifouling performance andmechanism of the post-treated RO
membrane
The fouling resistance of thepost-treatedROmembranewas further studied
against model foulants of differently charged surfactants (SDS and DTAB)
and proteins (LYZ and BSA). As illustrated in Fig. 5, for the negatively
charged surfactant SDS, the post-treated membrane exhibits significantly
better antifouling performance with a lower FDR of 31.3% compared to the
AET-grafted membrane with an FDR of 38.4%. This can be attributed to
more negatively charged and hydrophilic membrane surface obtained from
the reduction of the disulfide bonds (-S-S-) into sulfhydryl groups (-SH)
during the post-treatment. The FRR towards SDS of the post-treated
membrane is 87.3%, which is lower than that of theAET-graftedmembrane
with an FRR of 82.2%. This may be because of the stronger electrostatic
repulsion between negatively charged surfactant SDS and the negatively
charged surface of the post-treated membrane compared with the AET-
grafted membrane, making it less prone to SDS adsorption under shear

Fig. 3 | Surface properties, separation perfor-
mance and antifouling properties of RO mem-
branes before and after AET modification. Water
contact angle a, zeta potential b, separation perfor-
mance c, and antifouling performance d of the
pristine ROmembraneROmembrane and theAET-
grafted ROmembranesmodifiedwith different AET
concentrations (0.02 wt%, 0.04 wt%, 0.06 wt%).
Error bars represent the standard deviations from
three separate experiments.

Table 2 | The elemental compositions of the pristine, the AET-
grafted (0.04 wt% AET), and the post-treated RO membranes
measuredbyXPS (theareapercentageofS2ppeaksdetected
at 163.4–164.3 eV (-SH), 164.8–165.3 eV (-S-S-) are calculated)

Membrane C (%) N (%) O (%) S (%) S/O -S-S-/-SH

Pristine RO 75.29 11.12 13.59 — — —

AET-grafted RO 75.59 10.63 11.82 1.96 0.16 0.32

Post-treated RO 75.44 10.69 11.94 1.93 0.16 0.12

Fig. 4 | Surface properties and separation perfor-
mance of RO membranes before and after post-
treatment and long-term storage. Zeta potential
a, water contact angle b, separation performance c of
the pristine RO membrane, the AET-grafted RO
membrane (AET concentration: 0.04 wt%), and the
post-treated RO membrane, and separation perfor-
mance d of the post-treated membrane with storage
time. Error bars represent the standard deviations
from three separate experiments.
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force. Additionally, the FDR of the post-treated membrane when fouled
with DTAB is 50.1%, which is higher than the value of 43.7% for the AET-
grafted membrane, but still significantly better than the pristine membrane
(70.4%). Furthermore, the FDR of the post-treatedmembrane towards LYZ
and BSA is 14.0% and 10.4%, respectively, much higher than both the
pristine and AET-grafted membranes. Both the positively charged protein
LYZ and the negatively charged protein BSA induce a slower and less water
flux decline than the charged surfactants with smallmolecular weights. This
is because charged surfactants such as DTAB with small molecular weight
maypenetrate into the polyamide layer andplug the pores ofROmembrane
surface, thus leading to higherflux drop andmore severemembrane fouling
compared with proteins16.

Supplementary Table 1 and Supplementary Fig. 8 summarize themost
recent progress in the development of antifouling RO membranes. The
calculations for 1- FDR and 1- FRR are based on the flux decline profiles.
Membrane surface modification through coating or grafting fouling-
resistant materials is the most widely reportedmethod to improve the anti-
fouling abilities of ROmembranes. Surface coating benefits fromweakened
interactions between membrane surface and foulants, reducing the
deposition of foulants onto polyamide surface. However, most of coatings
such as polyvinyl alcohol (PVA), polydopamine (PDA), and polyethylene
glycol (PEG), have limitations during long-termoperationdue to instability,
which is attributed to physical interactions like hydrogen bonding, elec-
trostatic interaction, or van der Walls. Moreover, the water permeance of
ROmembranemay be decreased because of highwater transport resistance
from the extra coating layer. Compared with surface coating, molecules
could directly graft onto membrane surface via chemical bonds without
increasing transport resistance by surface grafting. The RO membranes
modified with hydrophilic materials including PVAm, hPG, DACMC,
QDAP, or DEA present significantly improved antifouling performance
with a low FDR of approximately 30% against SDS, while, the FDR towards
DTAB reaches 60%, which is due to the limitations of grafted hydrophilic
materials in effectively mitigating electrostatic effects between the mem-
brane surface andDTAB.Hence, chargedmolecules are grafted onto theRO
membrane to improve the antifouling performance against DTAB, the RO
membranes modified with chargedmolecules such as AEGu, DMEDA, PL,
or PEI show a decreased negative surface charge with a zeta potential of

−20mV~−10mV (pH= 7), and thus exhibiting a low FDR of only 40%
towards DTAB. While, these modified RO membranes suffer from a high
FDR of approximately 50% against SDS, which can be attributed to the
electrostatic attraction between the graftingmoleculeswithopposite charges
and the foulants. In contrast, the AETmodified ROmembrane in this work
exhibits excellent fouling resistance against bothDTAB and SDSwith FDRs
of 43.5% and 31.3%, respectively. This is because of the low interaction
energy of AET molecules with charged organic foulants. Overall, the AET-
graftedROmembranewith excellent fouling resistance and good separation
performance in this study shows a great promise for practical applications.

To investigate the deposition behavior of foulants on the RO mem-
brane surface, we employed QCM-D to measure the absorption and des-
orption of SDS andDTAB (200 ppm)on themembrane surface.TheKevin-
Voigtmodel was utilized to calculate the adsorbedmass of the fouling layer.
Figure 6a illustrates that upon exposure toDTAB, all PAsamples experience
a rapid adsorption phase with a quick mass increase, followed by a sig-
nificant decrease in the adsorption rate. The gainedmass of the pristine PA,
the AET-grafted and post-treated PAs are 1214 ± 78 ng/cm2, 576 ± 38 ng/
cm2, and 752 ± 60 ng/cm2, respectively. Furthermore, the deposited foulants
on the membrane surface were characterized by dissipation (ΔD) and fre-
quency (Δf) values, and a higher |ΔD/Δf| value indicates a looser foulant
layer on the membrane surface16,31, as shown in Supplementary Table 2.
Moreover, the D-f plot is shown in Fig. 6c, d, all membranes saw rapid
dissipation shift decline, followed by the gradually suppressed dissipation
shift decline when themembrane fouled with DTAB or SDS. By comparing
the slopes of the curves, the AET-grafted membrane and the post-treated
membrane exhibit higher absolute value of slope than the pristine RO
membrane towards both DTAB and SDS during the QCM-D measure-
ments. These results indicate the foulant layer deposited on the PA surfaces
of both the AET-grafted and post-treated RO membranes is softer and
looser, resulting in a reduced adhesion between the foulants and the surface
of RO membrane compared to the pristine PA. After 1 h of DI water
cleaning, the mass desorption/adsorption ratios for the pristine, AET-
grafted, and post-treated ROmembranes are 20.3 ± 1.2%, 27.8 ± 0.7%, and
35.5 ± 1.3%, respectively, corresponding to the FRR trend described above:
post-treated RO membrane > AET-grafted RO membrane > pristine RO
membrane. In the case of SDS, the total mass of SDS adsorbed on the

Fig. 5 | Antifouling performance of RO mem-
branes. Flux profiles of the pristine RO membrane,
the AET-grafted RO membrane (AET concentra-
tion: 0.04 wt%), and the post-treated ROmembrane
during the fouling and cleaning processes in a cross-
flow RO test. The RO test contains three processes
including the first stabilization stage (I), the fouling
stage (II), and the cleaning stage (III). The feed
solution in each stage is as follows: (I) 2000 ppm
NaCl, (II) 2000 ppm NaCl and 200 ppm foulants
(DTAB for (a), SDS for (b), BSA for (c), or LYZ for
(d), and (III) 2000 ppm NaCl.
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pristine, AET-grafted, and post-treated PAs are 411 ± 29 ng/cm2,
578 ± 54 ng/cm2, and 460 ± 31 ng/cm2, respectively, much lower than the
total mass of DTAB absorbed on the PA surface, because the PA exhibits
strong electrostatic repulsionwith SDS, while, strong electrostatic attraction
with DTAB. The mass desorption/adsorption ratios for the corresponding
membranes are 37.1 ± 0.9%, 43.7 ± 2.7%, and 39.6 ± 1.1%, indicating that
the SDS foulant layer could be easier to be removed from the AET-grafted
and post-treated PAs than that from the pristine PA. In summary, our
results demonstrate that the AET-grafted and post-treated ROmembranes
significantly improve the antifouling performance towards DTAB in con-
trast to the pristine membrane, and the post-treated membrane exhibits

comparable antifouling performance towards SDS with the pristine
membrane.

In this work, we use the quantum chemistry calculation to screen
out the antifouling groups towards small charged foulants, cationic
DTAB and anionic SDS were selected as model foulants. The results
indicate that thiol group (-SH) having a low interaction energy with
DTAB (−0.065 eV) and anionic SDS (−0.203 eV), respectively, as
shown in Fig. 7. 2-aminoethanethiol (AET) is a small molecule
containing a reactive amino group and a hydrophilic thiol group, and
thus AET was grafted onto the surface of the RO membrane via the
LbL-IP process. The RO membranes grafted with AET exhibit
excellent fouling resistance with absorption mass of 576 ± 38 ng/cm2

and 578 ± 54 ng/cm2. Furthermore, the grafting of small AET mole-
cules could be beneficial to the improvement of surface coverage of
fouling-resistant molecules on the RO membrane surface, which
effectively regulates the surface properties (more hydrophilic and less
electronegative) and thus enhances the membrane antifouling per-
formance. Therefore, the surface grafting of AET on the membrane
can effectively improve the fouling resistance of the RO membrane.
Our study offers insights on the design of fouling-resistant molecules
for antifouling surface modification of RO membranes towards small
charged foulants.

Methods
Materials
M-phenylenediamine (MPD, 99%), tris (hydroxymethyl) methyl amino-
methane (Tris, 99%), trimesoyl chloride (TMC, 99%) and
2-aminoethanethiol (AET, 97%)were obtained from J&KScientificCo. Ltd.
(Beijing, China). Sodium dodecyl sulfonate (SDS, 99%), polyvinyl alcohol
(PVA, 99%), bovine serum albumin (BSA, 96%), dodecyl trimethyl
ammoniumbromide (DTAB, 99%), ( ± )-10-champhor sulfonic acid (CSA,
99%) and tris (2-carboxyethyl) phosphine (TCEP, 98%)were obtained from
Aladdin Co. Ltd. (Shanghai, China). Polysulfone ultrafiltration membrane
(PSf UF, MWCO: 30 kDa) was supplied by Beichuang qingyuan Co. Ltd.
(Beijing, China). Lysozyme (LYZ, 99%) was purchased byMacklin Co. Ltd.
(Shanghai, China). Anhydrous diethyl ether (99%) was ordered from
Fengchuan reagent technology Co. Ltd. (Tianjin, China). Other chemicals

Fig. 7 | The proposed antifouling mechanism of the RO membranes. The inter-
action energy between sulfhydryl groups (-SH) and surfactants is −0.065 eV and
−0.203 eV, for cationic DTAB and anionic SDS, respectively.

Fig. 6 | Absorption properties of foulants on the
PA surface characterized by QCM-D. Absorption
and desorption behaviors of DTAB a and SDS b on
the PA surfaces prepared from the pristine, theAET-
grafted (AET concentration: 0.04 wt%), and post-
treated RO membranes, properties of absorbed
DTAB c, and SDS d layers on the RO membranes
were monitored by QCM-D.
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were purchased from Tianjin Kemiou Chemical Reagent Co. Ltd. (Tianjin,
China), including triethylamine (TEA, 99%), n-Hexane, sodium hydrogen
sulfite (NaHSO3, 99.7%), glycerol (99%), isopropyl alcohol (IPA, 99%),
sodium chloride (NaCl, 99%), dimethylacetamide (DMAC, 99%).

Preparation of ROmembranes
Preparation of AET-grafted RO membranes: The AET-grafted RO mem-
branes were fabricated via the LbL-IP method with the PSf UF membranes
as supports, as shown in Fig. 1. MPD (2 wt%), CSA (2.4 wt%) and TEA
(1.1 wt%) were dissolved in deionized (DI) water to prepare an aqueous
solution ofMPDmonomer. TMC in n-hexane solution (0.1 wt%) served as
the organic monomer solution. The top surface of the PSf UF membrane
was immersed in 15mL aqueous solution ofMPDmonomer for 2min, and
then immersed in 15mL organic solution of TMC monomer for 1min to
prepare a nascent polyamide layer. After that, the membrane surface was
exposed to 15mL AET solution (different concentrations of AET with
0.02 wt%, 0.04 wt%, and 0.06 wt%) in diethyl ether for 2min to modify the
RO membrane by the reaction between the reaction residual acyl chloride
groups of nascent polyamide and the amino group of AET molecules.
Subsequently, the membrane was subjected to a 10-min treatment in an air
ovenat 60 °C.ThepristineROmembrane, servingas the controlmembrane,
was obtainedwithout AETmodification. The ROmembranemodifiedwith
AET molecules was termed as the AET-grafted RO membrane.

Post-treatment and preservation: The AET-grafted RO mem-
brane (made from 0.04 wt% AET) was soaked in 20 ml TCEP solu-
tion (10 mmol/L) for 30 min, followed by a brief DI water rinsing,
and the obtained membrane was named as the post-treated RO
membrane. Then, the post-treated RO membrane was soaked in a
preservative (6 wt% glycerol, 0.1 wt% SDS, 1 wt% IPA, and 1 wt%
PVA in DI water) for 2 min and subsequently put into the air-dry
oven at 70 °C for 3 min and then stored in a room environment.

Membrane characterization
The surface morphology of the RO membrane was imaged by Germini
SEM500 scanning electron microscopy with an accelerating voltage of
10 kV (SEM, Zeiss, Japan).Membrane samples were attached to the sample
holder by a conductive adhesive after being coated with platinum (Pt). The
surface roughness was observed by atomic force microscopy (AFM, Bruker
Optics, Germany). The samples were imaged at a tapping mode and then
analyzed using the Gwyddion software. Ra refers to the arithmetic average
roughness and is calculated from the average of the height deviations from
the mean height at each point on the membrane surface. The membrane
surface composition was analyzed by x-ray photoelectron spectroscopy
(XPS, ThermoFisher, Kα, USA). Thedatawere recorded by setting the take-
off angle of the X-rays at 60°. The chemical groups of the membrane were
characterized by an ATR-FTIR spectrometer (Thermo Scientific, Nicolet
iS10, USA). The surface hydrophobicity was detected by a contact angle
analyzer (Kruss, Germany). A water droplet of 2 μL was dropped on the
naturally dried membrane surfaces and imaged after 8 s. The data were
analyzedusing theAdvance software.To reduce the experimental errors, the
contact angle was measured at least at five random locations of the mem-
brane and the average values were reported. The streaming surface zeta
potential was measured by SurPASS 3 Zeta potential analyzer (Anton Paar
GmbH, Austria) at a pH range from 3 to 10, using KCl (1mM) as an
electrolyte.

Desalination properties and dynamic fouling measurements in
the RO process
Desalination properties measurements: A customized cross-flow system
that has an effectivefiltration areaof 28.26 cm2was employed to evaluate the
filtration performance of the ROmembrane. To ensure a stable membrane
flux, the membranes were pre-pressurized at 20 bar for 1 h. Subsequently,
the desalination properties of RO membranes were assessed using a feed
solution (2000 ppm NaCl) at 15 bar and 25± 0.2 °C. The membrane water
permeance (A) and salt rejection (R) were obtained through Eq. (1) and

Eq. (2), respectively.

A ¼ ΔV
S×Δt × P

ð1Þ

R ¼ 1� Cp

Cf

 !
× 100% ð2Þ

WhereΔV is permeationvolume (L), S is effectivefiltrationarea (28.26 cm2),
Δt is evaluation time (h), P is evaluation pressure (bar). Cf and Cp are solute
concentrations of feed and permeate solution.

Dynamic foulingmeasurements:Dynamic foulingmeasurementswere
conducted employing the above-mentioned cross-flowRO set upwith SDS,
LYZ,DTABandBSAasmodel foulants. Firstly, the initial permeateflux (J0)
of the RO membrane was assessed at 15 bar for 30min using a NaCl feed
solution (2000 ppm) with a cross-flow rate of 1.5 L/min after pre-
pressurizing the membrane for one hour at 20 bar. Subsequently, the feed
solution was supplemented with an organicmodel foulant of SDS or DTAB
to achieve a specified concentration (200 ppm), and the permeate flux (JtÞ
wasmeasured during the fouling process for 4 h. Finally, the ROmembrane
was cleanedupon10minDIwaterflushing for 3 timeswitha cross-flow rate
of 3 L/minat 5 bar, and then the recoveredpermeateflux (JwcÞwas evaluated
using aNaCl feed solution (2000 ppm) at 15 bar for 30min. Theflux decline
ratio (FDR) and flux recovery ratio (FRR) are determined by Eq. (3) and Eq.
(4), respectively.

FDR ¼ 1� Jt
J0

� �
× 100% ð3Þ

FRR ¼ Jwc
J0

× 100% ð4Þ

Membrane surface fouling mechanism evaluation byQCM-D
The absorption of foulants on the polyamide surface was evaluated by
QCM-D (E4 system, Q-sense, Sweden), following our earlier reported
work16. Briefly, the ROmembrane was immersed in DMAC to dissolve the
PSf UF supporting layer and to obtain the free-standing PA active layer,
which was subsequently transferred onto the quartz crystal gold sensor and
then dried at 40 °C all night. The gold sensor, with the free-standing PA
active layer coated, was placed into the chamber and stabilized with air
initially. Then, DI water was introduced to the active layer surface with a
flow rate of 50 μL/min for a period of time till both dissipation (D) and
frequency (f) of the sensor stabilized. Odd overtones including 3th, 5th, 7th,
9th, 11th and 13th of the sensor were selected due to the information
collected from even overtones overlapping to some extent. The adsorption
and desorption characteristics of the foulants on the PA surface were
monitored during the fouling and cleaning processes. During the fouling
process, a foulant solution of 200 ppm DTAB or 200 ppm SDS was intro-
duced to the active layer surface, and the mass variation of the polyamide
was monitored for a period of time (6 h). Lastly, the deionized water was
introduced to clean thepolyamide surface for removing the loosely absorbed
foulants for 0.5 h, the mass variation of the recovered polyamide was
monitored for a period of time (6 h). After the QCM-D measurement, the
gold sensor was immersed in a mixture (a 5:1:1 mixture of DI water, highly
corrosive ammonia (25%), and strongly oxidizing hydrogen peroxide
(30%)) to completely desorb the polyamide layer at 75 °C for 30min.
Subsequently, the sensor was rinsed with DI water to remove the residual
mixture. Finally, the senser was dried with nitrogen gas and stored for
further use.

Quantum chemistry calculation
Quantumchemistry is used to simulate themolecular behavior via quantum
mechanics. Upon consulting the literature16,46, the density function theory
(DFT) calculation was conducted to obtain the optimal adsorption
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configurations and calculate the molecule-to-molecule interaction energy.
In ourwork, a series of chemical groups, such as the sulfhydryl group (-SH),
hydroxyl group (-OH), carboxyl group (-COOH), amino group (NH2), and
amide bond (-CONH), were assessed. Positively charged small molecule
DTAB and negatively charged small molecule SDS were selected as the
model foulants. Prior to calculation, thedistance betweenDTABor SDSand
the chemical group was meticulously set to 1 nm using B3LYP by Gauss-
View 5.0. Subsequently, the interaction energy between the model foulant
and the respective chemical groupwas rigorously assessedbyDFT, as shown
in Eq. (5). As shown in Supplementary Table 3, the results reveal that a
sulfhydryl group has a close to zero interaction energy with DTAB
(−0.065 eV) and SDS (−0.203 eV), and is expected to be an ideal chemical
block of fouling-resistantmaterials for ROmembrane surfacemodification.

Eq ¼ Etotal � EA � EB ð5Þ

Where Eq is interaction energy, EA is the energy of the model foulant, EB is
the energy of the chemical group, Etotal represents the total energy of the
system.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability
For access to detailed code information, please contact the corresponding
author directly.
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