N

N

Tannic acid self-aggregation and adsorption onto a
polyethersulfone membrane: An all-atom molecular
dynamics study
Marie Certiat, Johanne Teychené, Christelle Guigui, Stephanie Laborie,

Franck Jolibois

» To cite this version:

Marie Certiat, Johanne Teychené, Christelle Guigui, Stephanie Laborie, Franck Jolibois. Tannic acid
self-aggregation and adsorption onto a polyethersulfone membrane: An all-atom molecular dynamics
study. Journal of Membrane Science, 2024, 697, pp.122570. 10.1016/j.memsci.2024.122570 . hal-
04670537

HAL Id: hal-04670537
https://hal.inrae.fr /hal-04670537v1
Submitted on 12 Aug 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.inrae.fr/hal-04670537v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Journal of Membrane Science 697 (2024) 122570

ELSEVIER

Contents lists available at ScienceDirect
Journal of Membrane Science

journal homepage: www.elsevier.com/locate/memsci

Journal of
Membrane
Science

Check for

Tannic acid self-aggregation and adsorption onto a polyethersulfone e
membrane: An all-atom molecular dynamics study

Marie Certiat ", Johanne Teychené b Christelle Guigui b Stéphanie Laborie b Franck Jolibois "

2 LPCNO, UPS, CNRS (UMR 5215), Institut National des Sciences Appliquées (INSA), Université de Toulouse, 135 Avenue de Rangueil, F-31077, Toulouse, France
b Toulouse Biotechnology Institute (TBI), Université de Toulouse, CNRS, INRAE, INSA, Toulouse, 31077, France

ARTICLE INFO ABSTRACT

Keywords: Atomic scale modeling is crucial for characterizing the interactions responsible for fouling, which is a major
Ultrafiltration limitation in the use of membrane filtration technologies for the recovery of polyphenols. In this work, a
Fouling

methodology to model a porous ultrafiltration polyethersulfone (PES) membrane is presented. Subsequently,
various systems containing tannic acid (TA) molecules at different concentrations (9 or 30 g/L) were studied,
with two additional systems incorporating a PES membrane, through 100 ns all-atom molecular dynamics
simulations. The results show that up to 90% of the TAs are self-aggregated, associated with the formation of
intermolecular H-bond and n-stacking interactions. Furthermore, adsorption of 48-67% of the TAs onto PES was
observed. TA-PES H-bond and n-stacking interactions are also formed. The number of adsorbed TAs molecules
over time and the evolution of the mean size of TA aggregates exhibits similar temporal trends, suggesting a
parallel progression in both phenomena. Moreover, the same atoms were involved in both aggregation and
adsorption, leading to the conclusion that the two phenomena compete. These results shed light on the fouling
mechanism, which appears to occur through the formation of a cake layer combined with adsorptive fouling, and

Molecular dynamics
Tannic acid
Polyethersulfone

could support the design of new antifouling agents adapted for polyphenol filtration.

1. Introduction

The rising interest in recovering bioactive compounds from biomass,
particularly polyphenols, is attributed to their wide range of applica-
tions in pharmaceuticals, food, and cosmetics [1,2]. Among these
compounds, tannic acid (TA), the best known hydrolysable tannin [3],
found in various plant materials [4], stands out due to its numerous
health benefits, including antioxidant, anti-inflammatory, anti-bacte-
rial, anti-viral, and anti-tumor properties [5]. Extracting TA and other
polyphenols from biomass is therefore of great interest for the devel-
opment of new pharmaceutical products and dietary supplements.

Conventional polyphenol extraction from plants via solid-liquid
methods faces limitations due to the use of large amounts of costly
and environmentally unfriendly organic solvents [6,7]. In this context,
ultrafiltration (UF) membranes present an appealing alternative for
separating polyphenols, offering advantages in reduced energy and
solvent consumption [8-11]. However, the use of UF membrane is
limited by membrane fouling, a complex phenomenon encompassing
various mechanisms including foulant adsorption, cake/gel formation,
complete or intermediate/partial pore blocking and internal/standard

pore blocking [12-15]. Multiple factors, including membrane materials
and molecular weight cut-off (MWCO), solute nature and concentration,
significantly  influence membrane fouling through specific
solute-membrane interactions.

Polyethersulfone (PES) membranes, adhering to food-grade stan-
dards [16], are renowned for their good chemical, thermal and me-
chanical resistances [17,18]. Several studies have focused on the
recovery, separation, fractionation and/or concentration of polyphenols
by a PES UF membrane [19-25]. Recently, Manios et al. [26] studied the
decaffeination of ground coffee brews by a tight PES UF membrane with
a MWCO of 2 kDa. They successfully separate caffeine from polyphenols,
with 87% of polyphenols rejection ratio. Despite the presence of large
macromolecules in the feed solution, the flux reduction was only 60%
and remained stable throughout the process. Insights into the intricate
fouling mechanism of PES membranes can be obtained by varying
MWCO. Cifuentes-Cabezas et al. [27] studied two hydrophilic PES
membranes with 4 and 50 kDa MWCO. They observed that membranes
with a higher MWCO were more affected by the adsorption of poly-
phenols, followed by gel layer formation, leading to severe fouling.
Sanchez-Arévalo et al. [28] reached similar conclusions when
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comparing two PES membranes with MWCO of 5 and 30 kDa, sup-
porting the fact that membranes with low MWCO appear to be protected
against pore blocking. These results underline the complex mechanism
of PES membrane fouling by polyphenols, involving adsorptive fouling,
pore blocking, and gel layer formation. In addition, other studies have
investigated PES fouling by modifying membrane hydrophilicity. Chu
et al. [29] demonstrated that enhancing membrane hydrophilicity,
achieved via graphene-oxide coatings, correlated with reduced
permeate flux reduction. The presumed TA adsorption onto the PES
membrane could lead to reduced membrane pore size and thus promote
the formation of a cake layer responsible for reversible fouling. They
suspected that the formed TA layer is made of weak interactions,
explaining why back-washing can restore the membrane flux by
breaking this layer. On the contrary, Cai et al. [30] highlighted the
antifouling ability of hydrophobic PES membranes. Nonetheless, they
observed important polyphenol adsorption, attributing it to n-stacking
and hydrogen bonding interactions. These observations highlight the
crucial role of solute-membrane interactions in fouling phenomena and
the importance of in-depth exploration. El Rayess et al. [31] proposed a
unique fouling mechanism involving rapid tannin adsorption onto PES
membranes, followed by pore-level aggregation, potentially resulting in
pore blocking and cake layer formation. In fact, the self-aggregation of
tannins [32-34], especially TA [35,36], have been clearly identified by
Dynamics Light Scattering and Nanoparticle Tracking Analysis. TA
self-aggregation results in the formation of colloidal particles several
hundred nanometers in size, depending on solution chemistry, such as
solute concentration. This aggregation might significantly contribute to
PES membrane fouling by generating particles exceeding pore sizes or
facilitating cake layer formation, necessitating comprehensive investi-
gation. In summary, UF PES membranes hold promise in recovering
polyphenols, especially TA. However, fouling is a complex mechanism,
dependent on specific system composition and conditions. To improve
operating conditions, design better membranes, and develop effective
fouling control strategies, characterization at the atomistic-level of
membrane-solute and solute-solute interactions is essential to address
fouling limitations.

In this context, molecular dynamics (MD) simulations appear as a
method of choice to study, at the molecular level, the factors that govern
the solute-membrane interactions involved in the fouling process and
support the experimental results, as reported in recent reviews [37,38],
especially between membranes and polyphenols [39]. Notably, some
studies have modeled PES membranes and established the
foulant-membrane interactions. Ahn et al. [40] have studied fouling
through a system composed of a bulk PES structure, composed of a
polymer chain of 60 repeating units, and a model of humic acid with two
phenolic groups. They conjectured that the simulation times of 0.3 ns
were insufficient, precluding the observation of any specific
membrane-foulant interaction. Arandia et al. [41] also modeled a PES
membrane, made of a PES chain of 200 monomers, to evaluate the
fouling behavior of cellulose, through 6 ns MD simulations. They
determined the attractive and repulsive forces are involved in
foulant-foulant and membrane-foulant interactions and demonstrated
that the adsorption is exothermic, proposing temperature control to
reduce fouling. Finally, Virtanen et al. [42] have studied the adsorption
of up to 50 molecules of vanillin, a small phenolic compound, onto a PES
membrane, made of 100 PES dimers, through 320 ns MD simulations.
These simulations revealed that hydrophobic and H-bond interactions
are at the origin of vanillin adsorption. In summary, the existing theo-
retical studies on characterizing PES membrane-foulants interactions
have certain limitations. Some studies only investigate small phenolic
compounds, while others are conducted on small systems for short pe-
riods of time. Additionally, all these simulations restrict the membrane
modeling to bulk PES structures.

To address these research gaps, this study presents the outcomes of
all-atom MD simulations aimed at assessing fouling-related interactions
in larger systems, containing a polyethersulfone ultrafiltration
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membrane and tannic acid, selected as a representative polyphenol of
intermediate size. Initially, TA self-aggregation was investigated on two
large-scale systems, each containing 15 or 50 TA molecules, corre-
sponding to concentrations of 9 or 30 g/L, respectively, to evaluate the
influence of TA concentration. Subsequently, a PES membrane was
introduced into the aforementioned systems to evaluate the TA-PES
interactions responsible for TA adsorption. Consequently to the large
size of the TA-containing systems, a large PES membrane was con-
structed, made of 87 chains, each comprising 40 repeating units,
significantly surpassing those previously explored. Importantly, this PES
model incorporates UF-sized pores, implemented at the all-atom MD
level for the first time, paving the way for future innovative simulations
such as the transport of polyphenols through PES. However, this PES
model aims not to identically replicate a complex experimental mem-
brane but rather to adequately portray TA-PES interactions. These
simulations offer novel insights into the fouling mechanism of PES
membranes by polyphenols, making significant contributions to the field
and guiding the development of new strategies to mitigate fouling
issues.

2. Materials and methods
2.1. Experimental

To validate the force field parameters used and the resulting PES and
TA models, theoretical and experimental IR spectrum were compared, as
well as the density of the membrane.

2.1.1. Reagents

Tannic acid (C76Hs2046, 1701.2 g/mol) was purchased from Sigma
Aldrich (Merck, USA) and Polyethersulfone ultrafiltration membrane
(Molecular Weight Cut Off of 100 kDa) was provided by MiliporeSigma
(Merck, USA). Milli-Q water (18.2 MQ .cm) was used.

2.1.2. ATR-FTIR

The spectrum of tannic acid in ultra-pure water and of the PES
membrane were obtained using an ATR-FTIR (PerkinElmer, UK). Before
measurement, PES membranes were immersed in ultrapure water for 24
h to remove preservatives, then dried in a speed vacuum at 30 °C for 4 h.
Scanning was done in a range of 4000 - 450 cm™! at a resolution of 4
em ™. The spectrum obtained was an average of 100 scans.

2.1.3. Density

Membrane density was calculated by averaging the dimensions and
mass of 5 membranes, measured on a Sartorius balance with an accuracy
of +0.1 mg. Prior to measurement, the membranes were dried in an
oven at 30 °C for 24 h.

2.2. Computational methods

2.2.1. Parameters of simulations

All-atom classical molecular dynamics (MD) simulations were per-
formed using the NAMD software [43]. The interactions potential and
energy gradients were described with the General AMBER Force Field
(GAFF) [44]. The antechamber program [45], part of the AmberTools
package, was used to calculate the partial charges of PES and TA atoms
using the RESP charges method calculated at the HF/6-31G* level using
the Gaussian09 software [46]. TIP3P [47] model was employed to
describe water molecules.

The simulations were performed in rectangular boxes with periodic
boundary conditions (PBCs) imposed in all the directions. A 20 A cut off
was applied to calculate the van der Waals and electrostatic non-bonded
interactions. Particle Mesh Ewald summation was applied to calculate
full electrostatic interactions between atoms. All simulations followed
the same initialization procedure before the production runs. First, en-
ergy minimization was performed for 5000-10,000 steps according to
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the size of the system using the conjugate gradient algorithm. The sys-
tems were then heated from 5 to 295 K in steps of 5 K for a total
simulation time of 295 ps with an integrator time step of 1 fs in the NVT
ensemble. After this initialization procedure, MD simulations were run
in the NVT and/or NPT ensemble at 295 K with a time step of 1 fs. To
overcome convergence problems that appeared at the beginning of
simulations, it was necessary to punctually use smaller or larger time
steps ranging from 0.5 to 2 fs. Velocity Verlet propagator was used to
solve the equations of motions. Langevin thermostat was used to control
the temperature during NVT simulations. NPT simulations were
executed by adding a Nosé-Hoover Langevin piston pressure control,
with a constant pressure of 1 atm.

2.2.2. TA and PES building

Tannic acid (TA) is a complex molecule composed of a glucose core,
covalently bound through ester linkage to ten units of gallic acid. The
nomenclature used for TA atoms in the present study is described in
Figure Sla. Its initial structure was built using the Jmol software [48]
and subjected to full geometry optimization at the HF/6-31G* level
owing to the Gaussian09 suite of programs. The optimized structure was
subsequently used as the initial configuration for all molecular systems
used in the MD simulations.

The swelling of filtration membranes is known to have an important
impact on the membrane structure. Recent studies have focused on
modeling membrane swelling, by using special protocols such as simu-
lated annealing [49,50] or non-equilibrium MD with walls acting as
pistons [51,52] to facilitate water penetration. However, studies on
various hydrophobic membranes, including PIM, PBI, and PI, have
consistently reported marginal polymer dilation and limited pore
expansion upon swelling in water, with swelling factor being nearly unit
and mostly attributed to water sorption [49,52]. As a consequence,
because the PES membrane is also hydrophobic, a more straightforward
method was applied in this study to model membrane hydration, not
applying specific swelling protocols to decrease the computational cost.

A polyethersulfone (PES) polymer chain (Figure S1b) was created
from 40 repeating monomer units using the LEAP program of the
AMBER suite [53]. This PES chain has a molecular weight of 9.46 kDa, in
the same order of magnitude of commercial PES membrane of 20-150
kDa [54]; a more extensive discussion about the length of the PES chain
used in this study can be found in the description of Figure S2. The chain
was capped with a C¢Hs phenyl group on one side, and an O-CgHs group
on the other (Figure S2). Then, 87 polymer chains were placed randomly
in a simulation box using the Packmol program [55]. Because the PES
chains were initially unfolded, a larger initial box size was set up (397 A
x 394 A x 400 A). After the initialization procedure described above, a
first NVT run of 3.9 ns was performed, followed by a 19.6 ns simulation
in the NPT ensemble, leading to a stabilized box size of 179 A x 178 A x
180 A, corresponding to an intermediate PES model with a density of
0.26. PBCs have been imposed in all the MD simulations. Figure S3 and
Video S1 illustrate the construction steps.

Subsequently, water was added to system. A layer of water con-
taining 151,000 molecules was placed above the membrane along the z-
axis using Packmol. After 6.7 ns of NPT production, a 159 A x 160 A x
213 A simulation box was obtained, containing a top layer of water with
a thickness of ~60 A, and the remaining water was uniformly distrib-
uted around the membrane (Fig. 1).

2.2.3. Validation of models and associated forcefield parameters

To validate the constructed PES and TA models and the associated
force field parameters used in the simulations, theoretical calculation of
the InfraRed (IR) spectrum of these molecules was undertaken and
compared to experimental FTIR-spectra.

The previous equilibrated system containing the membrane in water
(Fig. 1) was used to compute the IR spectrum of PES. The simulated
spectrum of TA was obtained from a system containing one TA molecule
and 3462 water molecules. This last system was equilibrated for 10 ns in
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a)

Fig. 1. Final structure of the PES membrane in pure water. The PES is displayed
in gray and water is displayed in QuickSurf representation in cyan. a) Top view
of the PES membrane. Two pores are visible, perpendicular to the membrane
surface, of 8 and 13 nm maximum length and b) Side view of the PES mem-
brane. More snapshots of the PES membrane are presented in Figure S4. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

the NVT ensemble and then for 2.5 ns in NPT, with a final box size of 49
A x 46 A x 45 A. The theoretical IR spectra of PES and TA were
calculated for wavenumbers ranging from 500 to 5000 cm ™, corre-
sponding to a period of vibration modes ranging from 7 to 70 fs. After
the initialization procedure, simulations in the NVT ensemble were run
for 25 ps, for each system, which is more than 300 times higher than the
slowest normal modes, allowing good sampling of vibration frequencies.
The timestep was set to 0.5 fs, and frames were extracted every 2.5 fs,
which is more than 2 times smaller than the fastest observed
frequencies.

Theoretical IR spectra were obtained using the Fourier transform of
the dipole moment autocorrelation function computed from MD simu-
lations data [56]. Each peak was subsequently convoluted with a
Gaussian function using an arbitrary full width at half maximum, lead-
ing to a final spectrum comparable to that of the experiment. As it is
usual for the calculation of vibrational spectra by quantum chemical
methods [57-59], a scaling factor has been applied (0.94 and 0.88, for
TA and PES, respectively), to match the best experimental spectra. The
theoretical IR spectra obtained for PES and TA are shown in Fig. 2.
Table S1 summarizes the comparison of the experimental and theoret-
ical peaks of the IR spectra. As reported in Table S1, the average absolute
deviation between theoretical and experimental IR spectra is 18 and 13
cm™! for TA and PES, respectively. For both compounds, the largest
variation compared to experiment was only 42 cm ™. The variations that
have been identified are consistent in magnitude with those that have
been documented in previous research, particularly in studies that have
employed more precise methods [60,61]. Given this background, it can
be asserted with assurance that the spectra of both PES and TA are in
very good agreement with the experimental ones.

The TA and PES models used allow a qualitative (almost quantita-
tive) reproduction of the experimental IR spectra, thus validating the
parametrization of the forcefield used for these models for further
theoretical studies.

To validate the structure of the theoretical PES membrane, several
parameters have been evaluated. The structure of the PES was impacted
by the presence of water and compacted during the last NPT run (as
described section 2.2.2), resulting in a final PES membrane with pore
sizes ranging from ~3 to ~13 nm (Fig. 1), consistent with the pore size
of the UF membranes ranging from 1 to 50 nm [62]. The volume
occupied by the PES membrane was calculated without taking into ac-
count the top layer of water, resulting in a PES density of 0.34. This
theoretical density is in qualitative agreement with the density of the
PES UF membrane of 0.47, measured experimentally (see Materials and
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Fig. 2. Comparison of theoretical (solid blue line) and experimental (dashed orange line) Infrared Spectra obtained from a) PES in water and b) TA in water. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

methods 2.1.3). Moreover, the surface porosity of the PES model was
computed based on snapshot shown in Fig. la using ImageJ [63],
resulting in a theoretical PES surface porosity of 21.0%, in good agree-
ment with the experimental porosity of a commercial PES with a MWCO
of 100 kDa ranging between 10.5 and 27%, according to different
sources [64,65]. To our knowledge, this is the first time that a porous
ultrafiltration membrane was modeled at the atomic scale level.

2.2.4. Complete systems construction

In an attempt to understand the influence of several parameters on
the TA-TA aggregation and TA-PES adsorption phenomena, several
systems have been set up. First, the effect of TA concentration was
studied by creating two systems composed of 15 or 50 TA molecules
solvated in pure water, leading to a concentration of 9 or 30 g/L,
respectively. In a second step, the influence of the PES membrane was
analyzed by adding a PES membrane to the two previous systems. In all
these systems, each TA molecule was placed in a random position in the
simulation box using the Packmol program. Table S2 summarizes the
compositions of these different systems. For all the systems, the TA
concentration was calculated according to the number of water mole-
cules in the system and not by considering the volume of the simulation
box, to prevent taking into account the volume occupied by the PES
membrane.

The initial configuration of the system composed of 50 TA molecules
solvated in pure water and of the system containing the PES membrane
and 50 TA molecules solvated in pure water are presented in Figs. 3 and
7, respectively. Figure S5 shows the initial configuration of the other
systems with 15 TA molecules.

After the initialization procedure, as described above, 100 ns MD

4

-

Vi MD simulations

P s‘h-,j

y

Initial configuration
TAs colored by future aggregates

simulations were performed for each of the four systems.
3. Results and discussion
3.1. Tannic acid molecules in water

3.1.1. TA-TA interactions

Tannic acid (TA) self-aggregation is a phenomenon observed
experimentally, forming aggregates of several hundred nanometers [31,
35]. This phenomenon could be at the origin of membrane fouling.
However, the interactions that cause this self-aggregation have never
been clearly identified. It is therefore crucial to understand the in-
teractions involved in TA aggregation to better control them. Moreover,
a minimal concentration, between 0.5 and 3 g/L according to different
studies [34,35], has been shown to be necessary to observe the aggre-
gation of TA molecules. Thus, to study the interactions involved in TA
self-aggregation and to account for the effect of TA concentration, two
systems were considered, one containing 15 TA molecules (9 g/L) and
another one containing 50 TA molecules (30 g/L). In these systems, the
number of TA molecules is large enough to study TA-TA interactions and
corresponds to concentrations largely sufficient to observe the aggre-
gation, while being significantly below the TA solubility, of 300 g/L in
water [66].

Whatever the TA concentration, results presented in Table 1 show
that attractive interactions between TA molecules take place, essentially
through intermolecular hydrogen bonds (H-bonds) like interactions and
intermolecular n-stacking interactions. These interactions are at the
origin of the aggregation phenomenon observed between TA molecules.
Fig. 3 shows the initial and final configuration of the system composed of

Final configuration
TAs colored by aggregates

Fig. 3. Representation of the initial and final configuration of the system composed of 50 TA molecules in water (30 g/L). Water is displayed in QuickSurf rep-
resentation in cyan, and TAs from the same final aggregate are displayed in the same color. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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Table 1
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Interactions responsible for TA aggregation for systems composed of 15 or 50 TA molecules in water (9 or 30 g/L), in the presence or absence of a PES membrane. The
number of aggregated TAs was determined on the final system configuration, as the number of TAs within 5 A of another TA molecule. All the interactions were
averaged over the number of aggregated TAs. The intermolecular n-stacking interactions were averaged over the last 20 ns. The intermolecular H-bond interactions
were averaged over the last 10 ns. The number of O(Alcohol) ... H(Alcohol), O(Alcohol) ... H(Aromatic), O(Carbonyl) ... H(Alcohol) and O(Carbonyl) ... H(Aromatic)
interactions were counted up to a maximum interaction length of 2.5, 5, 2.5 and 3.5 A, respectively.

System Composition Number of aggregated TAs

Number of TA-TA

Number of TA-TA

the initialization procedure (see Materials and methods), the closest TA
molecules already started to aggregate, explaining why the number of
aggregated TAs does not start from 0 in Fig. 4. Then, after a rapid in-

n-Stacking H-bonds
O(Alcohol) O(Alcohol) O(Carbonyl) O(Carbonyl)
H(Alcohol) H(Aromatic) H(Alcohol) H(Aromatic)
PES + 15 TAs (9 g/L) 11 1.3 0.2 9.4 0.9 3.0
PES + 50 TAs (30 g/L) 47 1.8 0.3 13.3 0.9 2.5
15 TAs (9 g/L) 14 1.6 0.2 9.6 0.5 2.0
50 TAs (30 g/L) 46 2.2 0.5 16.1 1.1 3.0
50 TAs. More snapshots of the studied systems are displayed in
Figure S5. 4 J ! S Ll bemd]
1T B
The interaction between TA molecules was firstly followed by =
calculating the number of aggregated TAs, considering a distance of 5 A
as the upper limit for aggregation criterion. Table 1 summarizes the final z g
number of aggregated TAs in each system. A description of the formed 5 =
aggregates (number of TAs per aggregate and associated radius of gy- g — TA(9g/L) ]
ration) is given in Table 2, Table S3 and Figure S6. Fig. 4 shows the %” TA (30 g/L) _
evolution of the number of aggregated TAs over time, during the pro- & PES, TA (9 g/L)
duction part of the MD simulation. The construction of the systems ‘; — PES, TA (30 g/L) |1
involved the random placement of TA molecules, some of them being = ]
placed really close to another TA molecule (and so already considered é 1 n =
aggregated) in the initial configuration of the system. Moreover, during = lIII'I_u_lI |
100

crease of the number of aggregated TAs during about the first 25 ns of
the MD simulation, a plateau is reached around 50 ns. As a result, 14 or
46 TA molecules were aggregated for systems composed of 15 or 50 TAs,

Table 2

Description of each aggregate for systems composed of 15 or 50 TA molecules in
water (9 or 30 g/L), in the presence or absence of a PES membrane. The number
of TAs per aggregate, the number of adsorbed TAs and the radius of gyration A)
were determined on the final system configuration. For systems containing a PES
membrane, the number of directly adsorbed TAs is also indicated (adsorption
criterion: within 5 A of the PES membrane). Table S3 provides snapshots of each
aggregate.

System Number of Aggregate Characteristics
aggregate Number of TAs Number of Radius of
per aggregate adsorbed TAs gyration A)
PES + 15 3 1 1 7.5/7.8/7.9
TAs(9g/ 1 1 0 8.5
L) 2 2 2 9.3/13.3
1 7 3 16.0
PES + 50 3 1 1 7.8/8.1/8.1
TAs (30 1 2 2 9.4
g/L) 1 3 3 13.6
1 4 4 12.1
1 5 0 13.3
1 5 4 12.6
1 7 6 15.9
1 21 2 30.4
15 TAs (9 1 1 - 8.3
g/L) 1 2 - 10.5
2 3 - 10.2/10.5
1 6 - 14.4
50 TAs (30 4 1 - 7.5/7.7/8.1/
g/L) 8.7
1 3 - 11.7
1 - 15.6
1 15 - 20
1 20 - 23.5

50 60 70 80 90
Time (ns)

Fig. 4. Evolution of the number of aggregated TAs over time, for systems
composed of 15 or 50 TA molecules in water (9 or 30 g/L), in the presence or
absence of a PES membrane.

respectively, corresponding to more than 90% of TA molecules. These
results demonstrate that the aggregation is very favorable. It appears
that the trend in the number of aggregated TAs only increases over time
and reaches a plateau that corresponds to a state of equilibrium.
Moreover, the distribution of the number of TAs by aggregate as a
function of time is presented in Figure S7. These results reveal that the
formed aggregates exhibit minimal variation after 60 ns, validating the
simulation time used as sufficient to observe the aggregation process.
Hence, it can be inferred that the formed TA aggregates are stable and
stabilize the system.

To better understand this aggregation, the intermolecular TA-TA
interactions involved in aggregation were analyzed. For all analyses,
classical strong H-bonds (O-H---O) and nonclassical weak H-bonds
(C-H---0, also denoted weak interactions) are differentiated, as defined
by Karas et al. [67]. Moreover, for strong H-bonds, an angle («) defined
as O-H---O will be considered, where a required to fall within the range
of 130-180°; while for weak H-bonds the C-H---O angle must be within
the range of 90-180° [68]. Thus, four major intermolecular interactions
were identified: two H-bonds (O(Carbonyl) ... H(Alcohol) and O
(Alcohol) ... H(Alcohol)) and two weak interactions (O(Carbonyl) ... H
(Aromatic) and O(Alcohol) ... H(Aromatic)). An overview of the corre-
sponding interactions is presented in Fig. 5, showing an aggregate of 20
TA molecules found in the system composed of 50 TAs. The final number
of each type of interaction is reported in Table 1, for the four systems
studied. To avoid counting the intramolecular interactions, it was
calculated for each TA with respect to all the other TAs. The number of
interactions was then averaged over the number of aggregated TAs in



M. Certiat et al.

mr-stacking

Journal of Membrane Science 697 (2024) 122570

TP

4 ":"“";
$2.50 0% 4;. ‘
b Frg

B P ‘\L .

Fig. 5. Snapshot of TA-TA intermolecular interactions (H-bond and r-stacking) found in an aggregate of 20 TA molecules, in the system composed of 50 TA
molecules in water (30 g/L). Water is not shown for clarity. The length of the highlighted interactions is given in A.

the system.

Finally, the Radial Distribution Function (RDF) corresponding to
these intermolecular interactions was computed for a better character-
ization. Only the RDF profile calculated for 50 TAs is shown in Fig. 6, the
RDFs for the other systems being qualitatively similar (see Figure S8).
According to RDF profiles, both carbonyl and alcohol oxygens formed H-
bonds with hydrogen atoms of alcohol groups (Fig. 6, purple and blue
line, respectively). These interactions, which occur between 1.5 and 2.5
A, are the strongest, as expected, with a more probable length of ~1.8 A.
As shown in Table 1, the average number of these H-bonds is similar,
with 0.2 O(Alcohol) ... H(Alcohol) and 0.5 O(Carbonyl) ... H(Alcohol)
H-bonds per TA, for the system composed of 15 TAs. The same ten-
dencies are observed for the 50 TA system. Hydrogen atoms from the
aromatic ring are also involved in weak interactions (see definition
above) with oxygen from carbonyl or alcohol groups (See Fig. 6, orange
and pink line, respectively). The first sphere of interaction of the O
(Carbonyl) ... H(Aromatic) ranges between 2.0 and 3.5 A, with a
maximum peak height at ~2.8 A. The distance of the O(Alcohol) ... H
(Aromatic) interaction is more extensive, ranging from 2 to 5 A, with a
maximum at ~3.8 A. When comparing different interaction strengths, it
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can be noticed that those involving hydrogen of the alcohol groups were
established at shorter distances, representing stronger interactions than
those involving an aromatic hydrogen, which is consistent with the more
important polarity of O-H bonds compared to C-H bonds. Weak in-
teractions (C-H---O) can occur by two physico-chemical processes, a
direct one or an indirect one, mediated by the formation of stronger H-
bonds (O-H---0) in the vicinity of aromatic hydrogen. Quantification of
these two processes reveals that 74-93% of weak interactions are not
mediated by strongest H-bonds (see Figure S9 and Tables S4, S5). In any
case, all these interactions, even indirect weak interactions, contribute
to the self-aggregation of TA molecules and are all implied in the sta-
bility of the aggregates.

TA self-aggregation is also directed by the formation of n-stacking
intermolecular interactions. Intermolecular TA-TA =-stacking were
defined as the interaction between two aromatic rings close to less than
5 A (defined by Headen et al. as the upper limit to observe parallel
n-stacking [69]), and whose angle between the vectors normal to the
rings is smaller than n/12 radians. It is important to note that the
number of n-stacking interactions was averaged by the number of
aggregated TAs. That is to say that if two TA molecules are connected by
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Fig. 6. Radial distribution function characterizing TA-TA intermolecular interactions for the system composed of 50 TA molecules in water (30 g/L).
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Initial configuration
TAs colored by future aggregates

Final configuration
TAs colored by aggregates

Final configuration
TAs colored by adsorption

Fig. 7. Representation of the initial and final configuration of the system composed of a PES membrane and 50 TA molecules in water (30 g/L). Water is displayed in
QuickSurf representation in cyan. On the left and middle snapshots, TA molecules from the same final aggregate are displayed in the same color. On the right
snapshot, TA molecules are colored according to adsorption (adsorption criterion: within 5 A of the PES membrane; orange: adsorbed, green: not adsorbed). On the
right snapshot, water is not shown for clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

two 7-stacking interactions, there is on average one n-stacking interac-
tion per TA. But there are therefore two aromatic rings per TA (the
double) which is involved in an n-stacking interaction. The same is true
for the previously presented H-bond interactions. For the system
composed of 15 TAs, there are about 1.6 n-stacking interactions per TA.
Considering the case of simple n-stacking (each aromatic ring involved
in only one n-stacking interaction), it can be deduced that each TA has
3.2 rings involved in n-stacking. TA has ten aromatic rings, indicating
that approximately 32% of the aromatic rings are involved in intermo-
lecular n-stacking interactions. For the 30 g/L system, 44% of the aro-
matic rings are implied in intermolecular =-stacking interactions.
However, the TA-TA n-stacking residence time (Figure S10) exhibits that
in fact, during the last 2 ns of simulation, more than 50% of the aromatic
rings were involved in these interactions at least 10% of the time, for
both systems, revealing that TA-TA n-stacking represents dynamic in-
teractions, made and unmade frequently because of the flexible geom-
etry of TA molecules. Additionally, 21 and 18% of the aromatic rings are
involved in intramolecular TA-TA r-stacking, for 9 and 30 g/L systems,
respectively.

However, more complex z-stacking structures were observed,
involving multiple consecutive aromatic rings stacked together. Fig. 5
shows six aromatic cycles, from five different TA molecules, stacked
together. Considering this type of configuration, and that the number of
interactions is averaged over the number of aggregated TAs, the total
number of aromatic rings involved in n-stacking interactions is therefore
less than 32-44%. Nonetheless, this arrangement demonstrates favor-
able interconnection of the aggregated TAs, supported by the fact that
the formed aggregates do not break down during the simulation
(Figure S7), which agrees with the very stable character of their ag-
gregation in solution.

3.1.2. Effect of TA concentration on TA self-aggregation

As mentioned previously, in both systems studied, the proportion of
aggregated TAs is approximately the same at the end of the simulation, i.
e., over 90%. However, the number of O(Alcohol) ... H(Alcohol) H-
bonds per TA increases from 0.2 to 0.5 when the concentration increases
from 9 to 30 g/L. The other studied interactions follow the same trend,
in particular the number of O(Carbonyl) ... H(Alcohol) interactions,
which double from 0.5 to 1.1 interactions per TA, with the increase of
the concentration (Table 1).

Table 2 gives a description of each aggregate (number of TAs per
aggregate and associated radius of gyration) for all the systems studied.
It was observed that the largest aggregates formed were composed of
40% of the total number of TA molecules, i.e., 6 and 20 TAs for the 9 and
30 g/L systems, respectively. The formation of larger aggregates in the

30 g/L system may explain the increase in the number of TA-TA in-
teractions observed. Indeed, the greater the number of molecules
forming the aggregate, the greater the number of neighboring TAs
accessible to form interactions. This allowed the establishment of more
intermolecular interactions. In summary, increasing TA concentration
correlates with increased aggregate size and number of TA-TA in-
teractions, thus contributing to stronger aggregation.

3.2. PES membrane and TA molecules

The adsorption of polyphenols on the surface of PES membranes is a
phenomenon that contributes to membrane fouling, a mechanism that is
still not clearly understood [30]. The formation of non-covalent in-
teractions between the compounds and the membrane is at the origin of
the adsorption; however, no study has yet clearly characterized which
interactions are at the origin of the adsorption.

Therefore TA-PES interactions were analyzed to elucidate this phe-
nomenon. For this purpose, two systems composed of a PES membrane
and 15 or 50 TAs were studied by molecular dynamics, considering the
previous TA concentrations (9 or 30 g/L).

Two main phenomena were observed during these MD simulations.
On the one hand, the attractive interactions between TA molecules and
the PES membrane, through H-bond and =-stacking interactions is
observed; on the other hand, TA self-aggregation still occurs.

3.2.1. TA-PES interactions

To study the interactions involved in TA adsorption onto a PES
membrane and to account for the effect of TA concentration, two sys-
tems were considered, one containing a PES membrane and 15 TA
molecules (9 g/L) and another one containing a PES membrane and 50
TA molecules (30 g/L). In these systems, the TA concentrations are
largely sufficient to observe the interactions associated with membrane
fouling, as supported by a prior experimental study that documented
fouling of a pristine PES membrane by a TA solution at a concentration
of 10 mg/L [29]. The adsorption of a compound onto a membrane is
generally defined by a separation distance between interacting atoms
ranging from 4 to 6 A [42,70]. Here, a threshold of 5 A was thus
considered as a criterion to characterize adsorption phenomenon.
Accordingly, adsorption of several TAs on the PES membrane was
observed in both simulations. Fig. 7 shows the initial and final config-
uration of the system composed of a PES membrane and 50 TAs. More
snapshots of the studied systems are displayed in Figure S5.

Table 3 summarizes the final number of adsorbed TAs onto the PES
membrane, for different TA concentrations (9 or 30 g/L). It is observed
that 10 or 24 TA molecules are directly adsorbed for systems composed
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Interactions responsible for TA adsorption for systems composed of a PES membrane and 15 or 50 TA molecules in water (9 or 30 g/L). The number of adsorbed TAs
was determined on the final system configuration, as the number of TAs within 5 A of the PES membrane. All the interactions were averaged over the number of
adsorbed TAs. The n-stacking interactions were averaged over the last 20 ns. The H-bond interactions were averaged over the last 10 ns. The number of H(TA-Alcohol)
... O(PES-Sulfonyl), H(TA-Aromatic) ... O(PES-Sulfonyl), O(TA-Carbonyl) ... H(PES-Aromatic) and O(TA-Alcohol) ... H(PES-Aromatic) interactions were counted up to

a maximum interaction length of 2.5, 3.5, 3.5 and 5 A, respectively.

System Composition Number of adsorbed TAs Number of TA-PES

Number of TA-PES

n-Stacking H-bonds
H(TA-Alcohol) H(TA-Aromatic) O(TA-Carbonyl)... O(TA-Alcohol)
. . H(PES-Aromatic) ..
O(PES-Sulfonyl) O(PES-Sulfonyl) H(PES-Aromatic)
PES + 15 TAs (9 g/L) 10 1.1 2.0 3.3 34.6
PES + 50 TAs (30 g/L) 24 0.8 1.3 2.6 22.0

of 15 or 50 TAs, corresponding to 67 or 48% of the TA molecules present
in the system, respectively. This reflects an affinity between TA and the
PES membrane.

Moreover, individual TA molecules as well as aggregates are adsor-
bed onto the membrane (see Table 2). Indirect adsorption will be
defined as a TA molecule not directly adsorbed onto the membrane but
belonging to an aggregate adsorbed onto the membrane. For instance, in
the system composed of a PES and 50 TAs, an aggregate of 21 TAs is
adsorbed onto the membrane (colored in yellow in the middle snapshot
of Fig. 7). Only 2 TA molecules of this aggregate are within 5 A of the
membrane (colored in orange in the right snapshot of Fig. 7), and so
considered directly adsorbed. The remaining 19 TAs of this yellow
aggregate are more than 5 A away from the membrane, but they can be
considered indirectly adsorbed, because they are part of an aggregate
adsorbed onto the membrane. If one considers the total of directly and
indirectly adsorbed TA molecules, not 24 but 45 TA molecules are
adsorbed, increasing the number of adsorbed TA molecules from 48 to
90%; with only one aggregate composed of 5 TA molecules totally free in
solution. For the system composed of a PES and 15 TAs, considering both
direct and indirect adsorption leads to an increase in the number of
aggregated TAs from 67 to 93%.

However, the observed results must be put into perspective with the
simulation times which may be too short to observe the whole adsorp-
tion phenomenon. For example, as presented in Fig. 7, one TA aggregate
(displayed in yellow in the middle snapshot) is only adsorbed through a
few molecules of TA and does not maximize its contact area with the
PES. However, Figure S11 shows the minimum distance between two
atoms of TA and PES for each TA molecule at different simulation times.
It can be observed that some of the initially furthest TA molecules from
the membrane were adsorbed at the end of the 100 ns simulation. It is
safe to conclude that the simulation times used (100 ns) are long enough
to allow TAs to diffuse into the medium and finally adsorb onto the
membrane, whatever the initial distance between the TA molecule and
the PES membrane. Moreover, the TA-PES distance exhibits minimal
variation between 50 and 100 ns for most of the TA molecules, which
provides reassurance that the simulated time is adequate for the
adsorption process to reach a state of equilibrium. Nonetheless, the
simulation time may be too short to allow the observation of a larger
adsorption phenomenon of some large aggregates, which would there-
fore have a longer diffusion time. Finally, Fig. 8 describes the evolution
of the number of adsorbed TAs over time, reaching a plateau around 60
ns, suggesting again that 100 ns is sufficient to reach a state of equi-
librium. It also supports that the number of adsorbed TAs only increases
over time, approving the fact that an adsorbed TAs no longer desorbs
based on the simulation times used. This confirms the stable character,
during the simulation, of the TA-PES interactions leading to adsorption.

During adsorption, n-stacking interactions and four main TA-PES
interactions were identified: one strong H-bond (H(TA-Alcohol) ... O
(PES-Sulfonyl)), and three weak interactions (O(TA-Carbonyl) ... H
(PES-Aromatic), H(TA-Aromatic) O(PES-Sulfonyl) and O(TA-
Alcohol) ... H(PES-Aromatic)). The final number of each type of
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Fig. 8. Evolution of the number of adsorbed TAs over time, for the systems
composed of a PES membrane and 15 or 50 TA molecules in water (9 or 30 g/L).

interaction is reported in Table 3, as a function of TA concentration.

To study these interactions, the TA-PES RDF was also calculated.
Fig. 9 shows the TA-PES RDF for the system composed of a PES mem-
brane and 50 TAs (30 g/L). Figure S12 shows the similar TA-PES RDF for
the system composed of a PES membrane and 15 TAs. It appears that the
H-bond interaction between the alcohol hydrogen of TA and the oxygen
from the sulfonyl group of PES (H(TA-Alcohol) ... O(PES-Sulfonyl)) is
the strongest, as expected, with a first interaction sphere at distances
ranging from 1.5 to 2.5 A (most probable interaction length at ~1.8 A).
The two other weak interactions, between aromatic hydrogen atoms of
TA and the sulfonyl group of PES (H(TA-Aromatic) ... O(PES-Sulfonyl)),
and between the carbonyl group of TA and the aromatic hydrogen atoms
of PES (O(TA-Carbonyl) ... H(PES-Aromatic)) occur between 2.0 and
3.5 A, with an average interaction length of ~2.8 A. These interactions
correspond therefore to weaker interactions, compared to the H(TA-
Alcohol) ... O(PES-Sulfonyl) H-bond. Finally, a weak O(TA-Alcohol)
... H(PES-Aromatic) interaction was found between the oxygen groups
of TA and the aromatic hydrogen atoms of PES, ranging from 2.0 to 5.0 A
with a most probable interaction length at ~3.5 A.

As reported in Table 3, H(TA-Alcohol) ... O(PES-Sulfonyl) strong
interactions are less abundant than H(TA-Aromatic) ... O(PES-Sulfonyl)
weak interactions, respectively 0.7 and 2.0 interactions on average per
adsorbed TA, for the 9 g/L system. There are way more weak in-
teractions involving aromatic hydrogen from the PES. In fact, there are
34.6 O(TA-Alcohol) ... H(PES-Aromatic) interactions, up to 5.0 f\; and
there are 3.3 O(TA-Carbonyl) ... H(PES-Aromatic) interactions, up to
3.5 A, per adsorbed TA, involved in the adsorption of TAs onto PES.
There are 10 O(Carbonyl) groups in a TA molecule, which means that,
on average, 33% of the oxygens from the carbonyl groups of adsorbed
TAs interact with PES, at 9 g/L and 26% at 30 g/L. As previously
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Fig. 9. Radial distribution function characterizing TA-PES interactions, for the system composed of a PES membrane and 15 TA molecules in water (9 g/L).

mentioned for TA-TA interactions, weak interactions can result from a
direct or an indirect process, mediated by the formation of stronger H-
bonds nearby. Tables S6, S7 and S8 show that 75-91% of TA-PES weak
interactions are not mediated by strongest H-bonds. In any case, all these
interactions, even indirect weak interactions, contribute to the stability
of the adsorbed TA molecules.

Parallel to the formation of these peculiar interactions, n-stacking
interactions were identified between TA and PES. TA-PES rn-stacking
were defined as the interaction between two aromatic rings close to less
than 5 A, and whose angle between the vectors normal to the rings is
smaller than n/12 radians. It appears that these n-stacking interactions
are less numerous than the H-bond interactions, with approximately 1.1
and 0.8 TA-PES n-stacking interactions per adsorbed TA, for 9 and 30 g/
L systems, respectively (see Table 3).

3.2.2. TA self-aggregation vs adsorption

In the last part, the study focused on evaluating the impact of the
membrane on TA-TA interactions, and thus on the TA aggregation.
Table 1 summarizes the final number of aggregated TAs in each system,
as well as the final number of n-stacking and other interactions, for
systems composed of a PES membrane and TAs at 9 or 30 g/L and for
systems only composed of TAs at 9 or 30 g/L, allowing to study the
impact of PES on TA aggregation.

In the system composed of a PES membrane and 50 TAs, a final
number of 47 aggregated TAs is obtained, similar to the 46 aggregated
TAs found in the 50 TA system. While not impacting the final number of
aggregated TAs, the addition of the PES membrane is however associ-
ated with a slight decrease in intermolecular TA-TA interactions
involved in TA self-aggregation. In the 30 g/L systems, when the PES
membrane was added to the system, the number of TA-TA H-bond in-
teractions decrease from 0.5 to 0.3, 16.1 to 13.3 and 3.0 to 2.5 for O
(Alcohol) ... H(Alcohol), O(Alcohol) ... H(Aromatic) and O(Carbonyl)
... H(Aromatic) interactions, respectively. With regard to n-stacking
interactions, the addition of the PES membrane leads to a decrease from
1.6 to 1.3 TA-TA interactions per TA, for systems composed of 15 TAs (9
g/L).

It is interesting to notice that the same TA atoms (i.e., O(Carbonyl), H
(Aromatic), and H(Alcohol)) are involved in TA-PES and TA-TA in-
teractions. It explains the decrease in the number of TA-TA H-bond in-
teractions in the presence of PES due to competition between these
interactions. Indeed, when TA adsorbs onto the membrane, some of the
atoms are involved in TA-PES interactions and thus are not available for
TA-TA interactions. The same applies to TA-TA and TA-PES n-stacking,
which both involve aromatic rings from TA. Indeed, the TA-TA
n-stacking interactions, appearing during aggregation, also decreased
from 2.2 to 1.8 when the membrane was added to the 30 g/L system (see
Table 1).

The mechanism of PES membrane fouling by polyphenols remains
poorly understood. One of the proposed mechanisms is the rapid

adsorption of TA on the membrane, followed by aggregation of TAs at
the level of the pores, which can lead to pore blocking [31]. The present
results highlight self-aggregation of TAs and their adsorption onto the
PES membrane. Thus, a comparison of the kinetics of these two phe-
nomena, aggregation and adsorption, could help to understand how the
fouling mechanism is set up. Figs. 8 and 10, which respectively
described the number of adsorbed TAs over time and the mean number
of TAs per aggregate over time, show that the aggregation and the
adsorption occurred in parallel. Indeed, both phenomena increased
progressively during the simulation before reaching a plateau around 60
ns of simulation. TA-PES and intermolecular TA-TA interactions grad-
ually consolidate in parallel. Thus, the kinetics of aggregation and
adsorption are sufficiently similar for the concomitant formation of the
two observed phenomena.

Another interesting aspect is that there are 1.1 and 0.8 TA-PES
n-stacking interactions per adsorbed TA (for the 9 and 30 g/L systems,
respectively), corresponding to about 10% of the aromatic rings of the
TAs (Table 3). These TA-PES interactions are significantly less important
than TA-TA rn-stacking interactions which involve 32-44% of the aro-
matic rings. This difference could come from the PES membrane ge-
ometry, which is much less flexible than TA geometry, the spatial
orientation of the rings favoring n-stacking being easier for TA molecules
to reach.

In the simulations, TAs were neither aggregated nor adsorbed in the
starting configuration. It has been shown that TA-TA and TA-PES in-
teractions are formed in parallel, and that the establishment of TA-PES
interactions reduces the number of TA-TA interactions. Accordingly, it
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Fig. 10. Evolution of the mean number of TAs per aggregate over time, for the
systems composed of 15 or 50 TA molecules in water (9 or 30 g/L), in the
presence or absence of the PES membrane.
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would be interesting to investigate the impact of the addition of the PES
membrane on a system in which the TAs are already aggregated.

3.2.3. TA and PES solvation

In the MD simulations, interactions between water molecules and TA
were observed. Specifically, some water molecules were found trapped
within the aggregates, presumably contributing to the aggregate’s
structure and stability. Moreover, water molecules bridging some hy-
drophilic groups (alcohol and carbonyl) of different TAs within an
aggregate were also observed. It is essential to note that our focus was
primarily on direct TA-TA interactions and that these indirect TA-TA
interactions mediated by water molecules were not extensively
explored. As a result, the number of TA-TA interactions may have been
underestimated by not taking into account the water mediated in-
teractions. However, no water molecules were observed intercalating
between the aromatic cycles engaged in TA-TA n-stacking interactions,
as expected regarding the hydrophobicity of these functional groups.

Further investigations have been made about the interactions of TAs
with water molecules. Table S9 details the difference of the number of
water molecules within 3.5 A of the TAs at the beginning and end of the
MD simulations. Notably, in the system composed of a PES membrane
and 50 TAs, the number of water molecules around TAs decreases by
34% during the simulation. No significant difference is observed be-
tween TAs that are only aggregated, only adsorbed, and both adsorbed
and aggregated, with a reduction of the number of water molecules of
30%, 20%, and 32%, respectively. Interestingly, for the system
composed of 50 TAs, it is observed that for the TAs that are neither
aggregated nor adsorbed there is still a decrease of 17% in solvating
water molecules, suggesting a modification in TA conformation during
the MD simulation even without direct TA-TA or TA-PES interactions.

To deepen the understanding of the observed reduction of TA sol-
vation, Fig. 11 shows the TA-water RDFs for the system composed of a
PES membrane and 50 TAs (30 g/L), with solid lines for the first 10 ns
and dashed lines for the last 10 ns of the simulation, aiming at studying
the evolution of TA solvation. The RDFs for the other systems being
qualitatively similar are not presented here (see Figure S13). The aro-
matic cycles of TA do not interact strongly with water (Fig. 11a). Spe-
cifically, the first hydration shell of aromatic carbon of TA has a most
probable length of ~4.2 A, corresponding to the C(TA-Aromatic) ... H
(Water) interaction, indicating minimal hydration of the aromatic cy-
cles. Similarly, the H(TA-Aromatic) ... O(Water) interaction indicates
that the hydration sphere of the aromatic hydrogen of TA ranges from 2
to 4 A with a most probable distance length of ~2.8 A, signifying a
relatively weak interaction. Additionally, the density of interactions
between water and TA aromatic atoms decreases towards the end of the
simulation, suggesting that, during TA adsorption and aggregation, the
hydrophobic parts of TA effectively shielded themselves from water. In
contrast, alcohol groups displayed stronger interactions with water
(Fig. 11b). A O(TA-Alcohol) ... H(Water) interaction is observed at
distances ranging from 1.5 to 2.5 A, corresponding to a strong
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interaction with a most probable length of ~1.9 A. Moreover, hydrogen
from the alcohol group of TA interacts strongly with the oxygen of
water, at a short distance of ~1.8 A. A slight decrease in the density of
water molecules around the atoms of the alcohol groups by the end of
the simulation is observed. It is attributed to some alcohol groups being
located inside the aggregates and not exposed to the solvent. However,
this diminution was markedly less pronounced than the substantial drop
observed for atoms of the aromatic groups. This indicates that hydration
of the more hydrophilic groups (alcohol groups) is less affected by ag-
gregation and adsorption than hydrophobic groups of TA. These results
suggest that TA aggregation and adsorption is favorable in water.
Indeed, the overall TA solvation decreases as hydrophobic groups
engage in n-stacking interactions to minimize water interaction, while
the hydrophilic groups located at the TA molecule’s periphery remain
exposed to water.

Regarding PES-water interactions, a similar trend is observed
(Figure S14). A reduction of the solvation of the PES membrane is
observed (Table S9), in line with the hydrophobic character of the
membrane, benefiting from TA adsorption to enhance TA-PES in-
teractions and minimize PES-water interactions. See the discussion on
Figure S14 for a detailed characterization of PES-water interactions.

4. Conclusions

In summary, all-atom MD simulations were conducted to charac-
terize the interactions involved in the fouling process during the filtra-
tion of tannic acid (TA) by a polyethersulfone (PES) membrane. A
porous PES membrane with pore size ranging from 3 to 13 nm, in the
range of the UF membranes, was modeled. The PES and TA model were
validated by the good reproduction of experimental IR spectra from MD
simulations, as well as membrane density and surface porosity. Four
systems, containing 15 or 50 TA molecules, corresponding to a con-
centration of 9 or 30 g/L, respectively, were studied in the presence or
the absence of a PES membrane.

TA self-aggregation was investigated and up to 90% of TA molecules
were aggregated, revealing the very stable character of the aggregation,
according to previous experimental observations. Four main H-bond
interactions were associated to the aggregation, involving the hydrogen
atoms from the alcohol and aromatic groups as donor and the oxygens
from the alcohol and carbonyl groups as acceptor. Interactions forming
via the hydrogen from the alcohol groups, as H-bond donors, were the
strongest, in accordance with the higher polarity of the O-H bonds
compared to C-H bonds. Intermolecular TA-TA n-stacking interactions
were also identified as key interactions controlling the aggregation
phenomenon.

The adsorption of TA onto the PES membrane was observed in the
simulations. H-bond interaction between the oxygen from the sulfonyl
group of PES and hydrogen from the alcohol group of the TA was the
strongest one. However, more than four times as many interactions were
found between the carbonyl group of the TA and aromatic hydrogen of

— O(Alcohol) - H(Water)

. . ) — H(Alcohol) - O(Water)

5 6 7 8 9 10
Distance (A)

o
w
&

Fig. 11. Radial distribution function characterizing TA-water interactions, for the system composed of a PES membrane and 50 TA molecules in water (30 g/L). Solid
lines correspond to the RDF calculated during the first 10 ns of the simulation and dashed lines to the RDF calculated from the last 10 ns of the simulation. RDFs are
presented for water interacting with different functional groups of TA: a) Aromatic rings and b) Alcohol.
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the PES, implying that the adsorption occurs not only through the sul-
fonyl group of the membrane but also through weaker interactions
involving aromatic rings of the PES. Moreover, TA-PES r-stacking in-
teractions were also an important contribution to the adsorption.

The adsorption and the self-aggregation of TA molecules are two
phenomena that occurred in parallel and are in competition as the same
groups of atoms are implied in TA-TA and TA-PES interactions. Then TA-
PES interactions should be regulated by controlling the TA aggregation.
Moreover, ~50% of the TAs were directly adsorbed while an additional
40% was indirectly adsorbed onto the surface through aggregation,
meaning that, even if there are only a few TA molecules free in solutions,
not all the TAs are directly interacting with the PES surface. These re-
sults suggest that both adsorptive fouling and the formation of a cake
layer composed of aggregated TAs should be at the origin of the fouling
of the membrane. Comparing the strength of TA-PES and TA-TA in-
teractions would represent interesting future investigations to deter-
mine which of the adsorptive fouling or cake layer formation is
associated with more severe fouling.

Finally, higher TA concentration (30 g/L) leads to the formation of
bigger aggregates and more intermolecular TA-TA interactions, sug-
gesting the formation of more strongly interacting aggregates, harder to
break. As the aggregation of TAs could lead to fouling by forming large
particles leading to complete or partial pore blocking, as well as pro-
moting the formation of a cake layer, the control of the TA concentration
may help control fouling.
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