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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Molecular Dynamic simulations
revealed a non-monotonic effect of pH
on tannic acid (TA) self-aggregation.

• At low pH, fully protonated TAs pro-
mote TA-TA interactions and the for-
mation of large aggregates.

• The formation of TA-H3O+-TA bridges
explained the large aggregates found at
high pH.

• Electrostatic repulsion induced by
negatively charged TA increased with
pH leading to the formation of less
dense aggregates.
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A B S T R A C T

Colloidal fouling of polymeric membranes is still a limiting factor in the use of filtration for polyphenol recovery.
In this context, understanding the self-aggregation mechanisms of tannic acid (TA) is of great importance. In this
study, molecular dynamics simulations were performed to investigate the effect of pH on TA self-aggregation.
The results show a non-monotonic relationship between pH and TA self-aggregation, with different mecha-
nisms observed for different pH conditions. At an intermediate pH, the moderate deprotonation of TAs is
associated with electrostatic repulsion between the molecules, resulting in the formation of aggregates composed
of a small number of TAs. Then, at lower pH, fully protonated TA molecules promote the aggregation of a larger
number of TAs because of the reduced electrostatic repulsion. Conversely, at higher pH, despite the increased
negative charge of TAs leading to important electrostatic repulsion, the formation of cationic TA-H3O+-TA
bridges favours aggregation, enhancing the number of TAs per aggregate in comparison to an intermediate pH.
Finally, analysis of the size and density of the aggregates shows that at higher pH less dense aggregates are
formed, because of repulsion between molecules, resulting in colloid particles of larger size compared to ag-
gregates formed from the same number of molecules at low pH. These results provide valuable insights into the
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pH-dependent mechanisms of TA self-aggregation, which are crucial for adjusting operating conditions to control
membrane fouling and for designing effective filtration processes.

1. Introduction

Polyphenols are increasingly attracting interest due to their potential
health benefits. These compounds, known for their antioxidant proper-
ties, can be found in a wide variety of plant-based food and beverages [1,
2]. Tannic acid (TA) is a biomolecule classified as a hydrolysable tannin,
and belongs to the large polyphenol family. This compound, alongside
tannins in general, has been extensively studied due to its diverse ap-
plications. Its stabilising and reducing properties are used for the syn-
thesis of metal nanoparticles such as gold, copper, silver, and nickel
[3–6]. In the leather industry, TA penetrates hides, interacting with
collagen fibres to produce stable leather possessing favourable physical
properties [7–9]. Within the wood industry, tannins serve as potent
antifungal agents, disrupting fungal pathogen membranes and present-
ing promise as wood preservatives [10–12]. Furthermore, the antibac-
terial, antiviral, antioxidant, anti-inflammatory, antitumor, and
cardioprotective properties of TA position it as a good candidate for
pharmaceutical applications [13–16]. However, it is essential to
acknowledge that TA is also considered as a pollutant due to its eco-
toxicity and phytotoxicity [17], which has led to studies into its removal
from water sources [18–20].

Among the various techniques used to extract polyphenols, mem-
brane separation, specifically ultrafiltration (UF), has attracted attention
due to the economic and ecological aspect of this process [21–23],
compared to standard solid-liquid extraction methods requiring the use
of large amounts of organic solvents [24,25]. UF employs
semi-permeable membranes to selectively separate substances based on
both size and charge exclusion [26–28]. This process has demonstrated
significant potential in the recovery or separation of biomolecules from
the biomass, including polyphenols [29–31].

Consequently, the utilisation of UF membranes for TA recovery, or
removal, has gained interest [32–34]. Nonetheless, membrane fouling
remains a challenging obstacle to the efficient recovery of TA and other
tannin via filtration processes [35,36]. One proposed mechanism of
membrane fouling involves solute adsorption onto membrane surfaces,
followed by tannin self-aggregation into colloidal particles, leading to
cake layer formation and pore blocking [37]. Vernhet and Moutounet
[38] explored the fouling mechanism of a polyethersulfone (PES)
membrane by a polyphenol solution containing tannin molecules. They
conclude that deposition of polyphenols onto the membrane is not the
only reason for membrane fouling and that solute-solute interactions,
leading to colloid formation within the pores, is a critical component of
membrane fouling. Their findings underscore the necessity for a more
comprehensive understanding of solute interactions in wine, crucial for
elucidating membrane fouling mechanisms. Similarly, Susanto et al.
[39] reported fouling of UF PES membranes during phenolic compounds
filtration from green tea. They emphasised the significant role of
membrane-solute-solute interactions in promoting the adsorption of
aggregated molecules onto the membrane surfaces. Notably, they
observed that pH significantly influences fouling, with less pronounced
fouling at higher pH values within the studied range of 3–10. The au-
thors suggested that the adsorption of polyphenols is more important at
lower pH, with fully protonated molecules being associated with a
reduced electrostatic repulsion with the membrane surface. Subsequent
studies have also highlighted the important role of pH in membrane
fouling during polyphenol filtration, noting severe fouling at acidic pH
levels below ~6 [40,41].

TA contains 25 hydroxyl (-OH) functional groups, which can un-
dergo deprotonation as the pH of the solution increases, leading to the
formation of polyanionic TA. The pKa value of TA is essential for esti-
mating its charge at different pH values; however, reported TA’s pKa

values exhibit significant variability, ranging from 2.2 to 8.5, probably
explained by different operating conditions such as varying ionic
strength [42–45]. Additionally, TA exhibits instability at pH above 6–8,
attributed to its oxidation via hydrolysis and the subsequent formation
of gallic acid [46–49]. Research by An et al. [50] indicates that TA’s
surface charge is nearly 0 at pH below 4.5, while at pH 9, each TA carries
an average of four negative charges contributing to the surface charge of
TA aggregates. They further report that the degree of dissociation of TA
is close to 0 at pH below 4.5, indicating full protonation of TA, whereas
at pH 7, a degree of dissociation of 0.99 suggests complete deprotona-
tion. Along with these results, Dultz et al. [46] have observed a linear
decrease in the surface charge of TA from pH 5 to 10, suggesting that TA
is predominantly protonated at pH levels below 5. They describe TA
self-aggregation as dependent on TA concentration and pH, with particle
sizes ranging from 300 to 3000 nm under different operating conditions.
Interestingly, their findings demonstrate that smaller TA aggregates
form at an intermediate pH of 3–7.5, indicating that the formation of
larger aggregates at both low and high pH can not be explained by the
same mechanism.

In summary, TA self-aggregation is influenced by pH and directly
impacts UF membrane separation and fouling. However, the precise
influence of TA deprotonation on the mechanism of TA aggregate for-
mation remains unclear. Given the critical role of TA self-aggregation in
membrane fouling, a molecular-level investigation into the influence of
pH on TA self-aggregation is imperative. Previous theoretical studies
have explored the aggregation behaviour of condensed tannins using
molecular dynamics (MD) simulations [51,52]. Bronco et al. [53] con-
ducted 10 ns MD simulations, revealing that catechin’s self-aggregation,
facilitated by Cr3+ presence, is driven by intermolecular tannin-tannin
interactions, with alcohol group hydration contributing to aggregate
stabilisation. Similarly, Nedaei et al. [54] ran 20 ns MD simulations to
investigate the aggregation kinetics of various small polyphenols such as
curcumin, quercetin, and rosmarinic acid, highlighting their distinct
impacts on amyloid aggregation. However, these studies primarily focus
on small polyphenolic compounds with relatively short simulation
times, and none of them have accounted for the influence of pH on
self-aggregation.

Our previous work focused on the description of the self-aggregation
of TA, as a representative polyphenol of intermediate size [55]. Four
main hydrogen bonds were identified as intermolecular interactions
responsible for the formation of aggregates. П-stacking interactions
were also identified as playing a key role in the aggregation process, in
particular by reducing the exposition of hydrophobic parts of TAs to
water. In the present study, we extend this previous work focusing on
neutral TA molecules, TA[0], by evaluating two supplementary systems,
composed of negatively charged TAs, TA[5-] and TA[15-], to represent
increased pH with deprotonation of TA molecules. The characterisation
of the formed aggregates involved examining parameters such as the
number of TAs per aggregate, as well as analysing the aggregate’s radius
of gyration and density. Furthermore, exploring the interactions of
cations present in solution with TAs shed light on the mechanisms un-
derlying tannic acid aggregation across various pH conditions. This
study aimed at understanding the impact of pH on TA self-aggregation as
it was identified as a parameter implied in membrane fouling by the
formation of a cake layer.

2. Materials and methods

2.1. Parameters of simulations

Simulation protocols and parameters were set identical to the ones
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used in a previous theoretical study on tannic acid aggregates [55]. The
NAMD software was used to run all-atom classical molecular dynamics
(MD) simulations [56]. General AMBER Force Field (GAFF) was
employed to describe the interaction potential and energy gradients
[57]. The partial charges of atoms of the charged TA species were
calculated using the RESP charges method at the HF/6–31 G** level,
thanks to the antechamber program [58], which is part of the Amber-
tools Package [59] and Gaussian09 software [60]. Water molecules and
H3O+ ions were described using the TIP3P model [61] and the 12–6
Li-Merz monovalent ion parameters [62], respectively.

Rectangular boxes were used for the simulations, and periodic
boundary conditions (PBCs) were applied in all directions. The van der
Waals and electrostatic non-bonded interactions were computed using a
20 Å cutoff. The full electrostatic interactions between atoms were
calculated using the Particle Mesh Ewald (PME) summation [63]. The
equations of motion were resolved by using the Velocity Verlet propa-
gator [64]. Throughout NVT simulations, a Langevin thermostat was
employed to regulate the temperature. A Nosé-Hoover Langevin piston
pressure control was added for NPT simulations, with a constant pres-
sure of 1 atm.

Before the production runs, the initialisation process was the same
for all simulations. Energy minimisation was first carried out using the
conjugate gradient algorithm. Next, the systems were 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. Following this initi-
alisation process, 100 nsMD simulations were performed at 295 Kwith a
time step of 1 fs in the NPT ensemble followed by the NVT ensemble.

2.2. TA building and systems construction

As stated in the introduction part, it is well-established that pH
significantly impacts the degree of dissociation, i.e. the negative charge,
of tannic acid, with increasing pH resulting in the deprotonation of the
alcohol groups [50]. To investigate the influence of pH on the
self-aggregation of tannic acid (TA) molecules, three TA species were
selected, each carrying a different charge.

In a previous work, the aggregation behaviour of neutral TA mole-
cules has been the focus of study [55]. In the present study, we have
extended the scope of our analysis to include two additional systems:
one composed of TA anions, each carrying 5 negative charges, noted TA
[5-], and another system with TAs carrying 15 negative charges, noted
TA[15-]. An et al. [50] reported the degree of dissociation of tannic acid

at different pH values, observing that TA is almost fully deprotonated at
pH 7, and almost fully protonated at pH lower than 4. Hence, the fully
protonated TAs in the TA[0] system correspond to a pH lower than 4.
According to these experimental results, it can be estimated (from
Table 1 in [50]) that TA[5-] anions, corresponding to 20 % of dissoci-
ation are associated to a pH between 4 and 5, and the TA[15-] anions
corresponding to TAs with 60 % of deprotonation corresponds to a pH
ranging from 5 to 6.

The molecular structures of charged tannic acids TA[5-] and TA[15-]
are depicted in Fig. 1. TA consists of five digallic acid units linked by
ester bonds to a glucose core. For the TA[5-] anions, deprotonation was
arbitrarily considered on one of the alcohol groups located at the
outermost periphery of each of the five units constituting tannic acid.
For the TA[15-] anions, deprotonation was applied to the three pe-
ripheral alcohol groups on each of the five units of tannic acid.

Three systems were constructed according to our previous work
[55], each containing 50 TAs species randomly placed in the simulation
box: the first one was composed of 50 neutral TA[0] molecules, the
second of 50 charged TA[5-] anions and the last one of 50 TA[15-] an-
ions. Approximately 156,000 water molecules were added in each sys-
tem, to achieve a TA concentration of 30 g/L within a simulation box
sized at 167.5 Å× 167.5 Å× 167.5 Å3. Additionally, 250 and 750 H3O+

cations were added to counterbalance the overall negative charges of the
TA anions in the TA[5-] and TA[15-] systems, respectively.

3. Results

3.1. Time dependent TAs aggregation

In a prior investigation [55], the self-aggregation behaviour of
neutral TA, TA[0], was studied and serves as a reference point for
comparison in the current analysis. The impact of pH is investigated by
exploring two supplementary systems composed of negatively charged
TA molecules, TA[5-] and TA[15-].

The final configuration of these systems is presented in Fig. 2,
revealing that at the end of the simulations, most of the TAs are aggre-
gated, forming colloid particles, in all the studied systems. One TA
molecule is considered aggregated if there is another TA molecule
within a distance of 5 Å from it. Moreover, a TA aggregate is defined as a
network of interconnected TA molecules.To better describe the TA self-
aggregation, Fig. 3 shows the evolution of the number of aggregated TAs
during the MD simulations. First, it is noteworthy that the initial number

Fig. 1. Structure of the different negatively charged TA: a) TA[5-] and b) TA[15-]. Oxygen atoms with a negative charge are highlighted in red.
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of aggregated TAs during the production part of the MD (corresponding
to 0 ns in Fig. 3) varies across the three systems, with 21, 35, and 6
aggregated TAs observed for the TA[0], TA[5-], and TA[15-] systems,
respectively. As stated previously, TAs were randomly positioned within
the simulation box, resulting in some TAs being placed at less than 5 Å of
each other in the initial configuration of the system. Consequently, prior
to any simulations, the initial configurations of the TA[0], TA[5-], and
TA[15-] systems included 24, 32, and 20 TAs, respectively, already
considered as aggregated because of their initial proximity. Then, an
initialisation process, composed of energy minimisation and heating of
the system, was conducted. Aminor evolution in the count of aggregated
TAs was observed for the TA[0] and TA[5-] systems, decreasing from 24
to 21 and increasing from 32 to 35, respectively. Conversely, for the TA
[15-] system, the number of aggregated TAs drastically decreased from
20 to 6 during the initialisation of the system, attributed to electrostatic
repulsion between negatively charged TAs. Therefore, the different
starting points observed at 0 ns in Fig. 3 are not only attributed to the
initial random placement of TA molecules but also to their interactions
during the initialisation, especially for the TA[15-] systems which un-
dergoes a significant diminution of the number of aggregated TAs during
this process.

After this initialisation process, 100 ns of MD simulations were
conducted and the global trend shows that the number of aggregated

TAs increases during the MD simulations for the three studied systems.
The final number of aggregated TAs is equivalent, corresponding to 46,
42, and 45 for the TA[0], TA[5-], and TA[15-] systems, respectively
(Fig. 3, Table 1). However, the kinetics of aggregation varies notably
among the different systems. For instance, in the TA[0] system, which
comprises neutral molecules, the number of aggregated TAs increases
and reaches a plateau around 50 ns, while ~80–90 ns are needed for the
TA[5-] and TA[15-] systems.

Moreover, for both systems composed of negatively charged TAs,
there is a brief period of decrease in the number of aggregated TAs
during the initial 2–3 ns of the production part, before it increases for
the rest of the MD simulations. This decrease in the number of aggre-
gated TAs is more pronounced for TA[15-] than for the TA[5-] system.
Indeed, for TA[15-], the number of aggregated TAs decreases to 0, while
in the TA[5-] system it decreases only to 24 aggregated TAs, during the
same period.

These results demonstrate that the negative charge of TAs does not
impact the final number of aggregated TAs. Nonetheless, a slower ki-
netics of aggregation is observed for negatively charged TAs when
compared to neutral ones. This phenomenon can be ascribed to the
electrostatic repulsion between the negatively charged TAs. This elec-
trostatic repulsion is responsible for the observed initial decrease in the
number of aggregated TAs and it is more important for the TA[15-]
system, with the largest negative charge. However, a reorganisation of
the system must occur, as the number of aggregated TAs increases
rapidly after the initial repulsion phase in the TA[5-] and TA[15-] sys-
tems. The possible causes of this behaviour are discussed in the
following sections.

3.2. TAs aggregate composition

The characterisation of the TAs aggregates was first undertaken by
studying the composition of the TA aggregates formed. The distribution
of the number of TAs per aggregate is depicted in Fig. 4 for the three
studied systems. After 100 ns of production MD simulation, the TA[0]
system is composed of 4 non-aggregated TA molecules and 4 aggregates
containing 3, 8, 15, and 20 molecules. The TA[5-] system is composed of
8 isolated TAs, and only aggregates composed of a small number of TAs,
ranging from 2 to 5 compounds. There are 5 non-aggregated TAs and
small aggregates composed of 2 or 3 TAs, as well as two larger aggre-
gates containing 9 and 17 TAs in TA[15-]. The number of isolated TAs is
the lowest in TA[0] and the highest in TA[5-]. The highest number of
TAs per aggregate is found in the TA[0] system, unlike system TA[5-],
whose largest aggregate is made up of just 5 TAs. Finally TA[15-] cor-
responds to an intermediate state of aggregation in comparison to the
two other systems. These results suggest that TA[5-], with an interme-
diate negative global charge, emerges as the least favourable for TA self-
aggregation, despite the higher negative charge carried by TAs in TA

Fig. 2. Snapshots of the final configuration, after 100 ns of MD simulations, of a) TA[0], b) TA[5-] and c) TA[15-]. For each system, TAs belonging to the same
aggregate are displayed in the same colour, with the exception of non-aggregated TAs, which are displayed in red. Water is displayed in QuickSurf representation in
cyan. H3O+ cations are not displayed in TA[5-] and TA[15-] for better clarity. More snapshots of the systems are presented in Fig. S1.

Fig. 3. Evolution of the number of aggregated TAs during the MD simulations,
for the TA[0] (yellow), TA[5-] (red) and TA[15-] (blue) systems. Solid lines
correspond to the fitted data and dashed lines to the raw data. Fitting of the raw
data was made using the curve_fit() function in the optimise module of SciPy, a
Python library.
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Table 1
Interactions responsible for TA aggregation. The number of aggregated TAs was determined on the final system configuration, as the number of TAs within 5 Å of
another TA compound. All the interactions were averaged over the number of aggregated TAs. The intermolecular π-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), O(Carbonyl) … H(Aromatic), O(-) … H(Alcohol) and O(-) … H(Aromatic) interactions were counted up to a maximum interaction length of 2.5, 5, 2.5, 3.5,
2.5 and 3.0 Å, respectively.

System
Composition

Number of
aggregated TAs

Number of TA-
TA π-Stacking

Number of TA-TA H-bonds

O(Alcohol) …
H(Alcohol)

O(Alcohol) … H
(Aromatic)

O(Carbonyl) …
H(Alcohol)

O(Carbonyl) …
H(Aromatic)

O(-) … H
(Alcohol)

O(-) … H
(Aromatic)

50 TA[0] 46 2.2 0.5 16.1 1.1 3.0 - -
50 TA[5-] 42 1.2 0.1 7.4 0.5 2.0 0.1 0.1
50 TA[15-] 45 0.2 0.0 1.1 0.0 0.5 0.1 0.8

Fig. 4. Distribution of the number of TAs per aggregate, calculated on the final configuration of the TA[0] (yellow), TA[5-] (red) and TA[15-] (blue) systems.

Fig. 5. Radius of gyration (in Å) as a function of the number of TAs per aggregate, calculated on the final configuration of the TA[0] (yellow), TA[5-] (red) and TA
[15-] (blue) systems.
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[15-]. Specifically, the system TA[15-] forms a large aggregate of 17
TAs, whereas TA[5-] does not exceed aggregate structures composed of
more than 5 TAs. These observations highlight a non-monotonic effect of
pH on aggregation, indicating that the electrostatic repulsion between
negatively charged TAs is not the only factor influencing the number of
TAs per aggregate. Investigation of the interactions in solution will be
undertaken in a later section to deepen the understanding of this
phenomenon.

3.3. TAs aggregate size and density

TAs aggregates were also characterised in terms of size and density.
To estimate the size of the TAs aggregates, the radius of gyration, Rg, as
a function of the number of TAs per aggregates is reported in Fig. 5. As
expected, in each system, Rg increases with the number of TAs per
aggregate. Furthermore, the impact of the global charge onto Rg dis-
plays a disparity that becomes more pronounced as the number of TAs
per aggregate increases. Indeed, an aggregate composed of 8 TAs has a
Rg of 15.6 Å for the TA[0] system, whereas an aggregate composed of
just one additional TA, i.e. 9 TAs, has a significantly larger Rg of 23.9 Å
for the TA[15-]. In the same way, an aggregate made of 17 TAs with a Rg
of 43.7 Å is found in TA[15-], far exceeding the largest Rg of 20.0 and
23.5 Å of the aggregates made of 15 and 20 TAs, respectively, in the TA
[0] system. It suggests that, for the larger aggregates found, as the
negative charge of the TAs increases, the aggregates exhibit a larger
radius of gyration, for an equivalent number of TAs per aggregate. This
can be attributed to the negative charges on the TA anions leading to
electrostatic repulsion between the TAs, resulting in the expansion of the
aggregate size. This difference is less pronounced for the smaller
aggregates.

Nevertheless, the highest Rg of TAs aggregate is 23.5, 15.0 and
43.7 Å, for the TA[0], TA[5-] and TA[15-] systems, despite the fact that
the maximum number of TAs per aggregate is really different for the
different systems. These results correlate with experimental observa-
tions reported by Dultz et al. [46], describing the formation of smaller
TAs aggregate, with a hydrodynamic diameter of 300–400 nm at an
intermediate pH, ranging from 3 to 7.5. Larger hydrodynamic diameters
of TAs aggregate of ~600 nmwere found for pH smaller than 3 and even

larger aggregates of up to 3800 nm were observed for pH greater than
7.5. These experimental results were explained as follows: at low pH, the
reduction in the negative charge of TAs reduces the electrostatic
repulsion and promotes aggregation; while at high pH electrostatic
repulsion is associated with an expansion in the size of the aggregates
formed. The results obtained in this study are consistent with the
experimental findings. However, an additional crucial information
emerges from the analysis of MD simulations: the presence of larger
aggregate diameters at higher pH, is not only associated with an increase
of electrostatic repulsion leading to the aggregate expansion, but also
with a greater number of TAs per aggregate. In other words, in the TA
[15-] system, the large Rg observed are attributed to both the
decrease in the density of the aggregate due to electrostatic repulsion
and the increase in the number of TAs per aggregate, compared to sys-
tem TA[5-]. One might anticipate that as the negative charge enhances,
leading to greater repulsion between TAs, the number of TAs per
aggregate would decrease; however, this is not what is observed. In fact,
as stated previously, aggregates consisting of a larger number of TAs is
observed for TA[15-] than TA[5-], suggesting the presence of an addi-
tional mechanism, needing to explore the TA-TA and TA-solvent
interactions.

The density also represents an important characteristic of the ag-
gregates. The density was calculated has described by Pétuya et al. [65],
by extracting the eigenvalues of the gyration tensor of the TAs aggregate
and computing the volume of an hypothetical effective ellipsoid having
the same principal moments as the gyration tensor. In Fig. 6, it can be
observed that the density of the aggregates in TA[0] is equivalent
regardless of the number of TAs per aggregate, with a density ranging
between 0.73 and 1.02 g/cm3 for non-aggregated molecules and a
density of 0.70 g/cm3 for the largest aggregate composed of 20 TAs.
Similarly for TA[5-], where the density varies between 0.48 and
1.15 g/cm3 depending on the number of TAs. However, for the TA[15-]
system, a significant decrease in density is observed with an increasing
number of TAs per aggregate, with a density of 0.92–1.30 g/cm3 for
isolated TAs and a density of 0.10 g/cm3 for the aggregate composed of
17 TAs. These results complement those previously presented regarding
the radius of gyration of the aggregates. Indeed, the density of the ag-
gregates is much lower for the TA[15-] system than for the TA[0]

Fig. 6. Density (in g/cm3) as a function of the number of TAs per aggregate, calculated on the final configuration of the TA[0] (yellow), TA[5-] (red) and TA[15-]
(blue) systems.
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system, where the density of the aggregates composed of the largest
number of TAs is respectively 0.73 and 0.10 g/cm3. Furthermore, the
decrease in density in the TA[15-] system is an interesting aspect, which
can be explained by the shape of the aggregates. The aggregate made of
17 TAs in TA[15-], represented in cyan in Fig. 2c, has a three-pointed
star shape. The diameter of this aggregate is very large, it is easily
observed that the sphere it occupies is far from being filled, resulting in a
very low density value. In contrast, in the TA[0] system, the size of the
aggregates increases linearly with the number of molecules composing
them, highlighting the compactness of these aggregates.

3.4. Intermolecular TA-TA interactions

Characterisation of the intermolecular interactions taking place was
undertaken to better understand the structures of TA aggregates.

In our previous work, it was revealed that the intermolecular TA-TA
interactions responsible for TA self-aggregation in a neutral system, TA
[0], are made of π-stacking and H-bond (hydrogen bond) interactions.
Specifically, four main intermolecular TA-TA interactions were identi-
fied: two strong H-bonds (O(Carbonyl) … H(Alcohol) and O(Alcohol) …
H(Alcohol)) and two weak H-bonds (O(Carbonyl) … H(Aromatic) and O
(Alcohol) … H(Aromatic)). As defined by Karas et al. [66], classical
strong H-bonds (O–H⋯O) and nonclassical weak H-bonds (C–H⋯O, also
denoted weak interactions) are differentiated. Accordingly, an α angle of
130–180◦ was used to characterise the O–H⋯O angle in strong H-bonds,
while an C–H⋯O angle of 90–180◦ is considered for weak H-bonds.

For charged TA, two additional H-bonds appear, due to the presence
of negatively charged oxygen: the strong O(-) … H(Alcohol) and the
weak O(-) … H(Aromatic) H-bond. The radial distribution function
(RDF) of TA-TA intermolecular interactions for the TA[5-] system is
presented in Fig. 7. TA-TA RDFs of the other systems are presented in the
supplementary data (see Figure S2). The O(-)… H(Alcohol) interaction
(red line) is ranging from 1.5 to 2.5 Å, with a most probable length of
~1.6 Å, making it the shortest, i.e. the strongest, of all the TA-TA H-
bonds. The O(-) … H(Aromatic) interaction (green line) occurs from 2.0
to 3.0, with a maximum at ~2.6 Å.

Table 1 summarises the number of intermolecular TA-TA in-
teractions, averaged per the number of aggregated TAs. It is apparent
that as the negative charge of the TA anions rises, the number of TA-TA
interactions decreases. Specifically, the number of π-stacking in-
teractions decreases from 2.2 to 1.2 to 0.2 as the charge of the TAs
changes from 0 to 5- to 15-, which represent ten times less interactions in

TA[15-] compared to TA[0]. Moreover, as the charge changes from 0 to
15-, interactions involving H(Alcohol) decrease, shifting from 0.5 to 0.0
for the O(Alcohol)…H(Alcohol) and from 1.1 to 0.0 for the O(Carbonyl)
…H(Alcohol) interaction. In the TA[15-] system, interactions with H
(Alcohol) become completely absent. This can be rationalised by the
significant deprotonation in the TA[15-] system, resulting in the loss of
60 % of H(Alcohol) compared to the fully protonated TA[0] system. In
addition, the H(Alcohol) that were deprotonated were located at the
molecule’s periphery, making them more accessible for interactions. In
contrast, the remaining H(Alcohol) in TA[15-] are located closer to the
center of the molecule, minimising their accessibility and explaining the
complete absence of these interactions.

Moreover, the number of O(Alcohol)…H(Aromatic) interactions is
16.1, 7.4, and 1.1 for systems TA[0], TA[5-] and TA[15-], respectively.
One may suppose that these interactions will be replaced by the
equivalent one including a negatively charged oxygen atom. However,
the number of O(-)…H(Aromatic) interactions is only 0.1 and 0.8, for TA
[5-] and TA[15-], respectively, not compensating for the decrease
observed for the O(Alcohol)…H(Aromatic) interaction. Finally, even the
O(Carbonyl)…H(Aromatic) interaction, although it involves no alcohol
groups, decreases from 3.0 to 2.0 to 0.5 in TA[0], TA[5-] and TA[15-]
systems, respectively.

To summarise, the total number of intermolecular TA-TA H-bond
interactions per aggregated TAs, is 20.7, 10.2 and 2.5, for TA[0], TA[5-]
and TA[15-], respectively. The deprotonation of 5 oxygens on a TA
molecule is associated with a decrease of 50 % of TA-TA H-bonds, while
the deprotonation of 15 oxygens results in an 85 % reduction.The results
demonstrate a substantial decline in the number of TA-TA interactions in
the presence of negatively charged TAs. This correlates with the
observed increase in Rg as the negative charge increases, for a fixed
number of TA per aggregate. Indeed, the increase in negative charge
leads to a greater repulsion between TAs due to electrostatic repulsion,
resulting in the formation of less dense aggregates with fewer TA-TA
interactions.

3.5. TA-solvent interactions

The interactions between solvent and TAs were investigated to gain a
deeper understanding of the effect of TA deprotonation on TA self-
aggregation.

The RDF characterising TA-water interactions is displayed in Fig. 8a
(see Figure S3 for the RDFs of other systems). The strongest interactions

Fig. 7. Radial distribution function of intermolecular TA-TA interactions, calculated on the last 10 ns of simulation of the TA[5-] system (left) and nomenclature of
TA atoms (right).
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between TA and water take place between the O(Alcohol) and O
(Carbonyl) of TAs and the hydrogen of water, and with the H(Alcohol)of
TAs and the oxygen of water. All these TA-water interactions occur
between 1 and 2.5 Å.

In addition to these TA-water interactions, the number of TA-water-
TA bridges was also investigated. The number of TA-water-TA bridges
was defined as the product of the number of interactions a water
molecule made with one TA molecule by the number of interactions the
same water molecule made with another TA molecule. In other words, if
a single water molecule makes two interactions with a TA molecule and
one interaction with another TA molecule, the number of TA-water-TA
bridges will be assigned to 2. Finally, a TA-water interaction was
recognized as an interaction with a maximum length of 2.5 Å, according
to the TA-water RDF, and an angle greater than 130◦. The number of TA-
water-TA bridges, as presented in Table 2, is 771, 498 and 204, for the
TA[0], TA[5-] and TA[15-] system, respectively. As the negative charge
of TAs increases, the number of TA-water-TA bridges decreases.

The RDFs describing the TA-H3O+ interactions were analysed
(Fig. 8b and Figure S4), and it was observed that H3O+ cations interact
with the oxygen from the alcohol groups (protonated or deprotonated),
as well as with the oxygen from the carbonyl groups of TAs. These H3O+-
TA interactions are ranging from 1.5 to 2.5 Å, with a most probable
length of ~2.0 Å. Accordingly, TA-H3O+-TA bridges were defined for all
the TA-H3O+ interactions shorter than 2.5 Å. It must be noted that in
these MD simulations, H3O+ cations are represented by a single sphere,
so no angle criterion was applied to capture these TA-H3O+ interactions.
15 and 352 TA-H3O+-TA bridges were observed in the TA[5-] and TA
[15-] system, respectively (Table 2). There is a significant difference
in the occurrence of TA-H3O+-TA bridges between TA[5-] and TA[15-].
Moreover, Table 2 also presents the number of H3O+ at a distance
shorter than 2.5 Å of a TA. The TA[5-] system, composed of 50 TA an-
ions with a total charge of 250-, exhibited only 57 cations close to the
TAs, while for the TA[15-] system 642 H3O+ are found in the vicinity of

TAs, corresponding of a charge neutralisation of 23 and 86 % for TA[5-]
and TA[15-], respectively. This indicates that proportionally fewer
cations are in the vicinity of TAs in TA[5-], explaining the lower
occurrence of TA-H3O+-TA bridges in TA[5-]. The proportionally
greater number of H3O+ around TAs in TA[15-] is attributed to the
higher negative charge, making TAs exert a stronger attraction on the
cations. In addition, the investigation of cation-π interactions reveals
that no such interactions occur in the studied systems, even when taking
not overly restrictive criteria of 6 Å for the cation-aromatic ring distance
and 45◦ between the normal vector to the plane of the aromatic ring and
the vector defining the cation-aromatic ring bond.

Furthermore, Fig. 9 presents an aggregate composed of 3 TAs, found
in the TA[15-] system. In this system, 42 H3O+ cations were identified as
interacting with an oxygen of a TA, at a distance shorter than 2.5 Å.
Among these 42 H3O+, 12 H3O+ cations are involved in TA-H3O+-TA
bridges, making 35 TA-H3O+ interactions and 28 TA-H3O+-TA bridges.
The formation of a complex network between TAs and H3O+ can be seen
in the zoomed-in part of Fig. 9, highlighting the importance of H3O+

cations in the stabilisation of the TAs aggregates in system TA[15-].
Finally, considering the sum of the number of TA-water-TA and TA-
H3O+-TA bridges, TA[0] exhibited 771 bridges, while TA[5-] and TA
[15-] exhibited 513 and 556 bridges, respectively, indicating a higher
solvent bridges count for the neutral TA[0] system compared to the
negatively charged TA[5-] and TA[15-] systems. In addition to the
intermolecular TA-TA interactions, these solvent molecules bridging
different TAs represent an additional interaction that contributes to the
self-aggregation of TA and to the stabilisation of the aggregates formed.

These observations provide insight into the previously observed
number of TAs per aggregate. Indeed, in the TA[15-] system, larger
aggregates composed of a greater number of TAs were observed in
comparison to the TA[5-] system. Although the highest negative charge
of TA[15-] is supposed to lead to a greater electrostatic repulsion, TA
self-aggregation seems more favourable for TA[15-] than TA[5-].
However, results suggest that the incorporation of a negative charge
on deprotonated oxygen into TA[5-] and TA[15-] leads to the binding of
H3O+ cations around TA anions. Notably, a higher negative charge, in
TA[15-], is associated with a proportionally greater binding of cations,
alongside with the formation of more TA-H3O+-TA bridges, compared to
TA[5-]. These TA-H3O+ interactions could help to promote the forma-
tion and the stabilisation of the larger aggregates found in the TA[15-]
system by the establishment of cationic bridges, while the electrostatic
repulsion between TAs explains the low aggregate density. Guo et al.
[67] found similar results when studying TA aggregation as a function of
ionic strength, using a combination of experimental studies and MD

Fig. 8. a) Radial distribution function of TA-water interactions, calculated on the last 10 ns of simulation of the TA[5-] system and b) Radial distribution function of
TA-H3O+ interactions, calculated on the last 10 ns of simulation of the TA[5-] system.

Table 2
Number of TA-water-TA bridges, number of TA-H3O+-TA bridges and number of
H3O+within 2.5 Å of a TA, calculated on the final configuration of the TA[0], TA
[5-] and TA[15-] systems.

System
Composition

Number of TA-
water-TA
bridges

Number of TA-
H3Oþ-TA bridges

Number of H3Oþ

cations around
TAs

50 TA[0] 771 - -
50 TA[5-] 498 15 57
50 TA[15-] 204 352 642
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simulations. Specifically, they observed that increasing NaCl concen-
tration, and consequently the number of cations near the TA molecules,
led to the formation of TA aggregates with a larger radius of gyration,
indicating less dense aggregates.

Extrapolating these results suggests that increasing the pH beyond
6–7 (corresponding to fully deprotonated TA[25-]) would intensify
electrostatic repulsion between TAs. This would result in aggregates
with even lower density and a proportionally larger radius of gyration.
Additionally, the stronger negative charge would promote the formation
of more cationic bridges, facilitating the aggregation of a greater num-
ber of TA molecules. However, in basic solutions, TA molecules exhibit
instability and are prone to hydrolysis, leading to oxidation and the
formation of sub-products such as gallic acid [46–49]. Furthermore,
oxidative self-polymerization of TA under alkaline conditions has also
been reported [68–70], resulting in the formation of poly(tannic acid)
macromolecules. The exact mechanism of TA and polyphenol
self-polymerization remains unclear, with a study [71] suggesting that
simple aggregation through non-covalent interactions such as hydrogen
bonding or π-stacking is another potential mechanism, rather than the
formation of covalent bonds. These results indicate that the effects of
basic pH on TA are complex. Further investigations are necessary to
elucidate the impact of alkaline conditions on TA self-aggregation,
considering both oxidation and polymerization processes, which are
beyond the scope of this study.

4. Conclusions

In this study, all-atom MD simulations were run onto systems
composed of negatively charged TAs, TA[5-] and TA[15-], to evaluate
the influence of pH on TA self-aggregation. These simulations were
compared with a reference system corresponding to a low pH, composed
of neutral TA molecules, TA[0], derived from our previous work [55].

It was observed that the total number of aggregated TAs remains
consistent across all systems. However, a disparity emerges when
considering the number of TAs per aggregate. Specifically, aggregates
composed of a large number of TAs are found in systems with extreme

degrees of dissociation, fully protonated or highly deprotonated, cor-
responding to the TA[0] and TA[15-] systems. Conversely, for the TA[5-
] system, corresponding to an intermediate pH, the formation of ag-
gregates composed of a significantly lower number of TAs is observed.
To elucidate this non-monotonic effect of pH on TA self-aggregation,
more analyses were undertaken.

Firstly, at low pH, TA molecules are fully protonated, and there is no
electrostatic repulsion between the molecules, thereby favouring ag-
gregation TA self-aggregation. At higher pH, in the TA[5-] system,
electrostatic repulsion increases due to the negatively charged TA mol-
ecules, leading to less favourable aggregation. However, at an even
higher pH corresponding to the TA[15-] system, despite the increase in
the negative charge of TAs, a significantly higher number of TA-H3O+-
TA bridges are observed compared to the TA[5-] system, encouraging
TA self-aggregation. The larger number of cationic bridges found in TA
[15-] provides further explanation for the formation of aggregates
composed of a larger number of TAs, as TA-H3O+-TA bridges, being
stronger than TA-water-TA bridges, contribute to the enhanced stabili-
sation of formed aggregates.

Furthermore, the largest aggregate formed in the TA[0] and TA[15-]
systems, is composed of a similar number of molecules, consisting of 17
and 20 TAs, respectively. However, a difference in the size of these
largest aggregates has been observed, with a radius a gyration signifi-
cantly more important for TA[15-]. This demonstrates that, although the
largest aggregate is composed of an equivalent number of TAs, the size
of this aggregate is much larger for the TA[15-] system than for the TA
[0] system. This expansion in aggregate size with increasing negative
charge is explained by the electrostatic repulsion between negatively
charged TA anions, leading to the formation of less dense aggregates,
and consequently much larger ones. These observations are consistent
with the drastic reduction of intermolecular TA-TA interactions as the
negative charge increases, with an 85 % reduction in the number of TA-
TA interactions from the TA[0] to the TA[15-] system.

These findings shed light on the pH-dependent fouling of filtration
membranes observed experimentally. Indeed, TA self-aggregation likely
contributes to membrane fouling by promoting the formation of a cake

Fig. 9. Snapshot of an aggregate composed of three TA anions, found in the last configuration of the TA[15-] system. Each TA is displayed in a different colour (light
blue, dark blue or purple). H3O+ cations interacting with oxygens of TAs, at a distance shorter than 2.5 Å are displayed in red or pink. Specifically, the H3O+ cations
bridging two different TAs are displayed in red, and the TA-H3O+ interactions, involved in the TA-H3O+-TA bridges, are represented by black dashed lines. In the
lower left part, a zoom is presented, where pink H3O+ are not displayed for clarity.
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layer. Our results indicate that the formation of a significant denser cake
layer at low pH values could result in greater fouling. These observations
are consistent with experimental data suggesting a decreased fouling at
lower pH. Moreover, at higher acidic pH values, the formation of larger
aggregates, though less compact, was also observed. Based on these
results, maintaining an intermediate pH of around 4–5 could promote
the formation of smaller aggregates with moderate density, potentially
reducing membrane fouling associated with TA aggregation. However,
the influence of pH on TA adsorption onto membranes also represents a
critical parameter deserving further investigation.
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