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Abstract

Hypothesis

Molecular simulations can provide unique insights into the adsorption and intermolecular
interactions of polycyclic aromatic compounds (PACs) and non-ionic surfactants at water/oil
interface.

Methods

Molecular dynamic simulations were performed to study the adsorption of PACs at water/oil
interface, and the effect of adding non-ionic surfactants. PAC architecture, solvent type, structure
and concentration of non-ionic surfactants were varied to address the complex interplay between
PAC-surfactant interaction, PAC solubility, and structure-dependent PAC aggregation.

Findings

PAC with multiple cores (PacM) partially adsorbed on the interface, in the form of small and
loosely structured aggregates. Adding non-ionic surfactant Brij-93 induced desorption of PacM at
both water/toluene and water/heptane interfaces. Another non-ionic surfactant, (EO)s(PO)10(EO)s,
also reduced the adsorption of PacM at water/toluene interface but enhanced their adsorption at
water/heptane interface. PACs with a single large core strongly adsorbed on both interfaces,
forming compact aggregated structures. Adding the two types of non-ionic surfactants did not
induce desorption. This work identified two opposite roles of non-ionic surfactants in the
adsorption of PACs, namely competition and co-adsorption, and provided useful insights into how
the roles of non-ionic surfactants might be affected by their concentration, as well as the solubility

and interfacial behaviors of the PACs.

Keywords: water/oil interface; non-ionic surfactant; polycyclic aromatic compound; adsorption;

simulation.



1. Introduction

Understanding the adsorption of surface-active components at liquid/liquid interfaces is
essential for many colloidal processes and industrial applications. [1,2] Transportation of surface-
active components from one liquid phase to another plays important roles in extraction and
separation processes, which involves the important step of interfacial adsorption. [3-5]
Interfacially adsorbed molecules with functional groups could form well-organized aggregates,
which are suitable as catalysts, biosensors, drug delivery agent, etc. [6—8] Emulsification occurs
when the interface between two immiscible liquids (e.g., water and oil) is stabilized by the
adsorption of surface-active components. [9] Stable emulsions are desirable in applications such
as food, pharmaceutical, and cosmetic industries. [10-14] On the other hand, water/oil
emulsification is highly undesirable in petroleum industry because it causes difficulty in oil/water
separation, increases the corrosion of equipment and pipelines, and reduces the transportation
efficiency. [15-17]

The adsorption of polycyclic aromatic compounds (PACs) on the water/oil interface has
attracted wide attention in environmental [18—23] and industrial research [24-27]. PACs, naturally
present in fossil fuel, contain polycyclic aromatic hydrocarbon (PAH) core(s) and aliphatic chains,
which generally have functional groups with heteroatoms such as sulfur, oxygen and nitrogen.
These molecules exhibit amphiphilic and surface-active features and can be adsorbed at the
water/oil interface. Consequently, they become organic contaminates and accumulate in soil and
ocean as oil spills [18-23]. For example, Zhu et al. [23] studied the co-existence of PAH
(anthracene) and cyclodextrin on water/chloroform interface, as a means to extract PAH pollutants
from the oil phase. The cyclodextrin was found to be able to transport spontaneously from water

phase to the water/oil interface, indicated by the negative free energy change. The PAH preferred



to be included into the cyclodextrin aggregates on the water/oil interface instead of in bulk oil. The
same authors [28] reported the co-aggregation of humic acid and PACs at water/toluene interface,
and suggested that the co-aggregation increased the retainment of the oil contaminants in aqueous
environments. [28] Various non-ionic surfactants have been explored for remediation of PACs
from contaminated soil or water [20,21], as they increased the dissolution rate and solubility of
PAC:s in the aqueous phase and promoted the efficiency of groundwater flushing [29].

Beside pollutant treatment, non-ionic surfactants was frequently applied as destabilisers for
unwanted emulsions stabilized by PACs. [30] Water and oil emulsification was commonly
attributed to the formation of a stable and rigid film of surface-active components at the water/oil
interface, [15—17] among which the PACs were a main contributor. The water and oil emulsions
include water-in-oil (W-0), oil-in-water (O-W), and more complex cases like water-in-oil-in-
water (W-O-W) emulsions, where the W-O emulsion is the predominant type. To break up the W-
O emulsion, various non-ionic surfactants have been used for chemical demulsification. [30-32]
The experiments of Li et al. [33] studied the demulsification of water-in-aging-crude-oil emulsion
by novel tannic acid phenol-amine polyether with multiple branches. They proposed that the
hydrophilic branches entered the interior of the water droplets while the hydrophobic parts stayed
on the surface, which had the strong interaction with the PACs in the protective film and could
partially break up the film. [33] PEO-PPO copolymers, a group of non-ionic surfactants, have been
commonly synthesized and wused for W-O demulsification processes. [34-37] Their
demulsification performance, i.e. the water removal efficiency, was affected by many factors such
as the number of copolymer branches [34], molecular weight, PPO/PEO ratio [36], and
concentration [35]. For example, Cendejas et al. [35] attributed the optimal water separation from

water-in-crude-oil emulsion at certain concentration of PEO-PPO copolymer to the saturation of



polymeric chains at the water/oil interface. The desorption mechanism of PACs from water/xylene
interface by PEO-PPO co-polymer, as well as Brij-93, was investigated by Pradilla et al. [38,39]
They added the non-ionic surfactants to the water/xylene interface with already adsorbed PACs
and carried out interfacial tension measurement to assess the desorption of PACs at the interface.
[38,39] The composition of non-ionic surfactants and PACs on the mixed interface was calculated
using the Langmuir equation of state. [38,39] At low concentration of non-ionic surfactants (10
ppm for Brij-93 and 0.5 ppm for PPO-PEO co-polymers), interaction between non-ionic
surfactants and PACs was detected on the interface, while the PAC desorption was partial or
negligible. [38] At 2500 ppm Brij-93 and 100 ppm PPO-PEO co-polymers, the PACs were
completely replaced from the interface and had no interaction with the surfactants. [38] The
authors proposed that the desorption of PACs was initiated by the interaction between the non-
ionic surfactants and PACs, followed by the formation of complex structure between them, and
finally the displacement of PACs by the surfactants. [38] While experimental studies frequently
attributed the demulsification mechanisms to the interactions of PACs with non-ionic surfactants
on the interface, molecular-level evidence of the interactions was difficult to obtain by
experimental approach alone.

Theoretical investigations, by the means of molecular simulations, have provided direct
observations on the interfacial adsorption and interaction of PACs and surfactants, and contributed
to the understanding of demulsification mechanisms. Many studies have been carried out on
water/oil interface with solely PACs [40—42] or non-ionic surfactants [2,43]; few works simulated
the co-existence of PACs and surfactants. For example, molecular dynamics (MD) simulation was
carried out by Niu et al. [44] on water/xylene interface with adsorbed C5Pe, a model PAC molecule,

by adding a PEO-PPO triblock copolymer. The copolymer was found to be more surface active



than C5Pe and could form stronger hydrogen bonding with water. [44] The adsorbed copolymers
replaced C5Pe molecules and broke up the rigid C5Pe film at the water-xylene interface, which
would ultimately assist the coalescence of water droplets. [44]

In spite of experimental and theoretical approaches to understand the demulsification
mechanism by non-ionic surfactants, molecular level investigation on the intermolecular
interactions between PACs and non-ionic surfactants on the water/oil interface is still in demand.
Especially, there is a lack of systematic theoretical investigation on the factors that affect the
demulsification process. For example, various non-ionic surfactants have been applied as
destabilizers and the demulsification mechanisms can vary greatly. [30,45,46] While many reports
studied the popular PEO-PPO copolymers, other non-ionic surfactants have been much less
discussed, such as the Brij group which has been compared with PEO-PPO copolymers in
experiments [38,39]. Additionally, PACs have complex structures that yield different surface-
activity [47]. For example, it was suggested that PACs with moderate polarity could be adsorbed
readily at the water/oil interface to stabilize the emulsion, while the stability was reduced when
PACs with low or high polarity were adsorbed. [48] Mixtures of PACs were generally used in
experimental studies, and there is a lack of comparison between different PAC structures in the
demulsification by non-ionic surfactants. Also, the oil phase could be represented by various
organic solvents, among which the aromatic solvent (toluene) and aliphatic solvent (heptane) were
commonly compared. The emulsion was generally less stable with PACs on water/heptane
interface than on water/toluene interface, which was attributed to the change in the aggregation
state of PACs on the interface. [49] It remains unclear how the solvent type would affect the

demulsification by non-ionic surfactants at the molecular level.



This work aims to use MD simulations to provide a comprehensive understanding on the effect
of non-ionic surfactant on the adsorption of PACs at water/oil interface, by considering several
factors, such as PAC architecture, solvent types, structures and concentration of non-ionic
surfactants. To achieve this objective, model PAC molecules with a single polyaromatic (PA) core
and multiple PA cores were simulated. The effect of solvent types was studied by representing the
oil phase with two different organic solvents: one aromatic (toluene) and the other aliphatic
(heptane). A model PEO-PPO copolymer, (EO)s(PO)i10(EO)s, was introduced to examine its
capability of desorbing the PACs from the oil/water interface. Comparison was made with another
widely used non-ionic surfactant from Brij family, Brij-93 [38,39]. Finally, each of the two non-
ionic surfactants was applied into the organic phase at two concentrations. The interactions
between PACs, non-ionic surfactants and interface were analyzed at the molecular level, to provide

mechanistic insights into the stabilization and destabilization of water/oil interfaces.

2. Methods
2.1 Molecular models

Two PAC models were used in this work, one of which had multiple PA cores and the other
had a single PA core. The PAC with multiple PA cores, referred to as “PacM”, was hypothesized
based on C5-insoluble asphaltenes [50,51] from Athabasca bitumen, as shown in Fig. 1a. PacM
has a molecular weight (MW) of 1303 g/mol and chemical composition as: C 81.12; H 7.97; N
1.07; O 2.46; S 7.38 (%wt.). There are six heteroatoms including 2 oxygen atoms, 3 sulfur atoms
and 1 nitrogen atom. The other PAC with a single PA core, Violenthrane-79 (VO-79), has been
extensively studied [52,53] and is referred to as “PacS” in this work. PacS has a chemical formula

of CsoH4s04 with MW of 712 g/mol, as shown in Fig. 1b. One of the non-ionic surfactants used



was polyethylene glycol oleyl ether C22H4403 (Brij-93) with average MW of 357 g/mol (Fig. 1c¢),
which is referred to as NisB in this work. The other model non-ionic surfactant simulated was
(EO)s(PO)10(EO)s (referred to as NisP, MW: 1039 g/mol), a typical triblock copolymer with equal

number of EO and PO branches as shown in Fig. 1d.

() iy

C18H35\0/‘\/O\/\OH

(d)
Ao oo

Figure 1. Molecular structures of (a) PacM, (b) PacS, (c¢) NisB, and (d) NisP.

Initial chemical structure of PacM was drawn in ChemDraw Prime 16.0. Geometry optimization
of PacM was first performed by density functional theory (DFT) calculation at B3LYP/6-31G +
(d,p) level [54]. The obtained geometry was further optimized using Automated Topology Builder
(ATB) [55], in order to generate force field parameters compatible with the GROMOS96
parameter sets [56]. The partial atomic charges were determined from the electrostatic potential
calculated at B3LYP /6-31G + (d,p) level, with the CHELPG (CHarges from ELectrostatic
Potentials using a Grid based method) [57] method. The partial charges were then manually
mapped to the topology generated from ATB. The parameters for NisB and NisP were obtained
following the same procedure. All quantum-chemical calculations were carried out using the
Gaussian 16 software package [58]. Models for PacS, toluene and heptane were adopted from

previous publications in our group [59]; the parameterization steps were identical except the use



of def2-SV(P) basis set. Single point charge (SPC) model was used for water molecules, which
has been extensively applied and validated. [60] The densities of pure PACs (PacM, PacS) and
non-ionic surfactants (NisB, NisP) were further validated against the experimental data in the

literature, as explained in Supporting Information (SI) section SII.

2.2 Simulated systems

A total of 20 systems were simulated, with details given in Table 1. The name of each system
starts with a letter of T or H, corresponding to toluene and heptane being the organic solvent (oil
phase), respectively. The second letter indicates the type of PAC molecules: M for PacM and S for
PacS. The non-ionic surfactants, NisB and NisP, are labeled as B and P after the type of PACs.
The label is finally followed by “low” or “high”, which corresponds to relatively low and high
concentrations of the surfactants. Sys. 1, 6, 11 and 16 do not contain any non-ionic surfactants and
are used as control systems. Each system contained 32 PAC molecules. In the system with PacM
and a low concentration of NisB, 32 NisB molecules were introduced, leading to the same molar
concentration between NisB and PacM. A high concentration of NisB corresponded to 124 NisB
molecules, which had a mass concentration comparable to PacM. The number of NisP molecules
were also decided to render comparable molar (low concentration) or mass (high concentration)
ratios between NisP and PacM. The same number of non-ionic surfactants were added to systems

containing PacS.



Table 1. Details of simulated systems. (sys. 1 TM, sys. 6 HM, sys. 11 TS, and sys. HS are control

systems without adding non-ionic surfactants)

Sys. | Name Solvent | O of | no. of no. of no. of | Molar ratio | Mass ratio
PacM | PacS | NisB NisP | (PAC/NIS) | (PAC/NIS)
1 ™ Toluene | 32 - - - -
2 TM-B-low | Toluene | 32 - 32 - 1:1 1:0.27
3 TM-B-high | Toluene | 32 - 128 - 1:4 1:1.1
4 TM-P-low | Toluene | 32 - - 24 1:0.75 1:0.6
5 TM-P-high | Toluene | 32 - - 48 1:1.5 1:1.2
6 HM Heptane | 32 - - -
7 HM-B-low | Heptane | 32 - 32 - 1:1 1:0.27
8 HM-B-high | Heptane | 32 - 128 - 1:4 1:1.1
9 HM-P-low | Heptane | 32 - - 24 1:0.75 1:0.6
10 HM-P-high | Heptane | 32 - - 48 1:1.5 1:1.2
11 TS Toluene | - 32 - -
12 TS-B-low Toluene | - 32 32 - 1:1 1:0.5
13 TS-B-high | Toluene | - 32 128 - 1:4 1:2
14 TS-P-low Toluene | - 32 - 24 1:0.75 1:1.1
15 TS-P-high | Toluene | - 32 - 48 1:1.5 1:2.2
16 HS Heptane | - 32 - -
17 HS-B-low | Heptane | - 32 32 - 1:1 1:0.5
18 HS-B-high | Heptane | - 32 128 - 1:4 1:2
19 HS-P-low Heptane | - 32 - 24 1:0.75 1:1.1
20 HS-P-high | Heptane | - 32 - 48 1:1.5 1:2.2

2.3 Simulation details

To construct the initial configuration for the control systems, a box with dimension of
12x12x12 nm? was filled with water [61]. As shown in Fig. 2a, the box was then extended in z
direction to 24 nm, where the PacM/S were aligned in an array of 4x4x2 next to the water box.
The extended box containing PacM/S molecules was then filled by organic solvent (toluene or
heptane), which formed the initial configuration for the control systems, as shown in Fig. 2b. After
equilibration, the final configuration of PacM/S adsorbed at the interface was obtained, as shown
in Fig. 2c. This was used to construct the initial configuration for systems with non-ionic
surfactants (NisB/P) by the following steps in Fig. 2: removing the solvent (Fig. 2d), adding

NisB/P (Fig. 2e), and filling the right side of the simulation box with organic solvent (Fig. 2f).
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Figure 2. Schematic representation of the construction of initial configurations.

All simulations were performed by using GROMACS package [62—64] (version 5.0.7) with
GROMOS 96 force field parameter set 53A6 [65]. Each simulation underwent an energy
minimization process for static structure optimization. Then, a short NV'T simulation was carried
out with position-restraints on the non-hydrogen atoms of PAC, using a harmonic potential of force
constant 1000 kJ/(mol-nm?). The restraint was removed, and full dynamics simulation was carried
out in NpT ensemble at 300 K and 1 bar. The pressure was controlled by isotropic Parrinello-
Rahman barostat with time constant 7, of 1 ps and compressibility of 4.5 10 bar!. The
temperature was controlled by velocity rescaling thermostat with time constant 7 of 0.1 ps. For
each simulation, LINCS [66] algorithm and Particle Mesh Ewald method for full electrostatics [67]
were applied. The cut-off for non-bonded (van der Waals and electrostatic) interactions was set to
1.4 nm. Periodic boundary conditions in all three directions were applied. All simulations had a
time step of 2 fs, and the total simulation time was 60 ns for each system, except sys. 1 which was

simulated for 120 ns.
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3. Results and discussion
3.1 Adsorption and desorption of PacM

Control systems with PacM on water/toluene (sys. 1) and water/heptane (sys. 6) interfaces were
simulated before adding the non-ionic surfactants. Density profiles of water, organic solvent and
PacM are shown in Figs. 3a and 3b, respectively for sys. 1 and 6, with final configurations of the
systems above the plot. The density profiles were averaged over the last 5 ns when the adsorption
of PACs was stable, as shown in SI section SI2. Compared with Fig. 2, the simulation boxes in
Fig. 3 were each translated by 6 nm along -z direction, in order to better show the interfaces
between water and organic solvent. For the rest of this paper and in the SI, the same translation
was applied to all figures containing snapshots and density profiles. Due to the periodic boundary
condition, each system had two interfaces, obtained from the intersection of the density profiles
for water and toluene (or heptane), which were marked by blue arrows. The left interface was
located at z = ~6 nm, referred to as interface-L. The right interface, referred to as interface-R, was
located around 18 nm for sys. 1 and 11, and around 20 nm for sys. 6 and sys. 16. The density
profile of PacM in each system had two peaks each near one of the interfaces, indicating the
adsorption of PacM molecules. Also shown in Fig. 3a, PacM had non-zero density in the bulk
toluene phase, consistent with the snapshot where many PacM molecules were dispersed in bulk
toluene. On the contrary, in Fig. 3b the density of PacM was close to zero in bulk heptane, and the

vast majority of the PacM molecules were located close to the interfaces.
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Figure 3. Density profiles of water, toluene or heptane, and PacM or PacS, averaged over the last
5 ns of the simulations for the control systems without non-ionic surfactants (a) sys. 1
(water/toluene with PacM); (b) sys. 6 (water/heptane with PacM); (c) sys. 11 (water/toluene with
PacS); (d) sys. 16 (water/heptane with PacS). Above each subfigure is the snapshot of final
configuration for the corresponding system (water molecules shown in red; heptane or toluene

molecules removed for clarity; PacM or PacS molecules shown in cyan).
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The number of adsorbed PAC molecules was quantified by the criterion that the minimum
distance between PAC and the water phase was below 0.35 nm, as explained in SI section SI3. For
all systems involving PacM molecules (sys. 1 to 10), the number of adsorbed PacM were stable
over the last 5 ns of the simulations (see SI section SI4) and the averages are plotted in Fig. 4 (one
decimal of the average value was kept). On the water/toluene interface, without non-ionic
surfactants (sys. 1, shown as “None” in black symbol), the average number of adsorbed PacM
molecules was 22.8. By adding NisB, the number of adsorbed PacM decreased to 18.2 at both low
and high concentrations, indicating that the effect of NisB concentration was negligible. Adding
NisP also resulted in a reduction of adsorbed PacM at water/toluene interface, but the effect of
concentration was more significant. Lower concentration of NisP resulted in more desorption of
the PacM, with 16.8 PacM remaining adsorbed as compared to 19.9 at high NisP concentration.
On the water/heptane interface, as shown in Fig. 4 by red symbols, adding NisB reduced the
number of adsorbed PacM molecules from 25.5 to 23.9 at lower concentration and to 23.6 at higher
concentration. The difference caused by different NisB concentrations was again negligible.
Interestingly, more PacM became adsorbed at the water/heptane interface with the addition of NisP,
where lower concentration of NisP led to 26.2 adsorbed molecules and higher NisP concentration

further increased the number to 28.5.
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Figure 4. Number of adsorbed PAC molecules at organic solvent/water interface averaged over
the last 5 ns of simulation. Water/toluene with PacM (black), water/heptane with PacM (red),
water/toluene with PacS (green), water/heptane with PacS (blue). Horizontal labeling: (None)
control systems without adding surfactants, sys. 1, 6, 11, 16; (NisB-low) adding NisB at low
concentration, sys. 2, 7, 12, 17; (NisB-high) adding NisB at high concentration, sys. 3, 8, 13, 18;
(NisP-low) adding NisP at low concentration, sys. 4, 9, 14, 19; (NisP-high) adding NisP at high

concentration, sys. 5, 10, 15, 20. System number shown beside each symbol.

3.2 Role of non-ionic surfactants: competition vs. co-adsorption

The destabilization of water/oil interface by non-ionic surfactants have been frequently
attributed to the competitive adsorption between non-ionic surfactants and PACs, where the non-
ionic surfactants were more surface active and replaced the adsorbed PAC molecules
[38,39,44,68,69]. Generally, if some adsorption sites were occupied by one component causing
fewer adsorption sites available for other components, the situation was considered competitive

adsorption. [70] In this work, competitive adsorption was identified if desorption of PACs was

15



observed along with simultaneous adsorption of non-ionic surfactants. On the other hand, the
intermolecular interaction between non-ionic surfactants and PACs might assist their adsorption
together on the interface, which represents co-adsorption [71].

The adsorptions of PACs and non-ionic surfactants were analyzed through their density
distribution at equilibrium. Density profiles for PacM and NisB/P were averaged over the last 5 ns
of simulation and plotted in Fig. 5a for sys. 2-5 (PacM in toluene) and Fig. 5b for sys. 7-10 (PacM
in heptane). Two dashed lines in each system corresponded to the locations of interface-L and
interface-R determined from the intersection of water and toluene (or heptane) density profiles. In
each system, the curve for PacM or NisB/P had two peaks located near the interfaces, indicating
the interfacial adsorption of both PacM and NisB/P. The black dot curve in each plot was the
density profile of PacM in the corresponding control system, in absence of non-ionic surfactants.
It should be noted that the locations of the two interfaces in systems with non-ionic surfactants
were slightly different from the control systems, due to the change in box dimensions during the
NpT simulation. In SI section SIS, the actual locations of the two interfaces in each system were
given, along with locations of the peaks in the PacM density profiles. These data allowed us to
calculate the distance between each PacM density peak and the nearest interface, as a measure of
the proximity of PacM adsorption. By adding NisB at low concentration (sys. 2), the peak of PacM
at interface-L was lowered but the peak at interface-R had no significant change. The curve for
NisB had one peak on each interface, with zero values in bulk toluene, indicating their complete
adsorption on the interfaces. Most of the NisB molecules were adsorbed at interface-L, where there
was evident competitive adsorption between NisB and PacM. For sys. 3 with NisB at high
concentration, the peak of PacM at interface-L. was also lowered and both peaks shifted toward

bulk toluene (see SI section SIS for more details). Meanwhile, NisB showed two pronounced peaks
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at the two interfaces. The adsorption of NisB also competed with the adsorption of PacM, pushing
them towards the bulk. When NisP were added instead of NisB, sys. 4 and sys. 5 were found to
behave similarly to sys. 3.

As shown in Fig. 5b, on the water/heptane interface, adding NisB at low concentration (sys. 7)
did not have obvious effect on the peak of PacM near interface-L but slightly narrowed the peak
near interface-R. The peaks of NisB at the two interfaces were weak and non-zero densities were
found in bulk heptane, suggesting that the adsorption of NisB was incomplete. The adsorbed NisB
competed with PacM, but the competition was very mild and only seen by the slight narrowing of
the PacM peak at interface-R. Meanwhile, the dispersed NisB and PacM had interaction in bulk
heptane, as shown in SI (section SI6). For sys. 8, the PacM peak at interface-L was lowered and
shifted towards bulk heptane, while the peak at interface-R was narrowed but moved closer to the
water phase (see SI section SIS for more details). By adding NisP at low concentration (sys. 9),
the changes in the PacM peaks were negligible. With NisP completely adsorbed at the interfaces,
co-adsorption between NisP and PacM was observed. In sys. 10, the PacM peaks near both
interfaces increased compared with the control system, signifying considerable co-adsorption of

NisP and PacM.
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Figure 5. Density profiles for PacM/S and NisB/P averaged over last 5 ns for (a) sys. 2-5, PacM

on water/toluene interface; (b) sys. 7-10, PacM on water/heptane interface; (c) sys. 12-15, PacS on
water/toluene interface; and (d) sys. 17-20, PacS on water/heptane interface. In each plot, vertical
dashed lines indicate the locations of the two interfaces, and the black dot curve is the density

profile of PacM/S in the corresponding control systems.

The co-adsorption of PacM and NisB/P might be attributed to their intermolecular interactions,

which was analyzed through the radial distribution function (RDF) of the atoms in NisB/P with
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respect to the atoms in PacM, as plotted in Fig. 6a for sys. 2-5 (water/toluene interface) and in Fig.
6b for sys. 7-10 (water/heptane interface). RDF represents the probability of finding a particle at a
certain radial distance from the reference particle, which is useful to identify interparticle structural
correlations. [72] For example, de Oliveira et al. [73] simulated polyethylene glycol (PEG)
polymers in water and chloroform solvents, and calculated the RDF between PEG groups in
different polymers. The first peak in the RDF was located at 0.48 nm, corresponding to direct PEG-
PEG interaction. The second peak was located at 0.59 nm, corresponding to PEG-PEG interaction
mediated by solvent molecules. [73] The two non-ionic surfactants simulated in this work were
not PEG but share some similarities at the end groups. On the other hand, the RDFs in Fig. 6 used
the PAC atoms as the reference particles. The PACs do not have linear structures, and may not be
able to interact with the surfactants at distances as close as those reported in de Oliveira et al. [73]
In Fig. 6a, the first RDF peaks in sys. 2-5 (PacM in toluene) was located at 0.56 - 0.58 nm. The
intensity of the first peak was quite low (around 1-2), indicating weak interaction between PacM
and non-ionic surfactants. As shown in Fig. 6b, the first RDF peaks for sys. 7-10 were located at
0.54 - 0.56 nm, with low intensity (~ 3) for sys. 7-8 and higher intensity (~ 4.5-5.5) for sys. 9-10.
The higher intensity for sys. 9-10 indicated a stronger correlation between PacM and NisP than
between PacM and NisB in sys. 7-8. From the comparison of the first RDF peaks, the strength of
short-range interaction between PacM and non-ionic surfactants was characterized as weak
(intensity of peak: 1-2) in sys. 2-5, moderate (intensity of peak: 2-4) in sys. 7-8, and strong
(intensity of peak over 4) in sys. 9-10. As mentioned in Fig. 5a-b, competitive adsorption was
observed in sys. 2-5 and sys. 7-8, while co-adsorption was more dominant in sys. 9-10, which was

correlated with the stronger interaction between PacM and non-ionic surfactants in sys. 9-10.
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Figure 6. Radial distribution functions (RDFs) of all atoms in NisB/P molecules with respect to
all atoms in PacM/S molecules, averaged over the last 5 ns, for (a) sys. 2-5, PacM on water/toluene
interface; (b) sys. 7-10 PacM, on water/heptane interface; (c) sys. 12-15, PacS on water/toluene

interface; and (d) sys. 17-20, PacS on water/heptane interface.

3.3 Co-adsorption between PacS and non-ionic surfactants

For the control systems with PacS, the density profiles stayed zero in bulk toluene (Fig. 3c¢) and
heptane (Fig. 3d), indicating that all molecules were completely adsorbed at the interface. By
introducing non-ionic surfactants into the water/toluene systems (sys. 12-15), as shown in Fig. 4,
the number of adsorbed PacS molecules had no obvious change. It was consistent with the
observation in Fig. 5c that the density profiles for PacS in sys. 12-15 with non-ionic surfactants
almost overlapped with the curve for the control system (sys. 11). There was even a slight shift of
the PacS peaks towards bulk water at interface-R for sys. 12-14, and at interface-L for sys. 15 (see

SI section SIS for more details). As shown in Fig. 6¢c, the first RDF peaks for sys. 12-15 had
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intensity of ~ 2.5-6.0, indicating that the interaction between PacS and NisB/P was moderate (sys.
13-15) to strong (sys. 12). At water/heptane interface (sys. 17-20), Fig. 5d shows considerable shift
of the PacS peaks towards the water phase, however this was mainly due to the change in the
simulation box (see SI section SI5 for details). Nevertheless, the interaction between PacS and
NisB/P (Fig. 6¢) was moderate (sys. 18, sys. 20) to strong (sys. 17, sys. 19), and co-adsorption of

NisB/P with PacS was evident.

3.4 Discussion
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Figure 7. Summary of (a) the largest aggregate size vs. the probability of monomers; (b) the
interaction between PacM/S and NisB/P vs. the number of adsorbed PacM/S molecules, where the
interaction is represented by the intensity of the first RDF peaks in Fig. 6. Label on each symbol
indicates the system number given in Table 1. All systems are mapped onto these two diagrams

(control systems are excluded in (b)), based on data from the last 5 ns of the simulations.

Stable W-O emulsions were frequently attributed to the adsorption of PACs on the water/oil
interface, which had certain correlation with the aggregation of PACs. [74-76] For example,

Spiecker et al. [74] investigated the effect of resin on the aggregate size of PACs, and the stability
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of W-O emulsion. With the increase of resin concentration, the aggregate size of PACs in mixtures
of toluene and heptane, measured by small-angle neutron scattering, became smaller. [74] And the
stability of W-O emulsion was lowered, due to the strong interaction between resin and PACs that
interrupted the aggregation of PACs. [74] In our work, adding non-ionic surfactant also affect the
aggregation of PACs. The aggregate size was quantified by the number of PAC molecules in the
aggregate, which was determined by the criterion that any two PAC molecules in the aggregate
had minimum distance less than 0.35 nm. The size of PAC aggregates was recorded over the last
5 ns of the simulations, and the probability distributions were plotted in SI section SI7. In addition,
the size of the largest aggregates in each system was averaged over the last 5 ns of the simulations
and reported in SI section SI8. Using the data from SI sections SI7 and 8, the aggregation of PAC
molecules is compared in Fig. 7a through two aspects, the probability that PAC molecules existed
as monomers (x axis) and the size of the largest aggregates (y axis). It was reported that compared
with PacS, individual PacM molecules possessed intramolecular flexibility and could transition
between folded and unfolded state in bulk toluene and heptane, which hindered aggregation [77].
As shown in Fig. 7a, PacM molecules also formed small aggregates (2-6 molecules in sys. 1-10),
whereas PacS molecules formed larger aggregates (7-14 molecules in sys. 11-20). Also, compared
with PacM for which the aggregates were loosely structured, the structure of PacS aggregates were
more compact due to n—n stacking (see SI section SI9).

As Anton et al. [78] suggested, larger aggregates on the water/oil interface were more difficult
to desorb than smaller aggregates. Among the systems containing PacM which formed smaller
aggregates than PacS, desorption was observed in sys. 2-5 (PacM at water/toluene interface with
NisB or NisP) and 7-8 (PacM at water/heptane interface with NisB), as marked in the blue circle

in Fig. 7a. In these systems, the probability of monomers increased, and the size of the largest
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aggregate decreased compared with the control systems, sys. 1 (PacM only on water/toluene
interface) and sys. 6 (PacM only on water/heptane interface). This result implies the correlation
between desorption and aggregation: desorption was more likely to occur upon the reduction of
aggregate size and the increase of monomers, caused by adding non-ionic surfactants, as observed
in sys. 2-5 and 7-8. In sys. 9-10, the largest aggregate size was increased by adding NisP on
water/heptane interface, and desorption was not observed, which confirmed that larger aggregates
were more difficult to desorb from the interface. It should be noted that all 32 PAC molecules were
analyzed in Fig. 7a, and PAC monomers or the largest aggregates could be on the interface or
dispersed in bulk organic phase. In fact, the largest aggregates were always observed on the
interface except for sys. 2-3 where the largest aggregates were in bulk toluene. Large and compact
aggregates formed by PacS were more difficult to desorb from the interface, and no desorption of
PacS was observed for sys. 12-15 and 17-20 as shown in Fig. 7a.

Beside the effect of PAC structure, the aggregation and adsorption form of PAC at the interface
also depended on the type of organic solvent. The PACs molecules had higher solubility in
aromatic solvent (toluene) than in the aliphatic solvent (heptane). [59,77] Larger PAC aggregates
could be formed in bulk heptane due to the solvent-solute incompatibility. [74] As shown in Fig.
7a, there were more PAC molecules in the largest aggregates on water/heptane interface. Also,
more PacM molecules was adsorbed on the water/heptane interface than on water/toluene interface,
which can be seen from Fig. 7b where the intensity of the first RDF peak from Fig. 6 is plotted
against the number of adsorbed PAC molecules from Fig. 4. Mikami et al. [79] observed through
MD simulations that their model single-core PACs had more adsorption on water/heptane interface
than on water/toluene interface. The finding was similar to the case of PacM molecules in our work

where there was more adsorption at water/heptane interface. In this work, PacS molecules were
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completely adsorbed on both water/toluene and water/heptane interfaces, which was consistent
with the simulation work from Lan et al. [59], but different from Mikami et al. [79]. One possible
explanation is that the single core PAC model in Mikami’s work had only one heteroatom, sulfur,
located in the side chain, whereas the PacS molecule in our work had two oxygen atoms at the PA
core, which could interact strongly with water phase and promote the adsorption of PacS molecules,
as shown in SI section SI9.

The role of non-ionic surfactants is summarized in Fig. 7b. For sys. 2-3, and 7-8 marked in the
blue circle, there was competitive adsorption between PacM and NisB. As discussed in Fig. 5a-b,
all NisB were completely adsorbed in sys. 2, 3, and 8, while the adsorption of NisB in sys. 7 was
incomplete due to their interaction with dispersed PacM in bulk heptane (SI section SI6). The
adsorbed NisB molecules competed with PacM and caused desorption of PacM. Several factors
contributed to the desorption of PacM by NisB. Firstly, NisB had hydrophilic ethyl oxide groups
and chain-like structure with low molecular weight, which enabled the entire NisB molecule to be
adsorbed close to the water phase, as shown in Fig. 5a-b and illustrated in SI section SI10. PacM
molecules were larger and interacted with water mainly at the point of carboxyl group, while the
rest of the molecule could be far from the water phase, as shown in SI section SI9 and SI10. With
the adsorption of NisB, the interaction between PacM and water might be interrupted. Secondly,
the interaction between NisB and PacM (Fig. 7b, y-axis) was weak for sys. 2-3 and moderate for
sys. 7-8, thus the co-adsorption was insignificant. Thirdly, the adsorbed NisB interfered with the
loosely structured PacM aggregates and promoted the dissociation of the aggregates into
monomers. As discussed in Fig. 7a, the reduction of aggregate size and increase of monomers
contributed to the desorption of PacM. It is important to mention that in our simulations, the

concentration of NisB did not make significant difference in the desorption of PacM. On the
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water/oil interface, the interfacial tension was governed by the surface concentration of PACs and
not the bulk concentration, as pointed out by Jian et al. [41] In our work, while the bulk
concentration of the solute was high (over 10,000 ppm) due to the small size of the simulation box,
the maximum surface concentration possible was (32+128)/(2*144) = 0.56 molecules/nm?,
assuming all solutes were adsorbed. This concentration was less than half of the saturation surface
concentration for single-core PAC on water/oil interface: 1.32 molecules/nm?. [41] The
insignificant effect of the concentration of non-ionic surfactants was likely caused by the fact that
the interface was well below saturation.

The desorption of a mixture of PACs from water/xylene interface by adding Brij-93 were
investigated by Pradilla et al. through interfacial tension measurement. [38,39] From Langmuir
adsorption isotherm, they analyzed the composition on the interface and proposed the interaction
between non-ionic surfactants and PACs. At low concentration of Brij-93 (10 ppm), there were
interaction between Brij-93 and PACs and the partial desorption of PACs from the interface. [38]
At higher concentration of Brij-93 (100 ppm), the PACs were almost completely desorbed from
the interface and the interaction between Brij-93 and PACs diminished. [38] In our case, the
interface with mixtures of PACs and NisB was below saturation, which corresponded to low
concentration in the experiment. The low concentration scenario from Pradilla et al. [38] was
consistent with our observation that there was weak (sys. 2-3) to moderate (sys. 7-8) interaction
between Brij-93 (named NisB in this work) and PacM, and PacM molecules were partially
desorbed from the interface. Other observation was obtained in this work for PacS molecules on
water/toluene (sys. 12-13) and water/heptane (sys. 17-18) interfaces with the presence of NisB.
The PacS molecules were difficult to desorb due to their large and compact aggregate structure,

close contact with water phase, and moderate to strong interaction (Fig. 7b) with NisB.
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In Pradilla et al.’s work [38,39], PE8100, a PEO-PPO copolymer, was shown to have better
desorption capability than Brij-93, in that less amount of PE8100 was required to obtain similar
degree of PAC desorption by Brij-93. At low concentration of PE8100 (0.5 ppm), strong
interaction between PE§100 and PACs was observed and there was negligible desorption of PACs.
[38,39] At high concentration of PE§100 (100 ppm), there was no interaction between PACs and
PE8100, and PACs were completely desorbed. [38,39] The low concentration scenario in Pradilla
et al.’s work was similar to sys. 9-10 in our work, where there was strong interaction between
PacM and NisP, and co-adsorption was dominant on water/heptane interface, as shown in Fig. 7b.
While for sys. 4-5 with PacM on water/toluene interface, the desorption of PacM by NisP could
be attributed to the close contact between NisP and water phase, the small and loose structure of
PacM aggregates, and the weak interaction between NisP and PacM. The effect of NisP
concentration was more significant than NisB, probably due to the higher surface activity and
molecular weight of NisP [38,39]. Increasing NisP concentration from sys. 4 to sys. 5, the
desorption became less significant. And from sys. 9 to sys. 10, the co-adsorption of PacM and
NisP was enhanced. The increased adsorption of PacM correlated with the increase of interaction
between PacM and NisP (Fig. 7b). For systems with PacS (sys. 14-15, 19-20), co-adsorption
between PacS and NisP was observed, similar to systems where NisB was added (sys. 12-13, 17-
18).

In a previous simulation study, Niu et al. [44] placed a complete film of PEO-PPO copolymer
and C5Pe, a model single-core PAC molecule, on water/xylene interface. They reported that the
PEO-PPO copolymer could penetrate into and destroy the film formed by C5Pe. [44] Pradilla et
al. [38,39] reported that with high concentration of non-ionic surfactants (2500 ppm of Brij-93 and

100 ppm of PE8100), the PACs could be completely displaced and there was no interaction
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between PACs and non-ionic surfactant. Such complete desorption was not observed in our work,
most likely due to the relatively low surface concentration of PACs and surfactants. While the bulk
concentration of PACs can be assigned at the beginning of the simulations, their adsorption and
hence surface coverage of the interface cannot be controlled. All of our simulations showed many
of the PACs adsorbed in aggregated form, and even when they adsorbed in monomer form, their
polyaromatic cores tended to be perpendicular or slant, instead of parallel, to the interface. Such
configurations led to limited surface coverage of the interface, even though the bulk concentration
was quite high. As shown in the SI (section SI11), the surface coverage fraction was 15% for sys.
1, 18% for sys. 6, and 11% for both sys. 11 and sys. 16. The surface coverage fraction was less
than 20% in all cases, leave ample exposed interface where the non-ionic surfactants could adsorb
and co-exist with the PACs. Although higher surface coverage was obtained for control systems
with PacM than with PacS, the difference is small and the different desorption behaviors observed
between PacM and PacS were mainly due to their different solubility, aggregation characteristics
and interaction with the non-ionic surfactants. Our work shed light onto the different roles played
by non-ionic surfactants on the adsorption of PAC on water/oil interface, which depend on PAC
architecture, solvent and surfactant property. Competitive adsorption and desorption of the PACs
may not be the only way to destabilize W-O emulsions; in fact, co-adsorption and subsequent
bridging of small droplets have been proposed to be an alternative way of demulsification [59].
Understanding the roles of non-ionic surfactants is crucial to the design of chemical demulsifiers

and control of their performance.

4. Conclusion
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Molecular dynamics simulations were employed to investigate the adsorption of multi-core
(PacM) and single-core (PacS) PACs at water/oil interfaces, in the presence of non-ionic
surfactants (NisB and NisP). Different PAC architectures, solvent types, non-ionic surfactants and
surfactant concentrations were used to investigate their influences. PacM tended to form smaller
and more loosely structured aggregates at the interface, while the aggregates for PacS was larger
and more compact. [77,79] There was more adsorption of PacM on water/heptane interface than
on water/toluene interface, due to the lower solubility in heptane, whereas PacS molecules were
completely adsorbed at both interfaces. [53,59,79,80]

NisB molecules were adsorbed closer to the water phase than PacM molecules due to the strong
interaction between the hydrophilic EO group of NisB and water. The adsorbed NisB interfered
with the interaction between PacM and water, as well as the interaction within the loosely
structured PacM aggregates, causing them to dissociate into monomers that were easier to desorb
[78]. For the surface concentrations obtained in this work, the bulk concentration of NisB did not
have significant effect on the desorption of PacM, which was likely caused by the fact that the
interface was well below saturation [41]. When NisP were added to the systems containing PacM
and water/toluene interface, desorption was also observed. While on water/heptane interface, the
interaction between NisP and PacM promoted the adsorption of PacM. The effect of NisP
concentration was more significant than NisB, probably due to the higher surface activity and
molecular weight of NisP [38,39], with the increase of NisP concentration favoring adsorption.
Adding NisB or NisP did not induce the desorption of PacS, due to the large size and compact
structure of PacS aggregates, the interaction between PacS and water, and the interactions between

PacS and non-ionic surfactants.
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This work identified two opposite roles of non-ionic surfactants on the adsorption of PACs,
namely, competition and co-adsorption. While it was traditionally believed that competitive
adsorption of non-ionic surfactants and their displacement of PACs were necessary for
demulsification [44,81], our results showed that co-adsorption could also occur when there was a
strong interaction between PACs and the surfactants. This phenomenon may not be detrimental to
demulsification, and in fact suggests an alternative way of demulsification, by co-adsorption and
subsequent bridging of small droplets into bigger ones which are then easier to be separated from
the bulk phase [59]. To our best knowledge, this is the first atomistic-level study that
comprehensively addressed the adsorption and interaction of PACs and non-ionic surfactants at
water/oil interface under the influence of many important factors, such as PAC structure, solvent
type, as well as structure and concentration of non-ionic surfactants. This work provided useful
insights into the fundamental understanding of how non-ionic surfactants may modulate oil/water
interfaces with adsorbed PACs, especially when they are used as chemical demulsifiers to treat
water-in-oil emulsions. Future work will explore the coalescence or adhesion of water droplets
with the presence of non-ionic surfactants, and a combined experimental and theoretical
investigation on the stability of water-in-oil and oil-in-water emulsions with PACs and non-ionic

surfactants.
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