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Abstract

Surfactants, which contain phenol and amine groups, are commonly used in industry

to protect metallic surfaces and their e�ciency depends strongly on factors such as

pressure and temperature, solvent properties, and the presence of other surfactants in

the system. In this work, we present a molecular simulation study of the competitive

adsorption between a multi-functional phenol and amine surfactant model and ethanol

at the oil/solid interface formed between iso-octane and a model hematite (� - Fe2O3)

slab. We show that the surfactant strongly adsorbs at the iso-octane/hematite interface

in the absence of ethanol at moderate temperatures. As the concentration of ethanol

is increased, the ethanol molecules compete e�ectively for the adsorption sites on the

iron oxide surface. This competition drives the surfactant molecules to remain in the

bulk-solution while ethanol forms an ordered and strongly coordinated layers at the

oil/solid interface, despite the well-known complete miscibility of ethanol in iso-octane

in bulk at standard conditions. Potential of mean force calculations show that the free

energy of adsorption of the surfactant is approximately two times larger than for a

single ethanol molecule, but the simulations also reveal that a single surfactant chain

needs to displace up to �ve ethanol molecules to adsorb onto the surface. The end result

is a more favorable ethanol adsorption which agrees with the experimental analysis of

similar oil/iron oxide systems also reported in this work.

Introduction

Adsorption of organic molecules such as ligands and surfactants remains one of the most

common methods to protect and modify the properties of solid surfaces. It has important

industrial implications in areas such as sensing and molecular recognition, selective crys-

tal growth, heterogeneous catalysis, tribology, and corrosion protection.1 In the automotive

industry, for example, a variety of surfactants are used in fuel formulation to protect and

lubricate the car engine surfaces.2,3 The adsorption of surfactants is a complex phenomenon
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that depends on many factors such as the chemical composition of the uid phase, sur-

face chemistry of the solid substrate, solid defects and surface morphology due mechanical

stresses. Some of these factors have been studied closely using state-of-the-art experimental

techniques.4{11 On top of these studies, molecular simulation methods have also been im-

portant in understanding the adsorption phenomena of surfactants as they o�er atomistic

insights about the mechanisms involved in the process.12{14 To date, increasing numbers of

computational studies have been performed to investigate complex phenomena taking place

at liquid/solid interfaces such as mechanisms of adsorption,15 and surfactant self-assembly

as a function of concentration,16{18 chain length,19 aqueous salt concentration,20{22 surface

morphology23{28 and interaction parameters.29,30

Most of the computer simulation studies of adsorption of surfactants consider aqueous

systems. However, in many industrial applications, adsorption of surfactants takes place

at oil/solid interfaces, which is a phenomenon not well understood yet. Some recent sim-

ulation studies have focused on the orientation and lubrication properties of surfactants in

non-polar phases on mica and iron oxide surfaces where, for example, it has been observed

that hexadecylamine forms a monolayer on iron oxide at high surfactant concentration with

the hydrophilic groups attached to the surface and their hydrophobic tails exposed to the oil

phase.31 Similar phenomenon has been observed in systems formed by fatty acids.32 These

observations are in accordance with some of the experimental studies in the literature.5,6 The

situation becomes more challenging to understand in the case of high-performance formula-

tions. These systems usually contain a variety of surfactants, of which many have complex

molecular structures. The performance of these high-performance formulations can also be

a�ected by other molecules present in the system. For example, ethanol has been added to

gasoline blends to enhance the octane number and reduce environmental impact of the fuel

since the 1980s.33{36 However, the polar group of ethanol may compete with other surfactants

for active sites on the surface thus reducing their protective e�ciency. Therefore, the impact

that ethanol has on active surfaces should not be neglected. Indeed, experimental evidence

3

Page 3 of 28

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



A1 surfactant

Iso-octane

Ethanol

(a)

(b)

(c)

Figure 1: Molecular structure of the systems comprising the oil phase in this study: (a)
Mannich base surfactant, (b) ethanol, and (c) iso-octane.

obtained in this work suggests that adsorption of certain surfactants can be suppressed by

the presence of ethanol.

The goal of this study is to understand the competitive adsorption between ethanol

and a model of commonly used surfactant, which is typically present in gasoline blends, at

the oil/solid interface formed between iso-octane and hematite using molecular dynamics

simulations.

Simulation Methods

We use molecular-dynamics (MD) simulation to gain a microscopic understanding of the

adsorption of a Mannich base (amine) surfactant model at the oil/solid interface formed by

iso-octane and a slab of hematite (� - Fe2O3). The surfactant model is typically synthesised

by Mannich base reactions between amines and aldehydes, and for this particular study

we consider the 2-[ (3-(dimethylamino) propyl)amino] methyl-4-dodecyl-6-methylphenol37{39

surfactant that contains a polar head group with phenol and amino groups, and a tail group

comprising of an aliphatic C12 alkyl chain. The molecular structure of this model surfactant

is shown in Figure 1(a), and for simplicity hereafter we will refer to this molecule as simply

A1.

4

Page 4 of 28

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Iso-octane is used to represent the oil phase while a iron-terminated hematite slab with the

(0001) crystallographic plane exposed to the uid phase represent our model surface. Under

ambient conditions, hematite is the most common form of iron oxide on steel surfaces.40,41

The iron-terminated surface is used as it has the pristine hematite structure with lowest

surface energy based on ab initio calculations.42 Our simulation setup is constructed as follow.

First, the structure of iron-terminated hematite (0001) surface is built from crystallographic

information43 and replicated by 16�16�2 unit cells (80.6 �A� 69.8 �A� 27.5 �A) along the

three Cartesian coordinates. The force �eld used to model the hematite slab was taken

from the model of Berro et al.,44 which has previously been used to model the adsorption of

surfactants on iron oxides.31,45 The interactions between iron-iron, iron-oxygen and oxygen-

oxygen within the solid structure are not considered since the slab is described as rigid in this

work. The OPLS-AA force �eld parameterization of Price et al.46 is used to represent the

molecular interactions between iso-octane, ethanol, and surfactant A1, and the parameters

are given in the supplementary information. Standard Lorentz-Berthelot mixing rules are

used to represent the cross interactions. The OPLS-AA force �eld has previously been used

to model mixture of alkane-alcohol, alkane-amine and alcohol-amine with satisfactory results

for various thermodynamic properties.47 Bulk liquid simulations have also been performed in

this work to ensure that the OPLS-AA force �eld represents well the miscibility of ethanol

and iso-octane at various temperatures in the range of 270-390 K. We observed that the

OPLS-AA force �eld parameterization used in this work reproduces the bulk experimental

density of an equimolar mixture of iso-octane and ethanol (less than 2% deviation),48 as well

as the full miscibility of both components. All LJ interactions have a cuto� of 10 �A and

electrostatic interactions are handled using the PPPM method. All simulations have been

performed using LAMMPS.49

The hematite slab is located in the centre of the simulation box with the two (0001)

crystallographic planes oriented perpendicular to the z direction and exposed to the uid

phase. The di�erent molecules in the uid phase are inserted in the simulation box using the

5
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Packmol suite.50 The systems are equilibrated to a pressure of 1 bar and to the appropriate

temperatures using MD simulations in the isobaric-isothermal NPT ensemble, allowing only

the box length in z direction to vary. More formally, the simulations take place in the

NPNAT ensemble, where the normal pressure PN = Pzz and the transverse area A = LxLy

are kept constant. Depending on the mixture composition, the resulting box length in the z

direction ranges from 110 to 120 �A. After equilibration, MD simulations are performed using

the canonical NV T ensemble to study the adsorption mechanism of the uid molecules on

the solid substrate. Newton’s second law is integrated using the velocity Verlet algorithm

using a 1 fs time step and periodic boundary conditions in all three Cartesian coordinates

for all simulations so that the solid slab becomes in�nite in the xy plane. Temperature

and pressure are controlled employing Nos�e-Hoover dynamics.51,52 Details on the number of

molecules used for each species are summarised in Table 1.

We have also performed MD simulations using umbrella sampling to study, in more detail,

the adsorption of A1 at the oil/hematite interface with and without the presence of ethanol

in the system. Additionally, umbrella sampling simulations of ethanol with and without the

presence of A1 are also used to compare the adsorption a�nities between the two molecular

species. MD simulations using umbrella sampling allow one exploring more e�ciently all

possible con�gurations that are not energetically favourable by applying a bias harmonic

potential to pull the molecules of interest to the solid substrate. The resulting trajectories

are used to calculate the potential mean force (PMF) using the Weighted Histogram Analysis

method (WHAM)53 along the reaction coordinate. For the umbrella sampling simulation for

A1, the reaction coordinate is taken as distance along the z direction between the centre of

the aromatic ring of the phenol group and the outermost surface atoms of hematite, while

for ethanol the reaction coordinate is taken with respect to the oxygen atom. A window size

of 0:5 �A is used to ensure that the histograms overlap each other. For each window along

the reaction coordinate, a simulation of 5 ns is performed in the NV T ensemble. The free

energy reference value is taken as zero for distances larger than 25:0 �A which is considered
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to be a distance far enough from the surface. Finally, the adsorption free energy is taken as

the global minimum value of the PMF.

The di�erent systems analysed using MD simulations with and without umbrella sampling

are described in Table 1. For simulations using MD with umbrella sampling (MD-US), a

system containing a single A1 surfactant in a solvent containing 1680 molecules of iso-octane

at 293 K is used, in which a bias harmonic potential is applied to the center of the aromatic

ring of the phenol group to pull the molecule of A1 towards the surface. The bias harmonic

potential is computed based on a force constant of 7:0 kcal mol�1 �A�1 and the equilibrium

distance is sequentially decreased from 25:0 �A to 0:0 �A. The resulting trajectories are used

to calculate the PMF pro�les of A1 on hematite. A similar calculation is performed for a

single ethanol molecule in iso-octane solvent and the bias potential is applied to the oxygen

atom. Next, the calculations for the PMF pro�le of a single A1 surfactant are repeated but

now including di�erent concentrations of ethanol in the system corresponding to 0, 64, 128,

256, 512, and 768 molecules at 293 K . These calculations aim to understand the e�ects of

ethanol concentration on the free energy of adsorption of A1. The e�ect of temperature on

the PMF pro�le of a single molecule of A1 is also analysed using a system containing 768

ethanol molecules at temperatures corresponding to 293 K, 313 K, 333 K, 353 K, and 373

K.

For the unbiased MD simulations, systems containing 1680 molecules of iso-octane and

di�erent concentrations of ethanol are considered. The results are used to analyse structural

properties of the adsorbed ethanol layer at the oil/hematite interface. The number of ethanol

molecules used for these calculations are 256, 512, and 768. Finally, the simulations are

repeated by adding 16 molecules of A1 to analyse the competitive adsorption between A1

and ethanol on hematite.
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Table 1: Summary of the number of molecules used for MD simulations without
and with using umbrella sampling (MD-US) to calculate the PMFs.

Iso-octane Ethanol A1 Temperature(s) / K Simulation technique
1680 - 1 293 MD-US
1680 1 - 293 MD-US
1680 0, 64, 128, 256, 512, 768 1 293, 313, 333, 353, 373 MD-US
1680 256, 512, 768 - 293 MD
1680 256, 512, 768 16 293 MD

Experimental Method

To further con�rm the competitive adsorption of A1 and ethanol, adsorption isotherms of

mixtures of ethanol, A1, and iso-octane on hematite are determined by the solution depletion

method. All experiments are performed at room temperature and they follow the same

methodology previously used in reference 5. These experiments essentially measure the fall

in solution concentration of a surfactant in contact with a powdered substrate to estimate the

amount adsorbed. The changes in concentration are measured using UV-Vis spectroscopy

for the case of A1, and quantitative 1H NMR for the case of ethanol. The substrate was

powdered Fe2O3 from Sigma, with a speci�c surface area determined by nitrogen BET of

5.12 m2 g�1.

Results and Discussions

Potentials of mean force for surfactant A1 and ethanol

We analyse the free energy required to bring either a single molecule of A1 or a single

molecule of ethanol from in�nity towards the oil/hematite interface as a �rst step towards

understanding the competitive adsorption of A1 and ethanol on hematite. These free energies

obtained from the calculations of the PMF using umbrella sampling simulations provide

information of the a�nity of A1 and ethanol to adsorb to the solid substrate without, in the

�rst instance, considering interference between each other. The results for the PMF pro�les
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Figure 2: Potential of mean force of a single ethanol molecule and single surfactant A1 on
hematite (0001) surface. In the pro�le for A1, snapshots of 5 adsorption stages are also
presented, while for ethanol a single stage is shown. The origin z = 0 corresponds to the
outermost solid atom position.

are presented in Figure 2, where it is clearly observed that the PMF of surfactant A1 has two

pronounced minima, one at a distance of 2.94 �A of magnitude�12:9 kcal mol�1, and a second

at a distance of 4.46 �A of magnitude �11:1 kcal mol�1. Both peaks observed in the PMF

pro�le of A1 are clearly more pronounced than the single minimum observed for an ethanol

molecule located at a distance of 1.91 �A of magnitude �5:8 kcal mol�1, indicating stronger

adsorption a�nity of A1 on hematite. A1 is signi�cantly larger and has more polar functional

groups than ethanol thus increasing the dispersion forces and electrostatic interactions with

the surface. Therefore, it is not surprising to observe that A1 exhibits a stronger adsorption

a�nity compared to ethanol. The PMF pro�le also reveals that the surfactant has 5 di�erent

adsorption conformations (stages) represented by the minima and di�erent turning points

in the pro�le. Stage 1 corresponds to the adsorption of A1 adopting a at conformation on

the surface with the head and tail groups occupying the surface sites. Adsorption stages 2-4

take place when the polar amino and phenol groups are in contact with the surface and the

aliphatic tail extends into the oil phase. Finally, stage 5 represents the complete desorption

of A1. The PMF pro�le of ethanol is completely di�erent to the one of A1, exhibiting only
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Figure 3: (a) PMF pro�le of surfactant A1 for six di�erent numbers of ethanol molecules at
293 K. Nethanol denotes the number of ethanol molecules. (b) PMF pro�le of surfactant A1
at three di�erent temperatures for a system containing 768 ethanol molecules.

one adsorption conformation represented by a single minimum in PMF that is characterised

by the interaction of the OH group with the surface and the alkyl group exposed to the oil

phase.

From the previous results is evident that the a�nity of A1 to the hematite surface is

stronger than that of ethanol. To assess whether these a�nities are a�ected when the two
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Figure 4: Values of the PMF of A1 reported in Figure ??�g:di�temp(a) as a function of the
number of ethanol molecules evaluated at the �rst (blue circles) and second (red squares)
minima. Solid lines represent best �ts.

species compete between each other for the adsorption sites, we have carried out calculations

of the PMF of A1 at di�erent ethanol concentrations using umbrella sampling simulations at

293 K. The number of molecules of ethanol analysed, Nethanol, are indicated in Table 1 and

the results are shown in Figure 3(a). Regardless of the ethanol concentration studied, the

two minima in the PMF originally, at distances of �2.94 �A and �4.46 �A, remain almost at

the same positions, but their corresponding magnitudes are shifted towards higher values as

the number of ethanol molecules is increased until the adsorption of A1 on hemitite becomes

completely unfavourable, i.e., until the PMF pro�le becomes positive for all distances. This

is a counter-intuitive observation considering the strong a�nity of A1 to hematite. Moreover,

it is also clear that as the number of ethanol molecules is increased beyond Nethanol = 128,

the second minimum in the PMF becomes the global minimum suggesting con�gurations

corresponding to the conformation of Stage 2 becoming the most stable ones. This change

of conformation seems to be driven by the quick formation of an ethanol monolayer onto

hematite that displaces the hydrophobic surfactant’s alkyl chain towards the oil phase. The
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�rst and second minima observed in the PMF, with magnitudes �A1st and �A2nd , represent

the adsorption of the hydrophobic and hydrophilic groups respectively. The dependence of

�A1st and �A2nd on the number of ethanol molecules is presented in Figure 4. Interpolation

of �A1st to zero, corresponding to a number of ethanol molecules of Nethanol � 290, is the

point at which the �rst minima becomes positive indicating destabilisation of the hydrophobic

group, while the Interpolation of �A2nd to zero, corresponding to Nethanol � 440, is the point

at which the second minima becomes positive indicating destabilisation of the hydrophilic

group. When the surface is covered with ethanol, for a single A1 molecule to adsorb onto the

surface requires the displacement of more than one ethanol molecule in order to accommodate

its polar head group comprising three amino groups and the large phenol group. The number

of ethanol molecules displaced per A1 molecule can be estimated from the change in the

amplitude of the �rst peak of the ethanol density pro�le, located at the oil/solid interface,

before and after A1 is adsorbed. The analysis reveals that approximately 5 ethanol molecules

need to be displaced in order for the head group to adsorb on the surface and adopting

a conformation corresponding to Stage 2. In this case, the signi�cant energy barrier of

displacing a cluster of ethanol molecules is the key that prevents the adsorption of surfactant.

This strong energy barrier is attributed to the strong order and hydrogen bond-network

observed in the �rst ethanol layer.

Besides the strong e�ect that the concentration of ethanol has on the adsorption of A1 on

hematite, the e�ect of temperature needs to be analysed since high-performance surfactants

are likely to be used at high temperature conditions. The results for the PMF pro�le for A1

at di�erent temperatures and for a �xed number of Nethanol = 768 molecules are presented in

Figure 3(b). The temperatures analysed correspond to 293 K, 333 K, and 373 K, which cover

the temperature range from room temperature up to phase change temperature (boiling

point) of iso-octane.54 Unlike in the case of increasing ethanol concentration, increasing the

temperature of the system to 373 K shifts the PMF pro�le to lower values thus the adsoprtion

of the surfactant become more favourable. This suggests that elevated temperature A1 is
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Figure 5: Density pro�le �(z) of ethanol along the z direction, two-dimensional oxygen-
oxygen radial distribution function gO�O(rk) in the plane parallel to x-y directions calcu-
lated for the �rst adsorbed ethanol layer, and two-dimensional density map of ethanol on
hematite (0001) surface. The total number of ethanol molecules Nethanol in the three systems
correspond to (a) 256, (b) 512 and (c) 768 molecules, respectively. The origin z = 0 for the
density pro�le corresponds to the position of the outermost solid atoms of the hematite slab.
COM denotes the center of mass of ethanol.

able to compete with ethanol molecules for the adsorption sites of the solid substrate. This

enhanced competition is attributed to the weakening of the hydrogen bonds in the �rst

ethanol layer that reduces the order of the ethanol network and favours the adsorption of

A1.
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