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Abstract

The use of sodium citrate as a secondary processing aid in combination with caustic significantly
improved bitumen recovery, specifically in poor oil sands ores. The role of sodium citrate on
wettability alteration of solid surfaces, benefiting bitumen liberation as well as improving bitumen
coalescence were mainly attributed to the strong chelating ability of citrate molecules. It was
observed that the addition of citrate to the system enhanced bitumen liberation through
significantly increased negative zeta potential of bitumen, silica, and clay surfaces and
consequently stronger electrostatic repulsion between bitumen and solid surfaces. Atomic
calculations are applied to further understand the underlying mechanism of the role of sodium
citrate on interfacial properties and possible interactions with silica and alumina surfaces. To study
the effect of sodium citrate on the wettability of clay minerals and considering the possible effect
of surface structure on the adsorption behavior, both basal and edge sites of gibbsite-like substrates
were studied. While edge sites are highly reactive and possibly contribute to inner-sphere
adsorption of ligands present in the system, basal planes of gibbsite-like octahedral surface can
contribute to outer-sphere adsorption of these molecules. The former interaction was investigated
as ligand exchange reaction mechanism, where citrate was concluded to be a better complexing
agent in comparison with naphthenic acids (natural surfactants present in bitumen). Furthermore,
the exchange of naphthenic acids with citrate in outer-sphere adsorption mode was calculated as a
favorable reaction specifically on the edge plane. The better complexing ability of citrate compared
to common naphthenates present in oil sands was attributed to the unique structure of this
molecule. While it is not necessary for all functional groups of citrate to coordinate with alumina

surfaces, the remaining can contribute to modifying surface charges.



To study the effect of sodium citrate on wettability alteration of silica surfaces as a common host
present in oil sands, a three-phase system containing silica substrate, model oil droplet, and
solution was used. Applying hydration film theory into the simulations, a thin film containing
different compositions of monovalent and divalent ions was placed between the silica and droplet
interface. While cations, and specifically divalent ions, contribute to the bridging of polar organic
compounds (naphthenic acids) present in the oil droplet to the substrate, introduction of sodium
citrate to the solution phase considerably changed this behavior. It was observed that the adsorption
of citrate on cations present on the surface reduced their accessibility for naphthenic acid molecules
and recovered the surface wettability as observed quantitively with contact angle calculation.
Moreover, the effect of sodium citrate on the dynamical properties of the oil droplet was
investigated through the definition of Debye-Waller factor <u?> for the oil molecules present in
the droplet. It was observed that the remaining citrate molecules in the solution contributed to the
higher local mobility of decane as well as naphthenic acids molecule, resulting in a softer droplet,

especially at the oil-water interface.

From these studies, it can be observed that sodium citrate contributes to the solid wettability
alteration of both silica and alumina surfaces through competitive adsorption on the substrate,
where surfaces get dominated by the presence of negatively charged citrate anions, and further

adsorption of organic compounds present in the oil phase are prohibited.
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Chapter 1

Introduction

Bitumen, heavy viscous petroleum present in unconsolidated sand deposits, must be treated
efficiently to be able to be pumped to refineries or upgraders'. Increasing demand on fossil fuel
resources with depletion of high-grade ores encourages recent studies focusing on new methods
for recovering bitumen economically and efficiently from oil sands. In order to recover bitumen
from oil sand ores, open-pit mining, as well as in-situ drilling, are the common approaches in
Canadian oil sands industries' . The Clark Hot Water Extraction (CHWE) process introduced by
Clark in 1923 is the foundation for current water-based extraction in the oil sands industry>#.
During this process, the mined oil sand ores are mixed to form a slurry which later goes through
slurry conditioning, primary separation, and secondary flotation. Process aids are usually added
during slurry preparation. Sodium hydroxide, although being corrosive in long-term usage, is the
widely used commercial processing aid contributing to increasing the pH and consequent release
of natural surfactants® as well as manipulating surface charges®. However, it was observed that the
addition of caustic to poor oil sands did not necessarily improve recovery. In an urge to find
suitable processing aids, multiple chemical aids were studied but none were successful to be
applied in the production industry until sodium citrate was introduced as a successful processing
aid in reducing the caustic dosage necessary for oil sands production’ '°. Although the underlying
mechanism of enhancing bitumen recovery needed further attention, it was observed that the
addition of sodium citrate in combination with sodium hydroxide considerably improved bitumen

recovery, especially in poor-processing ores'’.



While macroscopic data obtained in experimental studies provide a primary understanding of a
given topic, there are always some aspects other than pH, concentration effect, enthalpies of
reaction, adsorption rates, etc. There are features, for example, the contribution of different facets
of clays, in which the detailed comprehension of the effect from different molecular arrangements
on adsorption can be achieved using molecular modeling. On the other hand, microscopic data
usually achieved by experimental methods have their limitations, for instance, attenuated total
reflectance Fourier-transform infrared (ATR-FTIR) usually needs further clarifications due to the
overlap in frequencies observed experimentally!!. Electronic structure methods, as well as
atomistic simulation, can be powerful tools in understanding interfacial behaviors of different
systems. While sub-atomic approaches suffer from limitations to small systems and computational
time'?, they can provide excellent microscopic insights on the chemistry of systems and possible
reaction mechanisms. On the other hand, classical molecular dynamics simulation is less
computationally demanding and allows for more realistic modeling regarding the size of the

system and accessible simulation time.

Electronic structure calculations rely on solving Schrodinger’s equation. Not being dependent on
fitting parameters, makes this calculation method as the most accurate tool to match experimental
observation. While the exact solution of the Schrédinger’s equation has to be solved, different
mathematical approximations have been proposed to estimate the solution'®. Atomistic simulations
use a series of empirical parameters termed force field, as well as classical mechanics, to describe
atomic interactions and motion in a system which enables one to simulate a system with millions
of atoms and a timeframe of milliseconds. For both methods, specifically in atomistic simulation,
the accuracy of calculation is highly dependent on the parameters/functionals used to describe the

system. Hence, it is of immense importance to make sure force field parameters/functionals



corroborate with the real behavior of the system. A combination of these two methods, were

applicable, can provide a more comprehensive picture due to limitations existing in each method.

During the bitumen liberation process, the surrounding water environment results in thinning of
the bitumen film on the sand grains, followed by eventual rupture of this film and the formation
of a three-phase contact line. In the next step, the formed bitumen droplet detaches from the surface
into the water phase. However, this liberation process is dominated by interfacial properties of
grain-water, grain-bitumen, and water-bitumen'!*!>, It was observed experimentally that the
reason for higher efficiency by the addition of sodium citrate to the system can be investigated
through possible effects from sodium citrate on interfacial properties including interfacial tension
and zeta potential®!®. This observation can be related to the strong ability of sodium citrate as a

chelating agent as well as the adsorption on solid and bitumen surfaces.

In an attempt to find a better fundamental understanding of experimentally observed behavior of
interface sharing phases, atomistic and sub-atomistic simulations were applied on silica and

gibbsite-like faces as commonly occurring sand and clay minerals found in oil sands extractions.

Kaolinite clay is a 1:1-type clay mineral consisting of tetrahedral SiO4 and octahedral AlO¢ sheets.
While the tetrahedral site may not be a candidate for direct adsorption of negatively charged polar
organic compounds present in bitumen, the gibbsite-like octahedral sheet can be an adsorption site
for those molecules. Two different faces of gibbsite including basal (001) plane with monoclinic
symmetry and unit cell parameters of a = 8.684 A, b=5.078 A, ¢c=9.736 Aand o=y =90", B =
94.54°, and edge plane (100)!""! can be considered as good representatives on studying alumina

sites present in clay minerals. Figure 1.1 displays the structure of these two planes of gibbsite.



(a) (b)

Figure 1.1. Structure of (a) basal surface (001) and (b) edge surface (100) of gibbsite

The hydrophilic nature of solid surfaces ensures the success of water-based extraction, where a
thin water film (~10 nm) containing ions and fines exists between the solid and oil phase?*?!. This
thin water layer contains different ions including sodium, potassium, calcium, sulphate, etc., which
may contribute to the bridging of organic compounds in the bitumen phase, change the wettability
of those surfaces and reduce efficiency in the extraction process. To get a fundamental molecular-
scale understanding of interfacial behavior changes on silica surface in the presence of citrate,
wettability alteration on (001) plane of o-quartz was investigated with the density of
silanol/siloxide groups (SiOH/SiO") of 9.4 per nm?. The concentration of negatively charged sites
is highly dependent on pH, surface type crystalline silica used, and ionic strength®>*. The

structure of the silica surface used for the current study is depicted in Figure 1.2.

Figure 1.2. Structure of o-quartz with (SiOH/SiO") density of 9.4 per nm? and charge density of

1.7 per nm?.



The main motivation of the research conducted in this thesis was to get a microscopic
understanding of the experimentally observed behavior and identify any possible mechanisms with

that regard. The main objectives are to provide answers to the following questions:

How does citrate make alumina and silica surfaces negatively charged? Does citrate adsorb onto

those surfaces?

How does citrate prevent adsorption of naphthenic acids on the alumina surface? Is it a competitive

adsorption behavior?

How do different surface structures affect the behavior of ligands present in the solution? Does

reactivity of surfaces change the adsorption mechanism?

What is the possible effect of monovalent and divalent ions on altering the wettability of silica

surface and double-layer structure between oil droplet and substrate?

How does citrate recover the wettability of silica surfaces in presence of naphthenic acids and ions

present in hydration film?

What is the possible effect of citrate on the dynamics of oil droplets? Can citrate be considered as

a plasticizer?

The schematic of systems studied are depicted in Figure 1.3. The competitive adsorption of ligands
on alumina surface is shown in Figure 1.3.a, where both inner-sphere adsorption of citrate on edge
sites of clay as well as outer-sphere adsorption on basal plane are highlighted. Moreover,
adsorption of citrate anions on silica surface is shown in Figure 1.3.b, where presence of citrate

molecules on the surface prohibited further adsorption of naphthenic acids through cation bridging.



(a) Positive alumina surface

(b) Negative silica surface
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o Hydroxyl
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Figure 1.3. Schematic of systems studied: (a) competitive adsorption on alumina surface, and (b)

competitive adsorption on silica surface.



Chapter 2

2.1 Atomistic Simulation Methodology

2.1.1 Ensemble Method. Statistical mechanics as a tool for explaining the thermodynamic

behavior of large systems is mainly based on the fact that a system with constant macroscopic
properties can be found in different microscopic states. In other words, an ensemble is a collection
of all possible microscopic states with the same thermodynamic state. An ensemble average is the
average value of a large number of ensembles corresponding to a particular macroscopic energy
level.

The total energy, formulated as the summation of kinetic and potential energies, by considering
the three-dimensional coordination (7;) and momenta (p;) of each particle in real space, can be

written as:
3N
v
Zml-
i=1

H = U(r,...13y) + (2.1)

H is the Hamiltonian of the system, m; is the mass of each particle and N is the number of the
particles. Based on this formulation, at any time t, the state of the system can be defined by
(ry,...137, P1, ..., p3N). The system's trajectory in this phase space is governed by the Hamiltonian
function. Based on ensemble method calculation, it is assumed that after a long enough run time,
all phase space is explored. In the ensemble average method, by considering different
thermodynamic parameters we can define four ensembles: microcanonical ensemble (NVE),
canonical ensemble (NVT), isobaric-isothermal ensemble (NPT), and grand canonical ensemble

(uVT). Taking canonical ensemble as an example, where one can find different microstates with



identical N, V, and T but different in (7, ..., 73y, p1, ..., p3n) in a set of systems, probability of

finding a system with energy E; in the phase

space is2>2°:
e PEj
b = S e PE (2.2)
which can also be written as:
3 _E S
e ksT e keTeksp
_ _ 2.3
p H - E S (2:3)

[e ksTdr [e ksTeksdE
where P; is the probability of finding state j, f is 1/ksT, dr is volume element and S is entropy. The
denominator in Equation (2.2) is usually denoted by Z and called partition function. Based on this

definition, the ensemble average of any desired property like D can be expressed as:

<D>= Z D;P; = fDP(E)dE 2.4)
J

In the ensemble method, based on partition function Z, one might be able to calculate the average
potential energy (E), pressure (P), entropy (S), and Helmholtz free energy (cA). These values can

be obtained through the following expressions?’:

E S
[ Ee *sTeksdE 5tnZ
<E>: E S :_( Sﬁ )N,V (2.5)
[ e ksTeksdE
<P>= 1 oénz 2.6
ﬁ 6V )N,T ( * )
1 6tnZ
<S§S>= ,8 5T — vy + kptnZ 2.7)
1
<A>= —zinZ (2.8)



2.1.2 Molecular Modeling. Molecular dynamics simulation estimates desired properties

based on the time evolution of the microscopic states of the system. In other words, molecular
dynamics provides a view of the time evolution of microstates. Relating MD to experimental
observation can be made through the ergodicity hypothesis. In other words, to relate between
experimental data and simulation, one needs to make sure the system has already evolved phase
space sufficiently, making the ergodicity hypothesis valid. With the aim of finding a state in which
the system is well equilibrated in its minimum energy, Newtonian equations of motion for every
particle in the system must be solved. Unlike the ensemble method, all these calculations are based
on time as a variable, and by solving these equations, one can follow the time evolution of the
system. Based on Newton's second law, the acceleration of an object is dependent upon two
variables, mass and net force exerted on the object (F=ma). On the other hand, to measure the force
on an object, one needs to calculate the variation of potential with the distance (F=-VU). Therefore,
a full knowledge of forces and interaction energies between atoms in the system, makes calculating
their velocity, position, and the evolution of the system by time, possible. In the center of each MD
simulation, there is a numerical integration like Verlet, Velocity Verlet, and Leap Frog, which
determines the performance and accuracy of the simulation.

As discussed in Equation (2.1), the Hamiltonian equation of motion can be written as:

_O0H(r,p) _dp;
ar,  dt (2.9)
dH(r,p) _dr
ap;  dt (2.10)

Equation (2.9) provides the force value and Equation (2.10) gives the velocity of each object and
consequently defines temperature. As it appears, all the simulations are based on finding a way to

calculate the internal energy. Instead of calculating ground state internal energy by solving



Schrédinger's equation of a system of electrons and nuclei, molecular dynamics simulation tackles
this problem by considering the effect of electrons and nuclei into interatomic interactions. This
collection of interatomic interactions which calculates the internal energy of the system is called
the force field. Interatomic interactions can be divided into two groups: bonded and non-bonded
interactions. The former accounts for covalently bonded atoms while the latter accounts for
electrostatic and van der Waals interaction between any pairs of atoms in the system. Variation of
bond length, three body (angle), and four body (torsion) have the major contribution to the bonded
interaction energy. They can be found in different forms like Morse, Harmonic, Multi-harmonic,
etc. The non-bonded interactions include short-range van der Waals interaction and electrostatic
(Coulombic) interactions. Below an example of 12-6 Lennard Jones potential for repulsive and

dispersive van der Waals, and Coulombic interaction is brought:

Oij Oij 4iq;
[ynon—bonded (,. e Ty) = Z Ae.:. _YU~N12 _ ZU~e + z k J
(ry N) u[(rij) (Tij) ] Tij (2.11)

pairs pairs

The first term in Lennard Jones potential, repulsive part, dominates at distances shorter than r. (the
point where the energy has zero value), and the second as attractive part, dominates at distances
larger than r.. These non-bonded interactions must be considered up to a specific cut-off distance
and truncated after that. Van der Waals interaction decays to negligible values at long distances as
it decays rapidly (< 1/r°) and that is why they are called short-range interactions. On the other
hand, electrostatic interactions are long-range as they decay slowly and have non-negligible values
beyond a cut-off distance (e 1/r). For solving this problem, techniques like Ewald summation?®’

are used. The idea behind this technique is to use two subsystems in which superimposing them

yields the original state. The first system is composed of a point charge and a surrounding cloud

10



of opposite charge, while the second system consists of a compensating cloud with the same

charge. These systems are schematically illustrated below:

Figure 2.1. The representation of the Ewald summation in 1D.

Based on this technique, the electrostatic potential of point charges is calculated in real space while

compensating clouds are handled in Fourier space.

Considering the importance of numerical integration in determining the accuracy of molecular
dynamics simulation, in order to study the evolution of atomic coordinates in small timesteps,

Verlet algorithm updates the positions of the system components based on Taylor series expansion:

1 dx(t) 1.d%x(t) d*x(t)  , 4
- Rl S 2.12
x(t 4+ At) = x(t) + T Mt ——= At? +3' g At + 0(AtY) (2.12)
1 dx(t) 1 d%x(t) 1d3% (), .
_Af) = _ = — 2.13
x(t = At = x(t) — At + 5 — 3 A +0(tY) (2.13)

Putting these two equations together, the updated position of the particle can be written as:

d?x(t)

x(t +At) = 2x(t) — x(t — At) + a2

At? + 0(AtY) (2.14)

From this formulation, it can be observed that Verlet algorithm needs storage of the two sets of

coordinates. Moreover, there is the disadvantage of updating velocity in one step behind the current

11



x(t+At)—x(t—At)

e + 0(At?)). On the other hand, velocity Verlet algorithm is

time step (v(t) =
formulated in such a way that acceleration is updated at +Af¢ time step as a(t + At) = a(t) +

b(t)At + 0(At?), and position and velocity update can be written as:

x(t + At) = x(t) + v()ALt + %a(t)Atz +0(At%) (2.15)

v(t + At) = v(t) + alt+ A? +a(t) At (2.16)

In order to control the system at the desired temperature, one way is to rescale velocity, while the
most popular method was introduced by Nosé and further modified by Hoover®*°. The main idea
of the Nosé thermostat was to couple the system with a heat bath. To derive this idea

mathematically, artificial dynamical variable s was defined as a scaling factor of time interval

between the real and extended system with heat bath: At = sT1AL, Considering that in extended

system formulation, atomic coordinates remain the same, velocities as derivatives of coordinates

with time intervals will be different withR = Rand R = s~ R , Where sactsasa scaling factor

for the velocity.

The Lagrangian for the extended system can be written as:

SN o L 1 n - ~ : 1 o -
2(R,R,s,s) = EZm s?R? — E(R) + EM s? — pkgTtns (2.17)
i=1
The parameter M determines the coupling between the extended and the real system. Looking at
the derived equation of motion, one can observe that a large value of M results in poor temperature
control while choosing a small value results in high frequency and less of a chance for heat transfer
between the systems. It is noteworthy to mention that, while the temperature of the real system is

maintained in the desired temperature as the main reason for the calculation, the extended system
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is in canonical ensemble with the total energy conserved. The problem with the Nosé formulation

was that real system evolved at At rather than At, which resulted in uneven time intervals. Later,
Hoover reformulated those equations to tackle the problem with change of parameters, and

differentiating equations with real At:

(2.18)
R =5sR,R = s°R + ssR
where equations of motion can be obtained as:
R, = —1( SE) R
T N A 2.19)

¢ = =ML mRB ke (T/ ) miR?) = 1]
i=1 i=1
with{ = s71s.
2.2 Electronic Structure Calculations

2.2.1 Quantum Mechanics and Density Functional Theory (DFT). While molecular

mechanics calculate the potential energy of a given configuration of atoms as the summation of
bonded and non-bonded interactions between them, quantum mechanics treat atoms as charged
particles, where nuclei and electrons are the fundamental components of the system. As the size
of particles decreases, the applicability of classical mechanics calculations in tracking the system
reduces. During this calculation, the motion of electrons is calculated by solving the Schrodinger
equation where spatial and temporal evolution of individual electrons are tracked®'. Time

independent Schrédinger equation can be written as: HgysWsys(Te, Rp) = Esys¥sys(Te, Ry) where

1, indicates electrons positions and R,, indicates nuclei coordinates. Hamiltonian Hg,,s consists of
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kinetic energy of nuclei, and electrons, as well as potential energy of electron-electron, nuclei-
electron, and nuclei-nuclei**>*. Considering the separation of scales existing between nuclei and
electrons, the Born-Oppenheimer approximation assumes a fixed nuclei position'***. Using this
approximation, electrons will be in a fixed potential where the time-independent Schrodinger
equation can be written as: H,y, (7., R,)) = E.Y. (7., R,;) and the Hamiltonian operator will be a
summation of the kinetic energy of electrons, electron-electron interaction and electron-nuclei
interaction potential energies. In general, the time independent Schrédinger equation for a multi

electron system, where energy can be computed as function of nuclear coordinates takes the form:

N

—h? N N
'%Z Vi + Z Vi) + z U(ri—m)|¥ = Ev (2.20)
i=1 i=1

j<i
i=1

The first term is the electron’s kinetic energy operator, the second and third terms take electron-

nuclei and electron-electron interactions into account.

Considering that no analytical solution exists for a system bigger than a hydrogen atom, in an
attempt to find an approximate solution for more complicated systems, and satisfying Pauli’s
exclusion principle, the wavefunction of a multielectron system will be written as a slater

determinant®!:

—_

l/)(a,...,r_;v)z— : : : 2.21)

=
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similarly, in a polyatomic system, using molecular orbital theory, molecular orbital can be written

as a linear combination of atomic orbitals (LCAO):

X = @1+ Cpz + -+ oy (2.22)
Again, in such polyatomic systems, there is no analytical solution even by considering non-
interacting electrons. To overcome this issue, basis functions are used to express atomic orbitals.
Looking at the equations provided above, it appears there are different sets of coefficients that
must be optimized during electronic structure minimization including coefficients used in LCAO,
as well as parameters present in the basis functions (defined in most of the current quantum codes).
Using variational principle, stating calculated energy from approximated values of the
wavefunction is always higher than the actual energy of the system, starting with an initial guess
for atomic orbitals’ coefficients and defining multielectron wavefunction, expectation value will

be calculated. Varying electronic structure energy as a function of atomic orbitals in the Hartree-

N N
B v? Zq 1
H = —— — — + — (2.23)
2 Tia rl'j
J . a - J

Fock scheme:

E =<y

N
DM
i

N
N
p>d<p| ¥ D gylv>
j
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= <t (;1) X2 (72) e XN (5v) |hilxa (71))52 (;z) e XN (7"7\1)>

i

+ Z zlj: <t (;1) X2 (r_;) e XN (ﬁv) l9i1x1 (71))(2 (r_;) XN (fl’v)>

N
N N u
z : vt 2 : Z E
= <Xi ‘—% xi> + <Xi |——a Xi> + z(]ij - Kyj)
Tia -
. . j
i

L l

Where:
Jiz = <xn (;1))(2 (77;) % X1 (a)){z (77;)>,
Ki; =<x: (;1))(2 (77;) % X2 (a))h (7;)>

Minimization of expectation value by considering every orbital doubly occupied and varying it as

a function of orbitals:

N N N
3xl = 2 2h;; + Z[Zjij - K] - Z 22:i[{xilx;) — 645 (2.24)
7 T i
(SN N N
J
5_)(i=0 hi"’Z(z]i_Kj) Xi =Z/11j)(i

where A;; are Lagrange multipliers, constraining the calculation to have orthogonal and normalized
molecular orbitals. In the Hartree-Fock scheme, by diagonalizing A;; matrix, an eigenvalue

equation appears again, and a new set of coefficients are achieved. This procedure is repeated until

the diagonalized values computed from the Fock matrix converge the initial guess of the last step
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(self-consistent procedure). The other limitation of the Hartree-Fock method is the fact that while
it considers spin correlation, the spatial probability density of two electrons is uncorrelated, and
hence the Coulombic correlation is not considered in the formulation. In order to increase the
accuracy of these calculations, post Hartree-Fock methods including Configuration Interaction®?,

Moller-Plesset*®, and Coupled-cluster®’ are developed.

In Ab-initio electronic structure calculation method discussed above, wavefunction associated
with a given potential and consequently a physical observable are calculated, however
wavefunction itself is not a physical observable and complicated to be understood. Hohenberg and
Kohn proposed the opposite direction where physical observable allows the definition of the
Hamiltonian®®. They proposed the probability of finding an electron in the volume element dr at r
coordinate and all other N-/ electrons somewhere else can be written as:

p(r) = N[ Y (r, 1y, e, 7)Y, Ty, v, Ty )AT2dTs .. dTy (2.25)
where they proved that, for a given density, one can find the respective potential (or define
Hamiltonian from charges and coordinates). However, they did not provide a functional explaining
how to calculate the kinetic energy of electron as well as electron-electron interactions. Thomas
and Fermi developed an expression for the kinetic energy of electrons by assuming a uniform
electron gas and non-interacting system, later the popular Kohn-Sham equations were introduced
by assuming a fictitious non-interacting system. Rewriting Schrodinger equation for a set of N
electrons, where the Hamiltonian is the sum of separate single-electron Hamiltonians as well as

writing Kohn-Sham orbitals in the form of slater determinant with: hgxs¥xs = ExsXks » Xks =

2
Ix1(r)x2(r2) . xn(ry)|, and hgs = — V? + vgs(r). The second term in hgg is defined in such a

way that it gives the exact electron density in real interacting system force field potential. After

obtaining the wavefunction of the system from the above-mentioned formulation, the actual
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energy of the system can be written as below:

()
E=Ts+ [d3rp (r)v (r) + Ef d3rd3r > + (2.26)

[(Tk = Ts) + (< P|Veeltp > =U[pD]
consisting of the kinetic energy of non-interacting electrons, Ts, electron-nuclei potential, and
electron-electron repulsion, U[p], both written in terms of electron density, as well as big
expression for correction of electron kinetic energy and electron-electron interaction. The later 4
term expression is called the Exchange-Correlation term. The Exchange-Correlation can be
approximated with the available functionals. It is necessary to clarify that, while a suitable
approximate functional for the Exchange-Correlation term is needed, there is also a need to define
Vs, unknown in the initially fictitious non-interacting system. The Kohn-Sham potential can be
obtained through a self-consistent manner explained earlier, where equating derivatives of Kohn-

sham energy as well as actual energy of the system with respect to density defines vk as:

p(r") SExc
lr—r'l  &p (2.27)

Ves(r) =v(r) + [ d3r'

where an appropriate functional is still needed for term Ey .. Two common approximations for this
term are local density approximation (LDA) as well as generalized gradient approximation (GGA).
In LDA, Ex is written in terms of electron density and the value is approximated from a uniform
electron gas system having the same density as the density p(r) in r coordinate. Including
Coulomb interaction energy (Hartree potential) as well as exchange energy developed by

Dirac/Slater, extended Thomas-Fermi energy for uniform electron gas can be written as:

Epp = %(3n2)2/3f d3rpS3(r) + [ dPrp(r)v(r) + %f dSTdST’% + (2.28)
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However, there is no analytical solution for the correlation part. Ceperley and Alder calculated the
energy for interacting uniform electron gas*>*°, from which later on Vosko, Wilk, and Nusair*!
interpolated the correlation energy for any desired density. In the second approximation, GGA,
Eyc 1s written in terms of electron density as well as gradient of the electron density where the
correction term is usually added to LDA approximation expression. Finally, the energy functional

can be written as:

= —zfl/)l V2,d3r +fd3rp(1‘)v(7‘)+ jd3 d3r Ta )pi |) +Exclp]l  (2.29)

On the other hand, for an infinite system like a solid crystal where 3-D periodic boundary
conditions are applied to the structure, while the structure is repeated based on the primitive
vectors, the effective potential has also periodic nature. Using Bloch’s theorem, the wavefunction
can be written as ¥, (1) = u, (r)e'*" where the first term has the same periodicity as the main
system and can be expressed as a set of planewaves and the second term is planewave as a function
of vectors in reciprocal space. It is noteworthy to mention that while there are infinite numbers of
k-point, the electron density can be calculated over a finite number of k-points where the values
are optimized through benchmark calculations. As the size of the system gets larger, a lower

number of k-points are required for calculations.

2.2.2 Ab Initio Molecular Dynamics. While previously discussed computations are used

for quantum mechanical calculation, usually there is an urge to take the system to its global
minimum. Using Ab initio molecular dynamics, finite kinetic energy is provided to the classical

nuclei to overcome any possible energy barrier within the given energy range.
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2.2.2.1 Born-Oppenheimer and Carr-Parrinello Molecular Dynamics Simulation

During Ab Initio Molecular Dynamics as the location of nuclei changes, external potential
electrons experience as well as wavefunction/density changes, and hence potential energy and
forces need to be updated using the self-consistent method previously discussed in electronic
structure calculations. In Born-Oppenheimer molecular dynamics (BOMD) method, atomic
configurations are recalculated by performing iterative self-consistent calculations at each step.
Calculating too many wavefunctions was the bottleneck in using ab-initio molecular dynamics in
BOMD simulation. Carr-Parrinello did a trick based on which one could get away in doing those
calculations every MD step and still get the correct energy that corresponds to updated nuclear
configuration®**?. For initial structure, the wavefunction/density is known, and potential of the
system can be defined consequently. As nuclei move classically, energy changes, and instead of
calculating wavefunction/density in the new position, they took wavefunction/density from the
previous step and propagated it in a way it would be close to the actual BO wavefunction. The idea
behind this scheme is to treat the quantum part of the system as a fictitious classic particle,
therefore two classic particles, one is nuclei and one is a new fictitious classical particle (electronic
structure), can be propagated using equations of motion. The new Lagrangian to calculate forces

was defined to encompass a new term corresponding to propagation of electron density.

. 1 o
Lep = X mR? + Z_'E,ul- < xjlx; > — <y|H[Y > + constraints (2.30)
i j

Based on this formulation the added second term is completely fictitious where y;is calculated

from the initial configuration. Writing down the Euler-Lagrange equation with respect to real as
well as fictitious particles, classical EOM for quantum particles can be obtained. For temperature

control, the corresponding temperature is assigned to nuclei, but also a fictitious temperature is
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assigned for electrons. Considering that the total energy is conserved in an NVE run, there should
be no energy transfer between classic nuclei and fictitious particles since if there was any, exerted
force on the system would be different and propagation of wavefunction with respect to BO surface
would have not been correct consequently. This adiabaticity is achieved by timescale separation
between nuclear motion and fast electronic motion. By defining the optimum value of fictitious
mass, the frequency of dynamics of fictitious particles from dynamics of real particles can be

completely separated and all particles will be moving based on the actual force.

2.2.2.2 Metadynamics Calculation

Considering the fact that energy surface is a multidimensional function of nuclei positions,
collective variables (CVs) are determined in such a way that energy surface as a function of the
configuration of interest will be formed. Moreover, these collective variables discriminate between
different states, forcing the system to overcome all possible energy barriers, and define the global
minimum of a system. For example, in the simulation of a reaction, the goal is to take the system
out of the reactant state and move it to the product state, and just capture the desirable reaction
path. To do that, the dynamics of the system are biased along the chosen collective variables while
the rest of the atoms are moving in unbiased dynamics. In other words, only the dynamics of CVs,
to get out of well in a specific direction, are manipulated. Looking at Carr-Parrinello Lagrangian,
additional dynamic variables are introduced to the system corresponding to CVs as reaction

coordinates and indicative of new dynamics of the system as written below:

1 -
Lyrp = Lep + chvsgv _Echv[ch(Rcv) _5cv]2 + Ucv(t' 5) (2.31)
cv cv

Additional terms include the kinetic energy of collective variables assuming to be additional

fictitious particles in the system, potential restrain, and the last term is potential that is going to be
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dropped in energy surface. By adding this last term, additional potential energy is provided to the
collective variables, which is done at definite time intervals. Additional potential energy provided
to CVs results in additional forces acting on them and hence, additional acceleration for CVs.
Similar to previous discussions, to make sure there is no energy exchange between real nuclei,
fictitious wavefunction, and collective variables, considering the fact collective variable consists
of atoms that are either bonded or non-bonded to each other and dynamics of them have slower
dynamics than individual real particles, mass, and spring constant of CVs (provided in the third
term in equation (2.31)) need to be controlled. Choosing a small force constant results in variation
of colvars even with a small potential drop and vice versa. Based on this force constant, mass

parameter will be assigned so the frequency is maintained lower than real particles.

The last term, provided potential energy to the CVs, is usually written as Gaussian-shaped

potentials:

_ {(s" — D))
Ue(t,8) = Hyrp (t;)exp[— 2w () 6s(ti)]2] (2.32)

t;<t
Where Hwmrp is the height of the potential and gives hill’s shape perpendicular to the trajectory, t
is actual simulation time and i counts metadynamics step, and w(t;) and ds(t;) together represent

the width of potential along the trajectory.

There are multiple types of CVs, based on which one can implement optimum ones in describing
their system including bond stretch, bend angle, torsion angle, etc.; for instance, to simulate
formation or breakage of a bond, one can use the distance between two respective atoms or

coordination number defined as:
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With d;; is defined as the distance between two atoms of interest and d® is a reference distance.
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Chapter 3

Competitive adsorption between sodium citrate and naphthenic acids on

gibbsite-like surfaces

3.1 Introduction

Understanding the adsorption behavior of organic acids commonly present in oil systems is of
immense importance towards explaining the fate of those matters in the production process. In an
attempt to propose the possible reaction mechanism of these materials, numerous studies, either
experimental or computational, tried to examine different adsorption behaviors, usually through
comparing experimental attenuated total reflectance Fourier-transform infrared (ATR-FTIR) and
computed frequencies from molecular orbital (MO) calculations. In a study by Ramos et al.*,
adsorption of low-molecular-weight acids, citric and lactic acids, in a wide pH range of 2 to 12,
was examined through ATR-FTIR characterization. It was concluded that while lactate most
probably forms outer-sphere complex with montmorillonite, citrate forms inner-sphere surface
complex on >AI-OH groups of clay, mainly at low pH. They reported strong adsorption
dependence to solution pH and applied a Diffuse Layer Model (DLM) to explain observed
macroscopic adsorption behavior. While binuclear complexes were not included in modeling
based on ATR-FTIR observations, citrate adsorption was best described using the hypothesis of
dominant inner-sphere adsorption in pH range 2 to 9, supporting observed frequency changes in
experimental calculations. Including outer-sphere surface complex for citrate at high pH, as
suggested by ATR-FTIR frequency calculations, did not improve modeling. On the other hand,

while using Triple Layer Model (TLM) did not show convergence for considering only outer-
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sphere adsorption of lactate on montmorillonite, simplifying model to Diffuse Layer Model (DLM)
indicated inner-sphere complex of >AllLac with the surface, in apparent contradiction with
observed experimental behavior. They explained this contradiction through the reasoning that the
weak bonding of lactate with the surface does not affect observed frequencies significantly. In an

1.4 adsorption of different organic acids including salicylic, benzoic,

early study by Benoit et a
and phthalic acid as aromatic acids, monochlorophenols as well as propionic acid as aliphatic acid
at pH 8 on 8-AlbO; were investigated. Calculated evolved heat of ligand adsorption on the surface
was overall exothermic, while for protonated ligands this observation was largely due to the proton
transfer between surface hydroxide and phenol group proton. For aromatic acids, specifically,
phthalate and benzoate, a decrease in adsorption by increasing temperature was observed.
Calorimetric data detected the highest heat evolved from aromatic ligands adsorption, and the
lowest heat from aliphatic ones. It is noteworthy to mention, measured heat for propionic acid
increased significantly by increasing the concentration of ligands from 0.1 mM to about 4 mM
total concentration. The authors mainly studied the replacement of surface hydroxyl groups with
incoming ligand functional groups, during which, they might form mono/bidentate complexes at
the solid-water interface. For instance, the reaction of salicylic acid with surface can be written as:
P OH, 0,C ~

= AL S +CgHy(CO,(OH)  —*  =AL C¢H, +2H,0
OH N 0

Based on their data, evolved heat is related to the structure of ligands with phthalate having the
greatest exothermic reaction with the surface which is considered as a more functional chelating
agent. They have also discussed that the surface-ligand reaction would become a less exothermic
reaction if possible side reactions, including surface changes, are taken into account. Lastly, they
identified their contribution to science by shedding light on the adsorption of pollutants on surfaces
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and preventing their presence and transport into aquifers. Rosenqvist et al.**

studied the adsorption
behavior of carboxylates including phthalate, maleate, fumarate, malonate, malate, and oxalate on
gibbsite surfaces. They concluded that acids with structures where there are at least two carbons
between carboxyl groups mainly form an outer-sphere complex on surfaces. For those with zero
or one carbon between functional groups, mononuclear bidentate structures were proposed. They
have also rated different chelation rings based on stability with 5 membered rings as most stable
and seven-membered rings as the least stable complexes. In their batch adsorption experiments,
although the concentration of oxalate and malonate were six times lower than other ligands
mentioned above, they all showed almost similar adsorption densities. While multiple studies
proposed inner-sphere adsorption of phthalate on goethite, hematite, and bayerite, they interpreted
adsorption of phthalate on gibbsite dominated by outer-sphere, hydrogen-bonded, complexes.
Comparing maleate and fumarate, trans geometry of later ligand makes the formation of inner-
sphere complex less likely. For less strongly adsorbed ligands including fumarate, maleate, and
phthalate, they observed a broadening in asymmetric carboxyl frequency which was related to
stronger hydrogen-bonded complexes, where some of the hydration shells of ligands are replaced
by proton donors on the surface and hence stronger interactions are present. While there was
reported hydrogen-bonded adsorbed oxalate on boehmite*®, Rosenqvist et al.** delineate their
observation as the coexistence of both inner and outer-sphere complexes due to similarities
between frequencies of adsorbed species, aqueous species, and AIL™ complex. Moreover, their
molecular orbital calculation showed good support for the proposed mononuclear bidentate
complex of oxalate. While they concluded that the inner-sphere dominated throughout the whole
pH range studied, the eminence of hydrogen-bonded structures of oxalate increased at higher pH.

Last but not least, they studied the adsorption of phthalate on gibbsite particles where there are
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more irregularities in the shape of particles, and a significant indication of inner-sphere complexes

was observed due to higher densities of edge sites on gibbsite particles.

In another study by Guan et al.*’

adsorption of benzoate and salicylate on aluminum oxide surface
using ATR-FTIR method were studied. They described the adsorption of these acids as
monodentate and bridging complexes in acidic and neutral pH with bridging complexes dominant
in alkaline pH ranges. Their reasoning for bridging complexes being more probable than bidentate
was based on negligible difference observed for A value in frequencies (A =vas- vs). They attributed
the higher frequency observed for asymmetric vibration of carboxyl group for salicylate compared
to be benzoate, to internal hydrogen bond existing in salicylate between phenol and carboxyl group
in their aqueous species. Another interesting interpretation in the experimental frequencies’
assignment was regarding the shift of symmetric and asymmetric vibrational frequencies in
bridging complexes to higher values. They explained this behavior through the fact that the
formation of the covalent bond between Al-O-C increases the force constant on the C-O bond in
comparison with free aqueous species. In their XPS analysis, a comparison between XP spectra of
free benzoate and adsorbed one, indicated a shift of peak corresponding to C atoms in carboxyl
group to higher values. This observation was explained through the fact that Al** is withdrawing
valence electrons from carbon in carboxyl after the formation of bonding compared to Na',
resulting in experiencing a higher effective nuclear charge by core electrons. On the other hand,
XPS data for salicylate showed a shift of binding energy to lower values after adsorption,
indicating the involvement of phenol group in surface complexation due to higher electronegativity

of hydrogen compared to the case happened for benzoate after forming bonding with Al**,

Kang et al.**, studied adsorption of succinic acid, glutaric acid, adipic acid, and azelaic acid as

dicarboxylic acids using ATR-FTIR as well as ex-situ diffuse reflectance infrared Fourier
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transform (DRIFT) on kaolinite and montmorillonite clay. They found that adsorption is highly
pH-dependent. While they mainly concluded the formation of outer-sphere complexes especially
at high pH, they also mentioned pH is not the only factor influencing adsorption behavior of acids.
Increasing distance between two carboxyl groups resulted in increased adsorption probably due to
hydrophobic interactions playing a role. The hydration state of the surfaces, with a higher chance
for the formation of inner-sphere surface complexes on dry clay surfaces as reported similarly by
Rubasinghege et al.*’ was also introduced as an influential factor on adsorption behavior. Kang et
al.*® believed at high pH where surface sites are more negatively charged there are less of a chance
for surface oxygens to get replaced by acid; however, decreasing pH and appearing more neural
and positively charged surface sites increase the possibility of this reaction due to weakening of
metal-oxygen bond on surfaces. They have also mentioned the effect of ion type while not as
strong as pH and ionic strength on adsorption, still is not negligible as adsorption of azelaic acid
increased in presence of CaClz solution in comparison with NaCl. This observation was similar to

Celi et al.*” study on the effect of ion type on organic adsorption on goethite.

In an early work by Verméhlen et al.’!, the adsorption of polyacrylic acid polymer (PAA) on §-
Al>03 was studied using a combination of experimental DRIFT and molecular orbital calculations.
Based on their observations, the best match was observed by bidentate bridging between the
carboxyl group and aluminum dimer [Al>(OH)24(H20).2(OH)]. Although in their ab initio
frequency calculations, due to expenses in computation, simple acetate was used instead of PAA,
calculated vibrational frequencies correlated well with observed experimental values. In another
study, and in a similar methodology by Kubicki et al.>?, a combination of ATR-FTIR and MO
computation was used aiming to propose possible surface complexes between salicylic acid and

illite. Both silicate and alumina clusters were modeled to represent both sites on illite surfaces.
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They proposed that different structures might be present between Al and acid including
monodentate complex through one oxygen of carboxyl group linked through Al-O-C bond as
dominant species in neutral pH, and bidentate bridging complex through both oxygen atoms of the
carboxyl group dominant at lower pH. Since no significant adsorption of salicylic acid was
observed on tetrahedral Si*" (quartz) and AI** (albite), only octahedral Al** sites were considered
in the calculations. At near neutral pH since the monodentate surface complex proposed did not
reproduce all experimentally observed frequencies, they suggested the presence of a minor species
like bidentate complex formed in acidic pH but with the partition of phenol group in surface
complexation. Although increasing the pH to 10 resulted in desorption of salicylate from illite and
explaining alkaline extraction methods, washing already adsorbed salicylate by water, ethanol and
ethanol/hexane did not cause significant desorption. Their calculations showed that, while
exchange of (Al)OH: resulted in highly exothermic reaction, exchange of (Al)OH group was
highly unfavorable. These findings correlated well with Murphy et al.>* study on the adsorption of

1.52

humic acids on hematite and kaolinite where Kubicki et al.”>* concluded that using simple organic

acid can still make a good representative for real humic acid-clay interactions.

Zaman et al.>* studied the adsorption of low molecular weight PAA on kaolinite as well as silica
and alumina in order to mimic basal surfaces of kaolinite. While no adsorption was observed on
the silica surface, adsorption on kaolinite and alumina, specifically later was significant. While
they observed an adsorption plateau of 0.085 mg m at pH 7 on kaolinite, Sjoberg et al.>> found
less than half of that value at pH 8.5. Observed differences between adsorbed amounts of PAA on
kaolinite and alumina resulted in the possible conclusion that PAA adsorbs mainly on edge sites
of the clay. A study on changes of viscosity of kaolinite after addition of PAA showed an initial

decrease in viscosity up to specific concentration possibly due to prevention of formation of face-
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to-face, face-to-edge, and edge-to-edge structures, while increasing concentration to higher values
showed a small increase to viscosity again. Zeta potential calculation of kaolinite also showed a
steep decrease by increasing the concentration of PAA and reaching a plateau afterwards. In
another study by Kubicki et al.’®, the adsorption behavior of multiple ligands on aluminum Al**
hydrolysis was studied. Comparison between Al NMR chemical shift and different structures
forming between Al and ligands using MO calculations indicated monodentate and protonated
bidentate are possible species existing in acidic pH while aluminum oligomer complexing with
ligands is more probable at higher pH. While they have reported favorable replacement of H>2O

group from AI**

with acetate, replacing OH™ group did not seem a favorable reaction although it
was in contradiction with experiments reporting binding of acetate is as favorable as OH".
Moreover, they defined acetate as a better complexing agent than lactate, which was also in
disagreement with common belief. For oxalate and malate, bidentate complexes where two aqua
ligands get replaced are more favorable than monodentate/protonated monodentate complexes.

They also mentioned for malate, linkage formation between Al**

and the hydroxyl group of the
ligand is probably possible at pH conditions higher than 5. Due to the fact they were unable to find
convergence in solution calculation of AlI**-catechol complexes, with the assumption that [(Cat*
YAI**(H20)4] and [(H2Cat )AI(OH),"(H,0)] having the same charge and hence same solvation
energy, comparison of gas phase calculations showed latter complex is more favorable against
general assumption already existed. For salicylate they concluded that bidentate is less favorable
than monodentate, and aromatic ring did not play a considerable role in calculated values.
Comparison of frequencies for lactate between modeling and NMR, showed while bidentate

complex with single carboxyl might be prohibited due to strain energy, [(Lac*)AlI**(H20)2] made

a better match with experimental data while [(Lac*);AI**] cannot be ruled out as well.
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Monodentate complexes of oxalate, as well as protonated bidentate, showed a good correlation
with NMR data. Monodentate complex showed good agreement for malonate complex as well.
For citrate complexation geometries, although they observed a spontancous quadradentate
complex, they considered it as an unlikely complex formation. Besides the proposed complex of
[(Cit*);Al:**(OH)(H20)] by Feng et al.’’, multiple monodentate, bidentate and tridentate of
protonated citrate showed a good correlation with NMR frequencies. Lastly, they mentioned

deprotonation chance of AI**-H>O is higher than the hydroxyl group in citrate at low pH.

Aquino et al. studied complexes forming between oxalate and citrate with AI**>%> Comparison
of results of enthalpies and Gibbs reaction energies of oxalate, citrate, and acetate results of Tunega

et al.®

showed agreement on the conclusion that formation of multidentate complexes is entropy
favored while monodentate structures are mainly energy driven. Looking at different structures of
1:1 and 2:1 citrate to AI’" ratios, they observed hydroxyl group of citrate is a strong proton
acceptor; moreover, they reported intramolecular hydrogen bond formation in their computed
complexes. While their gas phase calculations showed no involvement of remaining functional
groups in bonding with aluminum as they were pointing outwards, this was not the case for
including explicit solvent as well as polarizable continuum model (PCM) in their calculation,
indicating the important role of considering solvation effects. Although they did not observe
significant differences in Al-O bond lengths in gas phase and liquid phase calculations, they related
this observation to neutral or slightly charged formed complexes studied. Lastly, they concluded
that citrate complexes are more stable in comparison with other ligand complexes, with the

experimental reported enthalpies for monoacetate, oxalate, and citrate of -3.8%!,-15.5%% and -11.1%

kcal mol™! respectively.
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In a recent study by Li et al.®, reaction energy barriers of Al**-carboxylate complexes of acetate
and formate were calculated using density functional theory (DFT). At the beginning they
calculated the reaction of five-coordinate aluminum and upcoming water molecules, where it was
observed this reaction is very favorable in the solution having energy barrier of only 16.2 kJ mol
!, however, it is generally believed octahedrally coordinated aluminum is mainly present at pH <
3 while at higher pH, the hydrolysis product of AI(OH)(H20)..12" are usually present. Complexing
of acetate and formate with hydrolyzed AI** model resulted in energy barriers 60 and 75.7 kJ mol’
!higher than hydrolysis of pentacoordinated Al**. They continued this reaction where ligand gets
hydrolyzed further and leaves aluminum complex where reaction barrier is around 93.9 and 92.9
kJ mol™! respectively for acetate and formate. The similar reaction barriers discussed above are an
indication of little effect from ligand structure to the calculated values. Due to the fact that the
aluminum carboxylate complex had the lowest free energy, they continued those complexes by
introducing second formate/acetate as an upcoming ligand where it was concluded the position of

leaving water molecule in complex affects calculated barrier quite significantly.

From these valuable studies, it appears there are still a lot to comprehend regarding ligand
exchange reaction happening on oxide surfaces. In an attempt to get a better understanding of
possible reaction paths and getting ideas from numerous computational methods already used in
literature, ab initio Car-Parrinello molecular dynamics (CPMD) simulation in combination with
metadynamics algorithm is used to study possible reaction path of different ligands with alumina
cluster. Moreover, different possible adsorption states of the system were studied using density

functional (DFT) calculation as well classical molecular dynamics (MD) simulation.
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3.2 Methodology

3.2.1 CPMD Simulations. In CPMD calculation, an isolated system (no periodic boundary

conditions) with box size 17 x 17 x 17 A? including Al,(OH)s(H.0)s" cluster and eight water
molecules at the center, 3 A away from edges was constructed based on CPMD manual®. The
deprotonated Propionic acid and citric acid were chosen as representative of ligands to explain
observed competitive adsorption between naphthenate and citrate ions. The plane-wave
implementation of density functional theory (DFT)*® with Perdew-Burke-Ernzeroff (PBE)®
exchange-correlation functional and norm-conserving Troullier-Martins®’ pseudopotential with an
energy cut off of 80 Ryd was performed using CPMD package®. Each of the systems was
optimized and thermally equilibrated for 4 ps using Nose-Hoover thermostat*®>° at 300 K. Time
step for integration of equations of motion of 4 au and electron fictitious mass of 400 au were used.
In order to study the interaction of carboxylic acids with the alumina surface, the ligand exchange
mechanism was simulated. Complexation of carboxylate to the surface with consumption of
surface hydroxyl and displacement of the aqua ligand from the surface requires an extremely long
simulation time and is impractical in CPMD calculation. The application of metadynamics®® is an
efficient way of providing insight into reaction energy barriers. Structures after running geometry
optimization, equilibration, and production run were used as initial states for metadynamics
calculations. Metadynamics algorithm implemented in CPMD was used for exploring the free
energy surface of the system. For a detailed explanation of Car-Parrinello extended Lagrangian

please refer to Chapter 2.

At the preliminary calculations, where the reaction path was not very clear, the first collective
variable (CV) was chosen as the coordination number of surface aluminum with its corresponding

aqua ligand on the edge site of the cluster, and the second CV was chosen as coordination number
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Free Energy

between that surface aluminum with the oxygen of carboxyl group corresponding to
propanoate/citrate ligand. This initial bias to the calculation, resulted in a significantly long
stationary state in the reaction path, where the aqua ligand is detached from the surface and there
is a vacant site on the surface, and no bond has yet formed between surface and propanoate/citrate

ligand as depicted in Figure 3.1.a for propanoate case:
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Figure 3.1. (a) The free energy landscape calculated from CPMD-metadynamics simulation for
propanoate. Calculated free energies are in kJ mol™!. (b) Equilibrated structure of cluster, where
hydrogen bond forming between shared proton and surface hydroxyl is indicated by blue dashed
line. Atoms included in CV2 (bending angle) at the first step are circled in black. Colors of atoms
are white = H, red = O, and pink = Al.

As can be seen from Figure 3.1.a, there is a deep well where both CVs are equal to zero, indicating

the state of the system where neither aqua ligand nor propanoate is attached to the aluminum of

34



the cluster. This observation shed light on a possible reaction path where, at the beginning aqua
ligand releases from the cluster, it takes time for the system to re-equilibrate again that released
molecule from the surface with rest of water molecules in the system, afterward, propanoate/citrate

starts getting close to cluster to complete ligand exchange reaction.

This idea was already used in other studies including Luengo et al.*’

, where they studied possible
surface complexes forming between phosphate and gibbsite surfaces. Although it is believed
doubly coordinated sites on gibbsite are usually non-reactive, they studied both singly and doubly
coordinated sites on the surface. The authors reported reaction energy associated with the first step,
the release of one hydroxyl group surface is around +136 kJ mol™! for high pH and +162 kJ mol™!
for low pH. However, these results seemed contradictory with observed experimental studies,
where the adsorption amount of phosphate decreases with increasing pH. In an attempt to fix this
issue, they proposed the release of aqua ligand in vacancy formation on the surface where a better
agreement was achieved. Lastly, it is noteworthy to mention, although they did not mention
whether they calculated first step reaction energies with ligand also included in the system or not,
we believe in our study where comparison of different ligand structures complexation is

investigated, it is necessary to have a baseline of cluster alone, to compare values with the case

where the cluster is in contact with propanoate/citrate ligand.

Putting these all ideas together, the proposed reaction mechanism can be simulated in two steps.
In the first step, the first CV is chosen as coordination between aluminum and oxygen of aqua
ligand to bias aqua ligand release from the surface. In order to define the second CV for this step,
looking at the equilibrated state of the cluster as depicted in Figure 3.1.b, excess proton on the
surface is shared between two oxygen atoms of the edge site. For releasing aqua ligand, it is

necessary to release this proton from the shared state. Hence, the second CV was defined as
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bending angle between aluminum, oxygen of aqua ligand expected to release, and described shared
proton. This value is initially around 2 radians which is about 114 degrees. In the second step,
there is initially a vacant site on the surface, and propanoate/citrate starts getting coordinated with
aluminum on the surface. Hence, the first CV is the coordination between the oxygen of the
carboxyl group of propanoate/citrate with aluminum of the surface. For the second CV, the
orientation of the ligand with the other hydroxyl group of the surface was considered. In detail, in
the case of propanoate, the first CV is the coordination of oxygen of hydroxyl group of propanoate
with aluminum, and the second CV is the coordination of carbonyl group of propanoate with other
aluminum of cluster. For citrate, the first CV is the coordination between the oxygen of one of the
external carboxyl groups of the molecule with aluminum while the second CV was the
coordination of the central carboxyl group with the other aluminum of the cluster. Different CVs

were tested for each case and the reported ones are the best calculations delineating reaction.

A summary of the complete picture of the proposed reaction path schematically is depicted in

Figure 3.2.
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Figure 3.2. Proposed reaction path of ligand exchange on aluminum (hydr)oxide cluster where
citrate is plotted as an example. Step 1 depicts vacant site formation on the cluster, and step 2
depicts the coordination of ligand with the cluster. The remaining water molecules are not shown

for clarity. Colors of atoms are white = H, red = O, gray = C, and pink = AL

3.2.2 DFT Simulations. Periodic planewave DFT calculation was used to study outer-sphere

adsorption of molecules on both basal and edge planes of gibbsite (representative for kaolinite
octahedral site). In detail, a simulation box with size 8.684 x 10.156 x 33.936 A? to study the basal
plane (001) and 33.000 x 10.156 x 9.736 A3 containing two unit cells along the b axis, cleaved
from the unit cell to study the edge plane (100) were prepared. Surfaces were placed in 3D periodic
boxes containing 57 water molecules, one propanoate, one citrate, and 4 sodium ions added to the
remaining space of size 23 A above substrates. These number of water molecules reproduce a
density of approximately 1 g cm™. It is noteworthy to mention AI(OH2)(OH>) site on the edge
plane has a pKa in the range 9.5-107°, hence a protonated form of AI(OH)(OH2) was considered

on calculations conducted on the edge site.
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Two different cases were studied on each plane. In the first case, propanoate was placed in an
outer-sphere adsorption state separated by a single water layer from the surface plane, while citrate
was placed in bulk solution. For the second case, to compare the previous case with the state where
citrate replaces propanoate on the substrate, citrate was placed in the outer-sphere adsorption state

while propanoate was in the bulk solution.

Constructed periodic simulation cells, underwent a 300 ps classical MD simulation at 300 K using
universal forcefield’”! and re-geometry optimized, where all atoms except water molecules were
held fixed to get better initial structure in DFT calculations. These initial structures underwent
energy minimization using CPMD simulation package® with no constraint applied on atoms.
Perdew-Burke-Ernzeroff (PBE)®® exchange-correlation functional and norm-conserving Troullier-
Martins®’ pseudopotential with an energy cut off of 80 Ryd together with Grimme-D2 scheme
dispersion correction’?, similar to the set up used in section 3.2.1 were employed in the calculation.
Considering the reasonably large systems, the wavefunction is sampled at I' point, with
wavefunction and geometry optimization convergence criteria of 1.0 x 10° and 1.0 x 107,
respectively, in CPMD units. In an integrated study of DFT calculation and experimental data,
Kubicki et al.” used quantum mechanical calculation in competitive adsorption of salicylate and
phosphate on two different surfaces of goethite. They emphasized that, while using periodic
surfaces increases the accuracy of calculated adsorption energy since the model is closer to the
real system, the simultaneous presence of two molecules in the simulation box further improved
comparisons of different adsorption states. They assumed that, because both ligands are present in
the system simultaneously, solvation and surface interaction of each ligand is considered while
entropy effects cancel each other out to a large extent; hence calculated potential energies can be

a good indication of system behavior. Initial models used for calculation are plotted in Figure 3.3.
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Figure 3.3. Models used to calculate AE.qs in propanoate exchange with citrate on the basal (a, b)

and edge plane (c, d) of gibbsite. Colors of atoms are white = H, red = O, gray = C, and pink = Al

3.2.3 Classical MD Simulations. Classical molecular dynamics was conducted using Large-

scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) simulation package’’’.

Sodium, 3-(3-ethylcyclopentyl) propanoate was selected to represent the sodium naphthenate, and
its interaction energies with the kaolinite surface in the system were calculated using INTERFACE
force field’®. Among available extensions, CVFF-INTERFACE force field is chosen’®. Water is
modeled using the flexible SPC model. Before conducting potential of mean force (PMF)
calculations, it is necessary to make sure our simulation system and adopted force field reproduce
experimental observation where citrate was able to prevent naphthenic acids adsorption. All
classical MD calculations were conducted on the gibbsite-like plane of kaolinite clay. With this
regard, two sets of simulation systems containing single layer kaolinite clay with size 51.540 x
53.652 x 137.391 A® containing vacuum gap with size 70 A in z direction, and 1-5500 water
molecules, 3 sodium naphthenate, 2- 5500 water molecules, 3 sodium naphthenate as well as 3
trisodium citrate with a low concentration around 30 mM were constructed to study possible effect

from sodium citrate.
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To conduct PMF calculations, a single layer kaolinite slab with a thickness of approximately 5 A
and an area of 25.770 x 26.826 A? was constructed. The surface was placed at the bottom of the
box, and a water box contacting 1000 water molecules with a thickness of about 40 A was placed
on top. The water slab was topped with at least a 30 A vapor layer in z direction to eliminate
probable interactions with mirror images. Two different cases were studied: interaction between
one sodium naphthenate molecule with kaolinite surface (1) in the absence of trisodium citrate; (2)

trisodium citrate was added to the simulation box.

After constructing initial models, to eliminate any excessive force on molecules, all simulations
underwent conjugate gradient algorithm minimization with force tolerance of 107'° kcal (mol A)
L. All systems were preceded by at least 2 ns isothermal-isobaric (i.e., NPT) run at 300 K and 1
atm using Nose-Hoover thermostat and barostat*®=>%77. Short-range interactions were calculated
using a cut-off distance of 10 A, and long-range interactions were taken into account by using
particle-particle particle-mesh (pppm) summation’® with an accuracy of 10*. To keep the surface
slab stationary for ease of post-processing and preventing layers from drifting, atoms in the bulk
slab were held fixed by excluding them from integrations. The time step was set to 1 fs to integrate
the equations of motion. The preliminary runs to check the accuracy of the applied force field were

run for up to 10 ns.

In order to calculate adsorption energies of sodium naphthenate to the surface in the presence and
absence of citrate, the Adaptive Biasing Force (ABF) advanced sampling method implemented in
the LAMMPS simulation package was used’. Vertical (z) distance between the carboxyl group of
sodium naphthenate with the surface was chosen as reaction coordination, and the potential of
mean force (PMF) was constructed along with reaction coordination from surface to the bulk

solution.

40



3.3 Results and Discussion

3.3.1 Ligand Exchange Reaction using CPMD. As discussed in section 3.2.1, ligand

exchange reaction was studied in two consecutive steps. For the sake of safe comparison, in the
first step three different cases were simulated: (1) including of only cluster and eight water
molecules, (2) including cluster, eight water molecules, and propanoate, and (3) including cluster,
eight water molecules as well as citrate. Comparison of the calculated reaction energy barrier for
the formation of a vacant site on the alumina cluster in these three cases showed the presence of
ligand with cluster indeed affects the computed reaction energy barrier. The reaction energy barrier
for the cases where there is no ligand was computed to be around 62.14 kJ mol™! which is consistent
with the value reported in the literature on gibbsite edge plane’. While introducing propanoate as
naphthenic acid representative did not change this energy barrier (64.85 kJ mol™!), the addition of
citrate significantly reduced the vacant site energy barrier to 28.42 kJ mol . The free energy
landscape contour plots are depicted in Figure 3.4. From this calculation, it can be concluded that
when citrate is present in the system the required energy barrier for the formation of a vacant site
on the edge plane of the aluminum cluster is considerably lower. This observation can be related

13"

to the higher electrostatic attraction between 3- negatively charge citrate anion with AlI°" on the

cluster in comparison with 1- propanoate ion.
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In the second step, when there is already a vacant site formed on the cluster, the calculation
proceeded to complexation of ligands with aluminum on the surface. The calculated energy barrier
for the complexation of propanoate with cluster showed a value of around 88.2 kJ mol™! while this
value reduced to around 74.0 kJ mol™ for the case of citrate complexation. The free energy

landscapes are depicted in Figure 3.5.
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Figure 3.5. The free energy landscape calculated from CPMD-metadynamics simulation for: (a)
propanoate, and (b) and citrate complexation on the cluster. The right-hand side figure shows the
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From these calculations on inner-sphere adsorption of citrate and propanoate on the aluminum
cluster, it can be observed in both steps, specifically in vacancy formation, having multiple
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functional groups on citrate improves surface complexation compared to propanoate consistent

with literature where citrate is considered as a better complexing agent on alumina surfaces®’.

3.3.2 Periodic Planewave DFT Calculations. Outer-sphere adsorption of ligands was

studied by conducting energy minimization using periodic planewave DFT calculations. In order
to take into account any possible effect from surface structure, both basal and edge planes were
studied. Energy minimization calculation on 4 different models showed that, either basal or edge
plane of gibbsite, in cases where the surface is dominated with citrate anions, and propanoate is
replaced to the bulk had considerably lower energy. This behavior is consistent with QCM-D
experimental observation recently conducted in our group®'. Calculated adsorption energies on
basal and edge planes are summarized in Table 3.1. The reported adsorption energy is defined as:
AE.4s =E (citrate outer-sphere adsorption) — E (propanoate outer-sphere adsorption), the first term
indicates the case of citrate dominating substrate, and the second term is the state where propanoate
is in outer-sphere adsorption mode while citrate is in bulk solution. It is noteworthy to mention
these quite large values observed in adsorption energies, may dominate Gibbs free energy of
adsorption with the entropy effect in exchange of propanoate by citrate minimized.

Table 3.1. Calculated adsorption energies of outer-sphere configurations in kJ mol™.

AEadsa
Basal surface (001) -31.018
Edge surface (100) -59.797

® AE.s= E (citrate outer-sphere adsorption) — E (propanoate outer-sphere adsorption).
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3.3.3 PMF Adsorption Energy. Preliminary runs conducted to study the accuracy of force

field and simulations in reproducing experimental observations showed that, in absence of sodium

citrate, naphthenic acid molecules adsorb to the alumina site of kaolinite clay quite strongly. A

snapshot of the simulation is depicted in Figure 3.6.a. On the other hand, the addition of trisodium

citrate to the system resulted in the prevention of adsorption of naphthenic acids to the surface,

where those molecules were moved to the air-water interface with citrate anions diffusing close to

the surface (Figure 3.6.b). Afterward, the force field parameters applied for molecules as well as

kaolinite substrate were used in PMF calculations.
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Figure 3.6. Equilibrated state of adsorption of naphthenic acids when no citrate is present in the

solution (a), and prevention of naphthenic acids adsorption on the surface in presence of citrate

(b). Colors of atoms are white = H, red = O, cyan = C, blue = Na+, pink = Al, and yellow = Si.
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PMF profile of naphthenate using classical MD calculations was developed. If there is only
naphthenate present in the system, a rapid increase in free energy can be observed when the
naphthenate molecule is pulled away from the solid surface, and water molecules replacing it,
indicating favorable binding of naphthenate on the solid surface. The energy required to pull a
naphthenate away from the substrate was calculated at 5.6 kJ mol™!. However, this value decreased
to 3.6 kJ mol! when NasCit was also added to the simulation box. This observation indicates
adsorption of naphthenate molecule to gibbsite-like plane of kaolinite clay becomes less favorable
when Na3Cit is present as depicted in Figure 3.7. The smaller adsorption free energy is attributed
to the fact that citrate anion diffuses within 1 nm from the surface and contributes to screening the

naphthenate anion.
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Figure 3.7. PMF profiles of naphthenate molecule in the absence (black) and presence of Na3Cit

(red).
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3.4 Conclusion

To get a fundamental understanding of the competitive adsorption of naphthenic acids with citrate
molecules on the alumina surface, a series of simulation studies were conducted. To study the
inner-sphere surface complexation of carboxyl groups with the surface aluminum in a ligand
exchange reaction, a comprehensive reaction mechanism was proposed. In the first step, the
upcoming molecule needed to form a vacant site on the aluminum cluster. Formation of the vacant
site when citrate was present had a significantly lower energy barrier in comparison with the
naphthenic acids or the cluster alone. This lower energy barrier was also observed for the
complexation of the external carboxyl group of citrate in a mononuclear-monodentate state
compared to propanoate. Periodic planewave DFT calculations showed that in the simultaneous
presence of both ligands in outer-sphere adsorption mode, exchange of propanoate with citrate was
a more favorable reaction on both basal and edge planes of gibbsite. Moreover, classical MD, as
well as PMF adsorption energy calculations, showed that when citrate was present in the
simulation box, naphthenic acid had lower adsorption energy and preferred to be at the air/water
interface, while citrate dominated the substrate. These conclusions, while being consistent with
experimental observations, also corroborate the common belief of ligands with multiple functional

groups as better complexing agents in competitive adsorption behaviors.
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Chapter 4

Role of sodium citrate on wettability alteration of silica surface and

dynamic behavior of model oil droplet

4.1 Introduction

Wettability alteration of surfaces from water-wet to oil-wet is of immense importance in many
environmental and industrial aspects®>%3. Changes in wettability of crude oil reservoirs, oil-water
separation as well as rock surface contaminations are different aspects highlighted by the
importance of the wettability behavior of a system® >, On the other hand, in oil sands production,
the effect of naphthenic acids (NAs) as natural surfactants in oil recovery is two-folded. The
presence of these natural surfactants modifies interfacial properties of the oil-water interface and
increases the stability of bubbless®® while their adsorption on mineral surfaces significantly
changes the wettability of clay surfaces which is detrimental in oil recovery®’. In these systems,
two different mechanisms were proposed in studying the adsorption of NAs on clay or silicate
surfaces: 1) surface complexation of NAs with positively charged sites of alumina surface, and 2)

cation bridging of NAs on negatively charged silica surfaces’.

In a recent patent'®, it was observed that the combination of trisodium citrate with caustic,
significantly enhances bitumen recovery, especially in poor oil sands. It was observed the addition
of sodium citrate can significantly prevent coagulation of bitumen and kaolinite clay®® as well as

modify surface properties of bitumen and silica surfaces®.

Considering the importance of the wettability of surfaces including sand and clay minerals as well

as behaviors of fluids usually in contact with them, numerous experimental and computational
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studies have investigated the properties and dynamics of these systems. While taking into account
all effects and components present in these systems can complicate the model system, in a series
of studies, Mugele et al. looked into different scenarios in an attempt to shed light on low salinity
water flooding (LSWF) as a recent efficient method in increasing oil recovery in conventional oil
reservoirs®®. In one case they systematically looked into the ion adsorption on the solid-liquid
interface in a simplified model system and its effect on surface charge reversal and change of
surface wettability®. For droplets containing decane molecules on mica surfaces only at CaCl,
concentrations higher than 50 mM they could observe finite contact angles (<10°). They pointed
out that even though the interfacial tension between oil and water did not change by changing the
concentration of ions present, the increase of contact angle by increasing the presence of ions on
the solid surface could be dominated by the decrease in solid-oil interfacial tension (yso).
Ellipsometry images indeed indicated the presence of a thin film between droplet and surface
where increasing concentrations of calcium ions reduced film thickness. Ion adsorption at the
mica-water interface was studied using atomic force microscopy (AFM) where AFM images
showed hexagonal mica lattice can be captured when monovalent ions are present while it changed
to rectangular symmetry in presence of Ca®" ions. Synergy between decane and polar organic
compound (stearic acid) was observed in increasing contact angle from ~10” in absence of surface-
active polar compounds to about 70° when stearic acid was added to the oil droplet. In conclusion
they proposed an approach in changing wettability of clay surfaces by manipulating the

composition of ions adsorbed onto the surface.

In a continuing study on the dependency of contact angle to the salinity of the brine solution in an
oil-brine-silicate system, they extended the previous studies by including a mixture of monovalent

and divalent ions as brine solution representative to study competition of different ions on
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complexing with both surface and organic polar compounds®. In order to explain the microscopic
mechanism occurring during LSWF, they studied multiple cases including the dilution considered
as the baseline, with two additional series for studying the dominant mechanism in changing
surface wettability, where either concentration of divalent ions or ionic strength of brine were kept
constant. It was observed, specifically on the mica surface, contact angle measurements on
constant divalent ions concentration showed no dependence on further dilution of other ions which
was interpreted as cation bridging as the dominant mechanism. The other possible mechanism for
efficiency in LSWF is double layer expansion, however constant ionic strength series did not show

invariable contact angles with dilution and superimposed onto those results.

In another study, they investigated the temperature effect on the similar systems discussed above’’.
They showed that at both 20° and 40°C, decreasing the concentration of divalent ions reduced the
contact angle up to 30° while reducing the concentration of monovalent ions only, showed no effect
on contact angle changes and concluded that just expanding double layer does not affect observed
contact angles, corroborating with previous observation of divalent cation bridging as dominant
mechanism in LSWF. Moreover, increasing the temperature to 60°C resulted in a dramatic increase
in contact angle up to 120°, while the mechanism behind this complicated effect of different
contributions remained unknown. They have also studied the reverse process of flushing the
droplet with different brine solutions and observed a fast equilibrium in a situation similar to the

water flooding process in the real system.

Molecular simulations are considered as a powerful tool in providing an atomistic level
understating to different systems. Considering the importance of ions on wettability alteration of

92,93

silicate and carbonate surfaces”™”> microscopic insights into the systems containing polar organic

compounds in different brine solutions can clarify the mechanism further. In an attempt to get a
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fundamental understanding of surface charge effect to the oil contact angle, a simplified system
containing decane as model oil exposed to silicon dioxide substrate. The surface charge density
was changed from around -2 (e/nm?) to +8 (e/nm?)**. They observed that, by further increasing of
surface charge density above 0.992 e/nm?, water-wet behavior of silica surface became evident as
adsorption of oil molecules decreased. Looking into the orientation of decane molecules, they
observed that increasing the surface charge density perturbs the layered structure of decane
molecules close to the surface and reduces the contact line. In another fundamental study on oil
detachment from silicon dioxide surfaces in the presence of surfactant solution, the mechanism of
dodecane oil droplet removal from silica surface was studied using classical molecular dynamics
calculations®®. They successfully simulated the detachment process from the decrease in interfacial
tension to shrinkage of the three-phase contact line and ultimately liberation of the droplet from
the substrate. They emphasized that the interaction of surfactant’s long aliphatic chain with
dodecane molecules perturbs the structure at the top of the oil layer and allows water molecules to
start forming a bridge due to long-range electrostatic interactions with the silica surface. Looking
at the hydrogen bond structure between surface and water molecules as well as between surface
and surfactant molecules, stronger interaction between former ones explained the diffusion of

water molecules in the bridge where water replaced surfactants close to the surface. They pointed

out that the increase in water density close to the silica substrate forms a surface gel layer.

Amongst different mechanisms proposed on wettability alteration of solid surfaces in LSWF

%697 pH changes and release of surfactants®®

including clay swelling and double layer expansion
and multi-component ion exchange’®®® the last mechanism was the main focus in multiple

studies®*!%1%2_ In a simulation study for understanding the fundamental mechanisms of LSWF, a

series of calculations comparing role of different compositions of sodium and calcium ions on
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bridging stearic acids to silica surface was investigated'®>. Considering the hydrophilic nature of
silica surfaces, they introduced the existence of a hydration layer film with multiple ions already
adsorbed. This thin layer plays a significant role in gluing polar organic compounds from the oil
phase to the substrate and changing the wettability of the surface. By changing the composition of
ions in the water film, the specific effect from divalent ions on bridging stearic acid and
replacement of those ions with monovalent ions in recovering the surface wettability was studied.
Calculations of contact angle from MD simulations showed that increasing calcium to sodium ion

concentrations (y) results in an increase of contact angle from around 20° at y =0 to around 36" at
y=1.

A series of classical molecular dynamics simulations were conducted to study wettability alteration
of the silica surface through adsorption of the polar organic compounds present in the model oil
droplets. By looking at the adsorption structure of these surface-active molecules onto the surfaces,
possible benefits from novel secondary processing aid, trisodium citrate (NazCit), on wettability
alteration of surfaces was another aspect of interest in this study. Beside these adsorption behaviors
on hydroxylated negatively charged silicon dioxide substrate, possible effect from citrate anions

in the solution on the dynamics of the model oil droplet was investigated.

4.2 Methodology

4.2.1 Molecular Dynamics Simulation. A three-phase system containing decane as

representative for non-polar and naphthenic acid as representative for polar components of the oil
phase, water, and silica surface were prepared. In detail, a silica (001) basal plane with 9.4 per nm?
silanol group density with size 138.47 x 34.25 A?and thickness of 18 A used to represent sandstone

plane.
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It has been discussed that silicon dioxide can be a good representative for sandstone
reservoirs” 1919 To have a surface representative of pH commonly used in experiments, a highly
negatively charged silica was prepared by removing only hydrogen atoms of non-bridging silanols
of the surface exposed to the solution resulting in a surface with a charge density of -1.7 e/nm?.
Following the previous studies, a thin brine film with a thickness of 0.8 nm was placed on top of
silica surface where different compositions of monovalent and divalent ions (Na* and Ca™) were
used to examine the bridging effect on polar organic compounds as well as possible effect from
sodium citrate'"*»1%°, 6 different cases were studied, and the composition of molecules present are
given in Table 4.1. The initial structure of one system created by means of Materials Studio
Software!'® is depicted in Figure 4.1 as an example. Initially, a rectangular box containing oil
molecules with size 8.7 nm x 3.4 nm x 5.5 nm as well as two boxes of water molecules with size
2.5 nm % 3.4 nm x 5.5 nm on the left and right side of the oil box and a large box with size 13.8
nm X 3.4 nm X% 7.5 nm on top of them were placed in the simulation box. These water boxes joined
within the first steps of the simulation run. Moreover, the rectangular box of oil molecules
eventually forms a cylindrical droplet to remove the line tension effects on the contact angle
calculations!?”1%® It is noteworthy to mention a large vacuum gap of 20 nm was placed in the z-
direction on top of molecules to eliminate any periodic interactions. In summary, six different
cases were studied where each was differentiated by the ratio of calcium to sodium ions as well as

the presence or absence of sodium citrate.
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Figure 4.1. Initial structure of silica surface and brine solution, oil box containing decane and

naphthenic acid as well as water boxes (left), and detailed molecular structure of components
(right)

Table 4.1. Simulations setup®

run Nyw Necane Nna NNa'Brine  Nca” Brine Neitrate
y=0 15000 381 54 80 0 N/A
without citrate y=0.5 15000 381 54 40 20 N/A
y=1 15000 381 54 28 26 N/A
y=20 15000 381 54 80 0 18
with citrate y=20.5 15000 381 54 40 20 18
y=1 15000 381 54 28 26 18

4 Nw = number of water molecules, Ngecane = number of decane molecules, Nna = number of

naphthenic acid molecules, Niiate = number of citrate anions, Nna Brine = number of sodium cations
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in the brine solution, and Nca>"Brine = number of calcium cations in the brine solution, y is calcium

to sodium ions ratio in the brine solution.

Molecular dynamics simulation runs were conducted using Large-Scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) simulation package’*’>. Among available force fields
in literature, the INTERFACE force field was utilized’®. This relatively new force field is an
extension on the platform of common harmonic force fields like (PCFF, CVFF, COMPASS,
CHARMM, AMBER, GROMACS, and OPLS-AA). Among these extensions, we chose to work
with CVFF-INTERFACE force field. In addition to its generality, CVFF force field has already

been utilized successfully in literature and has been proven to produce reliable results. For

1109 1110

instance, Liu et al"™” and Rogel ™ successfully used CVFF force field to describe asphaltene and
other organic molecules in their systems. Tang et al''! successfully simulated oil detachment from
hydroxylated silica surface using three sets of atomic charges including COMPASS, CVFF, and

INTERFACE force fields.

Emami et al'!?

provided force field parameters that are suitable for studying interfacial properties
of different types of silica. Integration of these parameters to multiple existing platforms brings
broad applicability to simulating organic and inorganic materials. Common harmonic energy form
for bonded interaction and 12-6 Lennard Jones potentials for repulsive and dispersive van der
Waals interactions were adopted in CVFF-INTERFACE forcefield. These parameters are
compatible with the SPC water model used in simulating water molecules. With the aim of correct
evaluation of ionic and covalent bonding, atomic charges assignment was based on dipole moment,
electron deformation densities, and Born Model. Lennard Jones potential values were assigned

based on polarizability and atomic radii. It is noteworthy to mention atom typing for silica surfaces

used in this study is unique as it differentiates between bulk and surface atoms. These atom types
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include a separate definition for bulk silicon and oxygen as well as silanol groups. Based on these
studies we feel justified to use recommended silica model in INTERFACE force field in

combination with CVFF parametrization for organic compounds description.

After choosing a suitable force field for calculations, each system underwent an initial energy
minimization to eliminate any excessive force on atoms with the force tolerance of 10 kcal/ (mol.
A). During the simulation run, the atoms of the substrate were held fixed to save computation time.
All systems underwent at least 15 ns NVT run at temperature 300 K using Nosé-Hoover
thermostat®®*3°. A velocity-Verlet algorithm''® along with a time step of 1 fs were employed for
integrating equations of motion. Cut-off distance of 1 nm was used to calculate the non-bonded
interactions while particle-particle particle-mesh (pppm) summations’® with an accuracy of 10
was used for the long-range interactions. MATLAB!!'* was used for any post-processing conducted
on the data including calculation of Debye-Waller factor, density and contact angle computation,
and calculation of orientational order parameters. Data collecting was conducted in the last 3 ns of

the simulation run, with the frequency of 1 ps.

Contact angle calculation was conducted by taking the average over snapshots during every 1 ns,
where changes between two calculated consecutive contact angles were less than 3° as an
indication of reaching equilibrium state. To obtain contact angle the following algorithm was
applied on the six cases studied: 1- number density of oil droplet was calculated by taking an
average over snapshots every 1 ns, 2- the oil-water interface thickness was defined between 0.8ppuik
and 0.2ppulk, 3- the interface was interpolated to find 0.5pvuik and the interpolated points were fitted
to perfect circle ((x — x)% + (z — z,)? = R?) where x, and z, are the center and R is the radius

|7

of the fitted circle. The contact point is defined where _Rl/ p > 0.02 with
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J (xc — x0)? + (2. — 29)? = 1, based on interpolated circle points, and ultimately 4- contact angle

can be calculated from tanf = (xe = xO)/ (Ze — 79)" This method of calculating contact angle has
c

been successfully used in the literature!®*19, This algorithm is depicted in Figure 4.2.
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Average number density profile of oil droplet over 1 ns
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Figure 4.2. The algorithm used to calculate the contact angle from MD (a-c), and 3-D

representation of periodic oil cylinder formed on the substrate and respective contact angle (d).
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4.2.2 Experimental Method

4.2.2.1 Materials

Trans-4-Pentylcyclohexane carboxylic acid (>97%, Sigma Aldrich) was used as a naphthenic acid
model compound and dissolved in n-decane (> 99%, Fisher Scientific). Quartz disks purchased
from NanoFAB were used as solid substrates. Citric acid trisodium salt (99.8%) and sodium
chloride (99%) purchased from Sigma Aldrich as well as calcium chloride (97%, Fisher Scientific)
were applied to prepare the brine solution. The pH of brine was adjusted using sodium hydroxide
solution (1 N, Fisher Scientific) and hydrochloric acid solution (1 N, Fisher Scientific). Milli-Q

water with a resistivity of 18.2 MQ cm™! was used in all the experiments in this study.

4.2.2.2 Contact Angle Measurement

The contact angle of a decane droplet on a quartz surface was measured to compare with the
calculated results from the MD simulation. A schematic view of the experimental setup is
illustrated in Figure 4.3. A clean quartz slide was placed on top of an optical cell with one side
immersed in the solution. The NA in decane droplet was generated by a u-shape needle syringe in
the solution, and freely rose to approach the quartz surfaces due to the density difference. Attention
Tensiometer (Theta) was used to record the oil droplets movement and the contact angle of the
droplets. Tow scenarios were compared, with and without sodium citrate. The chemical dosages
were calculated based on the number of molecules that appeared in the MD simulation system, as
shown in Table 4.2. To dissolve all the naphthenic acids into decane, a lower dosage 9 wt % was
used instead of 19.8 wt % in simulation. The solution pH was adjusted to 9 before measurements

to ensure the deprotonation of quartz surfaces, and all the measurements were carried out at 22°C.
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Clean quartz substrate

Aqueous

Figure 4.3. Experimental setup of contact angle measurement. The optical cell is fulfilled with
prepared solution and oil droplet is generated by a u-shape needle syringe inside to approach the

clean quartz substrate. The contact angle is determined through aqueous phase.

Table 4.2. Chemical dosage in contact angle measurements

NA in NaClin CaCl,in Sodium citrate in

Decane water water water
wt %

0 9.00 1.73 0.00 N/A

Without citrate 0.5 9.00 0.87 0.82 N/A
1 9.00 0.61 1.07 N/A

0 9.00 1.73 0.00 1.72

With citrate 0.5 9.00 0.87 0.82 1.72
1 9.00 0.61 1.07 1.72

4.3 Results and Discussion

4.3.1 Contact Angle Variation. The calculations made it qualitatively evident that

increasing the ratio of calcium ions has a considerable impact on oil droplet shape, film thickness,
and structure of hydration film between droplet and solid surface. Moreover, the addition of citrate
significantly changes behavior of droplet on the silica surface. Figure 4.4 depicts instantaneous
atomic configurations in each different cases studied, and Figure 4.5 shows the contact angle

changes with calcium to sodium ions ratio (y) from the aforementioned algorithm and experimental
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analysis. It can be observed, in the absence of citrate, the thickness of water film reduces
considerably as the concentration of calcium ions in brine film increases (Figure 4.4 left).
Consequently, the higher y showed larger contact angles shown in the group of no citrate addition
in Figure 4.5. These results indicate Ca** has a stronger ability in bridging organic compounds to
the substrate in comparison with Na". The more pronounced effect of calcium ions in compressing
double layers close to silica surface and promoting bridging of asphaltene molecules to quartz
surface and consequently making surface more oil-wet was also reported by Qi et al'®,

On the other hand, the addition of sodium citrate resulted in gradual detachment of droplet from
the substrate with a thick water film between oil and silica surfaces for each of those cases (Figure
4.4, right). It can be observed in each of cases, at least 5 sodium anions out of 18 molecules initially
placed into the solution have reached the silica surface and form bridging to the cations already
adsorbed on surfaces. These adsorbed molecules may contribute to the more negatively charged
silica surface but also reduce the availability of ions on the surface from further adsorption of
naphthenic acid molecules to the surface, minimizing interaction of NAs with cations on the
surface, and resulting in gradual detachment of the droplet from the surface. Multiple experimental
studies reported that the addition of sodium citrate makes the zeta potential of silica surfaces even

more negative®!!®

where this observation was related to the formation of hydrogen bonds between
quartz and citrate molecules''®!!”. Therefore, it is reasonable to find the addition of citrate

significantly reduced contact angles in both experimental and simulation data (Figure 4.5).
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Figure 4.4. Snapshot of six different cases studied in absence of sodium citrate (left) and presence
of sodium citrate (right). y indicates the ratio of calcium to sodium ions concentration on the

surface.
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Figure 4.5. Variation of contact angles computed from MD simulations and experimental

measurements with calcium to sodium ions ratio.

4.3.2 Structure of Water Molecules in Thin Brine Film. As discussed in the previous

section, the addition of sodium citrate to the solution increases the wettability of the silica surface
where greater surface area is dominated by water molecules while the droplet is further away from
the substrate in comparison with the case no citrate is added to the simulation box where NAs
molecules are strongly bridged through cations.

The structural properties of water molecules at the interface can be used as an indication of the
strength of water-water and water-surface interactions close to the silica surface when sodium
citrate is around the substrate. The orientational order parameter indicates the deviation of the
structure of water molecules from the perfect ice-like structure. In order to calculate this parameter

four nearest neighbors of water oxygen and the six respective angles between that central oxygen
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and two neighbors are defined (8;,) and summations are written between all angles:

3
4

g=1-—= 2 (costjy + %)2 (4.1)
— k=j+1
Orientational order parameter (q) ranges between 0 for completely structureless molecules to 1 as
an indication of complete tetrahedrons. Duboué-Dijon et al. reported a value of 0.67 for bulk
water!''®. From our simulation, a value of 0.57 is calculated for bulk water away from the droplet
which is consistent with the range 0.58-0.7 reported in the literature!'®12°, The orientational order
parameter of water molecules at a cylinder under the droplet, in the area confined between droplet
and substrate, was calculated and the average values are reported in Table 4.3. While the
corresponding values for the first two water layers in the vicinity of the silica surface indicate that
water molecules do not maintain their structure due to the presence of multiple silanols on the
surface, the next water layers in the absence of sodium citrate show considerable disorder in water
structure as well. The addition of sodium citrate resulted in more structured water layers between
silica and oil droplet. This better-structured orientation of water molecules can also be observed

qualitatively in 3D-density plots of water molecules close to the surface; an example of this

behavior is plotted for the case with y=1 for comparison in Figure 4.6.

Table 4.3. Average value of q parameters and nearest neighbor in the vicinity of surface®

run qi q: I ond 3 4t
y =0 without/ citrate | 0.27/ 0.53/ 2.72/ 2.84/ 2.97/ 3.13/
y = 0.5 without/ citrate | 0.23/ 0.40/ 2.72/ 2.85/ 3.01/ 3.23/
y~1 without/ citrate | 0.28/ 0.36/ 2.75/ 2.90/ 3.11/ 3.39/
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# q1 = average orientational order parameter of first two water layers, q»> = average orientational

order parameter in next three water layers above the surface, 1% = average distance of first nearest
neighbor in next three water layers above the surface, 2" = average distance of second nearest
neighbor in next three water layers above the surface, 3™ = average distance of third nearest
neighbor in next three water layers above the surface, and 4" = average distance of forth nearest
neighbor in next three water layers above the surface, y is calcium to sodium ions ratio in the brine

solution.

The disturbance in water structure in water layers close to the contact line between the oil droplet
and the silica surface increases with the gradual increase in calcium to sodium ion ratio, as the
droplet gets closer to the substrate and water molecules contribute to bridging of NAs molecules
through cations on the surface. This behavior is not observed in cases where citrate was added to
the solution and water showed more bulk-like behavior with strong water-water interactions.
Calculated values in the distance of nearest neighbors also showed that in absence of citrate, the
gradual increase of calcium ions increased the distance between central oxygen and neighbors
while this perturbation was not observed when citrate was introduced to the simulation box as they

contribute to screening surface from bridging of NAs through cations.
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Figure 4.6. Number density profile of water oxygen in the confined area between surface and

droplet in the absence (a) and presence of sodium citrate (b) for y=1.

4.3.3 Dynamics of Oil Droplet. In section 4.3.1 and section 4.3.2, possible effects from

divalent ions as well as sodium citrate on wettability alteration of silica surface were studied.
However, there are still a high fraction of citrate anions solvated in solution away from the
substrate, and in order to investigate the possible effect from those anions on the dynamics of the
oil droplet, local mobility of the oil molecules, as well as their orientation with respect to a refence,

are discussed in the next sections.

4.3.3.1 Debye-Waller Factor

Debye-Waller factor (DWF), a measure of local mobility of components, is defined as the mean
square displacement in the order of ps'?!. Numerous studies in the literature suggested DWF, <u’>
gives an indication of soft spots in materials'??"'?*, In a comprehensive study on the comparison
of collective dynamics between proteins and inorganic nanoparticles, the dynamics of ubiquitin in
different environments including water, glycerol, and water-glycerol were studied. A softness of

125

protein core was reported in all the aforementioned environments'~ consistent with experimental
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observations on the compressibility of proteins in water'?°. Radially averaged <u’> from the
protein center of mass in their calculations indicated the better plasticizing effect of water, where
the amplitude of local mobility was increased specifically near the protein interface with the water
molecules. Application of this idea in our system can give an understanding of local mobility and
softness of oil droplets in presence and absence of sodium citrate in the solution. With this regard,
the mean square displacement of carbon atoms in the oil droplet was calculated in a 1 ps time
interval. For all six different cases, <u”> was calculated by radially averaging from the center of
mass of the droplet towards the oil-water interface, plotted in Figure 4.7. In order to remove any
possible effect from the substrate on the dynamics of the oil droplet, especially in cases where
citrate is not present and the oil droplet has a considerable contact angle with the silica surface,
molecules at a distance of about 2 nm above the surface were considered in calculations. Three-
dimensional plots of the distribution of <u?> in droplet depicted in Figure 4.8 were calculated by
dividing the droplet into 2 x 34 x 1 A3 grid sizes taken average over 1 ns time interval. It is
noteworthy to mention calculation of finer and coarser grid sizes of 1 x 34 x 1 A¥and 3 x 34 x 1
A’respectively, indicated that, while the distribution map remains the same, the <u”> values might
change due to changes in respective displacement of atoms in the x direction, although it does not

change the conclusion from calculations.

From Figure 4.7, it can be observed in each plot based on calcium to sodium ion ratio, where
respective cases of presence and absence of citrate are plotted, calculated <u”> takes higher values
in presence of citrate in the simulation box indicating the droplet being more mobile with softer
spots compared to the case no citrate is present in the solution. The plasticizing effect of sodium
citrate is evident in both bulk (R< 27 A) and specifically at the interface of the droplet (R>27 A).

Another interesting observation from this calculation is the pronounced reduction of the mobility
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of atoms at the periphery of the droplet which we believe is due to the entanglement of decane
molecules with the aliphatic tail of naphthenic acid molecules at the oil-water interface. Within
this area, the polar head of NA is stabilizing at the oil-water interface while their tail is entrapped
within the droplet. Another observation is the considerably high mobility at the center of the

droplet which will be discussed in the following section.

Three-dimensional plots of <u?> further support this conclusion. In cases where citrate is present
in solution, the oil droplet at both bulk and interface showed relatively higher local mobility where
the yellow-colored areas appeared to be more dominant in the droplet. Moreover, since in this
mapping the whole area is gridded for calculations, it can be observed in the absence of sodium
citrate, in the area close to the silica surface, mobility of oil molecules are reduced, indicating the

long-range effect of substrate on the oil droplet bridging.

67



(@)

2.1 . . . . . . - 10.04

0.035

0.03

Case1  No Citrate, y=0

0.025 Case2  No Citrate, y=0.5

0.02 Case3  No Citrate, y =1

0.015

Number Density (1/A%)

Case4  With Citrate, y =0
0.01 Case 5 With Citrate, y=0.5

W1 0.005 Case 6  With Citrate, y=1

0 5 10 15 20 25 30 35 40
R(A)

21 T T T T T T T 0.04

10.035

(b)

(=]
5
Number Density (1/A%)

0 5 10 15 20 25 30 35 40
R(A)

2.1 - r - - - - - 0.04

10.035

Number Density (1/A%)

171

16

0 5 10 15 20 25 30 35 40
R(A)

Figure 4.7. Radially averaged <u’> and number density (p) of oil droplet (a), and schematic

of radially partitioned droplet for calculation (b).
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Figure 4.8. Three dimensional averaged <u’> of oil droplet with grid size 2 x 34 x 1 A3, same

numbering used as Figure 4.7, where the respective case of citrate present is plotted underneath.

There are multiple studies in the literature on the application of different plasticizers including
phthalates, phosphates, glycerol, citrate and etc. on increasing flexibility and mechanical properties

of resins and polymers'?’"1?° however, this effect in our system needs further attention.

4.3.3.2 Structure of O1l Molecules

Looking at the radially averaged <u’> of oil in Figure 4.7, a considerably high value at the center
of the droplet can be observed. In order to investigate this observation, the orientation of each oil
molecule was studied with the surface normal used as the reference direction. The order parameter

used for studying the conformation of molecules is:

(D) = <3(Si(2).n,)% — 1> /, (4.2)
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Where n, is the normal vector to the silica substrate (0 0 1), and Sy, are principal axes of decane/NA
molecules calculated from the gyration tensor of each molecule. In Figure 4.9, radially averaged
orientation order parameters from the center of mass of the oil droplet to the oil-water interface as
well as the radius of gyration (Rg) for each molecule within the radial shell are depicted. The
calculated value for the radius of gyration specifically in the bulk which is dominated by decane
molecules gives an average value of 0.3 nm, consistent with reported values in the literature!3%-132,
Ay takes values in the range of [-0.5, 1], a value of -0.5 indicates the oil molecule’s principal axis
(decane or NA) is parallel to silica surface, value of 1 is when molecule is normal to the substrate,

and value of 0 is for random orientation. In Figure 4.9, only the values for case 3 (no citrate is in

solution and y = 1) are plotted where the same behavior is observed for the rest of the five cases.

3.25

(b) S,
3.15 Sg

AdR)
R, (A)

)

31

3.05

s . R L ——
0 5 10 15 20 25 30 35 40 0 5 1
R(A)

0 15

20 2 30 35 40
R(A)

Figure 4.9. Orient order parameter of oil molecules with respect to (0 0 1) plane (a) and, the radius

of gyration (b) with the inset showing principal axes of decane molecules.

Interestingly, it can be observed that there is indeed a considerable change in orientation of decane
molecules at the core of the oil droplet which could be due to the contribution of molecules in
optimizing confinement and trying to occupy a narrower space within that area (purple colored).

Moreover, close to the interface, at the area marked as the entanglement of the aliphatic tail of
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NAs with decane molecules, there exists a change in orientation of oil molecules as well (green
colored). In Figure 4.9 (b) where the same areas of interest are highlighted, an increase in the Ry
can be observed which is mainly an effect from NA molecules but also lengthening of decane

molecules to get more contact area with those aliphatic tails.

4.4 Conclusion

Three-phase contact angles in a system containing model oil (decane and naphthenic acid), water,
and silica surface were computed using molecular dynamics simulation. To get a more realistic
initial structure, considering the hydrophilic nature of the silica substrate, and based on hydration
film theory, a thin brine solution was added atop the surface. The effect of monovalent and divalent
ions was studied by changing the composition of ions in the brine film. It was observed that
increasing the concentration of calcium ions facilitated further bridging of NA molecules to the
surface and increased the computed contact angle. On the other hand, the addition of sodium
citrate to these systems significantly reduced the contact angle and recovered the surface
wettability by removing the accessibility of those cations for NAs bridging. Studies on the
dynamics of the oil droplet using the Debye-Waller factor indicated that the addition of sodium
citrate to the solution increased the local mobility of oil molecules and showed softening effects

specifically at the oil-water interface.
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Chapter 5
Conclusion and Future Work

5.1 Conclusion

Considering the importance of the surface wettability on bitumen liberation as an essential step in
oil sands extraction, classical molecular dynamics simulation, as well as planewave
implementation of density functional theory, were used to investigate the role of sodium citrate as

a novel processing aid.

The effect of sodium citrate on the wettability alteration of alumina surfaces was investigated
through competitive adsorption between citrate and naphthenic acid ligands. In order to check the
feasibility of this method, preliminary molecular dynamics calculations were conducted in the
simultaneous presence of both ligands in the simulation box. After obtaining consistent results
with experimental observations, adopted force field was applied to calculate the adsorption energy
of naphthenic acids in the presence and absence of citrate. Moreover, to study inner-sphere surface
complexation where classical molecular dynamics may not be applicable, a two-step reaction path
was proposed during CPMD calculations. Ligand exchange reaction on the edge site of gibbsite-
like surfaces was separated into two steps: initially, a vacant site should form where the aqua ligand
on the surface gets released, and later carboxyl group of either ligands start forming a complex
with aluminum on the surface. In both steps, citrate was found to have a lower reaction energy
barrier which is consistent with the general belief of citrate as a strong complexing agent.
Moreover, periodic planewave DFT calculations also indicated outer-sphere adsorption of citrate
on both basal and edge planes of gibbsite is more favorable in comparison with naphthenic acids.

These calculations indicated that, in the simultaneous presence of citrate with naphthenic acid as
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natural surfactants commonly present in oil sands systems, citrate preferentially dominated
gibbsite-like surfaces and prevented adsorption of naphthenic acids to the surface, resulting in a

more hydrophilic substrate.

The effect of sodium citrate on silica surfaces was investigated using classical molecular dynamics
simulation. A three-phase system containing a model oil droplet, solution, and silica surface by
considering hydration film of brine solution atop the surface was used to study the possible role of
the presence of sodium citrate in the solution. It was observed that cations and specifically divalent
Ca®" ions already adsorbed to the negatively charged silica surface significantly contributed to the
bridging of naphthenic acid molecules present in the oil phase to the substrate, where increasing
the concentration of Ca" resulted in higher contact angles. On the other hand, it was observed that
the addition of sodium citrate reduced the availability of cations for the oil droplet and recovered
the surface wettability where contact angles reduced to negligible values. Moreover, to study the
effect of sodium citrate on the dynamics of the oil droplet, Debye-Waller factor as a measure of
local mobility for oil molecules, indicated plasticizing effect of sodium citrate in the solution. It
was observed that the presence of sodium citrate in the solution increased the mobility of the oil
droplet molecules, especially at the oil-water interface, and contributed to the softness in those

arcas.

5.2 Future Work

Based on computational results in this work, some possible computational paths for future study

are suggested below.

Although silica and gibbsite-like surfaces are commonly present in the oil sands system, it is of

interest to further study the role of sodium citrate on different clay minerals including illite,
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kaolinite, and montmorillonite. Moreover, the effect of surface structure observed in Chapter 3
highlights the importance of considering both basal and edge planes of clay for a comprehensive
study. The role of divalent ions as problematic ions commonly present in the oil sands system on
the adsorption behavior of naphthenic acids on alumina surfaces and the possible role of sodium
citrate requires further study. Although in experimental observations, sodium citrate effectively
recovered the surface in the presence of Ca", possible mechanisms are not clear. It is noteworthy
to mention, the adsorption of divalent ions like Ca?" and Mg?" on kaolinite surfaces needs further
clarification from computational studies as present studies are not necessarily in line with each

other.

While force field formulation used in this study generally reproduced experimental observations,
it is of importance to include different formulations for a broader perspective. Moreover, while the
effect of caustic was implicitly included in calculations by modifying charges on surfaces as well
as molecules, the explicit inclusion of hydroxide anions to the solution can further shed light on
the synergistic interaction between sodium citrate and sodium hydroxide. Lastly, the observed
plasticizing effect of sodium citrate on the oil droplet needs further attention from the experimental

perspective.
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