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Abstract
Vegetable oils have attracted significant attention as alternative raw materials to replace
conventional fossil-based crude oils in the energy, chemical, and pharmaceutical industries.
Vegetable oils, while mainly triglycerides, contain impurities that can deteriorate bulk
oil and end-product quality. A common vegetable oil purification step involves the use of
adsorbents to remove undesired components in the oil. While the effectiveness of different
adsorbents in purification of bio-based oils has been experimentally widely studied,
molecular scale description of adsorption phenomena in these apolar environments is
currently lacking.
Here, the adsorption of model impurity species, that is, water, glycerol, oleic acid,
monoolein, and two types of phospholipids, on two model silica adsorbents, quartz
and cristobalite, was studied using atomistic molecular dynamics simulations. It was
found that adsorption strength is strongly dependent on the charge of the adsorbate,
with notably stronger adsorption of phospholipids (DOPC and DOPE) compared to
the nonionic additives. Adsorption strength is also sensitive to the hydrogen bonding
capability of the additive with the silica surface and the triglyceride solvent, as well as,
hydrogen bonding between closely spaced silica surface silanol groups.
Additionally, the effect of surfactant concentration and oil water content on the
adsorption and aggregation of oleic acid and monoolein was studied. It was found that
the amount of adsorbed surfactant increases gradually with surfactant concentration
for both monolein and oleic acid, with stronger adsorption of monoolein compared to
oleic acid. Additionally, monoolein and oleic acid form filament-like, highly dynamic
aggregates with no clearly shielded hydrophilic core; aggregate size increases gradually
with increased surfactant concentration. Introduction of water into the surfactant–oil
mixture functions as a competitive adsorbate but also hydrates the hydrophilic head
groups of the two surfactants, leading to improved adsorption of oleic acid with increased
water concentration. While addition of water initially improves monoolein adsorption,
the effects are more prominent in aggregation, with water promoting significant aggregate
growth for both monoolein and oleic acid.
Keywords surface adsorption, aggregation, vegetable oil, molecular dynamics,
CHARMM force field
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Tiivistelmä
Kasviöljyt ovat herättäneet kiinnostusta vaihtoehtoisina raaka-aineina perinteisten fossiilisten raakaöljyjen korvaamiseksi energia-, kemian- ja lääketeollisuudessa. Kemiallisesti
kasviperäiset öljyt ovat triglyseridien seoksia, ja niissä on erilaisia pieniä epäpuhtauksia, jotka voivat heikentää öljyn ja sen johdannaisten ominaisuuksia ja laatua. Yleinen
kasviöljyjen puhdistusvaihe käsittää adsorbenttien käytön öljyn kuivapesussa. Vaikka
erilaisten adsorbenttien tehokkuutta bioperäisten öljyjen puhdistuksessa on kokeellisesti
laajasti tutkittu, adsorptioilmiöiden molekulaarinen kuvaus apolarisissa ympäristöissä
on edelleen puutteellista.
Tässä diplomityössä tutkittiin atomistisella molekyylidynamiikka-simulaatiolla veden, glyserolin, oleiinihapon, monooleiinin ja kahden fosfolipidityypin adsorboitumista
kahdella mallipiioksidiadsorbentilla, kvartsilla ja kristobaliitilla. Työssä havaittiin adsorptiovahvuuden riippuvan voimakkaasti adsorbaatin varauksesta; kahden tutkitun
fosfolipidin adsorptio on huomattavasti voimakkaampi verrattuna varauksettomiin adsorbaatteihin. Adsorptiovahvuus on myös herkkä adsorbaatin vetysitoutumiselle sekä
piioksidipinnan silanoliryhmien että triglyseridiliuottimen kanssa. Lisäksi vetysidokset
kvartsipinnan läheisten silanoliryhmien välillä vaikuttavat kilpailevasti adsorptioon.
Lisäksi tutkittiin surfaktanttipitoisuuden ja öljyn vesipitoisuuden vaikutusta oleiinihapon ja monooleiinin adsorptioon ja aggregaatioon. Työssä havaittiin, että adsorboituneen monooleiinin ja oleiinihapon määrä kasvaa vähitellen surfaktanttipitoisuuden
kasvaessa; monooleiini adsorboituu voimakkaammin verrattuna oleiinihappoon. Monooleiinin ja oleiinihapon muodostamien aggregaattien koko kasvaa surfaktanttipitoisuuden
kasvaessa. Aggregaatit ovat filamenttimaisia ja erittäin dynaamisia ilman selkeästi suojattua hydrofiilistä ydintä. Veden lisäys surfaktantti-öljy seokseen toimii kilpailevana
adsorbaattina, mutta johtaa myös surfaktanttien hydrofiilisten pääryhmien hydraatioon,
mikä parantaa oleiinihapon adsorboitumista. Vaikka veden lisäys parantaa aluksi monooleiinin adsorboitumista, vaikutukset ovat näkyvämpiä aggregaatiossa; vesi edistää
suurempien aggregaattien muodostumista sekä monooleiinille että öljyhapolle.
Avainsanat pinta-adsorptio, aggregaatio, kasviöljy, molekyylidynamiikka,
CHARMM-voimakenttä
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Introduction

Many industrial products are derived primarily from fossil-based raw materials. However,
increasing energy demand, price hike and limited availability of fossil-based crude oils, as
well as, concerns regarding environmental pollution and emission of green house gases, have
motivated growing interest in alternative, renewable sources of energy and raw material for
many industries. Bio-based oils in general, as well as, other alternative renewable feedstocks
such as used cooking oils, animal fats and soapstocks, share a potential as promising,
functionally equivalent, renewable, and environmentally more sustainable replacements to
conventional, fossile-based sources 1–3 . However, the present global agricultural production
of vegetable oils is but a fraction of the global demand for fossile-based oils, with the
majority of the production directed towards the food industry 4,5 . Regardless, plant-based
oils, as well as, other bio-based oils such as algal and microbial oils and lignocellulose
derived bio-oils, may play an important role in replacing fossile-based oils in materials
and chemicals manufacturing 4,6,7 . Beside being a food stable, vegetable oils, as well as,
other bio-based oils already have a variety of established industrial applications, such
as use in lubricants, paints, pharmaceuticals, plastics and bio-fuels 8–11 . The preference
of plant-based oils in lieu of their fossil-based counterparts is mainly due to their lower
downstream processing costs. Therefore, products easily attainable from plant-oils such as
detergents and slipping agents comprise the current biggest technical market for vegetable
oils in the chemical industry 4 . The development of efficient processes for down-stream
processing of oils, including separation, purification, and transformation into biochemicals
and biofuels, is integral as these processes contribute the majority of overall production
costs.
Crude vegetable oils, while consisting mainly of triglycerides, contain a wide variety
of minor constituents, such as mono- and diglycerides, phospholipids, free fatty acids,
colouring pigments, proteins, sterols, free glycerol and water 9,12 . These impurities may
adversely affect both the manufacturing process and the quantity and quality of the endproduct, for example by introducing unwanted colour or flavour or shortening the self-life
of the oil. As such, elaborate, multi-stage purification processes are often employed to
reach desirable quality of oil to match with both legislative and industry standards 1,3,13 .
These processes often employ steps such as washing the oil with water or acid, gravity
separation, membrane-based separation, and the use of adsorbents such as bleaching earths
to dry-wash the oil 14–16 . The multi-step purification process comes with a high energy cost
and produces both solid waste and polluted effluents. Additionally, the purification process
often results in loss of valuable by-products, such as phospholipids, due to destructive
treatment of the oil with alkaline reagents.
Dry-washing of vegetable oil using solid adsorbents has the potential of selectively
absorbing hydrophilic impurity species such as glycerol, mono- and diglycerides, and
phospholipids from the oil. The surface-active adsorbents, such as silicates, silica-based
adsorbents and organo-clays, ion exchange resins, and activated carbon, work by adsorption
of the undesired components in the oil and have formerly been shown to be effective in
reducing glyceride, free fatty acid, and glycerol levels in the treated oil 14,17 . While hydrophilic adsorbents are generally used in oil purification processes, hydrophobic adsorbents
have been widely studied for removal of oily contaminants from water and research for
high-uptake capacity and efficient adsorbent materials is ongoing 18–21 .
While the fidelity of different adsorbents, including silica-based substrates, in the
purification of vegetable oils has been experimentally widely studied, molecular scale
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description of the adsorption process is currently lacking. Molecular-scale description
of interactions at the silica surface – liquid interface is important for many applications,
including sorption based purification, catalysis, studies of biocompatibility and toxicity,
and the manufacture of silica-based functional materials 22,23 . More over, the heterogeneous
composition of the vegetable oils, together with the influence of naturally occurring moisture
and bulk aggregation of minor chemical species, make predicting the adsorption process
challenging.
In this work the adsorption of a range of model impurity compounds in vegetable oils
onto model silica surfaces is probed using molecular dynamics (MD) simulations. Two
distinct crystalline silica surfaces are employed in this work in order to examine the effect
of surface activity on adsorption preference. In addition to single molecule adsorption,
the aggregation and adsorption preference of two model surfactants, monoolein and oleic
acid, in bulk is examined. The use of all-atom MD simulation methods enables probing of
atomic scale molecular interactions, such as hydrogen bonding, which play a key role in the
adsorption phenomenon. Additionally, the methodology employed enables determination of
the changes in free energy resulting from adsorption, as well as establishment of a ranking
in the adsorption preference of different impurities. The result presented in this work offer
insight into the molecular interaction mechanisms underlying adsorption phenomena in
apolar environments onto silica, as well as, serve as basic guidelines in the development of
optimal adsorbent surfaces.
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2
2.1

Background
Vegetable oil as a chemical environment

Lipids are a group of biomolecules soluble in nonpolar solvents, comprising of mono-, diand triglycerides, sterols, vaxes, and phospholipids 24 . On a biochemical level, lipids can
be categorized into eight distinct groups – fatty acids, glycerolipids, glycerophospholipids,
sphingolipids, saccharolipids, polyketides, prenol lipids and sterol lipids - depending on the
incorporation of ketoacyl and isoprene groups in their chemical structure. Lipids are generally either hydrophobic or amphiphilic 25 . Amphiphilic molecules, such as phospholipids,
consists of both hydrophilic and hydrophobic parts and have the ability to self-assemble in
solutions to form a wide variety of aggregates of differing morphologies 25–29 . In a biological
setting, lipids act as important mediators of signalling pathways and are the fundamental
building blocks of cellular membrane structures 24 .
Vegetable oils are generally produced from plant seeds or fruits through pressing
or solvent extraction methods 9 . Chemically, vegetable oils are nonpolar and lipophilic
environments, consisting mainly of a mixture of lipid species, with triglycerides being
the most abundant component 9 . The exact composition of the vegetable oil is highly
variable, depending on factors such as biological origin, quality, and production methods 12 .
Vegetable oils generally have high viscosity, low volatility, but also ready availability,
inherent biodegradability, and renewability 6,30 . As such, aside from being a food stable,
vegetable oils see wide scale use in many biorefinery, and bioproduct processes as an energy
source, a source of raw material, or as green solvents 4,6,9,10,31,32 . Currently, vegetable
oils are one of the most important renewable materials in the chemical industry, and are
widely used in the production of, for example, surfactants, cosmetic products, paints, and
lubricants 6,30 .
The major component of vegetable oils are triglycerides, with the triglyceride content
of most vegetable oils varying between 95 wt-% and 98 wt-% 12 . Triglycerides are fatty
acid triesters of glycerol, that is, they are composed of three long carboxylic acid residues
esterified to one glycerol molecule. The chemical and physical characteristics of the
triglyceride are largely determined by the length and saturation of the fatty acid tails.
Fatty acids are chemical species consisting of a hydrocarbon chain capped with a carboxylic
acid group, and function as the basic building blocks of more complex lipids. The acyl tails
of fatty acids produced by plants most often consist of an even number of carbon atoms due
to their biosynthetic pathways, with 16, 18 and 20 carbons being the most common chain
lengths found in vegetable oils 12,33,34 . Aside form their acyl tail lengths, fatty acids can
be classified into saturated (SAFA) and mono-unsaturated (MUFA) or polyunsaturated
(PUFA) fatty acids depending on the number of double bonds present in the hydrocarbon
chain. Unsaturated fatty acids can exist in either cis- or trans-configuration, with the
cis-configuration being most abundant in nature 24,25 . The saturation level of the carbon
chains of triglycerides determines their macromolecular configuration and therefore the
physical and chemical properties of the vegetable oil 35 . Triglycerides with saturated, linear
fatty acid tails can pack compactly, which is reflected in their higher melting points. 36,37 .
A high mass fraction of saturated trigylcerides is typical of fats solid at room temperature.
Desaturation of the fatty acid side chains of the triglyceride, that is, introduction of double
bonds into the carbon chains, forces the triglyceride to adopt a non-planar structure 35 .
Oils containing significant ratios of MUFA and PUFA have relatively low melting points as
well as increased internal polarity of the triglyceride bulk when compared to the saturated
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case 35 . The presence of triglycerides with unsaturated fatty acid tails in the oil induces
association of the triglyceride molecules and local structural organization 35 . In this work,
a vegetable oil is modelled using a single, symmetrical triglyceride solvent, triolein, which
is the triester of glycerol and three units of oleic acid, and has been formerly used as a
simple model solvent stand-in for vegetable oil 28,29,29,38–40 . Additionally, oleic acid is the
most abundant fatty acid in a number of vegetable oils commonly used in comparable
experiment set-ups, including rapeseed and olive oils 12,28,29,41 .
In addition to triglycerides, vegetable oils contain a variety of non-polar, amphiphilic
and polar minor constituents of varying molecular size. These constituents include monoand diglycerides, free fatty acids, phospholipids, sterols, phenolics, proteins, and small polar
molecules such as free glycerol and water 9,12,42 . The amphiphilic minor components of
vegetable oils can act as surfactants and co-surfactants, and effectively lower the interfacial
tension of bulk oils, concentrate at the oil-water interfaces, and can form aggregates above a
critical concentration 41,43,44 . From the perspective of industrial processing of vegetable oils,
these minor species are often undesirable and may negatively affect further processing of
the oil and the quality and quantity of the end-product 1,3,8,13 . However, certain vegetable
oil components, such as specific fatty acids and phospholipids, have their own uses in
industry, including use as detergents, lubricants, emulsifiers, and wetting agents 10,45,46 .
Mono- and diglycerides are mono- and diester of glycerol with fatty acids 24 . In vegetable
oils, mono- and diglycerides are formed in partial hydrolysis of triacylglycerols during oil
extraction, or due to activity of endogenous lipases with naturally occuring moisture in
the oil 9,47 . Typically, the monoglyceride content of vegetable oils is less than 0.2 wt-%,
while the diglyceride content varies between 0.8 wt-% and 5.8 wt-% 48 . Both mono- and
diglycerides are amphiphilic molecules with a hydrophilic glycerol headgroup containing
either two or one unesterified hydroxy groups respectively. Mono- and diglycerides are
authorized food additives and are mainly used as emulsifiers in a number of industrial
applications 46,47 .
Free fatty acids are unesterified fatty acids. In addition to being produced through plant
biosynthetic pathways, in vegetable oil, free fatty acids are also produced as hydrolysis
products of triglycerides or phospholipids 9,10,24 . The free fatty acid content of most
vegetable oils varies from below 0.05 wt-% up to 5 wt-%, depending on the quality of the
source seeds and fruit of the oil, level of refinement of the oil, as well as the biological
source of the oil 12,48 . During purification of vegetable oils, free fatty acids typically react
with an introduced base to form soaps 48 . Fatty acids are used in a number of industrial
applications, including detergents, lubricants, plastics, inks, paints, varnishes, and dietary
supplements 10,46 .
Glycerophospholipids or phospholipids consist of glycerol esterified by two fatty acids,
as well as, a distinct headgroup being linked to the glycerol via a phosphate group.
Phospholipids can be further divided into subgroups based on the composition of their
polar headgroups. These subgroups include, among others, phosphatidic acid (PA) with
no headgroup linked to the phosphate group, phosphadylcholine (PC) lipids with a choline
headgroup, phosphatidylinositol (PI) with an inositol headgroup, phosphadylserine (PS)
with a serine headgroup, and phosphadylethanolamine (PE) ethanolamine headgroup 25 .
The general chemical structure of phospholipids as well as the chemical structures of the
different headgroups have been presented in Figure 1. Amphiphilic glycerophospholipids are
the key structural component of biological membranes due to their ability to self-assemble 24 .
As such, phospholipids in vegetable oils mainly originate from solubilized cell membranes 48 .
Phospholipids negatively affect oil quality due to their tendency to self-assemble to form
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Figure 1: General structure of amphiphilic phospholipids; Rtail represent fatty acid tails,
Rhead is the characteristic headgroup determining phospholipid type. Different head group
substituent structures have also been presented, with the phospholipid type in parenthesis.
The three dimensional molecule structure represents dioleylphosphatidylcholine (DOPC),
that is one of the two phospholipids studied in this work; carbon (grey), oxygen (red),
hydrogen (white), phosphorus (yellow), nitrogen (blue).
colloidal structures and emulsions resulting in cloudy oils 48 . The extraction of phospholipids
from vegetable oils generally involves hydration of their hydrophilic headgroups. While PC
and PI phospholipids are easily hydratable, PE and PA phospholipids can from complexes
with divalent metal ions, which in turn prevents hydration, making extraction from the
bulk vegetable oil challenging 48,49 .
Plant sterols, also known as phytosterols, are structurally related to cholesterol. The
structure of cholesterol consists of a rigid core formed by four carbocyclic rings, with an
attached hydroxy group at one end and a short alkyl chain at the opposite end. Cholesterol
is the main sterol in animal cells, where it functions as a structural component of cell
membranes and as a precursor molecule for the biosynthesis of multiple biomolecules,
including steroid hormones 24 . Structurally, phytosterols differ from cholesterol only in
the structure of the alkyl side chain and the presence or absence of double bonds in the
ring structure. Phytosterols are insoluble in water and poorly soluble in fats and oil.
The sterol content of vegetable oils generally varies between 0.08 wt-% and 0.97 wt-% 48 .
In plants, phytosterols serve a multitude of biological purposes, including regulation of
membrane permeability and fluidity, and regulation of membrane bound enzymes 50,51 . In
the pharmaceutical industry, phytosterols are used as cholesterol reducing agents 52 .
Tocopherols and tocotrienols are forms of vitamin E and function as natural antioxidants
in vegetable oils, preventing lipid oxidation 53,54 . The chemical structures of all tocopherols
feature a chromane ring with a hydroxy group connected to a saturated hydrophobic alkyl
side chain. The hydroxy group is able to reduce free radicals while the hydrophobic side
chain enables permeation into lipid membranes. The structure of tocotrienols is similar
aside from the hydrophobic sidechain, which contains three double bonds. The tocopherol
and tocotrienol content of most vegetable oils is below 0.15 wt-% 48 .
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The composition of vegetable oils varies according to biological source. Additional
variance in composition is cause by agronomic and climatic conditions, fruit or seed quality
and extraction and refining processes 9,48 . Although, the dominant component of vegetable
oils are triacylglycerols, less abundant amphiphilic and polar species, such as mono- and
diacylglycerols, phospholipids and free fatty acids, may spontaneously form aggregates,
including micelles, reverse micelles, vesicles and bilayers 35,48 . Often also traces of water
are retained in the bulk oil, which can alter and stabilize the structure of the formed
aggregates, and form oil – water interfaces favourable for surfactant concentration 28,35,55 .
Water content of vegetable oils may change during prolonged storage as water is ether lost
from the oil or adsorbed from its surroundings. The water content of typical commercial
vegetable oils varies between 0.02 wt-% and 0.09 wt-% depending on the biological source
of the oil 48 .

2.2

Aggregate formation in vegetable oil

Surfactants are amphiphilic molecules comprising of distinct hydrophilic and hydrophobic
moieties. Surfactants have many applications as emulsifiers, detergents, wetting agents and
lubricants due to their surface tension lowering properties and self-assembly in solution 56 .
Resulting from their amphiphilic nature, surfactants in solution migrate towards liquid –
liquid or liquid – air interfaces where they orient with the hydrophilic headgroups remaining
in the polar phase and the hydrophobic tails extending into the apolar phase 56 . The
assembly of surfactant molecules at the interface leads to a reduction of surface tension.
Additionally, surfactants can self-assemble in solution to form a wide variety of aggregate
structures, including bilayers, vesicles, and micelles 24,25,56,57 . Examples of the wide array of
possible aggregate morphologies have been illustrated in Figure 2. Self-assembly is mainly
driven by amphiphilicity of the surfactants. In water, for example, formation of aggregates
effectively minimizes the unfavourable interactions between the hydrophobic moiety of the
surfactant and the hydrophilic solvent 56,58 . Aggregation can also be explained in terms of
solvent entropy: free, unaggregated amphiphiles and their hydrophobic moieties disrupt
the hydrogen bonding between solvent molecules and thus induce a localized, more ordered
structure, making aggregation entropically more favourable 58 . Aggregate formation is
mediated mainly by the combined effect of weak non-bonded interactions, namely hydrogen
bonding, hydrophobic effect, electrostatic interactions, and van der Waals forces, and is
affected by factors such as surfactant structure, surfactant concentration, temperature,
as well as solvent characteristics, such as polarity, ionic strength, and presence of other
chemical species in the solution 25,56,59 .
In some cases amphiphilic molecules in water may aggregate to form spherical or cylindrical aggregates where the hydrophilic headgroups remain in contact with the surrounding
solvent and hydrophobic tails of the molecules coalesce, minimizing contact with the surrounding solvent, to form a hydrophobic core 56,58 . Such aggregates are called micelles.
Conversely, in an apolar solvent, such as vegetable oil, micelles consisting of a hydrophilic
core with the hydrophobic tails extended out towards the solvent may form 58 . These
aggregates are called reverse micelles. The formation of micelles in an aqueous environment
and reverse micelles in an apolar environment is illustrated in Figure 3. In vegetable oils,
reverse micelles are typically formed by amphiphiles with a low hydrophilic–lipophilic part
ratio, such as free fatty acids, diacylglycerols and monoacylglycerols, but they can also be
formed by phospholipids 28,35,60 . Commonly, reverse micelles form in ternary mixtures of
lipophilic surfactant, water and oil, especially in oil-rich regions, but they have also been
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Figure 2: Amphiphilic molecules (surfactants) can self-assemble at various concentrations
and temperatures in solution to form structures such as bilayers, vesicles, micelles and
reverse micelles. Aggregate morphology depends on solvent polarity and molecular curvature
of the surfactant.
observed in organic solvents without water additions, as well as in aqueous solutions of
lipophilic surfactants in surfactant rich regions 61,62 . Reverse micelles provide an interface
between both water and oil, allowing for the co-existence of both hydrophobic and hydrophilic molecules and have been studied for use as template structures in nanomaterial
synthesis, microreactors for aqueous chemical reactions, and for the study of enzyme kinetics
reactions 63–65 .
2.2.1

Lecithin aggregates

Lecithin is one of the major natural surfactants and contributes as the basic structural component of biological membranes and other biological lipid matrices, while being commonly
used as a dispersive and emulsifier in pharmaceutical, food, and cosmetics industries 66–68 .
Depending on the literature source, lecithin is commonly defined as a class of phospholipids, specifically, as the ester of glycerol esterified by two higher fatty acids and by a
phosphoric acid attached to a choline residue, or, more generally, as a mixture of phospholipids extracted form animal or plant sources 69 . As such, lecithin is also used to refer
to phosphatidylcholine (PC) phospholipids. Commercially, the major sources of lecithin
include egg yolk and soy beans 66,69 .
Lecithin is able to self-assemble to form a wide variety of macromolecular structures,
including monolayers, bilayer films, liposomes, vesicles, liquid crystals, emulsions, and
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Figure 3: Amphiphilic surfactant can self-assemble in solution to form aggregates such
as micelles or reverse-micelles. Micelles form in polar solvents, such as water, with the
hydrophilic part of the amphiphilic surfactant extended outward to the solvent forming
the micelle corona and the hydrophobic portion of the surfactant forming the micelle core.
In apolar solvents, such as vegetable oils, reverse-micelles with a hydrophilic core and a
hydrophobic, oleophilic corona may form.
organogels 69 . The self-assembling nature of lecithin and phospholipids in general is due
to the co-existence of two large molecular regions of opposite polarities: the hydrophilic,
charged headgroup and the two hydrophobic alkyl chain tails 69 . In solution, lecithin is
either concentrated at the interface or forms self-assembled structures in solution such as
micelles or liquid crystals; it cannot exist freely in solution of any polarity 69 .
In water, the self-assembly of lecithin is driven by an increase in entropy of the
surrounding solvent water molecules. Solvent water molecules surrounding the hydrophobic
tails are highly ordered and less mobile compared to the water molecules in bulk solvent.
Aggregation of apolar compounds in aqueous media therefore leads to an increase in water
entropy 58,69 . Lecithin is largely insoluble in water. However, lecithin is hygroscopic and
therefore even after drying, trace amounts of water, that is, approximately one water
molecule per lecithin molecule, is retained 69 . Dry lecithin readily adsorbs additional
water from the air, with the quantity of adsorbed water depending on air humidity. Each
lecithin molecule adsorbs a maximum of 20–21 water molecules, which is fewer than
the full hydration shell of phospholipids in aqueous solution 69 . In lecithin-water binary
mixtures, lecithin swells forming a liquid-crystalline mesophase where numerous parallel
lamellae arrange into bimolecular layers 69 . The center of the bilayer is occupied by the
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hydrophobic carbon tails of the phospholipids, while the outer surfaces are occupied by
the polar headgroups. An interlayer of water separates the bilayers from one another. At
high water content and slight mechanical perturbation, the liquid-crystalline mesophase
separates to also form liposomes and vesicles 55,69 . With water content of lecithin below
10 wt-%, lamellar, hexagonal and cubic liquid-crystalline mesophases exists depending on
temperature and water content 55 . The cubic and hexagonal mesophases are limited to high
temperatures and are formed through the expansion of the bilayers in the lamellar phase
due to cis-trans-transition of the C–C bonds of the alkyl tails and its effect on molecule
packing 28,55,60 .
Lecithin is soluble in most organic solvents, excluding acetone 69,70 . In organic solvents,
lecithin forms either reverse-micelle or liquid-crystal phases depending on the polarity of
the organic solvent 69,71 . Apolar solvent molecules interact and accumulate around the
apolar hydrocarbon tails, affecting the packing of the lecithin molecules 69,72 . This leads
to the formation of reverse micelles in solvents such as n-heptane and benzene 28,60,69,71 .
In highly polar organic solvents with a high level of hydrogen-bond mediated cohesion
between the solvent molecules, liquid-crystalline mesophases of lecithin can occur 69 . Such
solvents include formamide, glycerol, and ethylene glycol 69 . The formed lamellar liquidcrystal mesophase is similar to that previously discussed in the case of water, with the
organic solvent molecules forming a hydration shell around the polar headgroups of lecithin,
resulting in a polar interlayer between the lamellae.
Considering vegetable oils and oil purification, ternary systems consisting of oil, lecithin
and water are of special interest. In such systems, the lecithin molecules are localized at the
oil–water interface 69 . Lecithin in non-aqueous solutions adsorbs water molecules from the
air; an average of 15 to 30 water molecules of water is adsorbed per lecithin molecule 69,70,72 .
The addition of water induces the formation of reverse micelles of either spherical or
cylindrical shape depending on the organic solvent and water concentration 69,73–75 . As
the amount of water in the lecithin – apolar solvent mixture is increased, the water core
of the micelles form a well-defined sharp interface and the radius of the formed micellar
aggregates increases, essentially forming water droplets surrounded by a monomolecular
lecithin layer 60,69,76,77 . The radius of the lecithin micelles can vary greatly depending on
the size of the aqueous core, varying from 10 to 100 Å 69,78 . The initial adsorbed water
molecules for a hydration shell around the phosphatidylcholine headgroup, while a majority
of the adsorbed water molecules contribute to the aqueous core of the formed reverse
micelles 69,72,76,79 . The water core of the lecithin reverse micelles enables solubilization
of polar compounds in nonpolar systems, and provides a platform for carrying out e.g.
enzymatic reactions for biotechnological applications 78,80 .
In lecithin – mixtures, the addition of small quantities of water functions as a gelating
agent, inducing thickening of the solution and formation of gel phase 55,69 . This formation
of organogels, that is, the conversion of the lecithin solution from a liquid state to a more
plastic, structured material, is driven by the formation of a three dimensional network
of self-assembled aggregates induced by a gelator agent that has limited solubility in the
organic liquid medium 35,55 . The addition of small quantities of water, that is, 1 – 3 water
molecules per lecithin molecule, causes the formed lecithin aggregates to grow in one
dimension rather than swell, causing the formation of giant rod-like micelles 35,55,69 . These
rod-like micelles can entangle to form three dimensional networks, inducing a change in
the visco-elastic properties of the solution and formation of a gel-like phase 35,55 . Beside
water, formation of the lecithin organogel can be induced by the addition of polar organic
solvents such as formamide, glycerol or ethylene glycol 35,55,81 . The formed organogel is a
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gel phase that is homogeneous, transparent, optically isotropic, and has highly temperature
dependent viscosity, behaving as non-viscous liquid at elevated temperatures 55,69 .
2.2.2

Aggregation of other vegetable oil additives

Triglycerides are the main component of natural vegetable oils, with the remaining composition made up of mono- and diglycerides, phospholipids, free fatty acids, and other
impurities such as water and free glycerol 12 . Besides the diverse phase behaviour of phospholipid lecithin in apolar solvents and in ternary mixtures of lecithin, apolar solvent,
and water, the association and self-assembly behaviour of triglyceride hydrolysis products,
i.e. glycerol esters and fatty acids, in similar systems has received some attention both
experimentally and computationally, mainly due to their industrial relevance 28,29,41,61,82,83 .
In this thesis, the aggregation and adsorption behaviour of two hydrolysis products of the
solvent triolein – monoolein and oleic acid – is examined. As such, this section focuses
mainly on monoglyceride and free fatty acid association and aggregation behaviour.
Monoglycerides are lipid esters of glyceride and a fatty acid residue and are distinguished
based on the length of the fatty acid carbon chain and its saturation pattern. Concentrated
cream-like mixtures of monoglycerides are widely used in both cosmetics and food industries
and the phase behaviour of monoglyceride – water systems has been previously widely
studied 84–86 . In the presence of water, monoglycerides with long carbon chains, such as
monoolein, are expected to form a highly hydrated lamellar phase above a certain critical
temperature. To produce thermodynamically stable systems the water content of such
solutions is capped at 25 wt-% 86 . At low temperatures, a metastable, strong, gel-like phase
is present, which is gradually followed by the formation of an anhydrous crystalline, coagel
phase 84,85 .
In hydrophobic solvents, such as oil, the phase behaviour of monoglycerides is notably
different. At lower temperatures, monoglyceride solid and oil phases are in equilibrium.
Increasing the temperature induces melting of the monoglyceride solid phase and formation
of an inverse lamellar phase with gel-like rheology, where the inverse bilayers have hexagonal
ordering 85,87–89 . This transition temperature is analogous with the Krafft temperature of
the monoglyceride fatty acid alkyl chains, that is, transition temperature of the fatty acid
chains from crystalline into a molten state, and is dependent on the fatty acid chain length
of the monoglyceride, increasing with the fatty acid chain length 61,89 . As mentioned, in
a water solvent environment, monoglycerides usually form hydrophilic lamellae, with the
hydrophobic carbon chains packed inside the bilayer while the outward facing glycerol
head-groups hydrogen bond with the surrounding solvent water molecules. In a hydrophobic
solvent, such as oil, the situation is fundamentally reversed: inverse lamellar structures
form with the hydrophobic, aliphatic carbon chains on the outside of the bilayer and the
hydrophilic glycerol headgroups being compressed in the middle, which gives rise to the
long-range ordering 89 . The existence of a lamellar phase is dependent on monoglyceride
concentration; for example, for monostearin in hazelnut oil, no lamellar phase is formed at
monostearin concentrations below 2 wt-% 89 .
Of particular interest, is the formation of reverse micelles, that is, aggregates consisting
of a core formed by the hydrophilic surfactant head-groups and a surrounding corona
formed by the outwards protruding nonpolar moieties of the surfactants. As temperature
of the monoglyceride – oil mixture is further increased, a second phase transition takes
place and monoglycerides in the lamellar phase form an isotropic liquid phase 88,89 . This
transition temperature is monoglyceride concentration dependent 89 . At low monoglyceride
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concentrations where no lamellar phase is present, transition occurs directly from solid
monoglyceride phase to isotropic liquid phase 89 . In the isotropic liquid phase, monoglycerides may form reverse micellar structures driven by the hydrophobic effect; however, the
existence of a clear critical micelle-forming concentration is debatable 29,61 .
Factors such as monoglyceride concentration, solvent type, temperature, and the
presence of additives can induce changes in reverse micelle size, shape, and aggregation
number. Depending on these factors, monoglyceride reverse micelles vary in shape from
spherical to rod-like or disc-like lamellar aggregates 29,41,61,90 . The size of the monoglyceride
reverse micelles increases with monoglyceride concentration through elongation of the
micelle in one dimension, that is, micelle growth occurs through a onset of sphere-to-rod
transition 61 . The opposite of this transition in monoglyceride reverse micelle shape, that
is, rod-to-sphere transition, can be observed when temperature is increased. Contrary
to behaviour in aqueous solution, miscibility of the solvent and surfactant increases with
temperature as the surfactant molecules become increasingly lipophilic and thermal agitation
increases 61,90,91 . As the surfactant becomes more lipophilic, the hydrophobic interaction
between the hydrophobic part of surfactant and the oil increases, strengthening the solvation
capability of the oil 61,89,91 . Depending on the monoglyceride structure, this can be observed
as a rod-to-sphere transition in micelle shape 61 .
The structure of the monoglyceride, namely the length of the hydrophobic fatty acid
carbon chain, also affects both micelle size and shape. A shorter fatty acid chain results
in the formation of aggregates with higher aggregation numbers as the surface area per
monoglyceride surfactant in the aggregate is reduced 61 . Conversely, increase in the length
of the fatty acid chain increases the lipophilic character of the monoglyceride and the steric
requirements of the hydrophobic chain which effectively decrease the intermolecular bonding
interactions between the hydrophilic head groups of the monoglyceride 92 . This results in a
decrease in micelle aggregation number with increase fatty acid chain length 61,92 .
While the aggregation behaviour of free fatty acids in aqueous media has been relatively
well studied both experimentally and computationally, fatty acid aggregation in nonpolar
solvents has received significantly less attention 28,29,93–96 . Experimental measurements,
such as scattering experiments and dye solubilization techniques, have revealed no evidence
of free fatty acid reverse micelle formation in oil 28,43,97 . However, a recent computational
study by Vierros et al. 29 revealed palmitic acid in both triolein and cyclohexane aggregates
to form small oligomers. The formed aggregates do not exhibit the well-shielded polar
core typically associated with reverse micelles, but are instead filament like in shape 29 .
This discrepancy between model and experiment can most likely be explained by the
small size of any possible aggregates coupled with the detection limits of the experimental
techniques employed in the measurements. Additionally, fatty acids in apolar solvent can
be expected to exhibit complex phase behaviour as function of the pH of the system, as
the deprotonation/protonation state of the fatty acid residues can be expected to directly
affect the aggregation behaviour 96,98 .
2.2.3

Effect of water on aggregate formation

The aggregation of amphiphilic impurity species in vegetable oils, such as phospholipids,
monoglycerides and free fatty acids, can be promoted by the addition of small molecule,
polar compounds, such as water, into the oil phase 55,69,81,99 . For nonionic surfactants in
nonpolar solvent, the addition of water has also been shown to give rise to aggregation
in system where it does not originally occur 100 . In the purification of vegetable oils,
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the aggregation promoted by the addition of water and the induced phase separation
enables easy removal of amphiphiles, such as phospholipids, fatty acids, and mono- and
diglycerides, as well as, pigments and carbohydrates from the oil during a process known
as degumming 101,102 . The molecular-scale aggregation response and the macroscopic phase
behaviour of the vegetable oil are sensitive to factors such as temperature, surfactant
composition, water content, and the presence of various additives 28,41,43,61,76,103 .
Regarding the formation of reverse micelles in nonpolar media, it is debatable whether
a well-defined critical micelle concentration (CMC) can exist without the presence of at
least trace amounts of water 41,61,81,99 . This controversy stems mainly from the difficulty
to remove water completely from the measured materials and the challenge in carrying
out measurements, such as scattering experiments, in a completely dry state due to the
hygroscopic nature of the materials 61,69 . Regardless, water has been observed to have a
significant effect on both the size and shape of the formed reverse micelles, with the aqueous
core of the formed aggregates leading to higher aggregation numbers and, for example,
prompting lecithin micelles to undergo a sphere-to-rod transition to form an entangled
organogel network when water is added 28,76 . Besides water, reverse micelle growth can
also be prompted by other small, polar molecules, such as glycerol or urea, or the addition
of amphiphilic salts 81,104 .
For long acyl chain monoglycerides, such as monoolein, phase behaviour in oil is
dependent on several factors, including temperature and water content 88 . While the
effect of temperature is not examined in this work, the effect on water on the formed
reverse-micellar phase structure is examined in detail. It is often mistakenly assumed that
the phase-behaviour of monoglyceride-oil-water ternary mixtures is similar to aqueous
systems 105,106 . For long-chain monoglycerides at 20 wt-% solution in vegetable oil, the
presence of water becomes significant above 0.5 wt-% water content below which the
mixture can be regarded as dry 88,89 . For monoolein, 0.5 wt-% water content roughly
corresponds to a system containing one water molecule per monoglyceride. Water molecules
have strong affinity to the glycerol headgroups of monoglyceride.

2.3

Adsorbent-based purification of vegetable oils

Recently, the use of alternative renewable feedstocks such as vegetable oils, used cooking
oils, animal fats, and soapstocks in fuel production has garnered interest mainly due
to the increasing price and unsustainability of fossile-based fuels and the accompanying
environmental concerns. However, processing of these feedstocks often requires removal
of impurity species to meet industry standards and to reduce their adverse effects on
end-product quality 13,107 . These impurities, as outlined previously in this work, include
free glycerol, soap, free fatty acids, water, and glycerides.
The purification of vegetable oils generally includes both wet-washing and dry-washing
techniques. Wet-washing techniques, such as washing the oil with water, along with gravity
based separation techniques are generally used for the removal of low-molecular weight and
water soluble chemical species, such as water, free glycerol, sodium salts, and soaps 13,108 .
However, the efficiency of the aforementioned techniques is seldom 100 % and, in the case of
water washing, may result in significant loss of product or the formation of emulsions 1,11,108 .
Conversely, dry-washing purification methods involve the use of adsorbents, such as
silica-based clays, organoclays, ion exchange resins, and activated carbon, to remove
unwanted impurities 2,15,109,110 . Specifically silica-based adsorbents, such as silica hydrogels,
have been used to remove minor lipid components, including phospholipids and free fatty
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acids, from vegetable oils 15,111–113 . Adsorption is a surface phenomenon that pertains to
the adhesion of atoms, ions or molecules from a gas or liquid phase, or from solution onto
a surface, and depends on the affinity between adsorbate and the adsorbent. Generally,
solute molecules that tend to reduce surface tension concentrate at the solid – liquid
interface and are therefore adsorbed onto the adsorbent surface 109 . During dry-washing of
the oil, the adsorbent is dosed into the oil most often as a free flowing powder 109 . The
mixture is then agitated at the required temperature for a period of time sufficient for the
adsorption of the impurity species to the surface of the adsorbent particles 109 . Afterwards,
the mixture is filtered to remove the adsorbent and the bound impurities from the oil 109 .
Although adsorption-based purification of vegetable oils is widely used on an industrial
scale, molecular level description of the adsorption phenomena is lacking, and little is
known about the thermodynamics underlying multicomponent adsorption, mainly due to
the challenges associated with accurate mimicking of the vegetable oil environment using
model systems 114 .
2.3.1

Chemisorption and physisorption

Adsorption pertains to the adhesion of adsorbates, that is, atoms, ions or molecules, to
an adsorbent surface such that the local concentration of the adsorbate at the adsorbent
surface becomes greater than its concentration in the bulk 109 . A molecule can bind to a
surface through either formation of chemical bonds or merely through weaker, non-bonded
interactions. While chemisorption involves the formation of chemical bonds between the
adsorbate and the adsorbent surface, physisorption is mediated by weaker interactions,
such as polarization 109,115 . However, it should be noted that a continuous spectrum
of interactions between the adsorbent surface and the adsorbate exists and thus clear
distinction between the two modes of adsorption does not exist 115 . Of the two modes
of adsorption, chemisorption is highly directional and the formation of chemical bonds
between the adsorbate and the adsorbent surface depends heavily on molecular orientation
and the site of adsorption 115 . Physisorption, on the other hand, is much less directional
and the adsorbent tends to experience attractive interaction with the adsorbent that is
much more uniform across the adsorbate surface 115 .
As all molecules are subject to van der Waals interactions, any molecule can be
expected to physisorb onto a surface at low enough temperature. An exception to this are
particularly steep chemisorption energy wells, in which case the adsorbate falls directly into a
chemisorbed state. Especially innert adsorbates and adsorbent surfaces favour physisorption.
Additionally, low surface temperature can stabilize physisorbed states of reactive species.
In addition to adsorbate–adsorbent interactions, lateral interactions between adsorbate
molecules are also highly important, especially when considering physisorption, as the
non-bonded interactions between adsorbate molecules can be of similar magnitude to the
adsorbate–absorbent interactions. The effect of lateral interaction is further compounded
as physisorpion is much less site-specific compared to chemisorption, often leading to higher
surface coverage by the adsorbate. 115
The strength of interaction between the adsorbate and the adsorbent surface depends
on the location of the adsorbate on the surface. The adsorbent surface can be thought of
as a matrix of adsorption sites separated by energy barriers, which the adsorbate must
cross in order to diffuse across the surface. Different binding sites with different energies
exhibit different energy barriers. At a sufficiently high temperature, the adsorbate is able
to translate freely across the energy barriers, behaving as a 2D-gas, that is, the movement
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of the adsorbate is constrained in the z-direction while moving freely in the x, y-directions.
However, as mentioned, diffusion energy barriers may not be uniform across the adsorbent
surface, which makes the energy barriers dependent on the direction of diffusion of the
adsorbate. This may lead to the formation of adsorbate islands on the adsorbent surface.
This phenomenon is especially prevalent on surfaces with steps and crevices, where diffusion
in a certain direction is much more energetically favoured. 115
The diffusion rate of adsorbates on a surface is also greatly impacted by defects on the
surface, such as adatoms, vacancies, steps and kinks. Such surface defects are introduced
through cutting of the crystal at an angle slightly deviating from the perfect [h k l]
direction, leading the creation of vicinal surfaces, that is, surfaces that are close to but not
flat low-index planes. In order for the surface to maintain macroscopic surface orientation
and yet remain as close as possible to a low-index structure, series of terraces and steps
are introduced to the surface structure. A step is flanked by low index planes known as
terraces. As chemical binding of the terrace atoms and steps atoms differs, the electronic
structure of the step atoms is also different, leading to a change in diffusion barriers near
steps. Compared to diffusion on the low-index planes of terraces step-down diffusion, that
is, diffusion of the adsorbate from the terrace above the step to the terrace below the step,
is more highly activated. Step-up diffusion, that is, diffusion from a terrace below a step tot
he terrace above is more highly activated than step up diffusion due to increased binding
strength at the bottom of the step, and is therefore not expected, except at high enough
temperatures. 115
2.3.2

Adsorption isotherms

The adsorption phenomenon can be divided into three distinct stages: mass transfer of
the adsorbate from bulk solution to the external surface of the adsorbent, diffusion of the
adsorbate to the adsorption site and adsorption of adsorbate through the formation of
chemical bonds or through non-bonded interactions 116,117 . Depending on the kinetic model,
one of the aforementioned three stages is chosen as the rate limiting step for adsorption.
Diffusional models consider diffusion as the rate limiting step and aim to model either the
external mass-transfer diffusion of adsorbate from bulk to the surface, or the diffusion of
adsorbate at the surface to the adsorption site. Adsorption models or adsorption isotherms
consider adsorption, that is, binding of the adsorbate to the adsorbent surface through either
covalent or non-bonded interactions, as the slowest step in the adsorption phenomenon.
This is particularly the case in chemisorption 117 .
The adsorption of an adsorbate onto an adsorbent surface can be described by an
adsorption isotherm. The adsorption isotherm plots the amount of adsorbed molecule
against its equilibrium concentration in a solution 115,117,118 . Experimentally, the amount
of adsorbed compound retained on the surface of the adsorbent is determined as the
difference between the an initial solute concentration and a final solute concentration 118 .
The constructed adsorption isotherm is assumed to represent reaction equilibrium, that
is, a state where the rates adsorption and desorption are equal 118 . However, sorption
phenomena are driven by a number of kinetically controlled phenomena which operate
at at notably different timescales comparable to those of redox-reactions. The kinetics
of adsorption and desorption can differ greatly, and, as such, it is sometimes difficult to
determine whether thermodynamic equilibrium is reached 115,116,118 .
The adsorption isotherm is an important tool for describing retention of a substance on
a solid at various concentrations at constant temperature and provides insight into the ad-
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sorption mechanisms, absorbent surface properties, and degree of affinity between adsorbate
and adsorbent, based on the physiochemical parameters and underlying thermodynamic
assumptions of the isotherm model 118,119 . While a wide variety of equilibrium adsorption
isotherm models exist, this section gives a detailed description of three commonly used
adsorption isotherm models for biomolecule adsorption. The simplest model, the Langmuir
isotherm model, consider only monolayer adsorption on an ideal surface, and has been used
to quantify the performance of different bio-sorbents 120,121 . The Langmuir model is most
suited to the description of chemisorption, which, due to strict site-specificity, is limited to
less than monolayer coverage, whereas for physisorption multilayer adsorption is common 116 .
To describe multilayer adsorption, the Freudlich isotherm 122 and Brunauer-Emmett-Teller
(BET) 123 isotherm models are detailed. The Freudlich isotherm is the earliest known model
for describing reversible adsorption on a non-ideal surface, yet is based solely on empirical
relationship without physical basis, whereas the BET isotherm expands the Langmuir
isotherm model to account for multilayer adsorption 116,118,119 .
Langmuir adsorption isotherm The Langmuir isotherm is often used to describe
monolayer adsorption. The model assumes the adsorbate to behave as an ideal gas at
isothermal conditions, while the adsorbent is assumed to be an ideal, perfectly smooth,
and chemically homogeneous solid surface with distinct adsorption sites, each capable of
binding to an adsorbate 115 . The adsorption phenomenon can be described as a chemical
reaction of a free adsorbate species Afree with surface adsorption site S to produce a bound
adsorbate–absorbent complex SAadsorbed :
−
*
Afree + S −
)
−
− SAadsorbed

(1)

Based on the above reaction, the equilibrium constant Keq be defined as
Keq =

[SAadsorbed ]
[Afree ][S]

(2)

Considering adsorption isotherms, surface coverage θ is usually defined so that the
saturation or maximum surface coverage of an adsorbate on an adsorbent surface is equal
to unity, that is, θmax = 1. To derive the equation for θ, the concentration of adsorbed
molecules [SAadsorbed ] is assumed proportional to θ, the concentration of vacant adsorption
sites on the surface [S] is assumed proportional to 1 − θ, and the concentration of free
adsorbates [Afree ] is assumed proportional to the molar concentration of adsorbent in
solution at equilibrium CAf ree of Afree above the surface. Based on these assumptions, the
equilibrium constant Keq can alternatively be expressed as
Keq =

θ
(1 − θ)CAf ree

(3)

The above equation can further be rearranged to yield the equation for surface coverage θ
known as the Langmuir isotherm:
θ=

Keq CAf ree
1 + Keq CAf ree

(4)

The two main drawbacks of the Langmuir model are that it assumes homogeneous, ideal
smoothness of the adsorbent surface and ignores lateral adsorbate–adsorbate interactions.
The model includes both direct interaction between adsorbates, that is, interaction between
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adjacent adsorbate molecules, as well as, indirect interaction, that is, adsorption induced
changes in the adsorbent surface surrounding the adsorption site and its effect on subsequent
adsorption. 116,118 The model also makes several additional assumptions, such as that all
adsorption sites on the surface are equivalent and each adsorption site can only hold at
most one molecule leading to monolayer coverage as the upper limit with no multilayer
coverage 117 . However, meaningful fitting of the Langmuir model to adsorption isotherm
allows derivation of two important quantities: the saturation coverage of the surface
and the rate constant for adsorption Keq which gives insight into the thermodynamics of
adsorption 117,118 .
The change in Gibbs free energy ∆G during an adsorption event describes the spontaneity of the adsorption, with more negative values reflecting more energetically favourable
adsorption. General thermodynamics establishes the relationship between the thermodynamic equilibrium constant Keq of a chemical reaction and the accompanying change in
Gibbs free energy ∆G as

∆G = −RT ln Keq
(5)
where T is the absolute temperature and R is the gas constant. In the case of adsorption,
Keq is assumed to be the equilibrium constant for the adsorption reaction and can be
derived, for example, based on surface coverage θ as defined in Equation 3. Subsequently,
∆G can be expressed as the sum of its entropic ∆S and enthalpic ∆H contributions:
∆G = ∆H − T ∆S

(6)

By substituting Equation 6 into Equation 5, the entropic and enthalpic contributions to
adsorption associated change ∆G can be expressed as


ln Keq = −

∆H
∆S
+
RT
R

(7)

Measuring ln(Keq ) as a function of 1/T and fitting of a linear model to the data allows
determination of ∆S and ∆H from the y-intercept and slope respectively 115,118 . The
changes in Gibbs free energy ∆G accompanying physisorption are much smaller compared
to the changes in free energy accompanying chemisorption. The change in ∆G associated
with physisorption is generally of similar magnitude to the heat of condensation, that
is, ∆G < 30 kJ/mol, while the changes in free energy associated with chemisorption are
significantly higher, that is, ∆G > 80 kJ/mol 22,115 .
Freundlich adsorption isotherm Based on its original definition, the Freundlich adsorption isotherm maps the variation in the quantity of gas adsorbed by unit mass of solid
adsorbent in isothermal conditions with pressure 122 . The relationship is entirely empirical,
and thus should be not be used in cases where adsorption can be based on a theoretical
isotherm such as the Langmuir or BET isotherms 118 . The Freundlich adsorption isotherm
can be expressed as
1
x
n
= kF CAfFree
(8)
m
where kF and nF are Freundlich isotherm constants, CAf ree is the molar concentration of
adsorbate in solution at equilibrium, x is the mass of adsorbed adsorbate, and m mass of
adsorbent 121,122 . The commonly utilized linearized form of Equation 8 is
log

x

m



= log kF +


1
log CAf ree
nF

(9)
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From a log(CAf ree ) x-axis versus log(x/m) y-axis plot, the values for 1/nF and log(kF ) can
be discerned, respectively, as the slope and the y-axis intercept of the fit of Equation 9 118 .
The Freundlich isotherm, Equation 8, does not reach a plateau as CAf ree is increased, and
therefore saturation concentration for adsorption does not exist according to the model.
BET adsorption isotherm The Brunauer-Emmett-Teller (BET) isotherm 123 was originally developed to explain the multilayer physisorption of gas molecules on a solid adsorbent.
The BET isotherm acts as an extension of the Langmuir model for monolayer adsorption
discussed in Section 2.3.2 to multilayer adsorption 118,123,124 . As such, the assumptions of
the BET isotherm are similar to those of the Langmuir isotherm. The isotherm assumes
that adsorption occurs only at defined sites on the adsorbent surface and adsorption at the
uppermost layer of each adsorption site is reversible with similar adsorption and desorption
rates. Additionally, to facilitate multilayer adsorption, each adsorbed adsorbate can act as
a singular adsorption site for a molecule of the upper layer. As such, a number of layers
can for above the surface and a given layer need not complete formation prior to initiation
of subsequent layers and the number of molecule layers at each adsorption can vary 121 . At
adsorbate saturation pressure, infinite layers form, equating the system to that of a surface
surrounded by a liquid phase of adsorbate. 123 The isotherm is formulated as:
1
nBET − 1 C
 =
vm nBET Csat
v (Csat /C) − 1






+

1
vm nBET

(10)

where v is the adsorbed adsorbate quantity, for example mass of adsorbate per mass of
adsorbent, vm is the monolayer adsorbed quantity, Csat and C are the saturation and
equilibrium pressure of the adsorbate in solution at the temperature of adsorption, and
nBET is a constant 119,121 . The constant nBET is proportional to difference in heats of
adsorption of the first monolayer E1 and subsequent layers EL according to the Arhenius
equation as:
E1 −EL
nBET = e( RT )
(11)
where R is the gas constant and T is the system temperature. While the heat of adsorption
for the first monolayer is unique, the subsequent layers are considered identical to a liquid
phase with he heat of adsorption being equivalent to the heat of liquefaction 118,123 . The
BET adsorption isotherm therefore ignores the extension of attractive forces between the
solid adsorbate surface and the adsorbates beyond the first adsorbed layer and instead
assumes stronger forces of adsorption for the initial layer and constant adsorption forces for
all subsequent layers 118,125 . In addition, the model also ignores the surface tension effect
of the adsorbate, that is, adsorbed layers are assumed infinite at their saturation pressure
and contiguous adsorption sites are assumed to adsorb the same number of molecules 125 .
This disregard for surface tension effects ca be problematic when the BET isotherm
parameters are used for estimation effective surface areas of adsorbate molecules 125,126 .
Additionally, the BET isotherm shares the limitations of the Langmuir isotherm, such as
assuming homogeneity of the adsorbate surface and ignoring lateral interactions between
adsorbates 118,123 .
2.3.3

Surface chemistry and morphology of silica adsorbents

Silica substrates contribute as one of the most important adsorbents used in the chemical
technology industry, seeing use in applications such as chromatography, macromolecule

18
immobilization, drug delivery systems, filler material in polymer blends, and as raw material
for optical devices. Additionally, insight into the interaction of organic molecules, especially
biomolecules, with silica is motivated by the fact that silica and oxygen contribute as the
most abundant atomic species in the Earth’s crust, forming a variety of silica and silicate
based minerals and organoclays. 22 As such, investigation of surface interactions, especially
adsorption, on silica surfaces is of great importance. Experimentally, these interactions can
be probed using methods, such as chromatography, adsorption calorimetry 127–129 , infrared (IR) spectroscopy 130–134 , and nuclear magnetic resonance (NMR) spectroscopy 135–139 .
Of these, infra-red spectroscopy appears most popular, most likely due to its ability to
both qualitatively and quantitatively analyse functional groups on a silica surface as well
as possible interaction between an adsorbate and said functional groups. Additionally,
techniques such as quartz crystal micro-balance (QCM) may be used to provide realtime kinetic data on adsorption, such as the adsorbed amount and changes occurring in
the viscoelastic properties of the adsorbed layer 140,141 . Atomic force microscopy (AFM)
has also been used to provide desorption force curves for oligopeptides on silica using a
functionalized tip as single-molecule force sensor 142 .
On the atomic level, silica, with the chemical formula SiO2 is comprised of a structure
of silicon and oxygen atoms, with each silicon atom being covalently bonded to four oxygen
atoms and each oxygen atom to two silicon atoms. Each silicon atom forms the center of a
regular tetrahedron of oxygen atoms. Silica is a solid material characterized by high melting
point, with a density between 2 – 3 g/cm3 and a refractive index of 1.5 – 1.6 143 . The rigidity
of the silica structure is mainly due to the stiff O–Si–O angle with an equilibrium value of
109◦ while, in contrast, the Si–O–Si angle can easily morph as a result of temperature change
or geometrical constraints with angle values between 130◦ and 180◦ 22,143 . The flexibility of
the Si–O–Si angle in part contributes to the high variability found in both amorphous and
crystalline silica polymorphs. In nature, silica polymorphs come in both crystalline and
amorphous forms, with temperature and pressure being the key determining factor for dense
silica polymorph formation 143 . Different naturally occurring silica polymorphs include
quartz, cristobalite, tridymite, coesite, keatite, stishovite and opal, all of which exhibit the
same tetrahedral motif with a different linkage pattern resulting in unique physical and
chemical properties 23,143 . An exception to this is stishovite, a high-temperature and highpressure polymorph of silica, where the silicon atoms assume an octahedral coordination
geometry, with each silicon atom being bonded to six oxygen atoms. At room temperature
and atmospheric pressure, α-quartz, α-tridymite and α-cristobalite are the most common
silica polymorphs 23,143 .
All finite solids exhibit an external surface, which functions as an interface between
the bulk solid structure and the surrounding environment. Reconstruction of broken Si–O
bonds occurs on the surface of fractured silica 22 . The surface of silica can terminate is
strained siloxane (Si–O–Si) links or silanol groups (Si–OH), the latter being the result
of either incomplete condensation during polymerization of silicon dioxide or a result of
filling the valencies of the surface oxygen atoms using protons most commonly supplied by
water 22,134,144 . Theoretically, silanone Si=O groups can also occur at the surface, though
they are energetically unstable. The surface hydroxy groups are weakly acidic and the
silica surface possesses negative charge at neutral pH 22 . The quantity of silanol groups
populating the surface depends on the availability of water and temperature during silica
formation 22,135,145 . The surfaces of synthesized silica are often highly heterogeneous as a
result of irregular packing of macromolecules and incomplete condensation 22 . The silica
surface environments can be classified based on the number of silanol hydroxy groups
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bonded to each surface silicon atom as either Q1, Q2, Q3 or Q4 environments 22,23 . Q3
environments consist of surface silicon atoms each with one bonded silanol group, Q2
environments consist of surface silicon atoms each with two bonded silanol groups, and
surface silicon atoms classified as Q4 environments contain no bonded silanol groups. Q1
environments consisting of surface silica atoms each linked to three silanol groups, while
theoretically possible, have yet to be reported to exist experimentally 23 .
As in any functionalized surface, the silica surface functional groups are constrained by
the rigid three dimensional structure of the bulk, which limits contact between the surface
groups. The surface silanol OH-groups can hydrogen bond with one another, with the
separation distance between the silanol groups being the key limiting factor 22 . Generally,
silanol groups separated by a distance greater than 3.1 Å are incapable of hydrogen bonding
with one another 22 . The optimum separation distance between the the oxygen atoms
of two hydrogen bonded silanol groups is between 2.5 and 2.8 Å 22,146 . The quantity of
hydrogen bonded silanol groups can be changed through heating or through chemical
modification; with heating, hydrogen mutually hydrogen bonded silanol groups condense
to form a siloxane bridge 23 . The silanol groups present on a silica substrate surface can
be further classified as either geminal or vicinal. Vicinal silanol groups are situated at a
separation distance of less than 2.8 Å and are capable of simultaneous hydrogen bonding
with an adsorbate. Meanwhile, geminal silanol groups are linked to the same surface atom
and may or may not be capable of simultaneous hydrogen bonding with an adsorbate. 22
In this work, model silica substrates corresponding to the structures of α-quartz and
α-cristobalite were chosen in order to probe the effect of silanol group density on the
adsorption preference of impurity species in vegetable oil. The silanol (OH-) group density
of silica surfaces can vary between 0.0 OH/nm2 and 9.4 OH/nm2 . α-quartz represents
the maximum possible silanol group density at 9.4 OH/nm2 , with a perfect Q2 surface.
The second model substrate, α-cristobalite, has a silanol group density of 4.7 OH/nm2 ,
with a perfect Q3 surface. The model surfaces correspond to silica surfaces present at
2–4 pH, where no ionization of the silanol Si–OH groups into siloxide Si–O− groups takes
place 147 . α-quartz and α-cristobalite also represent two of the most common high-density
silica polymorphs at room temperature and low pressure 23 . For this work, the significant
variance in silanol group densities between the cristobalite and quartz surfaces enabled
probing of adsorption site availability as well as intra-surface silanol–silanol interactions on
adsorption preference.
2.3.4

Adsorption of organic molecules on silica

The adsorption of organic molecules and biomolecules on silica has been widely studied in light of their diverse applications in, among others, drug delivery, chromatography, biosensors, biocatalysts and enzyme immobilization 23,148–151 . While the adsorption
of biomolecules, including single amino acids 152,153 , small oligopeptides and larger peptides 149,154–156 , and nucleotide sequences 157–159 , either from gas phase or from aqueous
solution onto silica surfaces has received significant attention, detailed, systematic adsorption studies of lipids, especially in apolar solvents, on silica substrates remain few 160–162 .
Adsorption depends on the interaction between the adsorbent surface and the adsorbate
species, such as chemical bonding and non-bonded interactions such as van der Waals forces,
hydrophobic interaction and hydrogen bonding 115,130 . The silica adsorbent surface plays
an important role in adsorption phenomena. While silica surfaces can be modified and
functionalized in multiple ways 22,23 , this section highlights the main interactions at play in
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adsorption events on hydroxylated silica surfaces, such as the α-quartz and α-cristobalite
surfaces examined in this thesis work.
Adsorption of water vapour on hydroxylated silica occurs through hydrogen bonding
with one single silanol group or two vicinal silanol groups. 22,163,164 Compared to the
formation of two hydrogen bonds, adsorption facilitated only through the formation of
one hydrogen bond is fairly weak 163 . Energetically, liquid water is preferred as opposed to
single hydrogen bond adsorption on the silica surface. As such, clusters of water molecules
form on the surface before all surface hydroxy groups are occupied, with the degree of
occupation depending on whether the adsorption is facilitated by the formation of one,
two or three hydrogen bonds 22,163 . The formed clusters are much more restricted in their
translational and rotational movement compared to single water molecules. As such, the
adsorption process of water vapour on silica is two-fold: initial adsorption occurs at free
silanol groups while subsequent adsorption occurs at both the free silanol groups and on the
already adsorbed water to form clusters. It may be concluded that the initial adsorption of
water vapour is driven by entropy while clustering of the adsorbed water on the surface
is governed through energetic stabilization. The two-fold adsorption of water on silica
is most likely due to the water molecules ability to form hydrogen bonds not only with
the surface silanol groups but also with itself. An additional interesting feature of silica
interaction with water solution of varying ionic strength is the deprotonation of silanol
groups, producing negatively charged surface with Si–O− groups. This is relevant especially
when considering the adsorption of charged species in an aqueous solution on silica. 22
Adsorption of organic molecules containing functional groups onto hydroxylated silica
is mediated through van der Waals interaction and, to a larger effect, hydrogen bonding
between the surface silanol groups and the adsorbate 130,165 . As such, the adsorptive
effectiveness of silica surfaces depends on the nature, distribution and accessibility of the
silanol groups, as well as surface morphology, such as pore size 23,165 . Of the two types of
silanol groups present on a silica surface – hydrogen bonded and free silanol groups – free
silanol groups function as main adsorption sites. Therefore, adsorption is governed not
only by the concentration of silanol groups on the surface, which on most silica substrates
is far from uniform, but also on the ratio of free silanol groups to hydrogen bonded silanol
groups 22 . The relative concentrations of surface silanol groups are dependent on factors
such as synthesis methods and possible thermal pretreatment of the silica substrate 22,134,166 .
Adsorption of surfactant species and and macromolecules such as polymers and peptides
has significance not only in oil purification processes, but also in surface modification and
functionalization of silica based materials 22,97,132,167 . The partitioning of surfactants and
polymers onto the silica surface is driven by van der Waals forces, Coulombic interaction,
hydrogen bonding, hydrophobic interactions and solvation effects 22,97 . Cationic surfactants
and polymers adsorb readily onto the silica surface at neutral pH due to the net negative
charge of the surface caused by the presence of silanol groups. Anionic species do not
adsorb onto silica spontaneously at neutral pH, but their adsorption can be facilitated by
multivalent cations that react with the surface silanol groups to form hydroxy complexes
at sufficient pH 22 . For nonionic species, adsorption onto silica is facilitated mainly through
hydrogen bonding. In an aqueous environment, adsorption of surfactants is governed
by not only the interaction between the headgroup and the silica, but also the lateral
interactions between the surfactants caused by their hydrophobic tails. As such, adsorption
of surfactants onto silica is expected to increase with increased hydrophobic tail length 22,167 .
The adsorption of surfactants at a solid–liquid interface on hydrophilic surfaces can be
regarded as a surface aggregation process and often occurs as micelles or hemimicelles. The
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morphology of the surface aggregates depends on the morphology of the adsorbent surface,
such as curvature, and the binding affinity of the surfactant head group to hydrophilic
surface 168–171 . For surfactants with weak affinity to the adsorbent surface, aggregation in
bulk solution may be favoured over adsorption and aggregate formation at the adsorbent
surface 172 .
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3

Computational methods

In this thesis, the adsorption of different adsorbate species from triglyceride solvent onto a
silica surface is modelled using molecular modelling methods, more specifically molecular
dynamics simulations. Molecular modelling techniques essentially function as a moleculescale microscope, providing fundamental understanding of interactions and structural
information on the atomic-scale. However, a notable drawback are the limitations placed
on the complexity, time-scale, and size of the examined systems. This chapter functions as
an overview of the methodology underlying molecular dynamics simulation used in this
thesis to examine adsorption and aggregation of additive molecules in a triglyceride solvent
on a silica surface. Additionally, the computational methods and parameter sets used in
this work are described and discussed, including an overview of the CHARMM C27 force
field 173–176 and the theory underlying the steered molecular dynamics simulations and
calculation of the potential of mean force used to the estimate adsorption energies of single
additive molecules from triglyceride solvent onto silica.

3.1

Molecular modelling methods

Computational chemistry combines mathematical and numerical methods with fundamental
laws of physics, such as quantum mechanics or Newton’s equations of motion, to describe
and study chemical processes. Computational methods serve as a complement to conventional experiments as they often enable examination of properties, such as aggregate
size distributions in surfactant solutions 29,177,178 , or protein folding and conformational
changes 179–181 , that are difficult to accurately or directly observe though a traditional
experimental set-up 182–184 . Computational chemistry encompasses a wide array of different methods, ranging form quantum mechanics based approaches, capable of accurate
modelling of individual electrons, to continuum and kinetic equation methods used to
derive macroscopic characteristics, such as rheological properties or reaction equilibria, on a
macroscopic timescale 182 . The choice of appropriate method depends on the system being
modelled and the properties of interest, the spatial resolution required for capturing the
event of interest, and the timescale of the examined phenomenon. Molecular modelling in
particular is a powerful tool for exploring the bulk properties and molecular interactions in
system of tens to over a million particles (or atoms) typically at femtosecond to microsecond
timescale 179,182,185,186 .
On a fundamental level, computational chemistry is understanding the energy of a
molecule as a function of its nuclear coordinates and determining how this energy is affected
by perturbations. Quantum mechanics based methods use the time dependent Schrödinger
equation to describe the probability of finding a particle at a given position. However,
this approach cannot be analytically solved for systems larger than a single hydrogen
atom and thus even quantum mechanics based approaches are based on approximate
solutions 187 . Chemical processes occur on different length- and timescales and accurate
modelling of phenomena requires differing levels of description 182 . Although quantum
mechanics based approaches can provide the most accurate description of system behaviour,
they are often computationally expensive and therefore limited to short timescales and a
small number of observable particles 187 . However, many biomolecular phenomena such as
molecular complexation, partitioning of molecules between solvent environments, formation
of aggregates, or physisorption of molecules are all phenomena mainly driven by weak
non-bonded interactions between atoms 182,187 . Therefore, modelling of these phenomena
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on the atomic and molecular scale should be sufficient while using classical potentialenergy functions to describe intramolecular and intermolecular interactions. Classical
mechanics based methods, collectively called molecular mechanics methods, typically allow
examination of larger systems and longer timescales. This, however, comes at the price
of heavily simplifying the interaction models and scale of description; molecules are often
modelled using a "ball-and-stick" model consisting of particles of varying size and "softness"
connected by spring-like bonds with varying stiffness, while the dynamics of the system
are described using classical mechanics. 187
The two main families of molecular modelling techniques are molecular dynamics (MD)
and Monte Carlo (MC). Monte-Carlo methods rely on random sampling techniques to
reproduce the equilibrium statistical mechanics of a system, while molecular dynamics
evolves a system according to Newton’s second law of motion and forces acting upon
particles are calculated either based on a predefined potential energy function or on quantum
mechanics-based calculations performed on at each evolution step. 188 Additionally, many
hybrid approach methods that combine aspects of both MD and MC approaches exist 182,189 .
3.1.1

Molecular dynamics

In this thesis, classic molecular dynamics simulation is used for atomic-scale description
of adsorption and aggregation of vegetable oil additives in triglyceride solvent on model
silica substrates. Molecular dynamics simulation enables extraction of time-dependent
quantities, as well as, equilibrium properties of the examined systems. Molecular dynamics
simulation generates a time series of successive configurations of a system of molecules
through numerical integration of Newton’s laws of motion for a molecular system. This
sequence of system configurations is known as a simulation trajectory. For calculating the
simulation trajectory, the differential equations stemming from Newton’s second law are
used:
d2 xi
Fx
= i
(12)
2
dt
mi
Equation 12 describes the motion of a particle of mass mi moving in the xi direction while
2
experiencing force Fxi . ddtx2i provides the acceleration ai of the particle in the direction
xi . Through numerical integration of Equation 12, the velocities and positions in time for
each particle in a simulated system can be calculated and this information is stored as a
simulation trajectory. 187
Force fields Molecular dynamics is based on two important approximations: the BornOppenheimer approximation and the treatment of atomic nuclei as point particles interacting
according to Newtonian mechanics. The Born-Oppenheimer approximation enables separation of the motion of the atomic nuclei and the electrons: in molecular dynamics, the much
heavier nuclei are treated as point particles that interact according to Newton’s laws of
motion, while the effect of the electrons are approximated as one potential energy surface,
most often corresponding to the ground state. Such treatment of a system of particles or
atoms according to classical mechanics requires the definition of a potential energy function.
The description of the potential energy function form along with a set of parameters that
describe interactions between particles and are used to evaluate the potential function are
collectively called a force field. 187
The accuracy of thermodynamic properties predicted by an MD simulation depends
heavily on choosing an appropriate energy function for describing the interactions in the

24
system 182,190–192 . Most empirical potentials or force fields consists of a sum of terms
analogous to chemical bonds, bond angles, bond dihedrals and non-bonded forces, such
as electrostatics, and include parameters to estimate atomic radii, atomic charges, and
equilibrium bond length, bond angle and dihedral angle values. The free parameters of an
empirical force field are often obtained based on fitting to quantum mechanical calculations,
or to experimentally derived properties, such as lattice parameters or spectroscopic data.
The force field applies energetic penalties to bond lengths and angles deviating from their
predefined equilibrium values, describes how the energy changes due to rotation of bonds
and how non-bonded parts of the system interact through van der Waals and electrostatic
interactions. The functional form of a force field is often simple for easy computation. 187
When examining phenomena such as surfactant aggregate formation, molecular complexation, or physisorption, the thermodynamic equilibrium of the system is largely governed
by non-bonded interactions 23,25,182 . This gives rise to a number of problems underlying the
parametrization of force fields used to study the aforementioned phenomena. For example,
the free energy differences driving phenomena such as aggregation or protein folding are
often relative small, on the scale of tens of kJ/mol 23,29,193 . To reach the required level of
accuracy, the accuracy of the individual terms in the interaction model must be significantly
higher, especially in the case of force fields designed for large systems with potentially
hundreds of thousands of molecules 182 . The second problem consists of accounting for
the entropic contribution to free energy prevalent in all simulations run at temperatures
above absolute zero. Entropy describes the extent of conformational space available for
a molecular system and as such the parametrization and calibration of force fields often
involves computationally costly simulations to generate configuration ensembles instead of
simply using single minimum energy conformations or average structures for parameter
generation 182,187 . Another problem is presented by the shear number of chemical species
for which force field parameters must be derived for accurate description of a system. The
key to this problem is transferability: parameters developed for a small number of cases
are typically utilized to study much more complex system set-ups 182,187 .
Different force fields offer a choice in the level of abstraction of particle description.
Based on the level of detail, force fields can be divided into all-atom, united-atom and coarse
grained force fields 187,194 . In all-atom force fields, a particle is directly analogous with a
single atom in a molecular structure; parameters are provided for each individual atom 187 .
An example of an all-atom force field is the CHARMM 195,196 force field family used in the
simulations of this work. On the other hand, united-atom force fields simplify the description
by treating apolar hydrogens and their adjacent heavy atoms as one interacting particle
while everything else is modelled in atomistic detail 187 . This thesis work implements a
partly united atom description for the triglyceride solvent to reduce computational demand
of our simulations while maintaining fully atomistic description of the solvent headgroups 197 .
In the triolein model used in this work, the alipathic hydrogens and their associated carbon
atoms in the alkyl tails of triolein have been collapsed into one interaction centre while an
all-atom description is applied to the polar glycerol ester headgroup 197 . Finally, coarsegrained force fields offer an alternative for long timescale simulation of macromolecules,
such as proteins, nucleic acids and polymers, and large systems by providing a rougher
description the particles in the systems 189,198,199 . An example of a coarse-grained force field
is the MARTINI force field, which uses a four-to-one mapping, meaning that four heavy
atoms and their associated hydrogens are mapped as one interaction center 200 . Coarsegrained force fields enable probing of timescales in the microsecond range for systems of up
to millions of particles due to simplified molecule description and reduction of degrees of
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freedom, use of short-range potentials for description of non-bonded interactions, and the
use of a larger simulation time step 200,201 . However, coarse-grained force fields often suffer
from poor transferability and description of atomic-scale interactions, such as hydrogen
bonding, is lost 200–202 .
Integration of Newton’s equations of motion In classical molecular dynamics, due
to the continuous potential energy function defined by the force field, the motions of
all particles in the system are coupled. This creates a many-body problem without an
analytical solution. In practice, the problem is solved by dividing the integration of
Newton’s equations of motion for each particle into numerous small steps, separated in time
by a discrete time step dt. Such finite difference methods are used to calculate trajectories,
that is, positions and velocities of particles as a function of time, for MD simulations
employing a continuous potential. The net force acting upon a given particle in the system
at time t is calculated as a vector sum based on its interactions with the other particles in
the system. From the force, the acceleration of the particle at time t can be calculated.
Combining this information with the particle position and velocity at time t, one can
calculate particle position and velocity at time t + dt. During timestep dt the force acting
upon a particle is assumed constant, essentially momentarily decoupling the motion of the
particle from the system. The process is repeated to produce subsequent configurations
of the system of particles in time. Many differing algorithms for integrating Newton’s
equations of motion using finite difference methods exist, of which a small fraction are
commonly used in MD simulations. Choice of integration algorithm determines the degree
to which energy and momentum are conserved, as well as time-reversibility, and the length
of time step allowed by the integration scheme, compared to which memory demands and
computation speed are often less important or trivial. 187
In this work, integration of Newton’s equations of motion is carried out utilizing the
leap-frog algorithm originally developed by Hockey et al. 203 . The leap-frog integrator is a
second order integrator, meaning that the second and higher order terms are excluded from
the Taylor series approximations for position and velocity. The relationships for particle
position r and velocity v at time t and t + dt are formulated as
1
r(t + dt) = r(t) + dtv(t + dt)
2

(13)

1
1
v(t + dt) = v(t − dt) + dta(t)
(14)
2
2
where a denotes acceleration and dt the length of the time step. The algorithm calculates
positions at whole time steps t + dt and velocities at half time steps t + 21 dt. The velocity
at time step t + dt can be approximated as the arithmetic mean of the velocities at time
steps t + 21 dt and t − 12 dt. One of the significant advantages of the leap-frog algorithm are
that it is symplectic, meaning that energy is conserved during a time step. Additionally,
the algorithm does not involve summation of numbers differing in magnitude, which could
lead to loss of precision. 187
The choice of the integration scheme used during an MD simulation determines the
maximum allowed time step. Choosing the appropriate length for the time step dt is a
balancing act between minimizing errors arising from the integration scheme with a larger
time step, while having a large enough time step for adequate sampling of the phase space
during a simulation run. When simulating flexible molecules, an adequate length of time
step is approximately 1/10 of the shortest period of motion in the system, which is often
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associated with stretching of bonds containing hydrogen. A C–H bond vibrates with an
approximate period of 10 fs. This limits the time step used in atomistic simulations to 0.5 to
1.0 fs. The time step may be increased through changing the integration algorithm, though
this approach is limited. Another approach is to "freeze out" high-frequency vibrations
that are of little interest or have minimal effect on the overall behaviour of the system. 187
This can be done through constraining bonds to their equilibrium lengths using algorithms
such as LINCS 204 or SETTLE 205 .
Initial system configuration and boundary conditions Setting up and running
any MD simulation first requires an initial configuration of the system of particles. This
initial configuration can be obtained based on, for example, experimental data, such
as crystallography, or data from a theoretical model 187,188,206 . Alternatively, the initial
configuration can be constructed from scratch as a periodic lattice of atoms or molecules or as
a randomly scattered arrangement of molecules, such as surfactants in a solution 29,177,178,207 .
Initially, each particle is assigned a velocity, most commonly through sampling from the
Maxwell-Boltzmann distribution corresponding to the desired mean temperature. Often,
the generated initial velocities are adjusted so that the net momentum of the simulated
system is equal to zero. After velocity generation, the simulation may commence through
differentiating the potential function to yield the force acting upon a particle. The different
contribution to the force acting upon a particle may include many terms from both nonbonded and bonded interactions described in a collection of parameters and functions called
a force field. 187
While molecular modelling techniques enable the examination of systems up to 105
– 106 particles, these systems are still very small compared macroscopic system sizes,
and, as such, modelling of the boundaries or surfaces will have a significant effect on
any calculated system properties 182 . All the molecules comprising a simulated system
configuration are enclosed in a bounded unit cell or a simulation box, which can vary
in its geometry. Most common simulation box geometries include cubic and rectangular
boxes due to their simplicity, though differing, more complex space filling geometries,
such as dodecahedron, can be chosen to reduce system size. The finite dimensions of the
simulation box require appropriate choice of boundary conditions. These vary between
the two extremes of an open system, where particles are allowed to move without limits
across simulation box boundaries resulting in non-conserved particle density, and a closed
boundary system, where particles residing close to the boundary surfaces may cause surface
effects to dominate physical behaviour. The most common choice of boundary conditions
is periodic boundary conditions (PBC), where the original simulation box is repeated
in an infinite space-filling lattice. During simulation, the molecules, or images, in the
replicated boxes will move identically to the molecules in the actual simulation box. When
a molecule crosses the boundary of the simulation box, an image will enter the box through
the opposite boundary face. For calculating the forces acting upon a particle, only the
closest images are considered. Periodic boundary conditions are implemented to emulate
an infinite system size. 187 To avoid artefacts stemming from the implementation of periodic
boundary conditions, the dimensions of the box must fulfil the minimum image convention,
that is, a molecule should not be able to interact with its own image 187,208,209 . To comply
with minimum image convention, it is common practice that the smallest dimension L of
the simulation box be chosen so that for the longest cut-off distance Rcut for non-bonded
interactions Rcut < L/2 187,188 . At the same time, however, minimal system size is desired
for computational efficiency 208 .
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Cut-off schemes and calculation of non-bonded interactions In MD simulations
the most time consuming part of the calculation is computing the forces acting upon each
particle. The number of interaction pairs scales according to a second degree function
with particle number: for a system containing N particles, the computation of interactions
includes N(N-1)/2 terms 188 . Due to interactions such as Lennard-Jones decaying close to
zero beyond a certain distance, it is common practice to use cut-off distances for non-bonded
interactions to reduce computational demand. As such, non-bonded interaction terms are
calculated only for particles within a certain cut-off distance 187,188 . To implement this in a
simulation program, neighbour lists are used. An example implementation of neighbour
lists are Verlet lists, which are used in this work. For a given particle, a short-range cut-off
rcut is defined beyond which particles with r > rcut do not contribute to the force acting
upon the particle in question. Verlet lists also define a so-called Verlet skin rv such that
rv > rcut and during force calculations for a given particle, only surrounding particles with
r < rv are considered. The Verlet neighbour list defines a neighbour list for each particle
consisting of surrounding particles within distance rv . For maximal accuracy, the neighbour
list should be updated every time the displacement of a particle exceeds |rv − rcut | 187 .
However, for computational efficiency, the implementation of the Verlet lists used in this
work updates the neighbour lists at predefined intervals, that is, every ten time steps or
0.02 ps of simulation time 210 .
The forces acting upon each system particle in an MD simulation consist of a sum of
both bonded and non-bonded terms. Bonded interactions include descriptions of covalent
bond stretching, and bond angle and dihedral angle bending, while non-bonded interactions
describe how particles not directly connected by a bond interact. Non-bonded interactions
can be roughly divided into two different types: van der Waals interactions, often also called
Lennard-Jones interactions after the pair-wise potential used for their approximation, and
electrostatic Coulombic interactions. Improper handling of long-range interactions such as
electrostatics can lead to severe artefacts. An intuitive way to handle long-range interactions
would be to use a larger simulated system, which is often impractical. 187 One solution to
dealing with long-range interactions such as electrostatics is the Ewald sum 211 . The Ewald
summation method approaches the problem of calculating long range interactions, such as
coulombic interactions, by adding and subtracting a Gaussian charge distribution around
each point charge. The sum is divided into two parts: the sum for short-range interactions
converges rapidly in real space while the sum for long-range interactions converges in
reciprocal (Fourier) space. A variant of the Ewald summation method, the particle mesh
Ewald (PME) method 212 scales better than the traditional Ewald sum. PME uses fast
Fourier transformation to evaluate the reciprocal space sum, requiring that the density of
the (electric) field is calculated in a discrete lattice or mesh in space.
Thermodynamic ensembles in molecular dynamics Direct integration of Newton’s
equations of motion produces the micro-canonical (NVE) ensemble, where the number
of particles N , system volume V and energy E remain constant. However, practical
experiments are most often conducted at constant pressure and/or temperature, making
the simulation in other ensembles besides micro-canonical desirable. The canonical (NVT)
ensemble is modelled by keeping the volume and mean temperature of the system constant
while allowing the total energy to change, while the isothermal-isobaric (NPT) ensemble
is modelled by keeping mean temperature and pressure constant while allowing system
volume to change. In MD calculations, the temperature and pressure of the system are
controlled by thermostat and barostat algorithms respectively. 187
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According to the laws of thermodynamics, in a micro canonical ensemble, the total
energy of the system is conserved. While this is also the basis of MD simulation, in practice,
during the simulation the total energy of the system may drift, increasing on both short and
longer timescales, due to artefacts arising form numerical integration using a discrete, finite
time step, and imperfect evaluation of the energy function due to the use of cut-offs when
evaluating long-range interactions 187 . Additionally, the contributions of kinetic energy
and potential energy will fluctuate. Often, it is desirable to carry out a simulation at a
certain constant temperature. To accomplish this, the velocities, and thereby the kinetic
component of the total energy, are scaled according to an algorithm during the equilibration
phase of the simulation to reach a mean reference temperature 187,188 . This is accomplished
through implementing a thermostat algorithm, which is analogous to an external heat bath
set at a constant reference temperature which provides and removes heat to and from the
system as needed 188 . One approach for scaling of velocities is the Berendsen thermostat 213 .
The Berendsen thermostat algorithm scales the velocities of the particles at each time
step proportionally to the temperature difference between the system and the heat bath
towards the desired temperature, with a coupling constant τT describing how tightly the
bath and the simulated system are coupled together and corresponds to the speed at which
the velocities are scaled. A large value of τT corresponds to a weak coupling and a small
value of τT corresponds to a strong coupling. While the Berendsen thermostat is a stable,
easy to implement algorithm and therefore widely used, the algorithm has a tendency to
artificially prolong temperature differences in the system thereafter leading to, for example,
the ’hot solvent cold solute’ problem, in which the temperature of the solute is lower than
that of the solvent 187,214,215 . This may be solved through applying temperature couplings
separately to the solvent and solute, though imbalance of energy distribution between the
two system components may still persist 187 .
In this work, the stochastic velocity rescale thermostat developed by Bussi et al. 216 is
used. It is an improved version of the previously discussed Berendsen thermostat. Instead
of using a common scaling factor for the velocities of all particles in the system, the velocity
rescale thermostat additionally introduces a stochastic scaling term, meaning that each
particle’s velocity is scaled uniquely 216 . For a sufficiently large system, the thermostat
correctly samples the canonical ensemble while replicating the swift, stable equilibration
to reference temperature associated with the Berendsen thermostat 216 . Although the
velocity rescale thermostat represents the most recent developments in MD thermostat
algorithms, other older thermostat algorithms, such as Andersen 217 , Langevin 218,219 and
Nose-Hoover 220–222 thermostat algorithms persist in current literature 223,224 .
In MD simulations, barostat algorithms are used to maintain a simulated system
at a predefined constant mean pressure. This enables studying of pressure dependent
phenomena, such as phase transitions. Additionally, many practical experiments are carried
out at constant temperature and pressure conditions making simulations at a isothermalisobaric ensemble desirable. During MD simulation, pressures tend to fluctuate much more
compared to other thermodynamic variables due it being related to the virial, that is, the
product of the positions of particles and the derivative of the potential energy function.
During simulation, constant pressure is maintained through volume change of the simulation
cubicle. The amount of volume change is related to the isothermal compressibility κ, with
easily compressible substances with higher κ allowing for more radical volume change.
The volume can be isotropic, meaning that the simulation box dimensions are all coupled,
or semi-isotropic, in which the simulation box dimensions are not coupled. 187 This work
utilizes the Parrinello-Rahman barostat 225,226 , which accomplishes pressure control of
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the system by allowing the box dimensions and possibly the box shape to change. The
simulation box volume and shape is described by three independent vectors that span the
edges of the box and can have different lengths and arbitrary orientations with respect to
one another. The box vectors are in coupled to the configuration of particles in the system.
As a result, no instantaneous pressure scaling takes place and any changes in pressure occur
over multiple time steps. The time constant βT of the barostat describes the period of
fluctuations in system pressure at equilibrium and the speed at which changes in pressure
are reflected as changes in box dimensions is dependent on both the time constant and the
isothermal compressibility.

3.2

Chemistry at HARvard Macromolecular Mechanics – force field

Chemistry at HARvard Macromolecular Mechanics or CHARMM is a family of empirical
all-atom force fields used for molecular modelling of biomolecule systems, including nucleic
acids 175,176 , lipids 174 and carbohydrates 227 . The CHARMM family of empirical force fields
has been the force field of choice in many milestone simulations of biomolecules, including
the first all-atom computational model of a complete life form, the mosaic virus 228 . This
work uses the CHARMM C27 force field implemented in the Gromacs molecular mechanics
simulation package 173 .
Molecular mechanics can be fundamentally understood to describe a system of particles
as balls on springs. This simplification enables a system of molecules to be modelled using
Newton’s equations of motion and integration of Newton’s equations of motion allows time
evolution of the system of molecules. The potential energy function of the system is defined
by a functional form and associated parameters for interactions of the system particles,
which are collectively called a force field. 187 In most all-atom force fields, such as the
CHARMM force field family, potential energy of the system is defined based on the elasticity
of covalent bonds between adjacent atoms, the pliability of angles between two adjacent
covalent bonds as well as torsional angles, and interactions between non-bonded atoms,
such as van der Waals and electrostatic interactions 187,190–192,196 . One valuable feature of
the CHARMM force fields is that they have been parametrized to be cross-compatible and
utilize the same potential energy functional form 195
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where the first term describes bond length b stretching from its equilibrium b0 with a
bond force constant Kb . The second term analogous to the bending of angle θ with angle
force constant Kθ and equilibrium angle of θ0 . The third term describes the Urey-Bradley
potential and restrains the motions of bonds involved in an angle by essentially introducing
a virtual bond between the first and third atoms of an angle with separation distance in
plane r1,3 , reference distance r1,3,0 and force constant KU B . The fourth term accounts
for dihedrals, that is, bonded quartets of consecutive atoms, or torsion angles with force
constant Kχ , multiplicity of function n, dihedral angle χ and phase shift δ. The fifth
term describes impropers, three atoms centered on a fourth atom, or out of plane bending
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with force constant Kimp and angle out of plane ϕ − ϕ0 . The last two terms describe the
contributions of no-bonded interactions between pairs of atoms to the potential function.
The penultimate term consists of a standard 12-6 Lennard-Jones (LJ) potential, which
is used to describe both the repulsive interaction from overlapping electron orbitals at
short-range and long-range attractive van der Waals forces 25 . The CHARMM family of
force fields have been parametrized to be cross-compatible. One important aspect limiting
the mixing of different force field parameters are the combination rules used in LennardJones interactions. Combination rules define the pair-wise LJ interactions based on the LJ
interaction parameters of the individual atoms. In the case of the CHARMM force field,
so called Lorentz-Berthelot combination rules are used: the LJ well depth ij is obtained
through a geometric mean of i and j and the distance of minimum interaction energy
Rmin,ij is obtained as the arithmetic mean of Rmin,i and Rmin,j 195 . The final term of
Equation 15 accounts for electrostatic interactions using a Coulombic potential calculated
between pairs of point charges qi and qj at a separation distance rij with permeability
 196 . Force fields based on a similar energy function to Equation 15 are often referred to as
additive force fields as electrostatic parameters do not change with the environment and the
electrostatic contribution is simply a sum of individual atom pair electrostatic interactions
dependent on intrinsic atomic charges 196 . The molecular analogues for different terms of
the potentials energy equation have been illustrated in Figure 4.

Figure 4: Molecular analogue of the CHARMM potential energy function (Equation 15)
terms. Bonded interactions include terms analogous with bond stretching, angle bending,
dihedral (torsion angle) bending and out of plane bending while non-bonded terms comprise
of van der Waals and electrostatics interactions. The symbols correspond to those used in
Equation 15
The accuracy of a force field depends on the quality of its parameters. Generally, force
field parameters are chosen and optimized to reproduce a variety of target properties,
including molecular geometries, vibrational spectra or solvent properties. 187 Importantly
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from the viewpoint of this work, CHARMM provides parametrizations for a variety of
lipid molecules, including mono and polyunsaturated lipids 26,27 . Beside reproducing the
ab initio predicted geometries for alkenes, the lipid parameters included in the CHARMM
C27 parameter set have been optimized to specifically reproduce a number of observable
characteristics of a dipalmitoylphophatidylcholine (DPPC) bilayer 195 . Additionally, the
parameters were further optimized through simulation of a water/octene interface to
reproduce the hydrophobic interactions between water and an alkene 174 . It should be
noted that the aforementioned parametrization protocols have been largely based on purely
aqueous environments, which greatly differs from the apolar, low water content triglyceride
solvent environment studied in this work.
The parametrization of force fields is mainly focused on reproduction of correct solute
behaviour. However, the role of a water solvent is paramount considering interactions
such as the hydrophobic effect and Coulomb interaction screening. Multiple explicit and
implicit water models have been developed for use in molecular dynamics simulation 229–231 .
Common explicit empirical water models include tip3p 232 , tip4p, spc 230 and extended
spc/e water models, which have been parametrized to yield accurate bulk water properties
at ambient temperatures. In this work, simulations are carried out using the explicit tip3p
water model, which includes three interaction points for electrostatic interactions. The
drawbacks of the tip3p water model are a much higher diffusion coefficient at ambient
temperatures, leading to reduced organization of the water bulk phase. This is evident
in the underestimation of the O–O peak in the radial distribution function 230 . While
introducing additional point charges, such as in the tip4p water model, improves the fit to
the experimental O–O radial distribution function and as well as overall behaviour of the
model water, the additional extra point charges also significantly increase computational
costs 230,233,234 .

3.3

Simulated systems

In this work, the adsorption and aggregation behaviour of surfactants in model vegetable
oil on a silica surface was investigated using all-atom MD simulation with the CHARMM
C27 force field 173–176 originally parametrized in highly aqueous environments, such as a
phospholipid bilayer in water, underlining the need for careful and critical examination of
all the presented results. The simulations presented in this work were carried out using the
Gromacs 5.1.5 simulation package 235 , while the majority of the analysis of the trajectories
was carried out using the newer Gromacs 2016.5 implementation due to deficiencies in
some of the analysis tool implementations in the older version. Adsorption and aggregation
of additive molecules were examined in three distinct simulation system set-ups: single
adsorbate molecule in triolein on silica, 5 – 25 wt-% monoolein or oleic acid in bulk
concentration on silica, and 20 wt-% monoolein or oleic acid with 0.33 – 1.60 wt-% added
water on silica. Examples of the three examined system types have been illustrated in
Figure 5 and exact system composition and dimensions have been presented in Table 1.
3.3.1

Preparation of triolein solvent box

The apolar vegetable oil environment was modelled as a simplified one component triglyceride solvent. Up to 98 % of most vegetable oils consist of triglycerides. Triolein was
chosen as the solvent component due to being a model compound commonly used in
both experimental and computational studies 29,29,38–40 . Triolein is a triester of glycerol
and three residues of oleic acid. To lower the computational demand of the simulations
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Figure 5: Visualizations of the three different system types simulated in this work: a)
adsorption of single adsorbate molecule on silica (here, monoolein adsorbing onto quartz),
b) 5 – 25 wt-% monoolein or oleic acid in bulk concentration on silica (here, 15 wt-%
monoolein on quartz), c) 20 wt-% monoolein or oleic acid with 0.33 – 1.60 wt-% added
water on silica (here, 20 wt-% monoolein with 1.00 wt-% water on quartz). Surfactant
hydrophilic headgroups have been visualized in purple, surfactant hydrophobic tails in blue,
water molecules in yellow, and the silica surface in grey; the triolein solvent has been left
invisible for clarity.
carried out in this work, a united-atom description is assumed for the alkyl tails of the
triolein solvent: each carbon atom and its associated apolar hydrogens are regarded as a
single interaction center. Meanwhile, a fully atomic description is retained for the lipid
headgroups, enabling accurate probing of essential interactions for adsorption phenomena
such as hydrogen bonding. The CHARMM C27 force field compatible parameters for
the united-atom description of the triolein were provided by Henin et al. 197 The hybrid
model by Henin et al. was originally derived from all-atom CHARMM C27 and C27r lipid
parameters and reparametrized based on bulk simulations of pentadecane, cis-5-decene
and methyl hexanoate. The model was verified through replication of many characteristics
of a POPC bilayer, including electron density profiles, carbon chain order parameters, and
free energy profiles of water transfer into the apolar lamella. The verification was done
through comparison to data from both experimental techniques and similar simulation
using well-established all-atom and united-atom force fields. In the case of membrane
simulations consisting of a system size similar to the ones studied in this work, that is,
systems containing tens of thousands of atoms, Heinin et al. demonstrated a 51 % increase
in computational efficiency using 32 processors 197 .
To simplify the construction of the simulation boxes and to cut down on needed system
equilibration time due to the slow dynamics of the triolein solvent, a pre-equilibrated solvent
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box of united-atom description triolein was generated according to the following protocol.
First, 64 triolein molecules were randomly placed in a rectangular (3.0 × 3.0 × 50.0) nm3
simulation box and the system was energy minimized for 1000 steps using the steepestdescent algorithm. Next, the box dimensions were compressed in the z-dimension by
running a short NPT MD-simulation with excess pressure applied in the z-dimension using
a semi-isotropic Berendsen barostat 213 with a coupling constant τp = 1.0 ps and reference
pressures of 1 bar in the x- and y-directions with a compressibility of 0 bar−1 and 100 bar
in the z-direction with a compressibility of 4.5 × 10−5 bar−1 . System temperature was set
to 70 ◦ C (343.15 K) and was controlled using the velocity rescale thermostat by Bussi et
al. 216 with a coupling constant τT = 0.5 ps. The Lennard-Jones interactions used a cut-off
of 1.2 nm with a shift to zero between 1.0 and 1.2 nm. The electrostatic interactions were
calculated using PME 212 long range electrostatics scheme with an FFT grid spacing of
0.12 nm and cubic interpolation. Implementation of the LINCS 204 constraint algorithm to
C–H bonds enabled the use of a 2 fs timestep. Periodic boundary conditions were applied
in x-, y-, and z-directions. The total simulation time of the compression run was 1 ns.
Following the compression of the simulation box in the z-direction, the simulation box
was NPT equilibrated using similar simulation settings as described in the compression run,
with the exception of using an isotropic implementation of the Berendsen barostat 213 , with
a reference pressure of 1 bar and a compressibility of 4.5 × 10−5 bar−1 . The equilibration
run was simulated using a timestep of 2 fs for a total simulation time of 10 ns. The resulting
triolein solvent box was used to solvate all simulated systems in this work.
3.3.2

Construction of silica surfaces

The standard CHARMM C27 force field 173–176 does not include parameters necessary for
simulation of silica substrates. Force field parameters for all-atom description of silica
surfaces terminated by silanol groups were taken for the CHARMM C27 compatible
parametrization by Emami et al. 147 . The silica parameters by Emami et al. have been
adapted for use with multiple force fields. The parameters were originally parametrized for
α-quartz and α-cristobalite, and are compatible with a number of explicit water models,
including the tip3p water model used in this work. The parameters were developed to
replicate vibrational spectra of silica substrates as well as water-silica interfacial properties,
including expected contact angles, heats of immersion, and adsorption isotherms. 147
A total of six different α-quartz and α-cristobalite surfaces were built for use in the
simulation presented in this work to match different optimal simulation system sizes. All
of the surfaces were constructed based on the unit cell configurations for α-quartz and
α-cristobalite provided in the supplementary information of Ref. 147. For α-quartz surfaces,
the unit cell (Figure 6a) was replicated 3 times in the x-direction and the valencies of the
silicon atoms at the x, y-planes, that is, the {001} plane, were filled by silanol groups. The
resulting super cell (Figure 6b) was then replicated in the x- and y-directions resulting in
surfaces 1.7 nm thick and with surface areas of 3.5 nm × 3.5 nm, 5.0 nm × 5.2 nm, and
7.0 nm × 6.9 nm. The resulting α-quartz surface, depicted in Figure 6c and Figure 6d, is
a homogeneous Q2 environment with 9.4 nm−2 silanol group density. For α-cristobalite
surfaces, the unit cell (Figure 6e) was replicated two times in the z-direction and silanol
groups were added to fill the vacancies of the silicon atoms in the x, y-planes, that is,
the {20-2}-plane. The resulting super cell (Figure 6f) was then replicated in the x- and
y-directions resulting in surfaces 2.5 nm thick and with surface areas of 3.4 nm × 3.5 nm
and 5.1 nm × 5.0 nm. The final α-cristobalite surface, as depicted in Figures 6g and 6h,
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Figure 6: VMD renders of the silica surfaces used in this work with atom types differentiated
by colour: oxygen (red), silicon (yellow), and hydrogen (white). a) α-quartz unit cell taken
from Ref. 147. b) Hydrated α-quartz super cell. c) Top and d) side views of the α-quartz
surface used in simulations. e) α-cristobalite unit cell taken from Ref. 147. f) Hydrated
α-cristobalite super cell. g) Top and h) side views of the α-cristobalite surface used in
simulations.
consisted of Q3 environments with an average 4.7 nm−2 silanol group density. Based on the
generated coordinates for of each surface, topology files were generated using the Gromacs
built-in utility ’gmx gmx2top’. All surfaces were constructed with periodic bonds spanning
over the boundary conditions of the simulation box in order to simulate an infinite surface.
3.3.3

Single molecule adsorption simulations

The force field parameters for the adsorbate species studied in this work, that is, glycerol,
oleic acid, monoolein, dioleoylphosphatidylcholine (DOPC), and dioleoylphosphatidylethanolamine (DOPE), were adapted from the pre-existing atom types and bonded and non-bonded
parameters present in the Gromacs distribution of the CHARMM C27 force field. Chemical
structures of the adsorbate species and the solvent triolein have been presented in Figure 7
The atomic coordinate files for the adsorbate molecules were generated using the Avogadro
open-source molecular builder and visualization tool (version 1.1.1) 236 and the topology
files were generated using the Gromacs built in function pdb2gmx. For simulating water,
the explicit tip3p 232 water model implemented in the CHARMM C27 force field was used.
For simulating single adsorbate adsorption on silica, the initial simulation box and
particle coordinates were generated by by first solvating either a quartz or cristobalite surface
pre-equilibrated triolein solvent in a cubic simulation box. The generated configuration
was then energy minimized using the steepest descent algorithm for a total of 1000 steps.
The simulation box was then compressed in the z-direction followed by a two step NPT
equilibration run.
The compression run was carried out using a semi-isotropic Berendsen barostat 213 which
allowed the scaling of the box dimensions in the z-direction. The Berendsen barostat used
a coupling constant of τp = 1.0 ps and reference pressures of 1 bar in the x- and y-directions
with a compressibility of 0 bar−1 and 1000 bar in the z-direction with a compressibility of
4.5 × 10−5 bar−1 . The temperature was controlled using the velocity rescale thermostat 216
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Figure 7: Chemical structures of the adsorbate species (water, glycerol, oleic acid, monoolein,
DOPC, and DOPE) and triglyceride solvent (triolein) molecules studied in this work.
with a coupling constant of τT = 0.5 ps and a system reference temperature of 343.15 K.
Two distinct temperature coupling groups were used during each simulation, with the
silica surface forming one coupling group and the triolein solvent forming the other. The
use of different coupling groups is to prevent notable temperature discrepancies, that is,
differences in kinetic energies, of the different system components 215 . During simulation,
the Lennard-Jones interactions were truncated at 1.2 nm with a shift to zero between 1.0
and 1.2 nm. The electrostatics were handled using a PME algorithm with 1.2 nm cut-off,
a grid spacing of 0.12 nm and 4th order splines. All C–H bonds were constrained using the
LINCS algorithm. A time step of 2 fs was used for a total simulation time of 1 ns.
Following compression of the simulation box in the z-direction, the box was equilibrated
using a short NPT MD-simulation with an isotropic Berendsen barostat 213 . The Berendsen
barostat used a coupling constant of τp = 1.0 ps and reference pressure of 1 bar with
compressibility of 4.5 × 10−5 bar−1 . Otherwise, similar simulation settings were used
as in compression of the simulation box. The NPT-equilibration was run for a total
of 1 ns. Following this, the box was equilibrated further by switching to an isotropic
Parinnello-Rahman barostat 225,226 with a coupling constant of 2.0 ps, compressibility of
4.5 × 10−5 bar−1 and a reference pressure of 1.0 bar. The second equilibration step was
run for a total of 10 ns.
A single adsorbate molecule was inserted into the equilibrated box containing the silica
surface in triolein solvent ∼ 6 nm above the silica surface. Any triolein solvent molecules with
atoms overlapping with the adsorbate molecule were removed. The generated configuration
was then energy minimized using the steepest descent algorithm for a total of 1000 steps,
followed by an NPT equilibration protocol similar to what is described above: first the box
was equilibrated for 1 ns using the Berendsen barostat 213 , followed by a 10 ns equilibration
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run using the isotropic Parinnello-Rahman barostat 225,226 .
To generate the necessary starting configurations for the calculation of the free energy
of adsorption, the adsorbate molecule was slowly pulled towards the silica surface by
implementing a strong harmonic constraint with k = 40000 kJ mol−1 nm−2 on a chosen
pull group. The pull group consisted of the hydrophilic headgroup of the adsorbate or,
in the case of water and glycerol, the whole molecule. The molecule was pulled by the
centre of mass of the pull group towards the centre of mass of the silica surface at a rate of
1 nm/ns. The pulling simulation was carried out using similar simulation settings as during
the NPT-equilibration with the exception of the implemented pull code, as described above.
To implement umbrella sampling for the calculation of the potential of mean force
(PMF) as a function of distance from the silica surface, configurations were extracted
from the simulation trajectory based on the distance of the adsorbate from the silica
surface at 0.2 nm intervals. These extracted configurations acted as the starting frames
for each individual umbrella sampling window or simulation. During umbrella sampling
simulation, a harmonic bias potential was applied to the adsorbate pull group to restrain
the molecule’s distance from the silica surface. This is analogous to a spring between the
centres of mass of the silica surface and the adsorbate pull group with a certain spring
constant and an equilibrium spring length equivalent to the separation distance between the
silica surface and adsorbate pull group centres of mass in the first frame of the simulation.
The value of the spring constant k as well as the required simulation time for adequate
sampling varied according to the adsorbate, ranging 500 – 3500 kJ mol−1 nm−2 and
100 – 300 ns respectively, with larger adsorbate molecules requiring longer simulation time
and stronger spring constants. Temperature, pressure, C–H bond constraints, as well as
non-bonded interactions (i.e. Lennard-Jones and electrostatics) were handled similarly to
the NTP-equilibration run with a similar time step of 2 fs.
3.3.4

Bulk adsorbate simulations

Adsorption and aggregation of oleic acid and monoolein in bulk concentrations was examined
by simulating concentrations of 5 to 25 wt-% of the adsorbate in triolein on either a quartz
or cristobalite surface. Additionally, the effect of water on system behaviour was probed
by adding 0.33 to 1.65 wt-% of water to systems containing 20 wt-% of either monoolein
or oleic acid adsorbate. To generate the initial configurations of each system, the desired
number of either oleic acid of monoolein molecules was placed randomly on top of a large
quartz or cristobalite surface. For configurations containing water in addition to 20 wt-%
of adsorbate, the desired number of water molecules was added randomly into the box
after random placement of the solvent. The resulting configurations were then solvated
using the pre-equilibrated triolein solvent. The exact compositions and dimensions of the
simulated systems have been presented in Table 1.
The constructed simulation box configurations were first energy minimized for 1000 using
the steepest descent algorithm. Afterwards, the simulation box was scaled in the z-direction
using a semi-isotropic Berendsen barostat 213 with a coupling constant of τp = 1.0 ps. The
reference pressure was 1 bar in the x- and y-directions with a compressibility of 0 bar−1 ,
and 1000 bar in the z-direction with a compressibility of 4.5 × 10−5 bar−1 . The temperature
of the system was set to 343.15 K using the velocity rescale thermostat 216 with a coupling
constant of τT = 0.5 ps. To achieve homogeneous temperature distribution among the
system components, two separate temperature coupling groups were implemented: one
for the silica surface and one for the solvent, solvated adsorbate and possible added water.
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The Lennard-Jones interactions were truncated at 1.2 nm with a shift to zero between
1.0 and 1.2 nm, while electrostatic interactions were calculated using PME with 1.2 nm
cut-off, a grid spacing of 0.12 nm and 4th order splines. The LINCS constrain algorithm
was applied ot all C–H bonds to enable the use of a 2 fs time step. The scaling run was
simulated for a total of 1 ns simulation time.
The scaling of the box was followed by a short 1 ns NTP-equilibration simulation using
an isotropic Berendsen barostat 213 with a coupling constant τp = 1.0 ps, reference pressure
1 bar and a compressibility of 4.5 × 10−5 bar−1 . Otherwise, the temperature control,
C–H bond constraints and calculation of Lennard-Jones and electrostatic interactions was
handled similarly to the scaling run. Similarly, a time step of 2 fs was used.
The initial short NTP-equilibration run was followed by a 300 ns production run. The
pressure of the system was set to 1 bar using an isotropic Parrinello-Rahman barostat 225,226
with τp = 2.0 ps and 4.5 × 10−5 bar−1 compressibility. The temperature of the system was
set to 343.15 K using the velocity-rescaling thermostat with τT = 0.5 ps. Two separate
temperature coupling groups were implemented as described previously for the box scaling
simulation. The Lennard-Jones interactions used a cut-off of 1.2 nm with a shift to zero
between 1.0 and 1.2 nm. the electrostatic interactions were calculated using PME with
1.2 nm cut-off, a grid spacing of 0.12 nm and 4th order splines. All C–H bonds were
constrained using the LINCS algorithm. A time step of 2 fs was used.

3.4
3.4.1

Analysis methods
Calculation of Potential of Mean Force (PMF)

Free energy profiles generated through molecular modelling methods are widely used
to provide insight into biochemical and physical phenomena, such as the folding and
conformational changes of proteins, surfactant aggregation, or chemical reactions occurring
at catalytic sites of enzymes. In this work, the adsorption of different adsorbate species
from triglyceride solvent onto a silica surface is examined to determine the adsorption
preference of each of the examined adsorbate species. As such, it is of interest to know
how the free energy of the adsorbate species changes as a function of a reaction coordinate,
in this case adsorbate molecule distance from the silica surface. Alternatively, the reaction
coordinate can be, for example, the distance between the centers of mass of a protein and
its ligand or the torsion angle of an intra-molecular bond. The free energy profile along the
reaction coordinate is commonly referred to as the potential of mean force (PMF), based
on which the corresponding free energy of adsorption for each examined adsorbate species
can be determined. 187,237
The change in free energy accompanying a chemical or physical process is equal to the
work done on the system in a reversible isothermal process and can therefore be calculated
through integration of an externally applied force over a reaction coordinate. As any
reversible process is necessarily quasi-static, that is, it occurs infinitely slowly for the
system to remain in internal equilibrium, the free energy profile can be expressed in terms
of the expectation or mean value of the force. Many methods for calculating the PMF
exist, with the most common in published literature being thermodynamic integration,
slow growth, thermodynamic perturbation, and umbrella sampling techniques. 237
In this work, a method called umbrella sampling is used to calculate the PMF associated
with single molecule adsorption onto a silica surface. In principle, the PMF may be
estimated based on a histogram of a conformation distribution spanning the reaction
coordinate produced through unconstrained simulation of the system. However, regular
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molecular dynamics or Monte Carlo methods alone often fail to adequately sample regions
of unlikely configurations of the conformation space due to large energy barriers along the
reaction coordinate. The sampling problem may be resolved through the implementation
of an additional, artificial term to the potential energy. 237,238 In umbrella sampling, the
system is simulated in the presence of an artificial biassing window potential limiting the
sampling of configurations to a certain region of space along the reaction coordinate ζ.
The biasing potential used in umbrella sampling can be harmonic, assuming the form
wi (ζ) = 1/2k(ζ − ζi )2 with the function being centered at successive values of ζi separated
by a window size dwindow . This biasing potential is analogous to a spring with spring
constant k being attached to the particle of interest. A single sampling window only
estimates a small region of the PMF. To produce a complete PMF, multiple partly
overlapping sampling windows must be generated along the reaction coordinate. 238 Many
approaches for constructing the PMF based on the generated umbrella sampling windows
at different biasing potential values exist. In this work, the PMF is generated using the
weighed histogram analysis method (WHAM) developed by Kumar et al. 239 . The WHAM
algorithm consist of constructing an estimate of the unbiased distribution function as a
weighted sum over the combined simulation data and determining the functional form
of the weight factors to maximize agreement in the overlapping regions of the sampling
histograms. 238,239
In this work, the PMF profiles for the adsorption a variety nonionic and ionic adsorbate
species from a triolein solvent onto two model silica substrates is calculated. The calculation
of the PMFs is limited to a case where a single adsorbate molecule adsorbs at the silica
– triolein solvent interface and as such, bulk adsorbate effects, such as adsorption as
aggregates, or the effect of competitive adsorbates are not considered in the results. Based
on the calculated PMFs, the associated free energies of adsorption for each of the examined
adsorbates can be estimated, leading to a ranking in the preference of adsorption of the
different adsorbate species. In this work, the presented PMF profiles represent the average
profile of 300 bootstrapped profiles. Each of the bootstrapped PMF profiles were generated
by assigning each of the umbrella sampling windows and their associated histograms a
random weight in the WHAM algorithm. For error estimation, standard deviation of the
300 bootstrapped PMF profiles was used.
3.4.2

Hydrogen bond analysis

Formation of hydrogen bonds between the adsorbent and the adsorbate play a key role
in adsorption of organic molecules onto silica surfaces 129,133,240,241 . Additionally, silanol
groups on the silica surface may form intersite hydrogen bonds, especially in the case of a
highly hydroxylated surface such as the {001} α-quartz studied in this work 144 . Hydrogen
bonding is a result of electrostatic interaction between a hydrogen that is covalently bound
to a significantly more electronegative donor atom, that is, oxygen, nitrogen or fluorine, and
an acceptor atom with a lone pair of electrons. The strength of the hydrogen bond depends
on the nature of the acceptor and donor atoms forming the bond, the bond geometry, that
being the angle and length of the bond, and the surrounding chemical environment 242 .
Hydrogen bonding can occur either inter- or intermolecularly. Experimentally, strong
hydrogen bonding can be detected as downfield shifts in the 1 H-NMR spectrum or as
shifts to lower energies in the donor–hydrogen (X–H) stretching frequencies in the IR
spectrum 243,244 .
In classical, empirical force fields, such as CHARMM C27, hydrogen bonding is modelled
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purely as dipole-dipole interaction and the contribution of bonding orbital hybridization
and asymmetric distribution of non-bonding electrons, especially lone pairs, is ignored.
The existence of a hydrogen bond is evaluated solely based on geometric criteria, such as
distances and angles between atoms forming the hydrogen bond. Based on these criteria,
it is possible for an atom to form more hydrogen bonds than would be theoretically
possible based on its number of free electron pairs. This over-coordination is a result of
incorrect evaluation of hydrogen bonding and therefore care must be taken in selection of
the geometric cut-offs to produce meaningful analysis results.
In this work, hydrogen bonding was examined using the Gromacs built in utility ’gmx
hbond’. The existence of a hydrogen bond is determined base don a cut-off distance between
the acceptor and the donor atoms of the hydrogen bond as well as a cut-off for the hydrogendonor-acceptor donor angle. In this work, the default cut-offs for donor–acceptor distance
and hydrogen–donor–acceptor angle are used, that is, 0.35 nm and 30◦ respectively. In the
case of single adsorbate adsorption, probability distributions for the number of hydrogen
bonds were calculate individually for each acceptor and donor atom in the adsorbate.
Autocorrelation describes the correlation of a signal with a delayed copy of itself as
a function of the delay and is typically used to distinguish persistence, such as repeating
patterns, in a signal. The autocorrelation function of a signal s is defined as
Cs (τ ) = s(t)s∗ (t + τ )

(16)

where s(t) is the value of the signal s at time t, s∗ is the complex conjugate of s (for a real
signal s∗ = s), and τ is the lag applied to the signal.
In MD simulation, the time evolution of the simulated system is discretized using a
finite time step ∆t. For a discrete real signal f with finite energy, the autocorrelation
function is defined as
X
Cf (l) =
f (n)f (n + l)
(17)
nZ

where l is the lag for the discrete signal f . In MD simulations, datapoints are recorded at
a time interval ∆t and the analysable trajectory consists of N data points. Based on this,
Equation 17 can be reformatted as:
Cf (j∆t) =

NX
−1−j
1
f (i∆t)f ((i + j)∆t)
N − j i=0

(18)

where j∆t is the lag for the signal f and j is a positive integer with j < N . However, using
this approach, the autocorrelation function is calculated at varying accuracy, since the
number of available data points for Cf (j∆t) varies with j. Conversely, if the autocorrelation
function is computed only for length M ∆t of the available trajectory, where M ≤ N/2, all
point of Cf (j∆t) can be computed with the same accuracy. In this case, the autocorrelation
function is defined as
Cf (j∆t) =

1
M

N −1−M
X

f (i∆t)f ((i + j)∆t)

(19)

i=0

where j < M . In this work, autocorrelation functions are calculated based on the latter
method, which is the standard implementation in Gromacs. To lessen the computational
demand, Fast Fourier Transforms are used to calculate the convolutions associated with
autocorrelation function calculation 245 .
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Hydrogen bond dynamics, such as hydrogen bond lifetime, can be evaluated in different
ways depending on if a hydrogen bond is allowed to break for a short period of time before
reforming and still be considered as the same hydrogen bond 246 . The existence of hydrogen
bonds between two atoms i and j can be described using a time dependent signal sij (t).
If a hydrogen bond exists between atoms i and j, sij (t) has a value of one; otherwise the
value of sij (t) is zero. Based on Equation 16, the autocorrelation function can be defined as
Cs (τ ) = sij(t)sij (t + τ )

(20)

If hydrogen bonds are allowed to temporarily break and then reform while being considered
the same bond, the lifetime the hydrogen bonds can be estimated as the correlation time,
that is, the integral of Cs (τ ) 246 :
Z ∞

τs =

Cs (τ )dτ

(21)

0

On the other hand, if hydrogen bonds are required to exist continuously and a hydrogen
bond is distinctly considered before and post breaking, the autocorrelation function of the
hydrogen bonds can be defined based on the lifetime distribution of the hydrogen bonds
P (τ ) as 246
Cs (t) = 1 −

Z t

P (τ )dτ

(22)

0

The overall lifetime τs of the hydrogen bonds can then be estimated based on the correlation
time similarly to Equation 21. However, it is clear that P (t) and as a result τs depend
heavily on the sampling (saving) interval of the particle system coordinates, which in turn is
limited by the amount of disk space available 246 . In this work, the persistence of hydrogen
bonds was analysed using the first method described by equations 20 and 21.
3.4.3

Calculation of radial distribution function (RDF)

Radial distribution functions (RDFs) are a useful way of describing the structure of
systems, particularly liquids. Fundamentally, the radial distribution function describes
the probability of finding a particle at a certain distance form a reference particle. 187
Experimentally, RDFs can be obtained indirectly from diffraction experiments, such as
x-ray or neutron scattering data, based on the relation of the RDF to the structure factor
through a Fourier transform 247,248 .
To calculate RDF the number of particles between distances r and r + dr from the
reference particle is determined (illustrated in Figure 8). This process is repeated for
all particle pairs of interest. The resulting data is then collected into a histogram and
then typically normalized with respect to an ideal gas. In three dimensional space, the
normalization factor is typically the volume of the spherical shell bounded by r and r + dr
multiplied by the number density of the particles in the system ρ, that is, [4/3π(r + dr)3 −
4/3πr3 ]ρ ≈ (4πr2 dr)ρ. 187 Based on this principle, the RDF g(r) between two groups of
particles A and B is calculated as
gAB (r) =

1
ρB NA

NA X
NB
X
δ(rij − r)
iA jB

4πr2

(23)

where hρB i is the average number density of particles type B around particles of type A,
NA and NB denote the total number of particles of type A and B in the system respectively,
and rij is the interparticle distance.
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Figure 8: Radial distribution function calculation determines the nuber of particles present
with in a shell of thickness dr at distance r from a reference particle.
3.4.4

Molecule clustering and aggregate size determination

The aggregate size classification of the surfactant into aggregates was carried out based on
distance-based cut-offs. Two aggregates were considered to belong to the same aggregate
if any atoms of the polar headgroups were within 3.2 Å of one another. This separation
distance corresponds to the optimum distance for hydrogen bonding between the headgroup
atoms. This classification method is based on Ref. 29, where aggregates of monopalmitin,
dipalmitin and palmitic acid were identified using the same methodology. In simulations
containing added water, water molecules were included in the classification scheme, enabling
identification of aggregates linked by water bridges.
The aggregate size distributions were calculated based on the last 150 ns simulation
time of a total simulation duration of 300 ns. The last 150 ns of simulation time was split
into fifteen 10 ns windows and the aggregate size distribution was calculated individually
for each window. The final aggregate size distribution represents an average over all the
windows and error of the distributions was estimated based on the standard deviation of
the distributions of the sampling windows.
The adsorption of molecules onto either quartz or cristobalite was determined using a
similar geometric criterion. Molecules with polar headgroups within 3.2 Å of the silanol
groups of the silica surface were considered adsorbed onto the surface. To estimate the
average number of adsorbed molecules and the related standard deviation in a given system,
a similar window approach as described above was employed, with the last 150 ns of
simulation time being split into 10 ns windows.
To derive molar concentrations of the aggregates, the volume of the oil, that is, triolein
solvent and surfactant mixture, was calculated by deducting the volume of the silica
surface from the total volume of the simulation box. The volume of the silica surface
was approximated via assuming each atom of the surface a solid sphere with a radius
corresponding the element’s van der Waals radius. The van der Waals radii were based on
Reference 249 with values of 2.10, 1.52, and 1.20 Å for silica, oxygen, and hydrogen atoms,
respectively.
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Table 1: Simulated system sizes and component break-down for single molecule adsorption
and bulk adsorbate simulations. Q2 (s/m/l) denotes small, medium or large sized α-quartz
surfaces and Q3 (s/m/l) denotes small, medium or large sized α-cristobalite surfaces.

Additive
Water
Water
Glycerol
Glycerol
Oleic acid
Oleic acid
Monoolein
Monoolein
DOPC
DOPC
DOPE
DOPE
Triolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Monoolein
Oleic acid
Oleic acid
Oleic acid
Oleic acid
Oleic acid
Oleic acid
Oleic acid
Oleic acid
Oleic acid

Box dimensions
lx [nm] ly [nm] lz [nm]
3.5
3.5
16.5
3.4
3.5
16.4
5.0
5.2
18.5
5.1
5.0
18.1
5.0
5.2
18.5
5.1
5.0
18.1
5.0
5.2
18.5
5.1
5.0
18.1
5.0
5.2
18.5
5.1
5.0
18.1
5.0
5.2
18.5
5.1
5.0
18.1
5.0
5.2
18.5
7.0
6.9
17.9
7.0
6.9
18.7
7.0
6.9
19.7
7.0
6.9
17.7
7.0
6.9
21.9
6.8
7.0
17.7
6.8
7.0
18.5
6.8
7.0
19.4
6.8
7.0
17.5
6.8
7.0
21.6
7.0
6.9
17.7
7.0
6.9
17.8
7.0
6.9
17.8
7.0
6.9
17.9
7.0
6.9
17.9
7.0
6.9
17.9
6.8
7.0
17.6
6.8
7.0
17.6
6.8
7.0
17.7
7.0
6.9
18.4
7.0
6.9
17.5
6.8
7.0
17.7
7.0
6.9
17.5
7.0
6.9
17.5
7.0
6.9
17.6
7.0
6.9
17.6
7.0
6.9
17.6
7.0
6.9
17.7

Surface
Q2 (s)
Q3 (s)
Q2 (m)
Q3 (m)
Q2 (m)
Q3 (m)
Q2 (m)
Q3 (m)
Q2 (m)
Q3 (m)
Q2 (m)
Q3 (m)
Q3 (m)
Q2 (l)
Q2 (l)
Q2 (l)
Q2 (l)
Q2 (l)
Q3 (l)
Q3 (l)
Q3 (l)
Q3 (l)
Q3 (l)
Q2 (l)
Q2 (l)
Q2 (l)
Q2 (l)
Q2 (l)
Q2 (l)
Q3 (l)
Q3 (l)
Q3 (l)
Q2 (l)
Q2 (l)
Q3 (l)
Q2 (l)
Q2 (l)
Q2 (l)
Q2 (l)
Q2 (l)
Q2 (l)

System components
Nsurf actant Ntriglyceride
0
103
0
103
1
251
1
248
1
251
1
248
1
251
1
248
1
251
1
248
1
251
1
248
0
251
57
430
119
430
189
430
224
360
356
430
57
430
119
430
189
430
224
360
356
430
224
360
224
360
224
360
224
360
224
360
224
360
224
360
224
360
224
360
147
420
275
350
283
360
275
350
275
350
275
350
275
350
275
350
275
350

Nwater
1
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
75
145
225
269
315
360
75
145
360
0
0
0
70
140
218
262
306
350
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4

Results and discussion

In this work, the adsorption behaviour and preference of several impurities commonly
found in vegetable oil onto two model silica surfaces was examined using all-atom MD
simulations. Namely, the adsorption behaviour of water, glyceride, oleic acid, monoolein and
two different phospholipids (DOPC and DOPE) on quartz and cristobalite was examined.
The two examined model crystalline silica surfaces differ in their surface silanol (hydroxy)
group densities, Additionally, the effect of surfactant concentration and the model silica
surface on the aggregation and adsorption of two model surfactants, monoolein and oleic
acid, was examined. The main aims of this thesis work are as follows:
1. Computational determination of adsorption energies of single surfactant molecules
solvated in triolein solvent on silica and determination of surfactant adsorption
preference ranking based on adsorption energy differences.
2. Determination of adsorption mechanisms based on molecular interactions between
silica surface and surfactant and comparison of the results with existing literature.
3. Examination of aggregation and adsorption preference of multiple surfactants in bulk
solution on quartz surface and comparison of the results with existing literature.

4.1

Single surfactant adsorption

The adsorption of single surfactants onto two different crystalline silica surfaces, α-quartz
and α-cristobalite, was examined using steered MD-simulations and umbrella sampling.
The two examined crystalline silica surfaces differ mainly in their surface silanol group
densities, with quartz having a silanol group density of 9.4 OH/nm2 and cristobalite a
silanol group density of 4.7 OH/nm2 . The structures of both of the model silica surfaces
have been illustrated in Figure 6 and the construction of the surfaces has been detailed in
Section 3.3.2.
Based on the calculated simulation trajectories, the potential of mean force (PMF) was
calculated using the WHAM algorithm 239 . Distance between the centres of mass of the
silica surface and the pull group of the surfactant for umbrella sampling was chosen as
the reaction coordinate along which the PMFs were calculated. For the smaller molecules
(water and glycerol), the pull group comprised the entire molecule, while for the larger
additives, only the polar headgroup was considered. PMF curves for adsorption of water,
glyceride, monoolein, oleic acid, triolein, and two phospholipid species (DOPE and DOPC)
onto quartz and cristobalite surfaces have been plotted in Figure 9. In the case of adsorption
as is studied here, the free energy of adsorption Eads can be extracted as the difference
in PMF values for the adsorbate in bulk triolein and close to the surface at the PMF
minimum. The values and standard deviations of Eads have been presented in Table 2.
Based on the adsorption PMF profiles and the associated free energies of adsorption
Eads presented in Figure 9 and Table 2 respectively, it is apparent that both surfactant
and surface type have a strong effect on adsorption strength. Generally, adsorption of the
two examined phospholipids is notably stronger compared to the adsorption of nonionic
surfactant species. In addition to surfactant head group charge, adsorption strength appears
sensitive to silanol group density of the surface and surfactant interaction with the triolein
solvent.
For the nonionic surfactants examined in this work (water, glycerol, monoolein, oleic
acid), with the exception of oleic acid, higher adsorption energies are observed upon
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Figure 9: Potential of mean force (PMF) upon adsorption as a function of distance r of
the pull group from the silica surface boundary as defined by the silanol (hydroxy) group
oxygens. Data for adsorption of water, glycerol, monoolein, oleic acid, DOPC, DOPE and
triolein (solvent) on quartz and cristobalite surface has been presented. Both bootstrapped
averages (lines) and standard deviations (shading) od the data have been plotted.
adsorption on cristobalite as opposed to quartz. Conversely, the adsorption energy of
oleic acid on cristobalite appears minimal. Superficially, preference of adsorption on
cristobalite over quartz appears counter-intuitive, considering the higher density of silanol
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Table 2: Average adsorption energies Eads and standard deviations std for additive adsorption on quartz and cristobalite based on the PMF profiles presented in Figure 9.

Additive
Water
Glycerol
Monoolein
Oleic acid
DOPC
DOPE
Triolein

Quartz
Eads [kJ/mol] std [kJ/mol]
−10.04
0.40
−8.42
0.37
−6.22
1.61
−4.89
0.20
−47.84
1.56
−26.96
1.96
−7.63
0.74

Cristobalite
Eads [kJ/mol] std [kJ/mol]
−14.55
0.51
−16.72
1.58
−11.30
2.07
−2.44
0.46
−40.79
5.36
−25.60
1.29
−13.96
1.75

(hydroxy) groups present on the quartz surface (9.4 OH/nm2 ) compared to cristobalite
(4.7 OH/nm2 ). Adsorption on hydrophilic silica surfaces is mainly mediated through
hydrogen bond formation between the adsorbing organic molecule and the silica surface
silanol groups 22,23,130,131 . However, besides forming hydrogen bonds with the adsorbate,
the surface silanol groups can form internal hydrogen bonds with one another. Generally,
it is considered that silanol group oxygens separated by a distance greater than 3.1 Å are
incapable of hydrogen bonding, while the optimal separation distance for hydrogen bond
formation is between 2.5 and 2.8 Å 22 . The radial distribution function (RDF) of silanol
group oxygens on both quartz and cristobalite has been plotted in Figure 10. The presented
data is an average over the last 150 ns (total simulation length 300 ns) of simulation of
triolein solvent on a silica surface (cristobalite or quartz). The red shaded area represents
the optimal distance for hydrogen bond formation between the silanol groups. Based on the
proximity of silanol groups as depicted in Figure 10, it is evident that hydrogen bonding
between silanol groups is expected on quartz, while on cristobalite, the lower OH-group
density and thus greater spacing between the groups prevents the formation of hydrogen
bond networks between the surface silanol groups. The lack of competitive silanol-silanol
hydrogen bonding on cristobalite likely contributes to the generally larger adsorption energy
values encountered for the examined uncharged additives when compared to adsorption of
quartz. From Figure 9, it is also worth noting that, in the case of cristobalite, the location
of the free energy curve minimum, that is, the equilibrium distance from the surface upon
adsorption, is shifted ∼ 0.1 nm closer to the surface boundary when compared to adsorption
on quartz.
The weak adsorption of oleic acid on cristobalite can most likely be explained by two
contributing factors: molecular flexibility of oleic acid and the hydrogen bonding pattern
facilitated by the lower OH-group density on cristobalite. Oleic acid is a large, highly
flexible molecule and the rotational energy barriers of the carboxylic acid headgroup are
shallow. This, coupled with the highly flexible geometry of the surface silanol groups,
results in a high number of possible adsorption geometries on both quartz and cristobalite.
Extrapolating based on the modes of adsorption of smaller carboxylic acids onto silica from
both gas phase and aqueous solution, oleic acid can be expected to form either one or two
hydrogen bonds between its carboxylic acid group and the surface silanol groups 17,131,250 .
The formation of either one or two hydrogen bonds at the surface is predominantly dictated
by the OH-group density of the surface; the sparser OH-group density of cristobalite does
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Figure 10: Radial distribution g(r) function calculated between the silanol group oxygens
on quartz and cristobalite. The optimal separation distance for hydrogen bond formation
is represented by the shaded area. Only the relevant part of the RDF (1.0 – 6.5 Å) has
been depicted for clarity.
not facilitate adsorption of oleic acid via two simultaneous hydrogen bonds.
In addition to uncharged surfactant species, the adsorption of charged phospholipids
was examined. The free energies of adsorption for the two examined phospholipids, DOPC
and DOPE, have been plotted in Figure 9 and the associated free energies of adsorption
Eads have been presented in Table 2. Whereas both of the examined phospholipids include
a negatively charged phosphate group, the structure of the positively charged headgroup
moiety differs slightly between a choline group and a ethanolamine group. The main
notable structural difference is that the ethanolamine headgroup of DOPE can also function
as a hydrogen bond donor. This enables DOPE to form hydrogen bonds also with the
surrounding triolein solvent, which most likely contributes to its lower adsorption energy
when compared to DOPC. Interestingly, both DOPC and DOPE show a minimal preference
for adsorption onto quartz over cristobalite. It should be noted that the CHARMM C27
force field emplyed in this work generally overestimates the partial charges of phospholipid
headgroups, which is the most likely reason for the significantly higher adsorption energies
for DOPC and DOPE when compared uncharged additive species 251,252 . As such, the
adsorption energies for the two examined phospholipids are likely overestimated.

4.2

Surfactant association and adsorption in bulk solution

In this work, the aggregation and adsorption preference of two model surfactants, monoolein
and oleic acid, was examined at 5 – 25 wt-% surfactant concentration in triolein solvent
on two distinct silica surfaces, quartz and cristobalite. While the hydrophobic alkyl tails
of the two model surfactants are identical, the structure of the hydrophilic headgroups of
the surfactants differs greatly. The choice of the two model surfactants enables detailed
examination of the effect of hydrophilic surfactant head group structure and its hydrogen
bonding capability on adsorption and aggregation behaviour. Additionally, the effect of
oil water content on the adsorption and aggregate formation processes was examined by
adding 0.33 – 1.60 wt-% water to 20 wt-% surfactant solutions.
For simulations containing more than 1.00 wt-% water, equilibration of the system
proved difficult, as the dispersed water appeared to prefer clustering and droplet formation
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as opposed to additional hydration of the surfactant headgroups. The clustering of the water
molecules significantly slows down their diffusion rate, while the formed water–oil interface
proves favourable for surfactant adsorption. This leads to the formation of droplets
mimicking micro-emulsion formation but with droplets lacking a complete, enclosing
surfactant monolayer membrane, leading to a thermodynamically unstable system 253,254 .
As such, results pertaining to simulations with water content exceeding 1.00 wt-% should
be examined with caution.
The results pertaining to the adsorption and aggregation of oleic acid and monoolein
are presented in the following order. First, the adsorption effect of surfactant concentration
and oil water content on the adsorption of oleic acid and monoolein is discussed, focusing
solely on molecular interactions occurring at the silica–oil interface. Secondly, the effect
of surfactant concentration and oil water content on oleic acid and monoolein aggregate
formation is examined in terms of aggregate size and structure.
4.2.1

Oleic acid adsorption from bulk

The adsorption behaviour of oleic acid solvated in triolein was examined at 10 and 20 wt% oleic acid concentrations on quartz and at 20 wt-% on cristobalite. Additionally, the
effect of oil water content was probed by adding 0.33 – 1.6 wt-% water to 20 wt-% solutions
of oleic acid in triolein on a quartz surface.

Figure 11: Number of molecules of oleic acid and monoolein adsorbed at the silica–triolein
interface (quartz or cristobalite) as a function of surfactant concentration. Error bars
correspond to standard deviation.
Based on the PMF calculations for single molecule adsorption from triolein onto quartz,
minimal adsorption of oleic acid from bulk concentration is expected (see Figure 9 and Table
2). The average number of oleic acid molecules adsorbed at the silica–triolein interface as a
function of surfactant concentration has been presented in Figure 11. At 10 wt-% oleic acid
concentration, no clear adsorption of oleic acid at the quartz surface occurs. However, as
the concentration of oleic acid is increased to 20 wt-%, we observe a significant increase in
adsorption, with more surfactant adsorbed on cristobalite compared to quartz. The findings
contradict the weak adsorption of oleic acid on cristobalite based on the free energies of
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adsorption previously presented in Table 2, which, however, fail to account for possible
cooperative effects driving oleic acid adsorption or adsorption as aggregates.

Figure 12: Radial distribution function between the quartz surface silanol group oxygens
and the carbonyl (C=O) and hydroxy (C–OH) oxygens of oleic acid. Solid lines correspond
to simulation of quartz and dashed lines to simulations on cristobalite.
Oleic acid can be expected to interact with the silica surface with its hydrophilic
carboxylic acid group while its hydrophobic carbon tail is extended toward the bulk solvent.
This mode of interaction is further confirmed by examining the conformation of the potential
hydrogen bonding sites of oleic acid in proximity to the surface silanol groups. The radial
distribution functions for the oleic acid carbonyl oxygen and hydroxy oxygen with respect
to quartz surface silanol oxygens have been plotted in Figure 12. Experimental findings
have indicated that oleic acid binds to silica silanol groups either through one or two
hydrogen bonds and may also form cyclical structures with surface silanol groups 17,131,250 .
Especially IR experiments point towards adsorption via hydrogen bonding of the carbonyl
oxygen of the oleic acid residue being most predominant 17,131 . However, physisorption
to the silica surface as a dimer is also a possibility 131 . Based on the data presented in
Figure 12, the mode of adsorption appears similar on both quartz and cristobalite. On
both examined surfaces, adsorption appears mainly dominated by binding of the carbonyl
oxygen to the silanol group, as evident from the peak in the carbonyl oxygen RDF at
∼ 3.2 Å in Figure 12, which falls within the donor – acceptor separation distance for
moderate strength hydrogen bonds 255 . However, based on the hydroxy oxygen RDF peak
there is also evidence of hydrogen bonding via the hydroxy group of oleic acid. Due to the
similar location of the carbonyl and the hydroxy peaks with respect to the silanol oxygen,
this may hint the possibility of a two-hydrogen bond cyclic adsorption geometry or single
hydrogen bond adsorption to the silanol via the hydroxy oxygen.
Hydrogen bonding between the adsorbate and the adsorbent surface plays an important
part in adsorption of organic molecules onto silica 22,23 . In the simulated systems, the
quartz or cristobalite surface is able to form hydrogen bonds with the adsorbing oleic acid,
solvent triolein, or form internal hydrogen bonds between two silanol groups. Internal
hydrogen bond formation is expected to be prevalent on quartz, due to the proximity of the
silanol groups as is evident from Figure 10. The fractions of the total number of hydrogen
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bonds formed by the silica surface between the different components of the system (oleic
acid, triolein, and surface silanol groups) have been presented in Table 3. Due to the close
proximity of silanol groups on quartz, the majority of the hydrogen bonds formed by the
surface are internal, that is, ∼ 93 %. Around 5 – 6 % of bonds are formed with triolein
while the remaining ∼ 1 – 2 % contribute to oleic acid adsorption. This clear preference for
internal silanol–silanol hydrogen bonding likely contributes to the poor adsorbing quality
of quartz, as underlined by the PMF calculations pertaining to single additive molecules.
Additional competition for hydrogen bonding is provided by the solvent triolein. Contrary to the behaviour of oleic acid, the solvent triolein appears to readily adsorb on both
quartz and cristobalite. This result is in agreement with the formerly presented PMF
calculations, as the calculated energy of adsorption of triolein on quartz, −7.63 kJ/mol, is
greater than that of oleic acid, −4.89 kJ/mol. On cristobalite, the difference in energies of
adsorption is even greater: the energy of adsorption of oleic acid on cristobalite is minimal
at −2.44 kJ/mol, while for solvent triolein, the energy of adsorption is −13.96 kJ/mol.
Triolein adsorbs to both quartz and cristobalite through interaction of the hydrophilic headgroup, which consists of three potential hydrogen bonding sites in the form of structurally
equivalent carbonyl oxygens.
Table 3: Fraction of hydrogen bonds formed by the surface (quartz or cristobalite) silanol
groups to oleic acid, triolein, surface silanol groups and water. The error represents standard
deviation.

c(oleic acid)
[wt-%]
10

c(water)
[wt-%]
0.00

surface

20

0.00

quartz

20

0.00

cristobalite

20

0.33

quartz

20

0.65

quartz

20

1.00

quartz

20

1.20

quartz

20

1.40

quartz

20

1.60

quartz

quartz

Oleic
acid
0.0096±
0.0043
0.0196±
0.0060
0.3585±
0.0406
0.0169±
0.0056
0.0172±
0.0060
0.0153±
0.0052
0.0152±
0.0049
0.0138±
0.0047
0.0148±
0.0052

Triolein Silanol

Water

0.0570±
0.0071
0.0510±
0.0066
0.5522±
0.0381
0.0491±
0.0069
0.0436±
0.0073
0.0387±
0.0064
0.0431±
0.0071
0.0414±
0.0065
0.0443±
0.0067

N/A

0.9334±
0.0176
0.9293±
0.0173
0.0893±
0.0263
0.9163±
0.0176
0.9080±
0.0178
0.8910±
0.0175
0.9013±
0.0174
0.8922±
0.0177
0.9067±
0.0177

N/A
N/A
0.0177±
0.0059
0.0312±
0.0070
0.0551±
0.0105
0.0404±
0.0087
0.0526±
0.0119
0.0342±
0.0080

The hydrogen bonding capabilities of both the carbonyl and the hydroxy oxygens of
oleic acid to the silica surfaces were thoroughly examined using geometric criteria and the
average lifetimes of the formed hydrogen bonds were calculated based on the hydrogen bond
autocorrelation function as described by Equations 20 and 21. The fraction of all hydrogen
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bonds formed between the surface silanol groups and the two carbonyl and hydroxy oxygens
of oleic acid have been presented in Table 4. On both quartz and cristobalite, the preference
of hydrogen bonding via either carbonyl or hydroxy oxygen is nearly even, with a small bias
towards carbonyl oxygen mediated hydrogen bonding. This small bias is more evident on
cristobalite at 20 wt-% where the fraction of hydrogen bonds formed by carbonyl oxygens
to silanol groups is 0.54 compared to a value of 0.50 on quartz. Although the there is a
small shift in the hydrogen bonding preference when increasing oleic acid concentration on
quartz, derivation of any definite additive concentration dependent trends would require
examination of a wider concentration range than what is covered here.
Table 4: Fraction of hydrogen bonds formed by the two oxygens of the carboxylic acid
group of oleic acid when binding to silica surface (quartz or cristobalite) with and without
added water.

c(oleic acid) [wt-%]
10
20
20
20
20
20
20
20
20

c(water) [wt-%]
0.00
0.00
0.00
0.33
0.65
1.00
1.20
1.40
1.60

surface
quartz
quartz
cristobalite
quartz
quartz
quartz
quartz
quartz
quartz

C–OH
0.4866
0.4992
0.4584
0.4702
0.4565
0.4330
0.4455
0.4449
0.4447

C=O
0.5134
0.5008
0.5416
0.5298
0.5435
0.5670
0.5545
0.5551
0.5553

Table 5: Average lifetimes τ of hydrogen bonds formed by the two oxygens of the carboxylic
acid group of oleic acid when binding to silica surface (quartz or cristobalite) with and
without added water.

c(oleic acid) [wt-%]
10
20
20
20
20
20
20
20
20

c(water) [wt-%]
0.00
0.00
0.00
0.33
0.65
1.00
1.20
1.40
1.60

surface
quartz
quartz
cristobalite
quartz
quartz
quartz
quartz
quartz
quartz

τ [ps]
C–OH
C=O
475.44
393.99
391.41
305.02
2364.62 3841.83
360.16
304.64
279.63
245.21
236.26
242.99
291.43
260.67
275.12
246.86
279.56
255.40

Similarly, the average lifetimes of the hydrogen bonds formed between oleic acid oxygen
atoms and the silanol groups have been tabulated in Table 5. There exists a notable
difference in the average lifetimes of hydrogen bonds formed by carbonyl oxygens and
hydrogen bonds formed by hydroxy oxygens. The quality of this difference in lifetimes
varies with the silica surface, with hydroxy oxygen mediated hydrogen bonds exhibiting
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longer average lifetimes on quartz, while carbonyl oxygen mediated hydrogen bonds exhibit
longer average lifetimes on cristobalite. The difference in hydrogen bond lifetimes may, in
part, play into the shift in hydrogen bonding preference towards carbonyl oxygen mediated
bonds on cristobalite discussed previously. Surprisingly, there exists also a clear discrepancy
in the magnitudes of hydrogen bond lifetimes when comparing oleic acid interaction with
quartz to interaction with cristobalite. This discrepancy persists also when examining the
dynamics of other additives, namely monoolein, though its exact cause is unclear.
4.2.2

Effect of oil water content on oleic acid adsorption

The effect of water on oleic acid adsorption was examined through simulations of 20 wt% oleic acid in triolein with 0.33, 0.65, 1.00, 1.20, 1.40 and 1.60 wt-% added water on a
quartz surface. The average number of oleic acid molecules adsorbed at the quartz surface
has been plotted in Figure 13 as a function oil water concentration. Based on Figure
13, adsorption oleic acid is increased as water is added to the system. There are two
likely explanations for the promotion of adsorption with added water: either increasing
hydration of oleic acid head groups makes adsorption of oleic acid at the quartz surface
more favourable, or adsorption of oleic acid at the surface occurs as aggregates and the
addition of water enhances the formation of larger aggregates. The latter has been known
to happen in lecithin–oil 73,256 and monoglyceride–oil 41,61,89 systems.
As has been previously mentioned, the equilibration of the higher water content simulations proved difficult due to the formation of large water clusters in the simulation box. The
formation of such water clusters when oil water content exceeds 1.00 wt-% shows as uneven
distribution of water in the bulk solvent when examining the average number density
profiles for water presented in Figure 14. Unlike in micro-emulsions, the formed water
droplets lack a complete-enclosing surfactant lamellae, leading to a thermodynamically
unstable system 254 . As systems with water content exceeding 1.00 wt-% are likely far from
an equilibrium state even after 300 ns of simulation, the reliability of the data from these
systems suffers.

Figure 13: Number of molecules of oleic acid and monoolein adsorbed at the silica–triolein
interface (quartz or cristobalite) as a function of oil water concentration. Error bars
correspond to standard deviation.
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Figure 14: Average number density of water in simulations of 20 wt% oleic acid in triolein
on quartz. The density profile has been centred around the silica surface with r denoting
distance from the surface center of mass.
Based on the PMF calculations for single molecule adsorption on both quartz and
cristobalite (see Figure 9 and Table 2), the adsorption of water over oleic acid at the
silica surface is expected. The preference for water adsorption on quartz in lieu of oleic
acid adsorption is is agreement with similar adsorption preferences observed for a number
of small, carboxylic acid derivative drug molecules, such as ibuprofen 257 . Based on the
number density profile of water at the proximity of the quartz surface presented in Figure
14, in simulations with oil water content up to 1.00 wt-%, some of the added water in the oil
adsorbs at the quartz surface, as is expected based on PMF calculations for the adsorption
of a single water molecule. However, most of the water remains dispersed in the triolein
bulk solvent, hydrating the hydrophilic head-groups of both oleic acid and triolein. When
oil water content exceeds 1.00 wt-%, large water clusters begin to form and the amount of
adsorbed water at the triolein – quartz interface varies strongly. The formation of water
clusters in the oil hints that water droplet formation is energetically more favourable than
hydration of oleic acid head groups or adsorption at the silica surface. Additionally, these
water clusters act as a favourable water – triolein interface for oleic acid adsorption, which
in turn functions to minimize energetically unfavourable interactions between water and
the surrounding hydrophobic solvent. The formation of a surfactant monolayer around a
water droplet is highly reminiscent of the formation of nanoemulsions 258 .
Table 3 presents the fraction of total hydrogen bonds formed by the silica surface to
each of the different system constituents: oleic acid, triolein solvent, other surface silanol
groups, and water. As in the system simulated without water, the majority of the quartz
surface hydrogen bonds are internal bonds between two adjacent silanol groups. In all
simulated systems, silanol – silanol hydrogen bonds contribute to 89 – 92 % of all hydrogen
bonds formed by the quartz surface. At oil water content below 1.00 wt-%, these internal
silanol – silanol hydrogen bonds are being replaced by silanol – water hydrogen bonds when
oil water content increases. While there is a slight decreasing trend in silanol – triolein
hydrogen bonds with increasing water content, the decrease falls mostly within the margin
of error. Above 1.00 wt-% water content this trend of increased adsorption of water to the
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quartz surface is not maintained, but more water than oleic acid is adsorbed at the surface.
The presence of hydrogen bonded water at the surface is confirmed by examination of the
radial distribution function of the water oxygens with respect to the silanol group oxygens
in Figure 15. The major peak in the RDF between water oxygens and silanol oxygens
appears at ∼ 3.2 Å, which corresponds well with the donor – acceptor distance of moderate
strength hydrogen bonds 255 .

Figure 15: Radial distribution function RDF of water oxygens with respect to silanol group
oxygens of the quartz surface for simulated systems of 20 wt-% oleic acid in triolein on
quartz with 0.33 – 1.60 wt-% added water. The presented data is an average over the last
150 ns of simulation time.
Radial distribution of the two functional oxygens of oleic acid (carbonyl and hydroxy
oxygens) with respect to the surface silanol group oxygens have been presented in Figure
16. While the location of the first peaks in the RDF for both the carbonyl and hydroxy
oxygens appear at the same distance ∼ 3.0 – 3.2 Å as in systems simulated without added
water (see Figure 12), the overall shape of the subsequent peaks is somewhat morphed by
the addition of water. Especially in the case of the hydroxy oxygen, the second and third
peaks of the RDF at ∼ 5.2 and ∼ 7.8 Å respectively become more pronounced as water is
added up to a water concentration of 1.00 wt-%. This effect could be due to adsorption of
oleic acid at the quartz surface through water bridging, that is, hydrogen bond formation
between the oleic acid and a water molecule adsorbed at the surface. When more water is
added to the system, the probability for adsorption via water bridging would increase as
more water is adsorbed at the silica surface, thus prompting the change in the shape of
the RDF. Additionally, based on the hydrogen bonding preference of silanol to the two
oxygens of oleic acid presented in Table 4, the carbonyl oxygen is increasingly preferred
over the hydroxy oxygen for hydrogen bonding with increased water content up to a water
concentration of 1.00 wt-%. Interestingly, as evident from Table 5, the addition of water
also shortens the average lifetime of hydrogen bonds formed between silanol groups and
the both of the oxygens of oleic acid when compared to the case where no water is present.
In the simulated systems containing both oleic acid and added water, the amount
of water present at the quartz – triolein interface is minimal, while the majority of the
water present in the system is dispersed in the bulk solvent. This dispersed water can
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Figure 16: Radial distribution functions (RDF) of carbonyl oxygen (left) and hydroxy
oxygen (right) of oleic acid with respect to quartz surface silanol group oxygens. The
presented data is an average over the last 150 ns of simulation time of systems containing
20 wt-% oleic acid in triolein on a quartz surface with 0.33 – 1.60 wt-% added water.

Figure 17: Average number of hydrogen bonds per oleic acid molecule as a function of oil
water content. The formed type of hydrogen bond is denoted by colour: oleic acid – oleic
acid (black), intramolecular oleic acid – oleic acid (blue), oleic acid – triolein (green), oleic
acid – surface (orange), and oleic acid – water (red). The presented data is an average
over the last 150 ns of simulation time for simulations of 20 wt-% oleic acid in triolein on
quartz with 0.33 – 1.60 wt-% added water.
both hydrate oleic acid headgroups and form water clusters which both drive aggregate
formation. The average number of hydrogen bonds formed by oleic acid to each of the
system constituents as a function of water concentration have been plotted in Figure 17.
Figure 17, shows a steady increase in the number monoolein – water hydrogen bonds
pertaining to increased hydration of the polar oleic acid headgroups. Similarly, the average
number of hydrogen bonds per water molecule in the simulated system formed between
water and the different system constituents has been plotted as a function of oil water
content in Figure 18. From Figure 18, as the amount of water in the system is increased,
water increasingly prefers hydrogen bonding with itself, while the fraction of water bound
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Figure 18: Average number of hydrogen bonds per water molecule as a function of oil
water content. The presented data is an average over the last 150 ns of simulation time for
simulations of 20 wt-% oleic acid in triolein on quartz with 0.33 – 1.60 wt-% added water.
at the quartz surface remains constant up to a water content of 1.00 wt-%. These water –
water hydrogen bonds effectively replace the water – triolein and water – oleic acid hydrogen
bonds of dispersed water, driving the formation of water clusters and droplets present at
higher water concentrations (c(water) > 1.00 wt-%).
4.2.3

Monoglyceride adsorption from bulk

Monoglyceride adsorption and aggregate formation was examined by simulating 5 – 25 wt% of monoolein in triolein on quartz and cristobalite surfaces. Additionally, the effect of
water on adsorption and aggregate formation and structure was examined by adding 0.33 –
1.60 wt-% of water to 20 wt-% monoolein in triolein.
Compared to oleic acid, which has two potential hydrogen bonding sites, monoolein
exhibits four potential hydrogen bonding sites: a primary and a secondary hydroxy group
and an ester group with a carbonyl and an ether oxygen. From the PMF calculations
of single surfactant molecule adsorption onto silica, it is evident that the adsorption
energies of monoolein on both quartz and cristobalite exceed that of oleic acid, they still
fall slightly below the respective values for the solvent triolein. As such, triolein should
provide competition for any adsorption of monoolein. The number of adsorbed monoolein
residues at the silica surface as a function of monoolein concentration on both quartz and
cristobalite have been presented in Figure 11. The presented data includes both single
molecule adsorption and possible adsorption as aggregates. Based on PMF calculations of
single monoolein molecule adsorption, cristobalite would be expected to exhibit superior
adsorption compared to quartz. However, the adsorption results presented in Figure 11 do
not reflect this, with monoolein adsorption on both silica substrates appearing roughly equal
with the exception of 10 wt-% monoolein concentration. On both quartz and cristobalite,
only a minority of the monoolein molecules solvated in triolein prefer adsorption at the
surface, with ∼ 11 – ∼ 17 % of total monoolein adsorbed on quartz and ∼ 11 – ∼ 25 %
adsorption on cristobalite. Generally, the amount of adsorbed monoolein increases as a
function of monoolein concentration and no saturation of the surface is reached within
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the examined concentration range of 5 – 25 wt-%. Due to the limited system size of
the simulations, the amount of adsorbed monoolein corresponds to 8 to 57 monoolein
molecules. As such, results based on simulations at low monoolein concentrations are
extremely sensitive to the adsorption/ desorption of a single molecule. The adsorption
results are also greatly affected by the short simulation time, as the time required to
attain adsorption/desorption equilibrium can vary from a few seconds up to several hours
depending on the system 115,259 .

Figure 19: Radial distribution functions g(r) for monoolein a) carbonyl oxygen, b) ether
oxygen, c) primary hydroxy oxygen, and d) secondary hydroxy oxygen with respect to
quartz (solid lines) and cristobalite (dashed lines) surface silanol oxygens. The presented
data is an average over the last 150 ns of simulation time.
The binding of monoolein to the silica surface on both quartz and cristobalite occurs
through hydrogen bonding. Further light is shed on the adsorption conformation of
monoolein by examining the radial distribution functions of monoolein headgroup oxygens,
which function as potential sites for hydrogen bonding. The RDFs of monoolein oxygens
with respect to quartz and cristobalite silanol oxygens have been presented in Figure 19. On
both quartz and cristobalite the two hydroxy group oxygens (both primary and secondary)
of monoolein are highly localized at ∼ 3.0 – 3.1 Å distance from the silanol group oxygen,
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which corresponds with the ideal hydrogen bond formation distance. It is probable that
adsorption of monoglyceride on quartz is facilitated mainly through hydrogen bonding of
the two hydroxy groups with the quartz silanol oxygens. Both the primary and secondary
hydroxy oxygen RDF peaks appear much sharper on cristobalite compared to quartz. The
broadness of the oxygen peaks on quartz is most likely caused by averaging over all of the
closely spaced silanol groups at the quartz surface. Additionally, there is some evidence of
the carbonyl oxygen of monoolein also forming hydrogen bonds with the surface based on
the RDF peak at ∼ 2.8 – 3.1 Å. In the case of cristobalite, the carbonyl oxygen peak is
much narrower and overall much more similar to the hydroxy oxygen peaks, insinuating that
interaction between the cristobalite surface and monoolein occurs equally through both the
hydroxy groups and the carbonyl group hydrogen bonding. Compared to the hydroxy and
the carbonyl oxygens, the ether oxygen of the ester group is situated significantly further
away from the surface, thus making hydrogen bond formation between the ether oxygen
and the surface silanol group unlikely.

Figure 20: Average number of hydrogen bonds formed by monoolein in triolein on quartz
or cristobalite. The formed hydrogen bonds have been classified by type: intermolecular
monoolein – monoolein (black, square), intramolecular monoolein – monoolein (blue,
triangle), monoolein – triolein (green, diamond), and monoolein – surface (orange, circle).
The results represent an average over the last 150 ns of simulation time and have been
normalized according to the number of monoolein residues present in the simulation box.
The filled symbols correspond to simulations on quartz ans the open symbols to simulations
on cristobalite.
The average number of hydrogen bonds formed by a single monoolein molecule as a
function of monoolein concentration has been plotted in Figure 20. The presented data
represents an average over the last 150 ns of simulation time. Data pertaining to simulations
both with a quartz and a cristobalite surface have been presented. The formed hydrogen
bonds have been categorized by type: intermolecular monoolein – monoolein, intramolecular
monoolein – monoolein, monoolein – triolein, and monoolein – surface hydrogen bonds.
The average lifetimes of the formed hydrogen bonds were evaluated by calculating the
integral of the hydrogen bond autocorrelation function according to Equations 20 and
21. While the number of intramolecular monoolein hydrogen bonds appears to remain
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constant independent of monoolein concentration at 0.2 H-bonds per molecule, the number
of intermolecular hydrogen bonds between monoolein molecules steadily increases with
concentration. Further, as monoolein concentration is increased intermolecular monoolein –
monoolein hydrogen bonds gradually replace monoolein – triolein hydrogen bonds. This
points towards monoolein preferring aggregation over remaining isotropically solvated in
triolein as unimers. Additionally, from Table 6, the lifetime of the monoolein – monoolein
hydrogen bonds generally increases with monoolein concentration, with longer lasting
bonds being most likely cooperatively stabilized by the structure of larger monoolein
aggregates. The aggregation behaviour of monoolein is further discussed in Section 4.2.5.
Curiously, based on Figure 20, on quartz the average number of hydrogen bonds per
monoolein molecule formed with the surface remain relatively unchanged with monoolein
concentration, while on cristobalite there is a significant transition in the average number
of bonds per monoolein molecule at 15 wt-%. However, this transition is not reflected in
the amount of monoolein adsorbed at the silica surface, see Figure 11.
Table 6: Hydrogen bond average lifetimes τ for simulations of monoolein–triolein mixtures
on silica. The lifetime τ is based on the hydrogen-bond autocorrelation function as described
by Equation 21.

c(monoolein)
[wt-%]
5
10
15
20
25
5
10
15
20
25

surface
quartz
quartz
quartz
quartz
quartz
cristobalite
cristobalite
cristobalite
cristobalite
cristobalite

monoolein–
monoolein
313.48
404.51
420.25
453.64
531.27
1068.60
1298.77
1055.81
1143.71
1141.20

τ [ps]
monoolein–
surface
556.62
627.42
644.34
518.31
676.81
4408.10
4711.84
4720.71
5302.88
4964.56

monoolein–
triolein
475.36
432.67
428.89
390.43
426.66
1518.64
1318.54
1147.81
1226.46
1247.42

The fraction of hydrogen bonds formed by each of the functional groups of monoolein
with the silica surface has been presented in Table 7. The hydrogen bonding configuration
of monoolein appears to significantly vary between adsorption on quartz or cristobalite.
On quartz, a majority of the hydrogen bonds to the surface are formed by the two
hydroxy groups of monoolein with the primary hydroxy group benign the most preferred.
This preference of binding to the surface with the primary hydroxy group becomes more
pronounced with increased monoolein concentration while the preference of binding with the
secondary hydroxy group over the carbonyl oxygen becomes less pronounced. In addition
to the two hydroxy groups, 19.22 – 25.25 % of the hydrogen bonds are formed by the
carbonyl oxygen, while less than 0.5 % of the hydrogen bonds are formed by the ether
oxygen. On cristobalite, the bonding pattern is significantly morphed. While the two
hydroxy groups are still preferred for hydrogen bond formation, the secondary hydroxy
group appears to form the most bonds. The remaining bonds are formed by the primary
hydroxy group and the carbonyl oxygen with generally lesser bias towards the hydroxy
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Table 7: Fraction of hydrogen bonds formed by each functional group of monoolein when
binding to silica surface (quartz or cristobalite). C1 –OH denotes the primary hydroxy
group and C2 –OH the secondary hydroxy group of monoolein.

c(monoolein) [wt-%]
5
10
15
20
25
5
10
15
20
25

surface
quartz
quartz
quartz
quartz
quartz
cristobalite
cristobalite
cristobalite
cristobalite
cristobalite

C1 –OH
0.4058
0.4010
0.4190
0.4156
0.4503
0.2554
0.3512
0.3281
0.3126
0.3136

C2 –OH
0.3972
0.3766
0.3691
0.3662
0.2915
0.3966
0.3834
0.3847
0.3900
0.4052

C=O
0.1922
0.2180
0.2079
0.2139
0.2525
0.3429
0.2601
0.2807
0.2920
0.2756

C–O–C
0.0048
0.0044
0.0041
0.0043
0.0058
0.0052
0.0053
0.0065
0.0054
0.0056

Table 8: Average lifetimes τ of hydrogen bonds formed between different functional groups
of monoolein and the silica surface (quartz or cristobalite). C1 –OH denotes the primary
hydroxy group and C2 –OH the secondary hydroxy group of monoolein.

c(monoolein) [wt-%]
5
10
15
20
25
5
10
15
20
25

surface
quartz
quartz
quartz
quartz
quartz
cristobalite
cristobalite
cristobalite
cristobalite
cristobalite

C1 –OH
494.38
506.28
593.93
472.72
590.84
2960.29
3518.93
3168.15
3704.72
3399.89

τ [ps]
C2 –OH C=O
602.30
606.14
602.86
904.18
644.64
756.95
488.45
667.66
616.30
851.14
5498.07 4650.37
5139.01 5955.73
4994.39 6455.45
5416.73 7216.25
5227.49 6909.74

C–O–C
56.07
52.65
45.27
35.78
52.66
628.89
293.19
653.44
305.95
305.95

group over the the carbonyl oxygen than on quartz. From Figure 20, it is evident that on
cristobalite, more hydrogen bonds are formed between the monoolein molecule and the
surface compared to quartz. This is most likely a combination of the sparser placement of
the surface silanol groups accommodating binding of the monoolein headgroup to multiple
silanol groups simultaneously, while lacking the competitive internal hydrogen bonding of
adjacent silanol groups present on quartz. The average lifetimes of the hydrogen bonds
formed by each of the functional groups of monoolein in each of the simulated systems have
been presented in Table 8. In each of the simulated systems the strength of the formed
hydrogen bonds follows the following order from strongest to weakest: carbonyl oxygen –
silanol, secondary hydroxy oxygen – silanol, primary hydroxy oxygen – silanol, and ether
oxygen – silanol. The preference of stronger secondary hydroxy group hydrogen bonds on
cristobalite most likely contributes to the stronger single molecule adsorption for monoolein
based on the PMF calculations presented in Section 4.1.
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4.2.4

Effect of oil water content on monoolein adsorption

Monoolein adsorption from triolein onto both quartz and cristobalite was examined by
simulating 20 wt-% monoolein in triolein on a silica surface with 0.33 – 1.60 wt-% added
water. Based on PMF calculations presented in Section 4.1 of this thesis, water possesses a
slight energetic advantage over monoolein upon adsorption to either quartz or cristobalite
when single molecule adsorption is considered. However, water, along with temperature,
has a significant effect on the phase behaviour of monoglycerides in oil. Depending on
both temperature and water concentration, monoglycerides can assemble to form different
liquid crystalline phases as well as reverse micellar structures 41,99,260–262 . The average
number of monoolein molecules adsorbed at the silica surface as a function of oil water
content has been plotted in Figure 13. The effect of added water on monoolein adsorption
appears mixed: while the introduction of small amounts of water, that is 0.33 wt-%, into
the monoolein–oil system appears to marginally improve adsorption, adsorption gradually
decreased as more water is added into the system. This is most likely a result of further
hydration of the monoolein head groups driving aggregate formation and growth over
adsorption 41,61 .
The effect of water on monoolein adsorption on silica was also examined based on the
radial distribution function of each of the functional oxygens of monoolein with respect to
the silica surface presented in Figure 21. On both quartz and cristobalite, the addition of
water to the monoolein – triolein mixture does not appear to significantly alter the shape
of the RDF for any of the functional oxygen of monoolein when compared to the data
presented previously in Figure 19. Based on the simulation data presented her, there is no
clear evidence of water bridging between the adsorbed monoolein and the silica surface.
The similar binding configuration of monoolein to silica despite the presence of added
water is further supported by examining the fraction of total hydrogen bonds formed by
each of the functional oxygens of monoolein when binding to the surface presented in
Table 9. The respective average lifetimes of these hydrogen bonds have been presented in
Table 10. As in the case of simulation with no added water, there is a clear difference in
hydrogen bonding preference between the primary and the secondary hydroxy groups of
monoolein depending on the silica surface. On quartz, a majority of the hydrogen bonds
between the surface and monoolein are formed by the primary hydroxy group, while on
cristobalite, hydrogen bonding via the secondary hydroxy group is predominant. However,
when examining the average lifetimes of the different hydrogen bonds as presented in
Table 10, for all the functional groups there is a significant decrease in hydrogen bond
lifetimes when any amount of water is introduced into the system. For hydrogen bonds
formed by both the primary and the secondary hydroxy groups to quartz, there is a general
decrease in average lifetime as a function of water concentration. This effect persists on
cristobalite, where the lifetime of carbonyl oxygen mediated hydrogen bonds also decreases
with increasing water concentration. This decrease in hydrogen bond lifetime is most likely
a reflection of the competitive binding of water to the silica surface over quartz.
Figure 22 plots the average number of hydrogen bonds formed by each monoolein in the
simulated systems. The hydrogen bonds have been classified based on type: intramolecular
monoolein – monoolein, intermolecular monoolein – monoolein, monoolein – triolein,
monoolein – surface, and monoolein – water. Akin to simulations of monoolein with out
added water, there is minimal change in the amount of intermolecular hydrogen bonds of
monoolein. Similarly, the number of monoolein – surface hydrogen bonds exhibits little
deviation with added water, suggesting that the fraction of adsorbed monoolein on the
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Figure 21: Radial distribution function of a) carbonyl oxygen, b) ether oxygen, c) primary
hydroxy oxygen, and d) secondary hydroxy oxygen of monoolein with respect to the surface
silanol group oxygens. Solid lines correspond to simulations on quartz while dashed lines
correspond to simulations on cristobalite. The presented data is an average over the last
150 ns of simulation time.
silica surface is relatively unaffected by the addition of water to the system. The numbers
of both intramolecular monoolein hydrogen bonds and monoolein – surface hydrogen bonds
on both quartz and cristobalite do not notably differ from simulations with no added water
presented in Figure 20. However, most notable is the steady increase of monoolein – water
hydrogen bonds as a function of water concentration. While the adsorption configuration
of monoolein is not affected by added water, the headgroups of monooleins dispersed in
the triolein solvent become increasingly hydrated with increased water concentration.
The average number of hydrogen bonds formed per each water molecule as a function of
oil water content have been presented in Figure 23. Interestingly, the fraction of adsorbed
water at the silica surface appears remain relatively constant with a slight decline with water
concentration. Water generally forms a higher number of hydrogen bonds with cristobalite
compared to quartz, which contributes to the stronger adsorption on cristobalite apparent
from the PMF calculations discussed in Section 4.1. A decreasing trend is also observed in
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Table 9: Fraction of hydrogen bonds formed by each functional group of monoolein when
binding to silica surface (quartz or cristobalite) based on simulations of 20 wt-% monoolein
with added water. C1 –OH denotes the primary hydroxy group and C2 –OH the secondary
hydroxy group of monoolein.

c(water) [wt-%]
0.33
0.65
1.00
1.20
1.40
1.60
0.33
0.65
1.60

surface
quartz
quartz
quartz
quartz
quartz
quartz
cristobalite
cristobalite
cristobalite

C1 –OH
0.4201
0.4159
0.4101
0.4093
0.3997
0.4171
0.3088
0.3268
0.3280

C2 –OH
0.3785
0.3732
0.3783
0.3797
0.3801
0.3759
0.4078
0.3982
0.4075

C=O
0.1966
0.2060
0.2071
0.2062
0.2148
0.2023
0.2768
0.2683
0.2575

C–O–C
0.0048
0.0049
0.0045
0.0048
0.0053
0.0047
0.0066
0.0067
0.0069

Table 10: Average lifetimes τ of hydrogen bonds formed between different functional groups
of monoolein and the silica surface (quartz or cristobalite) based on simulation of 20 wt-%
monoolein in triolein with varying amounts of added water. C1 –OH denotes the primary
hydroxy group and C2 –OH the secondary hydroxy group of monoolein.

c(water) [wt-%]
0.33
0.65
1.00
1.20
1.40
1.60
0.33
0.65
1.60

surface
quartz
quartz
quartz
quartz
quartz
quartz
cristobalite
cristobalite
cristobalite

C1 –OH
386.29
325.06
369.47
349.90
308.13
273.56
3209.44
3169.18
2263.18

τ [ps]
C2 –OH C=O
425.49
479.82
349.97
491.70
398.94
494.36
375.49
469.69
344.44
474.81
273.56
364.86
4639.80 7029.45
4476.37 6090.82
3814.67 4705.96

C–O–C
37.95
35.81
46.81
36.87
30.12
33.62
276.99
278.40
210.85

the number of hydrogen bonds formed between water and the solvent triolein or monoolein.
Akin to the results of simulations of oleic acid with added water, there is a steady increase in
water – water hydrogen bonding with increased water concentration, which is characteristic
of water cluster formation. This, coupled with the increased hydration of monoolein headgroups based on Figure 22 could hint at the formation of aggregates with aqueous core
regions or interfacial water droplets.
Based on the results discussed here, the effects of water on monoolein adsorption are
concentration dependent. While minimal addition of water and initial hydration of the
headgroups appears to promote adsorption, upon further addition of water aggregation
and aggregate growth in bulk solution is favoured. The addition of water to the monoolein
– triolein system has minimal effect on the binding configuration of monoolein on either
quartz or cristobalite. This hints at a lack of water bridging between the surfactant and
the silica surface silanol groups. The added water provides a competitive effect on the
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Figure 22: Average number of hydrogen bonds formed per monoolein molecule in the
simulation box as a function of oil water content. The type of hydrogen bond has been
denoted by colour: intermolecular monoolein – monoolein (black, square), intramolecular
monoolein – monoolein (blue, upwards triangle), monoolein – triolein (green, diamond),
and monoolein – surface (orange, circle), monoolein – water (red, downwards triangle).
Solid lines denote simulations on quartz and dashed lines simulations on cristobalite. The
presented data is an average over the last 150 ns of simulation time.

Figure 23: Average number of hydrogen bonds formed per water molecule in the simulation
box as a function of oil water content. The data is based on simulations of 20 wt-%
monoolein in triolein on either quartz or cristobalite surface with 0.33 – 1.60 wt-% added
water. Solid lines denote simulations on quartz and dashed lines simulations on cristobalite.
The presented data is an average over the last 150 ns of simulation time.
adsorption of monoolein. This leads to a decrease in lifetimes of the hydrogen bonds
between the functional groups of monoolein and the silica surface.
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4.2.5

Surfactant association and aggregate formation

Amphiphiles dispersed in nonpolar media can form reverse micellar structures, that is,
aggregates in which the polar headgroups are shielded from the nonpolar solvent by the
nonpolar tail groups. The hydrophilic cores of such aggregates may incorporate water
molecules. Based on current literature, it is debatable whether the formation of large
reverse micelles is possible without the presence of even trace amounts of water. However,
contrary to surfactant aggregation phenomena in aqueous solutions, the physiochemical
properties of amphiphile solutions in nonpolar solvents typically change gradually with
no sharp transitions 29,41,83,99 . As such, the presence of a clear critical micelle-forming
concentration in nonpolar solvents is questionable 29,83,99 . Here the aggregation behaviour
of oleic acid and monoolein is examined with and without the presence of added water
to determine the dependence of aggregation propensity as well as aggregate size on the
amount of water present in the system.
Equilibrium aggregation and multimerization is classically described by either an open
association or a closed association model 263,264 . The former is most often observed when
elongated, chain-like structures are formed, such as in the case of living polymerization;
aggregates grow gradually and steadily in size with concentration 263 . The open association
model describes a step-wise aggregate growth through the addition or removal of monomers:
−
*
A1 + A 1 −
)
−
− A2
−
*
A1 + A 2 −
)
−
− A3
−
−
*
A1 + A3 )−− A4
.

(24)

.
.
−
*
A1 + A n −
)
−
− An+1
where An is an aggregate or a multimer of n subunits (surfactants). Following mass-action
law, the equilibrium concentration of An+1 aggregates cn+1 can be expressed as
cn+1 = kc1 cn

(25)

−−
*
where k is the equilibrium constant of the reaction A1 + An )
−
− An+1 . In cases where the
equilibrium constant k is independent of aggregate size n, the equilibrium concentration cn
reduces to
cn = cn1 k n−1
(26)
Conversely, the closed association model describes an all-or-none multimerization process
and involves the critical micelle concentration, at which there is a sudden change in the
physiochemical properties of the amphiphile solution 263,264 . Whereas the open association
model describes gradual step-wise growth of the aggregates, the closed association model
assumes the aggregation system to be described by only monomers A1 and monodisperse
micelles An with aggregation number n in the solution
−−
*
nA1 )
−
− An

(27)

Based on the equilibrium coefficient k of the reaction in Equation 27, the equilibrium
concentration cn of the monodisperse micelles of size n can be expressed as
cn = kcn1

(28)
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Both examined additives in this work, oleic acid and monoolein, exhibit tendency for
aggregation/association in the model solvent triolein. However, based existing literature,
the formed aggregates can be expected to be highly dynamic and unstable, without clear
distinction between a shielded polar core region and a surrounding, extended apolar corona,
as is usually characteristic of reverse micelles 29 . The dynamic nature of the aggregates
makes derivation of equilibrium statistics pertaining to characteristics such as aggregate
shape challenging due to limited ability to sample over an extended time window. The
formation of both oleic acid and monoolein aggregates were examined over the last 150 ns
of simulation time to enable sufficient equilibration of the systems.
Association of oleic acid The association and self-assembly of carboxylic acids has
been widely studied previously in gas, liquid and solution environments, mainly due to
their prevalent role as model systems in studying hydrogen bonding and hydrophobic
interaction 87,193,265–267 . Carboxylic acid molecules, such as acetic acid, are predominately
expected to associate is gas phase and in solution to form cyclic dimers. The dimer
structure is stabilized by two equivalent hydrogen bonds between the carbonyl oxygen and
the hydroxy groups of the carboxylic acid molecules 87,193,266 . In nonpolar solvents, the
dimerization constant is generally independent of alkyl chain length, where as in aqueous
solutions, it increases as a function of the hydrophobic alkyl tail length. The increased
dimerization constant in water is attributed to hydrophobic association interactions between
the carboxylic acid carbon tails. 87,267
The association of oleic acid in triolein solution in both examined concentrations, 10
wt-% and 20 wt-%, is evident from examination of the radial distribution functions between
the atoms comprising the carboxylic acid headgroup. The radial distribution functions
between the carbonyl oxygen O1 and hydroxy hydrogen Ho and between the carboxylic acid
carbons C1 have been presented in Figure 24. The first peak of the RDF between O1 and
Ho at ∼ 1.75 Å is in excellent agreement with the typical hydrogen bond distance of 1.64 –
1.73 Å associated with acetic acid in gas phase. The secondary peak at around 2.3 Å in the
O1–Ho RDF is associated with the intra-molecular O1-Ho distance 266,268 . According to
quantum chemistry calculations, the characteristic peak for C1–C1 intermolecular distance
should be at around 3.8 Å 266,268 . However, in Figure 24 we observe the characteristic peak
at a longer separation distance of ∼ 4.0 Å, most likely due to the differences in partial
charges of the headgroup atoms as well as the effect of solvent interaction as opposed to
calculations carried out in pure gas phase. The differences in RDF peak heights are largely
explained by differences in surfactant concentrations.
The aggregate size distribution for oleic acid in the simulated systems, that is, 10
and 20 wt-% oleic acid on quartz and 20 wt-% oleic acid on cristobalite in triolein, have
been plotted in Figure 25 using a logarithmic concentration scale. The presented data
is an average over the last 150 ns of simulation time. At both examined concentrations
and on both surfaces, the aggregate size distribution follows an exponential distribution
typically characteristic of the open association model with step-wise growth of aggregates
and no clear CMC, see Equation 24. The linear shape of the exponential aggregate
size distribution (linear due to the logarithmic concentration scale) is characteristic of a
classical open association model where subsequent aggregation steps have equal energetic
preference. Conversely, closed association aggregation would yield monodisperse micelles
of a system-dependent aggregation number, correlating to a single peak in the aggregate
size distribution. The open-association model is further supported by the gradual growth
in aggregate size with increased surfactant concentration evident from both the shift in
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Figure 24: Radial distribution g(r) function between oleic acid headgroup hydrogen Ho
and carbonyl oxygen O1 atoms (left) and headgroup carbon C1 atoms (right).

Figure 25: Aggregate size distribution for oleic acid in triolein on silica. Filled symbols
correspond to simulations on quartz, open symbols correspond to simulation on cristobalite.
aggregate size distribution in Figure 25 and the increase in average aggregation number
in Figure 26. Further evidence to support that he oleic acid system follows the open
association model is provided by examining the free unimer concentration of oleic acid
presented in Figure 26. The concentration of free unimer appears to grow steadily with
surfactant concentration. A plateauing of the unimer concentration would be expected
with the onset of CMC. However, it should be noted that the aggregation behaviour of
oleic acid was only examined in two distinct concentrations and a wider concentration
range should be examined to draw definitive conclusions. Example visualizations of the
formed oleic acid aggregates are presented in Figure 27. While oleic acid mostly prefers
dimerization, larger elongated filament like aggregates also briefly persist.
Based on the persistent high concentration of free oleic acid unimer in the triolein
solvent as evident in Figure 26b, the aggregation of oleic acid in triolein appears disfavoured.
In a recent publication, Vierros et al. 29 probed the free energy of association of palmitic
acid in both cyclohexane and triolein solvent based on the aggregate size distributions from
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Figure 26: Average aggregation numbers (right) and free unimer concentration (left) for
monoolein and oleic acid in triolein simulated on a silica surface. Closed symbols correspond
to simulations on quartz and open symbols to simulation on cristobalite. The presented
data is an average over the last 150 ns of simulation time with errorbars representing
standard deviation.

Figure 27: Visualizations of aggregate examples formed by oleic acid in triolein at 20 wt-%
oleic acid concentration.
MD simulation using the CHARMM C36 and CHARMM C27 force fields. They concluded
that while aggregation was preferred in cyclohexane, aggregation in triolein appeared
energetically disfavoured, yielding positive free energy values for association. Palmitic acid,
compared to oleic acid, has a slightly shorter, fully saturated carbon tail. The kink in the
carbon tail of oleic acid introduced by a cis double bond would likely result in increased
steric hindrance in the formation of larger aggregates, resulting in larger energetic penalties
and therefore shifting the resulting aggregate size distribution towards smaller aggregates.
Additionally, an increase in the length of the carbon tail from the 16 carbons of palmitic
acid to the 18 carbons of oleic acid also slightly increases the lipophilicity, and therefore
solvation of the surfactant in the apolar triolein solvent, resulting in further reduction in
aggregate size.
Lastly, one must question whether adsorption to surface or aggregation in solution is
preferred by oleic acid. When compared to the results for paltimic acid aggregation in
triolein by Vierros et al. 29 , no clear discrepancies in the aggregation behaviour compared
to the systems examined here are evident. The effect of a silica surface on the aggregation
behaviour of oleic acid appears minimal and aggregation in bulk oil appears generally
favoured over adsorption at the surface. This was in part predicted by the small free energy
of adsorption values for oleic acid on both quartz and cristobalite. On quartz, oleic acid
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appeared to exhibit weak preference for adsorption, with a free energy of adsorption of
Eads = −4.89 kJ/mol, while on cristobalite this adsorption energy is halved. As discussed
previously, the difference in adsorption strength on the two surfaces is likely due to the
sparsity of silanol groups on cristobalite coupled with the high flexibility of the oleic acid
headgroup.
Aggregation of monoolein Monoglycerides are amphiphilic esters of glycerol with fatty
acids and can from three distinct liquid crystalline phases as well as a reverse micellar
phase depending on mainly temperature and water content 261,269 . The aggregation and
adsorption behaviour of monoolein was examined within a monoolein concentration range
of 5 to 25 wt-% in triolein on both quartz and cristobalite.

Figure 28: Left: Aggregate size distribution for monoolein in triolein on silica. Filled
symbols correspond to simulations on quartz, open symbols correspond to simulation on
cristobalite. Right: A zoom to the nagg = 0 – 15 region of the aggregation distribution
curves plotted separately for clarity.

Figure 29: Visualizations of aggregate examples formed by monoolein in triolein at 20 wt-%.
The aggregate size distributions for monoolein in triolein on quartz and cristobalite have
been plotted in Figure 28 using a logarithmic concentration scale for clarity. The choice of
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silica surface (quartz or cristobalite) appears to have no significant effect on the produced
aggregate size distribution. Based on the free energy calculation presented previously in this
work, adsorption of monoolein on cristobalite (Eads = −11.30 kJ/mol) is significantly more
energetically favourable when compared to adsorption on quartz (Eads = −6.22 kJ/mol).
Therefore, more monoglyceride would be expected to adsorb at the cristobalite surface at a
given concentration below a saturation concentration compared to quartz, thus decreasing
the local concentration of monoolein in the bulk triolein solvent. This would shift the size
distribution of aggregates formed on a cristobalite surface towards smaller aggregate sizes.
However, such a shift is not evident in the results presented here. This hints that either
aggregation of monoolein is more favourable as opposed to adsorption at the quartz or
cristobalite surface or adsorption to surface occurs in aggregates.
Vierros et al. 29 investigated the free energies of association for aggregation of monopalmitin
in triolein based on aggregate size distributions generated using MD simulation with
CHARMM C27 and CHARMM C36 force fields. They determined the free energy of
aggregation for monopalmitin as −0.74 – −2.92 kJ/mol depending on the aggregation
step assuming an open association model. However, direct comparison of the free energy
values for aggregation to the adsorption free energy values presented here should be done
cautiously at best, due to the significantly different computational methodologies employed.
Additionally, as monoolein consists of a longer carbon tail containing a cis double bond, as
previously discussed in the case of palmitic acid and oleic acid, slightly larger energetic
penalties are expected for aggregate formation, due to steric hindrances and the increased
lipophilicity of the surfactant. The number average aggregation number of monoolein and
free unimer concentration as a function of monoolein concentration have been plotted in
Figure 26b. Notably, there is no clear difference between the average aggregation numbers
between simulations on quartz or cristobalite as the slightly higher aggregation numbers
on cristobalite fall well within the margin of error. When compared to the aggregate
size distributions for monopalmitin by Vierros et al. 29 , it is apparent that while their
simulations produce singular larger aggregates than what is present in the simulations
presented here, the average aggregation numbers for monopalmitin mirror those calculated
here for monoolein.
While number average aggregation number of monoolein appears to grow somewhat
linearly with surfactant concentration as evident from Figure 26, the free unimer concentration of monoolein appears to plateau past 10 wt-%. Such plateauing is characteristic of the
onset of CMC 263 . For monopalmitin, Vierros et al. 29 found the free unimer concentration
to plateau past 0.25 M monoolein concentration which corresponds to ≈ 9.6 wt-%. This is
in excellent agreement with plateauing behaviour of monoolein unimer concentration at
10 wt-% examined here. Additionally, no significant variance in free unimer concentration
between the two examined silica surfaces is apparent.
While the plateauing of the free unimer concentration already hints at the existence of
a CMC and deviation from the open association model for aggregation, further evidence
is provided when comparing the aggregate size distribution of monoolein as a function of
increasing surfactant concentration. Based on the aggregate size distributions presented
in Figure 28, it is clear that an increase in monoolein concentration gradually shifts
the aggregate size distribution towards larger aggregates. This concentration induced
aggregate growth is in agreement with experimental results for diglycerol monolaurate and
monomyristate reverse micelles in olive oil as characterized by Shrestha et al. 41 . However,
while in the case of oleic acid, exponential aggregate size profiles were generated for at both
10 and 20 wt-%, for monoolein deviation from the exponential distribution associated with
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the classical open association model becomes apparent as the concentration fo monoolein is
increased. In Figure 28 this is evident especially in the 0 – 6 aggregation number region as
a deviation from linearity of the distribution (due to the logarithmic concentration scale).
This subtle deviation is most evident from aggregate size distribution at 20 and 25 wt-%. As
opposed to the classical open association model where all subsequent aggregation steps of
step-wise aggregate growth are equally likely, in the case of monoolein at 20 and 25 wt-%, the
first aggregation steps appear energetically disfavoured compared to subsequent aggregation
steps. This is in agreement with the free energies of association determined by Vierros et
al. 29 for the formation of monopalmitin dimers (∆Eassociation = −0.74 kJ/mol), trimers
(∆Eassociation = −1.84 kJ/mol) and larger aggregates (∆Eassociation = −2.92 kJ/mol).
Based on existing literature, it is debatable whether reverse micellar structures, that
is, aggregates with a localized hydrophilic core shielded by a hydrophobic corona, can
form in the absence of even trace amounts of water or other low-molecular weight gelator
agent in the system 41,61,81,99 . Example visualization of formed monoolein aggregates with
different aggregation numbers at 20 wt-% monoolein concentration have been presented in
Figure 29. Especially at higher aggregation numbers, monoolein forms elongated ellipsoidal,
filament-like aggregates which do not exhibit the shielded hydrophilic core typical of reverse
micelles. Based on experimental findings, monoglycerides are expected to from cylindrical
aggregates with a relatively constant cross sectional area with concentration induced one
dimensional micelle growth 29,41,99 .
4.2.6

Effect of water on aggregate structure

Based on existing literature, surfactants dispersed in non-polar media do not typically
form reverse micellar structures, unless a small amount of water or other low-molecular
weight polar gelator agent is present. However, trace amounts of water are always present
as impurities in vegetable oils, with the water content of conventional vegetable oils
varying between 0.02 wt-% and 0.09 wt-% 48 . While the effect of water on the selfassembly of free fatty acids in non-polar solvents has received little attention, the effect
of water monoglyceride self-assembly and phase behaviour is better understood 28,88,89,99 .
Generally, the effect of water on the phase behaviour of long acyl chain monoglycerides,
such as monoolein, becomes significant when the ratio of water molecules per molecules of
monoglycerides exceeds one 88,89 . Water molecules have a strong affinity for the glycerol
head-groups of monoglyceride. For the 20 wt-% monoolein in oil solutions examined here,
this transition is expected to occur at 1.0 wt-% water content. In this work, the effect of
water on the aggregation behaviour of both oleic acid and monoolein is examined based
on simulations of 20 wt-% surfactant in triolein with 0.33 – 1.60 wt-% added water. For
monoolein, aggregation on both quartz and cristobalite is examined, while the association
of oleic acid is limited to simulations on a quartz surface.
First, it is important to examine the hydration of the hydrophilic head-groups of both
oleic acid and monoolein. Any added water in the system is expected to have a high affinity
towards the polar head-groups of the dispersed surfactants. The radial number densities of
water oxygens with respect to the hydroxy and carbonyl oxygens of oleic acid have been
plotted in Figure 30. While both of the functional oxygens function as potential hydration
sites for water, with a sharp peak in the radial number density of water at ∼ 3 Å, the
hydroxy oxygen is the more preferred hydration site. The degree of hydration of both the
hydroxy and the carbonyl oxygens increases steadily with increased water concentrations up
to 1.20 wt-% of water. Curiously, 1.20 wt-% water concentration corresponds to a solution
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Figure 30: Radial number density profiles of water oxygens around a) the hydroxy oxygen
and b) the carbonyl oxygen of oleic acid. The data is an average over the last 150 ns of
simulation time for simulations of 20 wt-% oleic acid on quartz with 0.33 – 1.60 wt-%
added water.
with one water molecule per one oleic acid molecule. As mentioned, the higher examined
concentrations (c(water) > 1.00 wt-%) are susceptible to water clustering and formation
of large water droplets, making equilibration of the systems challenging. The preferred
hydration of the hydroxy group over the carbonyl group of oleic acid is also supported by
examining the fraction of total hydrogen bonds formed by each of functional oxygen of
oleic acid to water presented in Table 11. At low water concentrations, e.g. 0.33 wt-%,
∼ 63 % of all hydrogen bond between oleic acid and water are formed by the hydroxy
group. With increased water concentration, the difference of hydration between the two
oxygens of oleic acid is gradually evened out, up to a water concentration of 1.4 wt-%, with
no charge in hydration occurring between 1.40 and 1.60 wt-%. At 1.40 wt-%, the hydroxy
oxygen of oleic acid still form the majority of hydrogen bonds with water at ∼ 59 %. This
preference of the hydroxy group is most likely explained by the hydroxy oxygen being able
to function as both an acceptor and a donor in hydrogen bond formation. The average
lifetimes of hydrogen bonds formed by the hydroxy oxygen are also significantly longer
compared to hydrogen bonds formed by the carbonyl oxygen, see Table 12.
Table 11: Fraction of hydrogen bonds formed by the two oxygens of the carboxylic acid
group of oleic acid when binding to dispersed water molecules.

c(oleic acid) [wt-%]
20
20
20
20
20
20

c(water) [wt-%]
0.33
0.65
1.00
1.20
1.40
1.60

surface
quartz
quartz
quartz
quartz
quartz
quartz

C–OH
0.6295
0.6172
0.6032
0.5955
0.5898
0.5896

C=O
0.3705
0.3828
0.3968
0.4045
0.4102
0.4104

The radial number densities of water oxygens with respect to the functional oxygens of
oleic acid have been plotted in Figure 31. Akin to the case of oleic acid, the hydroxy groups
of monoolein are the most preferred hydration positions with only minimal preference of
the primary hydroxy group hydration over the secondary hydroxy group. The hydration

72
Table 12: Average lifetimes τ of hydrogen bonds formed by the two oxygens of the carboxylic
acid group of oleic acid when binding to water molecules.

τ [ps]|
c(oleic acid) [wt-%]
20
20
20
20
20
20

c(water) [wt-%]
0.33
0.65
1.00
1.20
1.40
1.60

surface
quartz
quartz
quartz
quartz
quartz
quartz

C–OH
639.41
571.43
488.87
465.35
428.25
400.15

C=O
314.48
309.04
276.27
254.43
241.30
202.62

of both hydroxy groups increases steadily with water concentration. Some hydration of
the carbonyl oxygen is also apparent, although the water number density surrounding the
carbonyl oxygen is less than half of the hydration of the hydroxy groups. For the ether
oxygen, minimal water is present within a hydrogen bonding distance (r < 3.5 Å) with the
global maximum in the water radial density being most likely cause by the hydration of the
adjacent carbonyl oxygen. Based on Figure 31, the hydration patterns for the functional
oxygens of monoolein appear independent of the silica surface.
The hydration preference of monoolein functional oxygens is supported by examining
the fraction of monoolein – water hydrogen bonds formed by each of the functional oxygens
in Table 13. The fraction of hydrogen bonds formed by each of the functional groups
follows from highest to lowest follows a similar order to that established for hydration
preference based on the radial number density plots: primary hydroxy oxygen, secondary
hydroxy oxygen, carbonyl oxygen, and ether oxygen. The preference of the two hydroxy
groups as hydration sites is most likely explained by their ability to function as both an
acceptor and a donor in hydrogen bond formation, with the primary hydroxy group being
sterically more readily available. The average lifetimes of the hydrogen bonds formed
by each of the functional oxygens of monoolein have been presented in Table 14. The
strength of the hydrogen bonds from strongest to weakest based on average lifetimes mirrors
the hydrations preference order. There is a significant decrease in average lifetime of all
monoolein – water hydrogen bonds as a function of increased water concentration, which
is most likely explained by the competitive effect of water clustering with itself at higher
water concentrations.
The hydrophilic headgroups of both oleic acid and monoglyceride are readily hydrated
with increasing water concentration. Generally the addition of small polar additives
tends to solubilize the interiors of reverse micellar cores, causing a considerable increase
in aggregation number 99,270 . At higher water concentrations water also readily clusters
with itself, forming a favourable water-triolein interface for adsorption of the hydrophilic
surfactant head-groups.
The aggregate size distribution of 20 wt-% oleic acid with 0.33 – 1.60 wt-% of added
water has been presented in Figure 32. Even at 0.33 wt-% water content, the aggregate
size distribution is shifted towards larger aggregates when compared to simulations with
no added water. The shift in becomes more apparent at water concentration at and above
1.00 wt-%. Example visualization of the formed oleic acid – water aggregates have been
presented in Figure 33. The larger aggregates constitute of a highly aqueous core, and
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Figure 31: Radial number density of water oxygens with respect to monoolein a) carbonyl,
b) ether, c) primary hydroxy, and d) secondary hydroxy oxygens. The presented data is an
average over the last 150 ns of simulation time of 20 wt-% monoolein in triolein with 0.33 –
1.60 wt-% added water. Solid lines correspond to simulations on quartz and dashed lines
to simulations on cristobalite.
Table 13: Fraction of hydrogen bonds formed by each functional group of monoolein and
water molecules based on simulations 20 wt-% monoolein with added water.

c(water) [wt-%]
0.33
0.65
1.00
1.20
1.40
1.60
0.33
0.65
1.60

surface
quartz
quartz
quartz
quartz
quartz
quartz
cristobalite
cristobalite
cristobalite

C1 –OH
0.4370
0.4361
0.4355
0.4342
0.4334
0.4331
0.4476
0.4374
0.4378

C2 –OH
0.4014
0.3993
0.4022
0.4029
0.4040
0.4043
0.3954
0.4027
0.4038

C=O
0.1571
0.1600
0.1574
0.1579
0.1575
0.1574
0.1529
0.1552
0.1530

C–O–C
0.0044
0.0046
0.0049
0.0050
0.0051
0.0052
0.0041
0.0047
0.0054

the water clustering present at water concentrations above 1.00 wt-% offers a favourable
interface for adsorption of the hydrophilic oleic acid head-groups. Despite the presence of
notably larger aggregates with added water, only the tail end of the aggregate distribution is
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Table 14: Average lifetimes τ of hydrogen bonds formed between different functional groups
of monoolein and water molecules based on simulation of 20 wt-% monoolein in triolein
with varying amounts of added water.

c(water) [wt-%]
0.33
0.65
1.00
1.20
1.40
1.60
0.33
0.65
1.60

surface
quartz
quartz
quartz
quartz
quartz
quartz
cristobalite
cristobalite
cristobalite

C1 –OH
593.18
511.32
458.26
397.23
366.43
324.13
1945.62
1395.77
674.49

τ [ps]
C2 –OH C=O
561.65
293.09
487.55
238.58
428.45
204.94
378.79
180.47
345.92
162.91
306.35
143.49
1570.73 835.86
1293.94 671.93
596.68
310.71

C–O–C
17.04
16.32
15.44
14.82
14.47
13.71
36.02
27.65
18.99

Figure 32: Aggregate size distribution for 20 wt-% oleic acid in triolein with 0.00 – 1.60 wt% of added water simulated on a quartz surface.

Figure 33: VMD snapshots of oleic acid and water aggregates from simulations of 20 wt-%
oleic acid in triolein with 1.00 wt-% of added water on a quartz surface.
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shifted towards larger aggregates, while the first few association steps, namely dimerization
and trimerization are largely unaffected compared to simulations without added water.
The number average aggregation number and free unimer concentration for 20 wt-% oleic
acid as a function of water concentration have been plotted in Figure 34. Both the number
average aggregation number and the free unimer concentration appear largely independent
of water concentration, which further supports that the first association steps remain largely
unaffected by oleic acid headgroup hydration.

Figure 34: Average aggregation numbers (left) and free unimer concentration (right) for
20 wt-% monoolein and oleic acid in triolein with dispersed water simulated on a silica
surface. Closed symbols correspond to simulations on quartz and open symbols to simulation
on cristobalite. The presented data is an average over the last 150 ns of simulation time
with errorbars representing standard deviation.
Figure 35 plots the aggregate size distribution based on simulations of 20 wt-% monoolein
with 0.33 – 1.60 wt-% added water on both quartz and cristobalite. As for the aggregation
of monoolein with no added water, the aggregation response is similar on both the examined
surfaces. Akin to the aggregation of oleic acid, the addition of even minimal amounts
of water to the system shifts the aggregate distribution towards larger aggregates and
deviation from the exponential size distribution of the classical open association model
becomes more pronounced as more water is introduced into the system. While the shift
in aggregate size distributions is small at 0.33 – 0.65 wt-%, the favorability of larger
aggregates becomes more prominent at water concentrations exceeding 1.00 wt-%. Unlike
in the case of oleic acid, this shift in aggregate size is reflected in the gradual increase of the
number average aggregation number of monoolein presented in Figure 34. However, the
standard deviation in average aggregate size is substantially large, most likely due to the
dynamic, unstable nature of the larger aggregates. Interestingly, the free monoolein unimer
concentration appears independent of water concentration. It is likely that, as in the case
of oleic acid aggregation, the initial aggregation steps are independent of the added water
within the examined water concentration range. This means that the effect of water is
most notable in driving the further growth of larger aggregates after initial aggregation.
This result is supported by the experimentally observed growth of di- and monoglycerol
fatty acid ester cylindrical reverse micelles through elongation when water is added into
apolar media 61,271 .
Example visualizations of formed monoolein water aggregates have been presented in
Figure 36. While the smaller aggregates retain the filament like structure of aggregates
formed without the presence of water, the larger aggregates appear swollen with an aqueous
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Figure 35: Left: Aggregate size distribution for 20 wt-% monoolein in triolein on quartz
with 0.00 – 1.60 wt-% added water. Right: Aggregate size distribution on quartz (filled
symbols) and cristobalite (open symbols).

Figure 36: VMD snapshots of example aggregates of monoolein and water from simulations
of 20 wt-% monoolein in triolein with 1.00 wt-% of added water on a quartz surface.
micellar core while retaining a cylindrical shape. Shrestha et al. 99 found that glycerol
monomyristate in oil forms elongated, cylindrical reverse micelles with a swollen aqueous
core when water is introduced into the system. They found that while the micelle size
increases with increased water concentration, the general shape of the micelle remains
constant. This growth in aggregate size was attributed to increased hydration of the
polar headgroups of glycerol monomyristate leading through strong hydrogen bonding,
which in turn results in an increase in the hydrophilic size of the surfactant and a lower
critical packing parameter. The increased hydration of monoolein as a function of water
concentration along with apparent growth in aggregate size nicely reflect the prior findings
of Shrestha et al. 99 .
Based on the results presented here it can be concluded that any addition of water into
a mixture of monoolein or oleic acid and triolein leads to a hydration of the hydrophilic
head-groups of the surfactant through strong hydrogen bonding. For both oleic acid and
monoolein, the hydration of hydroxy groups is preferred over other functional groups, with
steric availability contributing to the slight preference of the primary hydroxy group over
the secondary hydroxy group in the case of monoolein. The hydration of the hydrophilic
headgroups along with clustering of water, especially at higher water concentrations, shifts
the aggregation preference towards larger aggregates while the initial aggregation steps
remain largely unaffected. The larger formed aggregates, especially in the case of oleic
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acid, often exhibit a highly aqueous core.
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5

Conclusions

Vegetable oils, as well as other bio-based oils in general, offer an alternative source of
raw-material to fossile-based crude oils in the energy industry as well as in materials and
chemicals manufacturing 1–4,6,7 . However, efficient purification and extraction methods for
the removal of minority components, such as free fatty acids, mono- and diglycerides, and
phospholipids are required for economic down-stream processing of the oils, with an effort
to cut-down on the high energy costs, production of harmful effluents, waste, and loss
of valuable by-products characteristic of current multi-step purification processes 1,3,13,16 .
Adsorption at silica and other organoclay based surfaces plays an important role in vegetable oil purification processes, such as dry washing 14–16 , as well as in more generally
understanding the behaviour of vegetable oils at the liquid–solid interface. While adsorption
of biomolecules at solid–water interfaces has received significant attention 23,130,169,170,172,272 ,
understanding of biomolecule adsorption at a solid–oil interface remains lacking 15,112–114,273 .
While a variety of experimental techniques, such as spectroscopic, calorimetric and
microscopy methods, can provide insight into the dynamics of adsorption systems, these
techniques are often limited in their spatial and temporal resolution 23,274 . As most adsorption phenomena are mediated by atomic scale interactions, such as hydrogen bonding 23,115 ,
molecular dynamics simulation offers an ideal tool for the examination of adsorption phenomena in atomistic detail. In this thesis, the adsorption and aggregation behaviour of
model vegetable oil constituents on two distinct crystalline silica surfaces was examined
through MD simulation. The adsorption preference of water, glycerol, monoolein, oleic acid
and two phospholipids species from a triglyceride solvent onto two model silica substrates,
quartz and cristobalite, was examined. The adsorption strengths of single additive molecules
were determined based on free energy profiles calculated using steered MD simulations.
Additionally the adsorption and aggregation of two model surfactants, monoolein and oleic
acid, in bulk solution with and without added water was examined.
Based on the PMF calculations of single additive molecule adsorption onto either
quartz or silica, adsorption strength on both of the examined model silica substrates
was most notably affected by the charge of the surfactant hydrophilic headgroup; the
two examined charged phsopholipids adsorbed significantly stronger on both quartz and
cristobalite. When examining the adsorption of non-ionic additives and the solvent triolein,
adsorption on cristobalite was preferred over quartz. Therefore, adsorption strength of
nonionic surfactants appears especially sensitive to surface OH-group density. On the
examined quartz surface with high OH-group density, the surface OH-groups are able to
hydrogen bond with one another, creating a competitive effect to additive adsorption. On
cristobalite, with sparser OH-group density, hydrogen bonding between the OH-groups at
the surface does not occur, contributing to more favourable adsorption of additives at the
surface despite the lower number of potential adsorption sited. Finally, additive adsorption
at the silica surface is affected by the ability of the adsorbate to hydrogen bond with the
surrounding triolein solvent.
The effect of surfactant concentration on both adsorption and aggregation phenomena
was examined by simulating 5 – 25 wt-% monoolein or oleic acid in triolein on either quartz
or cristobalite surface. Examination of surfactant adsorption from bulk revealed that while
the amount of adsorbed surfactant at the silica surface is concentration dependent, only
a minority of the surfactant is present at the surface at any of the examined systems. A
majority of the surfactants form aggregates in the bulk solvent. The formed aggregates,
especially in the case of monoolein, were filament like, and highly dynamic with no clearly
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shielded core, differing greatly from the expected structure of reverse micelles. For both oleic
acid and monoolein, average aggregation number increased with surfactant concentrations,
with the formation of larger aggregates being more energetically favoured at high monoolein
concentrations.
Finally, the effect of oil water content on the surfactant adsorption and aggregation
was examined by simulating 20 wt-% of monoolein or oleic acid in triolein with 0.33 –
1.60 wt-% added water on quartz ans cristobalite. The introduction of water into the
system provides a competitive adsorbate species and, more notably, drives the formation
of larger aggregates. The effect of water on adsorption differed between the two examined
surfactants. For oleic acid, adsorption at the silica surface increased with increasing water
content. For monoolein, while the initial introduction of 0.33 wt-% water into the oil
slightly increased adsorption at the silica surface, adsorption gradually decreased as more
water was introduced. The majority of both monoolein and oleic acid remained dispersed in
the triolein solvent, forming aggregates. The aggregate size grows gradually with increased
surfactant concentration. Water present in the system significantly promotes aggregate
growth. With monoolein, elongated cylindrical micelles with a swollen aqueous core are
formed. In simulations of oleic acid with added water, the formation of water droplets in
the oil appeared to drive formation of larger aggregates, with the water–oil interface being
energetically attractive for oleic acid adsorption.
Model systems are often heavily simplified from reality, while also being limited by the
short temporal and spatial resolution available. For example, the simplified surfactant–
oil and surfactant–water–oil systems examined in this work are rough simplification of
the heterogeneous multi-component mixtures of real vegetable oils. As such, while the
present simulations enable us to conclude some general trends in terms of adsorption and
aggregation as affected by surfactant and water concentration, predicting the effect of
competitive adsorption in real vegetable oils would require examination of more complex
model systems. Similarly, the role of adsorbent surface defects, such as pores or steps,
would have to be modelled for a closer approximation of real-world adsorption phenomena.
On the other hand, simplification of a real system to a model system and observation
of persistent phenomena can help identify crucial driving components in the system.
Regardless, molecular dynamics simulation provides a useful tool for examining both
time dependent properties, and equilibrium properties on a molecular scale. Additionally,
molecular dynamics can offer information about a system that is often either challenging
or inaccessible to current experimental techniques, such as detailed aggregate size and
structural information.
Overall this thesis provides useful, novel insight into the behaviour of previously largely
unstudied systems, that is, detailed description of the adsorption and aggregation of
both uncharged and charged surfactant species on inorganic surfaces in non-polar solvent
environments. The conclusion presented in this thesis provide insight into understanding
of vegetable oil constituent interaction at liquid – solid interface, as well as, guidelines for
the design of efficient adsorbent materials for use in vegetable oil purification processes.
Additionally, the highly specific tunability of monoglyceride and fatty acid aggregate
size and shape through variation of factors such as surfactant and water concentration,
temperature, and surfactant structure, underlines the potential of these systems in a wide
variety of applications, including use as microreactors and in drug delivery systems 29,41,61,99 .
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