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Abstract

Here, the adsorption of impurity species from triglyceride solvent representing
a model vegetable oil is studied using atomistic molecular dynamics simula-
tions. We compare the adsorption of water, glycerol, oleic acid, monoolein,
and two types of phospholipids on model silica adsorbents differing in their
OH-group density, i.e. hydrogen bonding ability, quartz and cristobalite. We
find that the species containing charged groups, phospholipids DOPC and
DOPE, adsorb significantly stronger than the nonionic impurities. Secondary
contribution to adsorption arises from hydrogen bonding capability of the im-
purity species, the silica surface, and also the triglyceride solvent: in general,
more hydrogen bonding sites in impurity species leads to enhanced adsorp-
tion but hydrogen bonding with solvent competes for the available sites. In-
terestingly, adsorption is weaker on cristobalite even though it has a higher

hydrogen bonding site density than quartz. This is because the hydrogen
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bonds can saturate each other on the adsorbent. The finding demonstrates
that optimal adsorption response is obtained with intermediate adsorbent
hydrogen bonding site densities. Additionally, we find that monoolein and
oleic acid show a concentration driven adsorption response and reverse mi-
celle like aggregate formation in bulk triglyceride solvent even in the absence
of water. The findings offer insight into adsorption phenomena at inorganic
adsorbent - apolar solvent interfaces and provide guidelines for enhanced

design of adsorbent materials for example for vegetable oil purification.
Keywords: Molecular dynamics, Adsorption, Aggregation, Vegetable oil,
Colloids in oil, CHARMM

1. Introduction

Bio-based oils are an important food staple but also a renewable, envi-
ronmentally more sustainable replacement to conventional fossil-based crude
oils [1-5]. Additionally, they offer a reliable, low toxic, low cost starting ma-
terial for products of variable structure and functionality, for example paints,
coatings, adhesives, synthetic polymers, biomedical glues, drug carriers, and
tissue scaffolds [5-8]. In general, bio-based oils are considered a renewable
and green option, although their usage in chemical technology remains lim-
ited by downstream processing costs [9]. Consequently, the current biggest
technical market for vegetable oils comprises of products that are easily at-
tainable from plant-oils, such as detergents and slipping agents [10]; this
clearly calls for improvements in the efficiency and control for vegetable oil
processing. Here, we focus on an important step in oil purification but also

in bio product extraction from plant oils, adsorption of plant oil components



15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

to adsorbent.

Although crude vegetable oils consist mainly of triglycerides, they also
contain a wide variety of minor components, such as mono- and diglycerides,
phospholipids, free fatty acids, fatty acid soaps, colouring pigments, proteins,
sterols, free glycerol, and water [11, 12|. These impurities may adversely af-
fect both the manufacturing process and the quantity and quality of plant
oil based products, for example by introducing unwanted colour or flavour or
shortening the shelf-life of the oil. To reach desirable oil quality for both leg-
islative and industry standards, commonly multi-stage purification processes
are employed. These involve 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 [1, 3, 13-16]. However, complex
multi-step purification processes come with a high energy cost and produce
both solid waste and polluted effluents. Additionally, valuable by-products
are lost due to destructive treatment of the oil with alkaline reagents.

A very interesting, less destructive alternative for impurity removal from
vegetable oils is dry-washing the oil using solid adsorbents. In this approach,
the undesired components of the oil adsorb to the adsorbent, and can be
removed with it. The approach was originally used to remove chlorophyll
and pigments, but it can be used also for selective adsorption of hydrophilic
impurity species, such as, glycerol [14], mono- and diglycerides [14], fatty
acids [17-19], soaps [19], or phospholipids [20, 21] from the oil. Common
adsorbents for the process include, e.g., silicates, silica-based adsorbents, and
organo-clays, ion exchange resins, and activated carbon [14, 17, 18, 20, 22, 23|.

Although adsorption-based purification of vegetable oils is widely used
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at industrial scale, molecular level studies of the adsorption phenomena are
severely lacking; little is known about the thermodynamics and kinetics un-
derlying the multicomponent adsorption. This is mainly due to challenges
of model systems in describing accurately the vegetable oil environment. In
particular, the influence of naturally occurring moisture and bulk aggrega-
tion of minor chemical species make predicting and interpreting the response
challenging [21]. Some molecular level adsorption studies involving vegetable
oils do, however, exist. For example, the kinetics and energetics of adsorp-
tion processes in vegetable oils on a variety of organo-clay, activated car-
bon, and mineral surfaces have been described using adsorption isotherms
derived based on quartz crystal micro balance (QCM) [24], interferometric
surface force apparatus (SFA) [25, 26|, rheometry [27], colorimetry [28-31],
and Fourier transform infrared spectrosopy (FT-IR) [32]. Furthermore, the
formed structures at the oil — solid interface have been characterized using
sum frequency spectroscopy (SFS) [33] and x-ray and neutron reflectome-
try [34-36]. Also computational approaches to the adsorption of surfactants
and other organic compounds at the apolar oil — solid interface exist, see
e.g. Refs. 37-44. However, adsorption at the water — solid interface, see
e.g. Refs. 45-57 has received more attention. Notably the existing computa-
tional works reveal that adsorption at the oil — solid interface is affected by a
complex interplay of factors, such as, surface chemistry and surface morphol-
ogy, oil composition, the presence of polar additives, adsorbate saturation,
pressure and possible shear forces [37-40].

An important factor influencing both the vegetable oil characteristics and

adsorption from the oil is the self-assembly of minority components. The
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self-assembly of vegetable oil constituents, such as phospholipids, monoglyc-
erides, and to a lesser extent fatty acids and diglycerides, in nonpolar sol-
vents has been studied both experimentally using calorimetry [58, 59|, dye
solubilization [60], light scattering |61, 62|, and small angle X-ray scattering
techniques [62-67] but also via computational means [60, 68-73]. The studies
reveal that the structure and stability of any aggregates formed in the apolar
solvents are highly sensitive to temperature [60, 64, 66|, solvent [61, 65, 70],
additive concentration |60, 66, 67, 70|, as well as, the presence of polar im-
purities, such as water [60, 67, 69, 72].

Molecular modelling methods provide detailed insight into the entire
adsorption process, that is, description of adsorbates diffusion at the sur-
face [74, 75], solvent and adsorbate structure and possible phase transitions
at the surface [49, 74-78|, as well as, insight into the adsorption and desorp-
tion kinetics |74, 79]. Despite the high practical importance of vegetable oils
and the well-established oil chemistry and composition dependency of both
adsorption and self-assembly in oils, we are not aware of existing molec-
ular modelling works addressing adsorption from vegetable oils. Here, we
use molecular modelling methodology to examine systematically adsorption
onto two distinct crystalline hydrophilic silica surfaces in model vegetable
oil. We compare the adsorption responses of different oil minority compo-
nents to extract general guidelines for the adsorption in terms of surface
activity and adsorbate chemistry. The findings enable drawing conclusions
of the adsorption preferences of a variety of components examined, namely
water, glycerol, oleic acid, monoolein, and two types of phospholipids. Ad-

ditionally, we map the effect of surfactant concentration on the aggregation
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and adsorption preference via comparing monoolein and oleic acid solutions.
The results presented in this work offer insight into the molecular interaction
mechanisms underlying practical adsorption phenomena in apolar environ-
ments and serve as basic guidelines in the development of optimal adsorbent

surfaces.

2. Computational methods

The adsorption of water, glycerol, oleic acid, monoolein, dioleoylphos-
phatidylcholine (DOPC), and dioleoylphosphatidylethanolamine (DOPE) from
triolein as model vegetable oil on either a-quartz or a-cristobalite model sil-
ica substrates was examined. Adsorption was characterized by determining
the potential of mean force (PMF) corresponding to adsorption for single
adsorbate molecules. For monoolein and oleic acid, also 5 — 25 wt-% bulk
concentrations were examined to resolve the distribution of the surfactants
to bulk solution aggregates and adsorbed ones, as well as, characterization of
the formed structures. A summary of the structures of the adsorbate species,
the solvent triolein, and sample simulation systems are presented in Figure 1.
The molecular structures of the two silica adsorbents are presented in Figure
2.

The choice of triolein as a model vegetable oil solvent follows both ear-
lier experimental [80-82] and computational studies [60, 70, 71]. The model
adsorbents a-quartz and a-cristobalite were chosen to probe the dependence
of vegetable oil additive adsorption on the silica surface silanol (OH-) group
density, which can vary between 0.0 OH/nm? and 9.4 OH/nm?. a-quartz

corresponds to the maximum possible silanol group density 9.4 OH/nm?,
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while on a-cristobalite the silanol group densty is 4.7 OH/nm?. The se-
lected surface models correspond to silica surfaces present at pH 2-4, where
no ionization of the silanol Si-OH groups into siloxide Si-O~ groups takes
place [83]. Outside pH range extrema, the degree of ionization of silanol
groups on silica can range from 0.0 to 0.2 ionized groups per nm?, depend-
ing on pH, ionic strength of the solution, and surface type [84-87]. The
examined adsorbate species comprise a variety of naturally present minority
components in plant oils and are selected to provide a broad view on the
adsorption response from plant oils.

Gromacs 5.1.5 simulation package [88] was used for the molecular dynam-
ics (MD) simulations. The analysis was done using Gromacs 2016.5. For the
biomolecular species, the standard CHARMM C27 force field [89-92| cou-
pled with a united atom solvent representation [93] was used: the triolein
alkyl tails were described with the united-atom description, while all-atom
description was retained for the headgroups. This enables accurate probing
of, e.g., hydrogen bonding which is important for adsorption. The a-quartz
and a-cristobalite surfaces were described using the CHARMM C27 com-
patible silica parametrization by Emami et al. [83|. Here, silanol groups, as
well as all other surface atoms are mobile, leading to a dynamic hydrogen
bonding pattern on of the surface silanol groups. Water was described with
the explicit tip3p [94] water model implemented in the CHARMM C27 force
field.

In all MD simulations, the Lennard-Jones interactions were truncated at
1.2 nm with a shift to zero between 1.0 and 1.2 nm. The long-range elec-

trostatics employ the PME algorithm with 1.2 nm cut-off, a grid spacing
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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. The temperature was
controlled using the velocity rescale thermostat by Bussi et al. [95] with a cou-
pling constant of 7 = 0.5 ps and a system reference temperature of 343.15 K.
Here, the higher temperature leads to enhanced molecular level dynamics.
Particularly, the solvent triolein is relatively viscous and equilibrates slow in
comparison to molecular simulations time scale at room temperature. Initial
pressure equilibration was done with an isotropic Berendsen barostat [96]
(1, = 1.0 ps) after which an isotropic Parinnello-Rahman barostat [97, 98|
(1, = 2.0 ps) was used. For both barostat algorithms, reference pressure of
1 bar and compressibility of 4.5 x 1075 bar~! were used. For the production
MD run, a semi-isotropic version of the Parinnello-Rahman barostat was
used, with 7, = 2.0 ps, a reference pressure of 1.0 bar and compressibility of
4.5 x 1075 bar~! in both x, y- and z- directions.

The construction of the simulation boxes is detailed in the Supporting
information. In brief, first an ideal silica slab 1.7 nm (a-quartz) or 2.5 nm
(a-cristobalite) thick were constructed to span the simulation box in the xy-
plane. The silica slab also defined the xy-cross section of the simulation box.
The examined silica slabs sizes were 3.5 nm X 3.5 nm (3.4 nm x 3.5 nm),
5.0 nm X 5.2 nm (5.1 nm x 5.0 nm), and 7.0 nm x 6.9 nm (6.8 nm x 7.0 nm),
where the first number set refers to a-quartz and the set in parenthesis cor-
responds to a-cristobalite. After this, solvent (single adsorbate simulations)
or the bulk concentration adsorbates and the solvent were added, followed by
scaling of the simulation box in the z-direction and NPT-equilibration, such

that a random mixture with density matching closely with density calculated
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Figure 1: Left: molecular structures of the surfactant and solvent compounds used in this
work. Right: Sample initial configurations corresponding to the single molecule and bulk
adsorption simulation set-ups used in this work. The snapshots correspond to a single
monoolein and 15 wt-% monoolein in triolein with a quartz surface in simulation boxes
of size 5.0 x 5.2 x 18.5 nm? and 7.0 x 6.9 x 19.6 nm?. For clarity, the triolein solvent has

been omitted form the visualizations.

based on densities of pure components from literature [99, 100| was obtained.
In the single adsorbate simulations, the adsorbate is originally 6 nm above
the silica substrate. The details of the protocols are provided in Supporting
information. A summary of the system sizes and compositions is available as
Table S1 of Supporting information.

For single adsorbate systems, the umbrella sampling starting configura-
tions were generated by pulling the adsorbate from bulk solution towards
the silica surface center of mass. A pull rate of 1 nm/ns with harmonic con-
straint & = 40000 kJ mol™! nm~2 was used. The pull group consisted of

the hydrophilic headgroup of the adsorbate or the entire molecule for water
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Figure 2: Visualisations of the z,y- and =z, z-profiles of the a-quartz and a-cristobalite
silica adsorbents used in this work. The atom types are differentiated by colour so that

oxygen is red, silicon yellow, and hydrogen white.

and glycerol. Umbrella sampling starting configurations were extracted from
the pull trajectory based on the distance of the adsorbate from the silica
surface at 0.2 nm intervals. A 500 — 3500 kJ mol~! nm~2 harmonic con-
straint was enforced on the adsorbate and each window was simulated for
100 — 300 ns following the NPT setup described previously. The potential
of mean force (PMF) profiles correspond to the average of 300 bootstrapped
profiles and the WHAM analysis developed by Kumar et al. [101] was used
in extracting the PMF. Error estimate is based on standard deviation of the
300 bootstrapped PMF profiles.

For simulations of 5-25 wt-% monoolein or oleic acid, the production

10
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simulation was an NPT molecular dynamics simulation 500 ns in duration.
Analysis was performed on the last 200 ns as the mean structural quantities
have reached a stable state for that time period.

For analysis, the existence of a hydrogen bond was determined based on
a cut-off distance of 0.35 nm between the acceptor and the donor atoms. A
cut-off angle of 30° was used. The lifetime 7, of the hydrogen bonds was
estimated as the correlation time, that is, the integral of the hydrogen bond

autocorrelation function C(7) [102]:

o0
Ty = /0 C(r)dr (1)

The surfactant aggregate size and adsorption classification was carried
out based on distance-based cut-offs, following Ref. 70. A summary of the
classification is that if any atoms of the polar headgroups of two surfactants
were within R.,; of one another, the surfactants were considered to be part
of the same aggregate. Similarly, any atom of the polar headgroups residing
within R.,; of the silanol groups of the silica surface indicated adsorption. A
cut-off distance of R,y = 3.2 A was used in the classification. The aggregate
size distribution and adsorbed fraction was calculated in 20 ns sequential
windows over the analyzed 200 ns simulation time period. The reported final
aggregate size distribution and amount of adsorbed surfactants represents an
average over all the windows. Error of the distributions was estimated based
on the standard deviation of the 20 ns distributions. Molar concentrations of
aggregates were calculated based on the oil (triolein solvent and surfactant
mixture) volume. The oil volume was determined by subtracting the volume
of the silica slab, approximated based on the van der Waals radii [103] of the

surface atoms, from the total volume of the simulation box.
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3. Results and discussion

First, the adsorption of single surfactants onto two different crystalline
silica surfaces, a-quartz and a-cristobalite, was examined using steered MD-
simulations and umbrella sampling to resolve estimates of the free energy
profile corresponding to adsorption of water, glycerol, monoolein, oleic acid,
triolein, and the two phospholipid species (DOPE and DOPC). From it,
the free energy of adsorption AFE,;, was determined. A summary of the
obtained adsorption energy values for the different adsorbate species and
surfaces is available as Figure 3. Figure 3 also presents a sample free energy
profile, i.e. potential of mean force (PMF) curve, determined for water on
quartz and cristobalite with the adsorption energy A F,4, marked. The other

corresponding potential of mean force curves are presented in the Supporting

information.
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Figure 3: Free energies of adsorption AF,qs for water, glycerol, monoolein, oleic acid,
DOPC, and DOPE on quartz and cristobalite surfaces (left). The error estimates corre-
spond to + standard deviation. Example PMF curve (water on quartz and cristobalite)

with the reported adsorption energy AFE, s marked (right).
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The data in Figure 3 shows that both surfactant and surface type have
a strong effect on adsorption strength. Generally, the adsorption of the two
species with charged groups, i.e. the phospholipids DOPC and DOPE;, is
much stronger than the adsorption of the nonionic species. For the exam-
ined nonionic species (water, glycerol, monoolein, oleic acid), with the ex-
ception of oleic acid, higher adsorption energies are observed for adsorption
on cristobalite than on quartz. For oleic acid on cristobalite, the adsorption
energy appears very small. Superficially, this observed general preference of
adsorption on cristobalite over quartz appears counter-intuitive as quartz has
a significantly higher density of silanol (hydroxy) groups (9.4 OH/nm?) than
cristobalite (4.7 OH/nm?). However, in addition to hydrogen bonding with
the adsorbate, the surface silanol OH-groups can form hydrogen bonds also
at the surface. This requires a small enough, optimally 2.5 — 2.8 A, separa-
tion distance between the silanol groups [104, 105]. At distances greater than
3.1 A | the silanol groups are considered incapable of hydrogen bonding with
one another [104]. Notably, as the free, not already hydrogen bonded, silanol
groups function as main adsorption sites on the silica surface, adsorption is
not governed by the concentration of silanol groups but actually the concen-
tration of free silanol groups [104]. Furthemore, on most silica adsorbents,
the silanol group concentration is far from uniform. While strong hydrogen
bonding between surface silanol groups is expected on quartz, on cristobalite
the lower OH-group density prevents the formation of hydrogen bonding be-
tween the surface silanol groups. This leaves the sites free for contributing
to adsorption which shows in the data of Figure 3. Altogether, this means

that besides charge, adsorption strength is sensitive also to the silanol group
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density of the surface, as well as, to the ability of the surfactant to form
hydrogen bonds with the triolein solvent.

Oleic acid adsorption response differs from these general charge and hy-
drogen bonding ability based observations. The weak adsorption of oleic acid
on cristobalite is likely explained by two contributing factors, i.e. molecu-
lar flexibility of oleic acid and the hydrogen bonding patterns facilitated by
the lower OH-group density on cristobalite. Oleic acid is a large, highly
flexible molecule and carboxylic acid headgroup adopts easily a multitude
of configurations. Coupled with the flexible geometry of the surface silanol
groups, the flexibility of oleic acid results in a high number of possible ad-
sorption 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 [18, 106, 107]. 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 not facilitate
adsorption of oleic acid via two simultaneous hydrogen bonds.

The adsorption energies of the two charged phospholipids, DOPC and
DOPE, are significantly higher when compared to nonionic adsorbates. The
structures of the DOPC and DOPE include identical fatty acid tails and a
negatively charged phosphate group, whereas the structure of the positively
charged headgroup moiety differs slightly between a choline group (DOPC)
and a ethanolamine group (DOPE). As a result of this structural difference,

similar PC and PE phospholipids differ greatly in their phase transition and
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aggregation properties [108-110]. In comparison to the choline head group,
the ethanolamine headgroup can also function as a hydrogen bond donor.
This enables DOPE to form hydrogen bonds also with the surrounding tri-
olein 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.

Notably, the CHARMM C27 force field overestimates the partial charges
of phospholipid headgroups [111, 112]. As a result of this, the adsorption
energies of DOPC and DOPE reported here are overestimated in comparison
to the uncharged species.

To examine the effect of aggregation and interactions between the adsorb-
ing surfactants, bulk adsorption and aggregation of two model surfactants
differing in their hydrogen bonding capability, monoolein and oleic acid, was
examined over a bulk concentration range. Figure 4 presents the average
number of the surfactant molecules adsorbed at the silica—triolein interface
as a function of surfactant concentration. Surfactant adsorption increases
nearly linearly with increased surfactant concentration within the examined
concentration range in these systems. This indicates saturation coverage
is not reached within the examined concentrations. Only with monoolein
adsorption on quartz the adsorption deviates from linear concentration de-
pendency indicating the presence of already adsorbed species start to have a
nonlinear influence. For all systems, the data shows the adsorbed coverages
remain below saturation coverages. Additionally, as will be further discussed,
aggregation of monolein and oleic acid occurs at least partly as aggregates.

The above makes estimation of the saturation coverage for either of the ex-
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amined surfactants based purely on hydrophilic headgroup size or fitting of
a Langmuir isotherm model to the data based on the calculated energies
of adsorption (see Figure 3) impractical. Both surfactants adsorb more on
cristobalite than quartz and monoolein adsortion exceeds oleic acid on both
examined adsorbents. For monoolein, the response is consistent with the ad-
sorption energies of individual surfactants, see Figure 3. However, for oleic
acid the bulk adsorption response exceeds significantly what would be ex-
pected based on the individual surfactant adsorption energies. Furthemore,
oleic acid adsorbs more on cristobalite than on quartz in these bulk systems,
opposed to the individual surfactant adsorption energy values. The reason
for these is that the single surfactant adsorption energies do not take into ac-
count cooperative effects driving oleic acid adsorption. As the analysis below
reveals, oleic acid forms dimers in the bulk triolein solvent and adsorption as
dimers is preferential.

To enable further analysis of the adsorption response, Figure 5 shows the
average number of hydrogen bonds per surfactant molecule as the function
of surfactant concentration. The data shows that monoolein molecules have
an average of approximately 0.2 intramolecular H-bonds per molecule inde-
pendent of concentration (oleic acid does not form intramolecular hydrogen
bonds). However, the degree of intermolecular hydrogen bonding for both
surfactants steadily increases with concentration while surfactant — triolein
hydrogen bonding decreases. This means that intermolecular surfactant —
surfactant hydrogen bonds gradually replace surfactant — triolein hydrogen
bonds with increasing surfactant concentration. It also means that both

monoolein and oleic acid prefer aggregation over solvation by triolein. Our
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concentration. Error bars correspond to + standard deviation.

earlier work [70] addresses this bulk aggregation response more in detail.

The corresponding hydrogen bond life-times 7, have been presented in
Table 1. Table 1 shows that the lifetime of the monoolein — monoolein
hydrogen bonds increases with monoolein concentration. This results from
stabilization of the bonds by the structure of larger monoolein aggregates.
Conversely, the lifetime of oleic acid — oleic acid intermolecular hydrogen
bonds, while notably longer lasting, decreases with oleic acid concentration.
This is mostly explained by carboxylic acid tendency to dimerize in apolar
solutions via cooperatively stabilized hydrogen bonds [113-117], while larger
aggregates remain unfavourable [70].

The longer lifetimes and greater number of surfactant — surface hydrogen
bonds on cristobalite compared to quartz reflect the adsorption preference

on cristobalite. Despite increased adsorption of monoolein at higher sur-
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factant concentrations, see Figure 4, the average number of monoolein —
surface hydrogen bonds decreases as a function of monoolein concentration.
This may indicate adsorption of monoolein aggregates on the surface, as has
been previously computationally observed by Bradley-Shawn et al. in mica
nanopores [39, 40]. Conversely, hydrogen bonding of oleic acid with the ad-

sorbent remains at a constant level throughout the examined concentration

range.
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Figure 5: Average number of hydrogen bonds formed per monoolein (left) and oleic acid
(right) molecules. Data normalization is by the number of surfactants (intermolecular and
intramolecular bonds) or by the number of adsorbed surfactants (bonds with adsorbent).
The filled symbols and solid lines correspond to simulations on quartz ans the open symbols

and dashed lines to simulations on cristobalite.

Figure 6 presents the aggregate size distributions of monoolein and oleic
acid for systems containing the quartz and cristobalite surfaces. On the em-
ployed logarithmic scale, the distributions corresponding to both surfactants
are quite linear, i.e. correspond to exponential size distribution, at small
aggregate sizes and low concentrations. However, the monoolein distribution

becomes skewed towards larger aggregates at surfactant concentrations above
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Table 1: Hydrogen bond average lifetimes 7, for monoolein—triolein and oleic acid-triolein

systems at varying surfactant bulk wt-% concentration ¢ on silica.

Ty [ps]
¢(monoolein) monoolein— monoolein— monoolein—
[wt-%] adsorbent monoolein triolein surface
5 quartz 432 459 532
10 quartz 460 414 573
15 quartz 423 426 660
20 quartz 520 443 612
25 quartz 527 422 647
5 cristobalite 683 706 3624
10 cristobalite 756 678 3475
15 cristobalite 757 626 3915
20 cristobalite 759 538 3635
25 cristobalite 678 516 3647
c(oleic acid) oleic acid—oleic oleic oleic
[wt-%] adsorbent acid acid—triolein acid-surface
5 quartz 1671 713 396
10 quartz 1644 686 449
15 quartz 1586 685 454
20 quartz 1478 673 409
25 quartz 1311 639 453
5 cristobalite 1875 719 1498
10 cristobalite 1636 705 1422
15 cristobalite 1513 695 1292
20 cristobalite 1402 686 1285
25 cristobalite 1342 649 1417

10-wt-%. The systematically slightly smaller aggregates in the cristobalite
containing systems are explained by the smaller effective bulk concentration
of the surfactant due to stronger adsorption at the surface.

Furthermore, Figure 7 presents the average aggregation numbers and the
concentration of unimers of monoolein and oleic acid at different bulk sur-

factant concentrations. The aggregate and unimer data corresponds to the
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Figure 7: Average aggregation number (left) and surfactant unimer (unaggregated surfac-
tant) concentrations (right) as a function of surfactant concentration for monoolein and
oleic acid in triolein. The data presents the aggregates in bulk solution, i.e. the adsorbed
surfactants are not included. Filled symbols correspond to quartz and open symbols to

cristobalite systems. Errorbars correspond to + standard deviation.

surfactants remaining in bulk triolein solution, i.e. the adsorbed surfactants
are omitted. The surfactant concentration is the total surfactant concentra-

tion. The data shows that for both systems, the average aggregation number
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surface. Filled symbols correspond to quartz and open symbols to cristobalite systems.

increases steadily with total surfactant concentration. For monoolein, the ag-
gregate size is more sensitive to the concentration while oleic acid aggregates
increase in size only modestly. Notably, a majority of the surfactants remain
as unimers and the aggregates remain very small which is consistent with
prior reports of aggregation response of related biospecies, see e.g. Refs. 70.
Examination of the free unimer concentration reveals that for both surfac-
tants, the unimer concentration first steadily increases with concentration.
However for oleic acid, the unimer concentration keeps increasing steadily,
while for monoolein a plateau in the unimer concentration is reached already
at ~ 0.2 M surfactant total concentration. Such response is characteristic
with the onset of micellization in systems exhibiting a CMC, and is consistent
with the data in Figure 6.

In general, an exponential aggregate size distribution is characteristic of
surfactant systems following a classical open association model in which the

aggregates grow step-wise and the aggregation steps have equal association
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energy involved [118, 119]. Notably, such aggregation response indicates the
system does not have a clear critical micellization concentration (CMC) even
though aggregates form. See Ref. 70 for a detailed discussion of aggregation
models in related apolar solvent - surfactant systems. Conversely, if the
system shows a preferred micelle size, i.e. aggregates of some specific size
being favored energetically, the aggregation response corresponds to closed
association type aggregation models. Closed association aggregation models
describe the classical aqueous surfactant system micellization response where
a peaked micelle size distribution at concentrations above a CMC is present.

The data of Figure 6 supported by Figure 7 leads to the conclusion that
oleic acid aggregation follows within this examined concentration range very
closely open association, and no CMC like response can be expected. Oleic
acid aggregation following an open-association model is further supported by
the gradual growth in aggregate size with increased surfactant concentration.
This can be seen both from the shift in the aggregate size distribution in
Figure 6 and also from the increase in average aggregation number in Figure
7. Additionally, the aggregation of oleic acid in triolein is limited to the
formation of small oligomers.

Also for monoolein, the aggregation response is dominantly open asso-
ciation but at elevated concentrations the monoolein systems start showing
preference for formation of larger aggregates. Additionally, the aggregates
formed by monoolein are larger than those formed by the oleic acid due to
the greater hydrogen bonding capability of the monoolein headgroup com-
pared to oleic acid. The here observed monoolein aggregate growth with

concentration is in agreement with experimental characterization of diglyc-
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erol monolaurate and monomyristate reverse micelles in olive oil by Shrestha
et al. |66]. Likewise, the deviation from purely exponential growth toward
larger aggregate sizes follows the findings for monopalmitin by Vierros et
al. [70].

Figure 8 presents the size distribution of monoolein and oleic acid aggre-
gates that have been adsorbed at the quartz or cristobalite surface. Com-
pared to the bulk solution aggregate distributions presented in Figure 6, the
aggregates at the silica surface are smaller. However, this is very likely ex-
plained by the slower diffusion of larger aggregates to the surface and the lim-
ited simulation time. However, the monoolein aggregates on the cristobalite
surface are systematically larger than those on quartz. Oleic acid aggregate
adsorption does not show such differences between cristobalite and quartz.
The enhanced adsorption of larger aggregates on cristobalite explains largely
the difference in monoolein adsorption between cristobalite and quartz in
Figure 4. Notably, the enhanced monoolein aggregate adsorption has an
onset concentration at 10 wt-% which corresponds to monoolein aggregates

with aggregation number exceeding ten becoming prevalent.

4. Conclusions

Here, the surface adsorption and bulk aggregation behaviour of a series of
model vegetable oil components was examined through molecular modelling
with the aim of extracting systematic molecular level information of features
influencing e.g. selective extraction of the components via adsorbates, har-
vesting biospecies or dry-washing the oil. We conclude that the largest contri-

bution to adsorption preference of individual surfactants comes from whether
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the surfactant contains charged groups, i.e. the two examined phospholipid
species adsorb very strongly in comparison to the other examined polar or po-
lar group containing species. Besides surfactant charge, adsorption from the
model plant oil is strongly influenced by the ability of the adsorbing species
to form hydrogen bonds either with the adsorbent (promotes adsorption) or
with the triglyceride solvent (competes with adsorption). Additionally, via
comparing two model adsorbents differing in their hydrogen bonding den-
sity, we were able to conclude that simple chemical treatments, for example
introducing OH-groups or analogous hydrothermal or acid treatments of the
adsorbent can be used to effectively tune the adsorption efficiency.
However, interestingly, an increased amount of binding sites on the ad-
sorbent does not necessarily lead to increased adsorption as the binding sites
may interact with each other: for example, the results here show that binding
energy associated with the charged or polar species adsorption on cristobalite
(silanol group density of 4.7 OH/nm?) exceeds that of quartz (silanol group
density of 9.4 OH/nm?) because on the quartz surface, the silanol groups are
so densely that they saturate themselves. This leads to an effectively lower
free OH group density than on cristobalite. At a practical level, this means
that there exists an optimal surface density of adsorbate binding sites for
maximizing adsorption efficiency. Finally, a comparison of individual sur-
factant and bulk solution adsorption response shows how collective behavior
can promote adsorption. Namely, comparison of monoolein and oleic acid
aggregation and adsorption responses show that competition between the
surfactant-surfactant aggregation in the solvent vs adsorption as single sur-

factants or aggregates is the key in governing adsorption: while individual

24



445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

oleic acid molecules remain well solvated in the triglyceride solvent, in bulk
solution they form also oligomers and these oligomers prefer adsorption to
remaining solvated.

At a more detailed level, the two examined charged phospholipids ad-
sorbed very strongly on both quartz and cristobalite, with the adsorption
driven by the charged groups of the surfactants. However, the non-ionic
species preferred adsorption on cristobalite over quartz. For the non-ionic
species, adsorption strength shows sensitivity to surface OH-group density.
On the examined quartz surface that has a high OH-group density, the sur-
face OH-groups are able to hydrogen bond with one another, thus decreasing
the density of free OH groups on the surface in comparison to cristobalite
where hydrogen bonding between the OH-groups at the surface does not
occur. This leads to adsorption on cristobalite, that has the intermediate
binding site density, being favourable to adsorption over quartz that has a
higher adsorption site density. Finally, additive adsorption at the silica sur-
face 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 on 5 — 25 wt-% monoolein or oleic acid in triolein
solutions with either quartz or cristobalite surface. Both surfactants exhib-
ited increased adsorption on cristobalite over quartz, despite contradictory
small energies of adsorption for oleic acid, with evidence of aggregate adsorp-
tion at the surface. Additionally, we discovered a significant, surfactant con-
centration dependent bias towards larger monoolein aggregates adsorbing on

cristobalite compared to quartz. A majority of the surfactant molecules form
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aggregates in the bulk solvent. The formed aggregates, especially in the case
of monoolein, were filament like, and highly dynamic with no clearly shielded
core, differing greatly from the expected structure of reverse micelles. The
aggregation of oleic acid was mostly limited to formation of small oligomers.
For both oleic acid and monoolein, average aggregation number increased
with surfactant concentrations, with the formation of larger aggregates be-
ing more energetically favoured at high monoolein concentrations.

Overall this work provides useful, bottom up insight to aggregation and
adsorption characteristics and behaviour of both fundamentally and techno-
logically very important, renewable biobased oil systems. To our knowledge,
these results are the first microscopic level detailed characterization of the
adsorption and aggregation of either uncharged or charged surfactant species
on inorganic surfaces in non-polar solvent environments. Additionally, the
study was performed on a technologically highly relevant solvent, a model
vegetable oil. Based on the results, we are able to draw general guidelines
with potential practical significance, e.g. connecting the presence of an op-
timal, intermediate density adsorption site density to strongest adsorption.
Altogether, the work provides insight into understanding of the interactions
of vegetable oils and their components at liquid — solid interface, as well as,
guidelines for the design of efficient adsorbent materials for use in biospecies
harvesting or 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, tem-
perature, and surfactant structure, underlines the potential of these systems

in a wide variety of applications, including use as microreactors and in drug
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delivery systems [64-66, 70].
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