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ABSTRACT
Good adhesion between bitumen and aggregate is critical for the durability of asphalt

pavement, but adhesion is fundamentally governed by interface-specific molecular migration,
adsorption, and bonding phenomena of which there is limited understanding. This paper
examines the efficacy of an amide-rich Bio-binder or other compounds derived from bio-residue
as dopants in bitumen to control passivation of the interface of bitumen and siliceous stone
aggregates. Acid compounds in bitumen are implicated in the increased risk of moisture damage
at the bitumen-aggregate interface; the accumulation and crystallization of alkane acids at the
interface of bitumen and siliceous aggregates are known to increase the propensity for moisture
damage. The bio-derived dopant was effective at preventing alkane acid crystallization at the
bitumen-silica interface, possibly through passivation of surface binding sites. Being able to out-
compete acid compounds for binding to these sites may be a critical requirement for effective
anti-stripping agents. The adsorption of layers of bio-derived compounds on siliceous surfaces
was observed by TEM and in-situ ATR-FTIR; the primary surface-active compounds appeared
to share chemical characteristics with asphaltenes found in bitumen. Moreover, DFT analysis
showed specific bio-derived molecules have high binding energy to silica, which may explain
their selective adsorption. The study results reveal how effective surface passivation can prevent
crystallization of acids at the interface of bitumen and siliceous stones to enhance resistance to
moisture damage. The outcome of this study can enhance sustainability in construction by
providing an in-depth understanding of surface passivation as a means of avoiding the
crystallization and subsequent hydrolyzation of acids at the interface of bitumen and stone
aggregate as a means of preventing moisture damage in pavements.
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INTRODUCTION

Petroleum-based binder (bitumen) is used to hold together mineral aggregate in
applications such as the construction of pavement and the production of roof shingles. For any
composite material, the properties of the interface between the mixed components is critical, and
poor adhesion between bitumen and the mineral aggregate is a persistent and pervasive mode of
failure in these materials. As added complications, adhesion needs to be maintained in both dry
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and wet environments, and the bitumen and the aggregate can each vary dramatically in precise
chemical composition.

Damage in asphalt concrete often occurs when the bonds within the bitumen binder break
(cohesive failure) or when the bonds between bitumen and aggregate break (adhesive failure).
Adhesion depends on the composition and microstructure of the bitumen-mineral interface, and
an in-depth understanding of the interactions between bitumen components and mineral surfaces
is invaluable for developing strategies to improve adhesion and the resistance to moisture
damage.!* Good adhesion requires not only strong bonding between the mineral surface and the
adsorbed compounds but also strong bonding between the adsorbed compounds and the bulk
bitumen. If the adsorbed species are too chemically distinct from the bulk mixture, then phase
separation at the aggregate interface could occur, leading to de-bonding of the adsorbed layer
from the bitumen.

Petroleum asphaltenes are defined as the heptane-insoluble fraction of crude oil, typically
consisting of the largest and most polarizable molecules in crude oil. Asphaltene adsorption to
mineral and metal surfaces is very strong and is a primary cause of issues with flow assurance in
petroleum production.’ Bitumen asphaltenes are also defined as the heptane-insoluble fraction
and are chemically similar to petroleum asphaltenes. While asphaltene precipitation is
detrimental to crude oil extraction and distribution, asphaltene adsorption may play a critical role
in bitumen adhesion. Asphaltenes are typically comprised of polyaromatic hydrocarbon (PAH)
cores of multiple fused aromatic rings decorated with alkane chains and other chemical groups
along their periphery. There may be a single PAH core of 6-7 fused rings on average (“island-
type”) or a few smaller PAH cores linked together (“archipelago-type”).”” Polar asphaltenes that
contain nitrogen and oxygen groups are particularly surface active. It is believed that these polar
groups interact through strong ionic, dipole-dipole, or hydrogen bonding interactions to active
sites on the mineral surface such as surface hydroxyl groups or charge centers.

Not all polar chemical groups are beneficial for adhesion. Carboxylic acid compounds
may bind strongly to mineral surfaces under dry conditions but can desorb readily under water
and increase the moisture susceptibility of asphalt concrete.!*!! Additives such as hydrated
lime'® 2 or amine-based anti-stripping agents'*-' that have shown efficacy in improving
moisture damage resistance in asphalt concrete are believed to be able to bind and neutralize
carboxylic acids. The surface activity of acid compounds was also observed in mixtures of
bitumen with saturated fatty acids, wherein the excess acid was observed to accumulate and
crystallize at the bitumen-glass interface.!” However, carboxylic acids are not entirely
detrimental to material properties. For example, the biological adhesives used by marine mussels
to attach themselves to underwater rocks contain a significant concentration of both carboxylic
acid and amine groups.'®2° These groups are believed to contribute to the cohesive strength of
the material by forming strong ionic bridges with each other. Thus, an effective anti-stripping
treatment needs to be able to displace carboxylic acids from the aggregate surface but does not
need to eliminate them entirely.

Alternative adhesion promotors derived from renewable resources or waste streams are of
interest for reducing the cost and environmental impact of pavement construction. 2! These
agents are often a complex mixture of different compounds, any of which may be beneficial or
detrimental to adhesion.??>* Identification of the active compounds and their mechanism of
action would be invaluable for developing more effective agents to promote adhesion.?In this
study, the chemical adsorption of a bio-based bitumen additive to silica surfaces was
characterized by microscopy, spectroscopy, and computational modeling. Atomic force



microscopy (AFM) was used to study adsorption of Bio-binder and a model carboxylic acid
compound to silica. Separately, Bio-binder was adsorbed to silica nanoparticles in order to
identify the chemical characteristics of the most surface-active compounds through infrared and
UV-vis absorption spectroscopy, transmission electron microscopy (TEM), and electron energy
loss spectroscopy (EELS). Density functional theory (DFT) computational modeling was also
used to calculate the binding energies of selected chemical compounds in order to provide
additional context for the experimental data. These methods prove useful for characterizing the
chemical and physical aspects of molecular adsorption from complex mixtures. In turn, this
information is important for developing more effective adhesion promotors and anti-stripping
additives.

MATERIALS and METHODS
Materials

Fumed silica nanoparticles (abbreviated here as “NPs”’) with nominal surface area 175-
225 m?/g were obtained from Sigma-Aldrich. The bitumen was produced by the Philips 66 Wood
River refinery in Roxana, IL, which receives primarily Canadian and U.S. crude oils.

Hexadecanoic acid (HDA, >99%), hexadecylamine (technical grade, 90%)
tetrahydrofuran (THF, anhydrous, >99.9%, inhibitor-free, ACS grade, caution: peroxide former),
hexamethyldisilazane (HMDS, >99%), and (3-aminopropyl)triethoxysilane (APTES, >98%)
were obtained from Sigma-Aldrich. Hexadecanamide (>95%) was obtained from Fisher
Scientific. Acetone, ethanol, isopropanol, toluene, and ammonium hydroxide (all ACS grade)
were obtained from Fisher Scientific. “Bio-binder” was derived from a bio-oil produced by
hydrothermal liquefaction of swine manure as described elsewhere.?® A small sample of bitumen
asphaltenes was extracted by collecting the fraction insoluble in n-heptane. A similar heptane-
insoluble fraction was also isolated from Bio-binder. For simplicity, this fraction is also referred
to as Bio-binder “asphaltenes” despite being chemically distinct from the asphaltenes found in
bitumen or petroleum.

Capillary tube sample preparation

To obtain a hydrophilic surface, long-stem glass Pasteur pipets (soda-lime glass, Fisher
Scientific) were first cleaned by sequential ultrasonication for 10 min each in acetone,
isopropanol, 30% ammonium hydroxide, and deionized (DI) water. The pipets were rinsed with
more DI water and dried with a N2 gas gun followed by at least 30 min of baking at 120 °C in a
convection oven.

Bitumen mixtures were doped with 1 wt% of HDA as a model for acid-rich,
moisture-susceptible binder. In one sample, 1 wt% Bio-binder was added to acid-doped bitumen
to study the effect of a liquid dopant on HDA migration. Mixing was performed by melt-
blending by hand at 120 °C for 5 min. Immediately after mixing, the molten bitumen was sucked
up the capillary stem of a pipet. A heat gun was used to keep the pipet warm while the bitumen
was being drawn up, and excess bitumen on the outside of the tube was cleaned off with
laboratory tissues and acetone. The bitumen-filled glass capillary tube was broken off the pipet
and annealed at 120 °C for 30 min in a convection oven.

To investigate the effect of external control mechanisms, the inner surface of a glass pipet
was covalently functionalized with either HMDS or APTES. Chemical surface functionalization
was carried out immediately after ammonium hydroxide cleaning and rinsing but before oven
baking. For APTES coating, an ethanol solution containing 2 vol% APTES and 5 vol% DI water
was mixed together and allowed to sit for 5 minutes in order for the APTES to first hydrolyze.



The silane solution was then drawn up into the pipet and left to silanize the glass surface for 10
minutes. After silanization, the pipet was rinsed with isopropanol and DI water, briefly dried
with a N2 gun, and baked at 120 °C in a convection oven for 15 minutes to cure the coating. For
HMDS coating, a similar procedure was followed using a solution of 2 vol% HMDS in toluene
and without the 5-minute hydrolyzation step.

SiO; Nanoparticles (SiO2 NPs) treated with Bio-binder

To further characterize the Bio-binder compounds that adsorb to silica surfaces, larger
quantities of SiO2 NPs were treated with Bio-binder and examined by spectroscopy and
microscopy. Bio-binder solution dissolved in THF (10 mg/mL) was first centrifuged for 30 min
in a Corning LSE Mini microcentrifuge (6000 rpm and 2000 RCF) to remove any particulates.
Then, 800 pL of centrifuged Bio-binder solution was added to 12.6 mg of SiO2 NPs and
ultrasonicated for 30 min, after which it was left mostly undisturbed for one day. To rinse the
treated Si02 NPs, the suspension was first centrifuged for 15 min and the supernatant discarded
and replaced with 800 uL of clean THF. The solid pellet was ultrasonicated for at least 5 min
until it was visibly disaggregated. Centrifugation and resuspension were repeated two more
times, at which point the supernatant appeared mostly clear. After the last centrifugation, the
pellet was dispersed in 800 puL of DI water, frozen in liquid nitrogen, and lyophilized on a
Labconco FreeZone 6-Liter benchtop freeze dryer. A control sample of SiO2 NPs was also
subjected to the same process but only treated with clean THF.

UV-vis absorption spectra were collected on a Cary 6000i UV-vis-NIR
spectrophotometer (Varian) and a quartz cuvette with 1 cm pathlength (28B-Q-10, Starna Cells).
Absorption spectra of the SiO2 NPs were obtained from suspensions of roughly 0.5 mg of
nanoparticles in 600 uL of THF. The absorption spectra of Bio-binder and Bio-binder
asphaltenes were measured from THF solutions that were diluted to 50 mg/L and centrifuged to
remove particulates.

AFM and AFM-IR

To prepare the samples for atomic force microscopy (AFM), each filled capillary tube
was first chilled for at least 20 min at -4 °C. Short segments of the tube were then snapped off
under a stream of dry N2 gas to prevent moisture condensation on the sample. Using a glass
scribing tool to scribe the glass capillary before chilling also helped promote a clean, brittle
fracture. The fractured segments were immediately mounted vertically and imaged under a large-
stage 5600LS atomic force microscope (Keysight Technologies) in tapping mode with TAP-300
silicon cantilever tips (Budget Sensors, <10 nm nominal tip radius). Images were processed and
analyzed with Gwyddion open-source software.

Chemical mapping by combined AFM and infrared (IR) absorption spectroscopy was
performed using a demonstration model nanolR3 system (Bruker Nano/Anasys Instruments)
operating in tapping AFM-IR mode. The probes used for the experiments are standard
tapping-mode AFM probes with overall gold coating (PR-EX-TnIR-C, Bruker Nano/Anasys
Instruments) and nominal probe diameter ~20 nm. During the experiment, the sample chamber
was continuously purged with clean dry air (CDA) to maintain <10% relative humidity. During
spectral acquisition, multiple spectra were averaged at each site and smoothed using a Savitzky-
Golay (3, 5) filter.



TEM imaging and EELS

High-resolution transmission electron microscopy images of Bio-binder-treated SiO2 NPs
(using ethanol instead of THF as the solvent) were captured using a JEOL 2010 FEG analytical
electron microscope. For TEM imaging, SiO2 NPs were briefly dispersed in ethanol and
deposited on lacey carbon TEM grids by dip-coating and drying.

Electron energy loss spectroscopy (EELS) and the corresponding images were taken
using a JEOL ARM microscope in STEM mode operated at 80kV. The low accelerating voltage
was chosen to avoid electron beam damage to the SiO: particles. EELS were taken with a
dispersion of 0.25 eV.

Kinetic adsorption experiments by in situ ATR-FTIR

In situ ATR-FTIR spectroscopy was used to evaluate the adsorption of Bio-binder onto
silica nanoparticles (SiO2 NPs). Kinetic measurements were collected on a Nicolet iS50 FTIR
spectrometer (Thermo Fisher Scientific) with a ZnSe single reflection ATR crystal and flow cell
adapter (PIKE Technologies, Fitchburg, WI). The instrument was set to average 200 spectral
scans over a wavenumber range from (4000 to 800) cm™ with a resolution of 2 cm™. SiO2 NPs (5
g/L in acetone) was first dried onto the ATR crystal. After attaching the flow cell, THF was
flowed over the NPs to remove loosely bound NPs, and a background spectrum in the solvent
was acquired. Bio-binder (0.1% in THF) was then injected over the NPs using a glass syringe.
Spectra were collected every 10 min for 3 h to monitor adsorption, while injecting from the
syringe every 20 min to refresh the solution and maintain a 0.1% background (dissolved) Bio-
binder concentration. Background subtraction was performed using the spectrum of the clean
THF over NPs as the background.

An ex situ experiment was also conducted to independently confirm the adsorption
identified in the in situ experiment. In this method, =~ 10 mg of SiO2 NPs was mixed with =~ 17.8
mg of Bio-binder and 2 mL (1.78 g) of THF to achieve a 1% Bio-binder concentration. The
sample was rotated end-over-end for 90 min, then the NPs were allowed to settle for 75 min. The
supernatant THF was removed, and the Bio-binder-coated NPs were washed with ~ 4 mL of
clean THF. The settling and wash procedure was repeated four more times, after which the
supernatant appeared clear. After removing the last wash solution, the NPs were deposited onto
the ZnSe ATR crystal and allowed to dry. The clean, dry ZnSe crystal spectrum was subtracted
as background to obtain the spectrum of the Bio-binder-coated NPs. A control was performed
with only Bio-binder in THF (no NPs) to evaluate the possible contribution of poorly soluble
Bio-binder species to the adsorbed Bio-binder spectra.

Reference spectra for the Bio-binder and three reference compounds (hexadecanamide,
hexadecanamine, and palmitic acid) in THF were obtained using an ATR liquids retainer and
volatiles cover (PIKE Technologies). After applying the reference compound as a powder,
~10 uL of THF was injected to induce better contact between the powder and the ATR crystal,
and after solvent evaporation, the spectra of the dried compounds were collected. To collect the
spectra of the dry Bio-binder, the sample was deposited onto the ATR crystal (without the
addition of solvent) and spectra were collected. Dry compound spectra were processed with the
clean, dry ATR crystal as the background. To obtain the spectra of the reference compounds or
Bio-binder in THF, 0.15 mL of THF was injected on top of the dry sample, and the volatiles
cover was installed to reduce evaporation. A pure liquid THF spectrum was subtracted as the
background. The adsorption of the three reference compounds (1% in THF) onto SiO2 NPs was
also tested following the same method as the Bio-binder adsorption experiments. Only
hexadecanamide showed spectral changes over time indicating adsorption.



Computational methods

To characterize the interaction and determine the affinity of Bio-binder molecules to
silica, we calculated adsorption energies of selected Bio-binder molecules and ranked them
based on their affinity for a model silica surface. For the computational analysis, periodic
dispersion-corrected density functional theory (DFT-D) calculations were performed using the
DMol3 module implemented in the Accelrys Materials Studio program package (version 6.0).
The PBE (Perdew-Burke- Ernzerhof) formulation of generalized gradient approximation (GGA)
was employed as the exchange-correlation density functional. Grimme's long-range dispersion
correction is combined with the PBE functional (PBE-D) to treat van der Waals dispersion
interactions.

“Fine” grid mesh points were specified for the matrix numerical integrations. All-electron
double numerical basis sets augmented by polarization functions (DNP) and electron smearing of
0.005 hartree were also assigned. At this fine-level of DMol3 integration, the default k-point grid
1 x 2 x 1 was taken into consideration for Brillouin-zone integration. In geometry optimizations,
the tolerances for energy, maximum force, and displacement convergence were 1.0x107 hartree,
2.0x107 hartree/A, and 5.0x107 A, respectively.

The adsorption energies, Eads, for the adsorbate-silica surface interaction were calculated
using the following equation, with the adsorbate being selected Bio-binder molecules:

Eads = EComplex - (ESilica + EAdsorbate)
Ecomplex 18 the total energy of the optimized adsorption configuration, while Esilica and Eadsorbate
refer to the energy of a hydroxylated silica surface and the adsorbate, respectively. The more
negative adsorption energy indicates stronger interaction of adsorbate with the silica surface. The
optimized hydroxylated quartz (001) surface presented in Figure 1 was the model for the silica
surface. As shown in this figure, two —OH groups have been connected to the top Si atom.

DFT-based molecular modeling of silica surface

The quartz (001) surface was cleaved on the basis of a primitive unit cell to generate reactive Si
sites. The terminal atomic layer of the cleaved surface is a Si-rich termination. Fractured silica is
highly hydrophilic, so that exposure to moisture results in surface hydrolysis with the formation
of silanol groups until it becomes fully hydroxylated. Then, DFT calculations were carried out
for the adsorption of selected compounds found in Bio-binder?* on the fully hydroxylated (001)
surface of a-quartz. This surface exhibits zigzag networks of hydrogen bonds with alternating
weak and strong H-bonds due to the interaction between hydroxyl groups. This feature (shown as
shaded-blue cavity in the top-view part of Figure 1) helps us detect the most probable sites to
locate Bio-binder compounds and the other molecules in the complex.

Side view Top view
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Figure 1. Model of hydroxylated quartz (001) surface. The hydrogen bonding network is
presented in the top view.

RESULTS and DISCUSSION
Effect of external control mechanisms on migration of HDA to the interface

Figure 2 shows AFM images of the interface between acid-doped bitumen and glass
surfaces. HDA crystals are seen growing off of clean glass surfaces (Fig. 2a), which is consistent
with previous studies.!” When the glass surface is modified with HMDS or APTES, HDA
crystallization appeared to be completely suppressed (Fig. 2b and 2c¢). This result was especially
surprising for HMDS, which only modifies the silica surface with a single-molecule layer of
trimethylsilane groups. The fact that a molecular monolayer could entirely prevent micrometer-
scale crystallization of HDA at the interface suggests that crystallization proceeds by a
nucleation and growth mechanism in which crystal growth is dependent on and initiated by
nucleation sites at the surface. The molecular structure of these surface nucleation sites is
unknown but likely characterized by strong binding of HDA. Crystallization would deplete
molecular HDA dissolved in the bitumen near the interface, driving diffusion of more HDA from
the bulk toward the interface and enabling further crystal growth. Crystal growth and subsequent
hydrolysis may not occur at all if the nucleation sites are neutralized. Therefore, any additive or
surface modifier that can prevent HDA binding at the interface or compete for binding sites may
improve bitumen's moisture resistance.



bitumen

H Height HDA-doped

=3
ol |

HDA-doped
bitumen

T CH CHs
! (e
HyC—Si—CHy Si—CHy

Height - i || [584deg 755/145

HDA + BB
Bitumen

Figure 2. AFM images of the interface between 1 wt% HDA-doped bitumen and glass. (a) The
interface with clean glass shows HDA crystals. Phase images of the interface with (b) HMDS-
coated glass and (c) APTES-coated glass show no crystals. (d) AFM-IR images of the interface
between clean glass and HDA-doped bitumen containing Bio-binder also show the absence of
HDA crystals. An image of the ratio of IR absorbance at 1755 cm™ versus 1456 cm™ suggests an
enrichment of carbonyl groups around the interface.

It should be noted that use of HMDS and APTES as model compunds in this paper was to allow
accurate invetsigation of surface passivation mechanisms; neither of them are recommended as
adhesion promotors for asphalt concrete in practice. In fact, HMDS does prevent binding of
acidic compounds to the interface, but it could also prevent binding of other macromolecules in
bitumen that might otherwise promote adhesion. APTES presents amine groups that bitumen
macromolecules could bind to, but those amine groups are also known to catalyze self-hydrolysis
of APTES off of the the silica surface over time.>> Therefore, to ensure desirable adhesion, it is
critical to use liquid dopants that not only have high affinity for siliceous surfaces but also are
resistant to hydrolysis and compatible with asphalt molecules.

AFM-IR of HDA-doped bitumen containing Bio-binder



As a less expensive alternative to commercial chemical anti-stripping agents, Bio-binder
made from waste bio-mass was examined for its impact on bitumen's interfacial
microstructure.?>? Bio-binder is compatible with asphalt?* and improves asphalt's resistance to
moisture.?® Figure 2d shows AFM-IR images of the glass interface with HDA-doped bitumen
containing Bio-binder. Height and phase images show that the addition of 1 wt% Bio-binder
completely suppresses HDA crystal growth at the interface. IR absorption images taken at 1755
cm! and 1456 cm! suggest the possible enrichment of carbonyl groups in a layer approximately
200 nm thick at the interface. Carbonyl absorption at 1755 cm™! tends to be related to ketone
groups, but closer examination of the IR absorption spectra shows somewhat broad absorbance
in that region that may be indicative of the presence of a variety of different carbonyl groups
(Supplemental Information, Figure S1). However, the supposed enrichment is not definitive and
requires further examination in a future study.

Based on the results obtained for silanized glass, it is plausible that Bio-binder suppresses
HDA crystallization in a similar manner by binding to the surface and neutralizing any
nucleation sites before HDA can bind to the glass. Bio-binder is a complex mixture of many
chemical compounds,??>?3 and identifying the specific components that are surface active would
be invaluable information for optimizing the Bio-binder formulation. The experiment also
demonstrates the utility of HDA-doped bitumen as a model compound for studying the efficacy
of new anti-stripping agents. As a minimum requirement, effective anti-stripping agents for
siliceous stones should be able to displace carboxylic acids from the interface and consequently
completely suppress the appearance of any crystallized HDA microstructure there.

Adsorption of Bio-binder compounds to the silica interface

In an effort to identify the Bio-binder compounds that bind most tightly to silica surfaces, SiO2
NPs were treated with Bio-binder solution and characterized by TEM imaging, EELS, and
absorption spectroscopy; the results are shown in Figure 3. Bio-binder-treated SiO2 NPs retain a
brown color even after washing with THF. This color is likely due to polyaromatic hydrocarbons
from the Bio-binder adsorbing to silica. The UV-visible absorption spectra of whole Bio-binder
and isolated Bio-binder “asphaltenes” dispersed in THF are shown in Fig. 3a. The stronger
absorption by the “asphaltenes” at longer wavelengths is indicative of larger or more aggregated
polyaromatic structures.?’*° Similarly, the absorption spectrum of Bio-binder-treated SiO2 NPs
also shows strong absorption in the visible range (400-700 nm) relative to the absorption in the
UV range (300-400 nm). UV-vis spectroscopy cannot accurately identify the compounds that are
adsorbed, because of shifts in the absorption spectra due to aggregation and binding to silica, as
well as Rayleigh scattering by the SiO2 NPs. However, the data show that the Bio-binder
adsorbates include a significant quantity of polyaromatic compounds. In comparison, SiO2 NPs
treated with bitumen dissolved in THF show a much weaker overall absorbance than the Bio-
binder-treated NPs. This result suggests that the compounds that adsorb to the silica from native
bitumen either possess smaller PAH cores or adsorb in thinner or incomplete layers compared to
Bio-binder adsorbates. A thicker adsorbate layer observed in Bio-binder treated SiO2 NPs could
indicate stronger binding to the silica surface and may also offer a more favorable interface for
connecting with non-adsorbing bitumen constituents, thereby improving adhesion strength.
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Figure 3. (a) UV-vis spectra and photograph of SlOz NPs and Bio-binder-treated SiO2 NPs.
Brown color and absorption spectra are consistent with the presence of polyaromatic
hydrocarbons such as those found in asphaltenes. (b) ATR-FTIR of bitumen, Bio-binder, and
extracted “asphaltenes” from both. Bio-binder shows a greater proportion of polar groups
compared to bitumen. Spectra were normalized to the peak at 1456 cm™ and offset for clarity.
(c, d) HRTEM images of clean SiO2 NPs (c¢) and Bio-binder treated SiO2 NPs (d) also suggest
the presence of molecular layers (black arrow) consistent with flat and stacked polyaromatic
compounds. (¢) STEM image of Bio-binder-treated SiO2 NPs and (f) EELS spectrum of a
selected area (yellow box) confirm the presence of sp2 carbon around the nanoparticles.
UV-vis spectroscopy does not provide any data on the relative abundance of saturated
versus unsaturated hydrocarbons adsorbed to silica, because saturated hydrocarbons do not
absorb much light. HRTEM images of similar Bio-binder-treated nanoparticles suggest the
presence of a layered molecular coating on the SiO2 NPs that is consistent with planar
polyaromatic compounds lying flat against the silica surface with a layer spacing of
approximately 0.3 — 0.4 nm. EELS measurements (Fig. 3f) of carbon K edge energy loss near
edge structure (ELNES) show the presence of a ©* peak, confirming the sp2 bonded nature of
the surface hydrocarbon. The quantitative estimate of carbon concentration based on the EELS
measurement gives an atomic ratio of C/Si of about 9%. Both Bio-binder and Bio-binder
“asphaltenes” contain more polar groups than bitumen or bitumen asphaltenes, as evidenced by
FTIR absorption signatures around 3500 — 3000 cm™ (OH/NH stretch), 1800 — 1650 cm™ (C=0O
stretch), and 1300 — 900 cm! (various oxygen groups and other bands); this is consistent with
previous measurements.’! From the relative heights of the aliphatic peaks around 3000 — 2800
cm’!, Bio-binder “asphaltenes” are also comparatively deficient in alkane groups. The large peak
at 1026 cm™' may be due to silica impurities in the Bio-binder “asphaltene” sample.
Nascimento et al.3> showed that within a petroleum asphaltene fraction, the species that
bound to silica strongest tended to be the smaller polyaromatics that contained polar groups.

400
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Bitumen asphaltenes that lack similar polar groups may adsorb, but it has been suggested that
they also may be more easily displaced by water.>*** UV-vis absorption measurements of the
Bio-binder-treated SiO2 NPs and bitumen-treated SiO2 NPs after washing with water did not
detect significant removal of polyaromatic adsorbates from either sample (Supplemental
Information Figure S2). It is hypothesized that strong binding of Bio-binder polyaromatic
compounds results from multiple polar groups that can directly bond with the silica surface, in
addition to strong dispersion interactions across a large area of contact when these Bio-binder
polyaromatic compounds lie flat against the surface. Petroleum asphaltenes are known to
organize parallel to oil-water interfaces as well,*> although it remains to be definitively proven
that parallel rather than perpendicular stacking of asphaltenes predominates at realistic bitumen-
aggregate interfaces.

Modeling of molecular adsorption over the silica surface

Figure 4 shows models of selected molecules with different functional groups previously
identified in Bio-binder.?*> These models are referred to as BioBs. To investigate the nature and
strength of interactions between BioBs and the hydroxylated silica surface, truncated BioB
candidates (T-BioBs) were inserted into the space on top of the surface. Hydroxyl sites on the
silica surface are most likely to interact with polar functional groups of the adsorbates. The
results of calculated interaction energies are reported in Figure 5 and in Supplemental
Information, Table S1. In all complexes, an adsorbate molecule interacts with the surface
through the formation of hydrogen bonding between its polar head and the silica hydroxyl
groups. The adsorption energies given in Figure 5 show that the strongest adsorption on the silica
surface is by T-BioB10, truncated a-tocopherol (the most biologically active form of vitamin E),
via hydrogen bonding with the phenol group, Eads=-51.9 kcal/mol. The second strongest binding
was exhibited by APTES (-36.3 kcal/mol), which was modeled as a surrogate for amine-
containing compounds for comparison. While primary amine groups are not so prevalent in Bio-
binder, amide compounds are common and include the primary alkyl amide BioB1, which shows
a stronger binding to silica (T-BioB1, -28.4 kcal/mol) than the alkyl carboxylic acid fragment (T-
BioB6, -21.3 kcal/mol).

Models of the adsorbate molecules were truncated to reduce the length of akyl chains, in
order to decrease the computational cost. In order to examine the effect of alkyl chain size on
adsorption, a DFT simulation was carried out separately for T-BioB6 with a longer alkyl chain
(T-L-BioB6). Increasing the number of carbon atoms from Cs to Cio increased the interaction
energy from -21.3 to -23.5 kcal/mol. This effect could be due to the electron-donating nature of
an alkyl group attached to the functional group, which increases the charge difference in the
polar head of a molecule through an inductive effect, leading to stronger adsorption with a longer
alkyl chain, up to a certain point. Importantly, a further increase in the number of carbon atoms
did not show a significant further increase in the adsorption energy. Therefore, the truncated
BioBs were deemed appropriate for computational modeling of BioBs.

While it is important to remember that these binding energies were calculated for
adsorbates under vacuum, the fact that the strongest binding was observed for BioB10 and
APTES is intriguing in light of other published work. Research on marine mussels shows that the
protein glue they use to adhere themselves to rocks even under seawater is rich in the catecholic
amino acid, 3,4-dihydroxyphenylalanine, as well as the amine-terminated amino acid, lysine
(Supplemental Information, Figure S3).!%-1% 36 The anionic and non-polar residues found in
mussel foot proteins are also believed to play important roles in adhesion and cohesion, and such



insights could be useful for rational design of Bio-binder-based adhesion promoters for asphalt
concrete. In addition, vitamin E has also been studied as an anti-aging additive in bitumen.
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quartz (001) surface.

Kinetic adsorption experiments by in situ ATR-FTIR
In situ ATR-FTIR measurements were carried out in order to better characterize the
chemical constituents of Bio-binder that adsorb to silica (Figure 6). For the quantitative analysis,

the absorbance at 2000 cm™ was used as the baseline for the spectral region 2000 — 1300 cm™,
and the absorbance at 4000 cm™' was used as the baseline for the spectral region 4000 — 3000
cm’!. The alkyl C—H stretch region (3100 — 2800 cm™) and the region from 1200 — 800 cm’!
were not included in the analysis due to contributions from the THF solvent and the SiO2 NPs.
Preferential adsorption of certain fractions of Bio-binder onto the SiO2 NPs over time
was indicated by increasing absorbance of only some, but not all, peaks observed in the ATR-
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FTIR spectrum of the complete Bio-binder mixture (Figure 6). The DFT results show that the -
tocopherol (BioB10) and hexadecanamide (BioB1) compounds present in Bio-binder have high
affinities toward silica, and polyaromatic Bio-binder adsorbates are also likely to possess amide
and phenol groups. Therefore, we specifically evaluated whether the in situ ATR-FTIR data on
the competitive adsorption of specific functional groups from the entire Bio-binder mixture
would be consistent with these results, or whether other species present in the complex mixture
would interfere with the binding of T-BioB10 and T-BioB1.

The main peaks observed to adsorb from the Bio-binder (Figure 6) are consistent with
prior FTIR studies on Bio-binder.?* *® The adsorbing peaks around 1590 cm™ and 1440 cm’!
have most commonly been attributed to aromatic C=C stretching®*** and symmetric aliphatic
CH: or CH3 bending modes,** ***° respectively, and the observation of their adsorption is also
consistent with a prior study on the adsorption of asphaltene onto silica.>? The broad peak at
3500 — 3100 cm'! is attributed primarily to hydroxyl groups*®“47 and is also in agreement with
the irreversible adsorption of OH groups of asphaltene onto silica in a previous study.?? The
shoulder around 1690 c¢m' is in the region attributed to C=0 stretches. The results for the Bio-
binder-coated SiO2 NPs that were prepared and washed ex sifu confirm that the adsorbed species
in the flow cell experiment are strongly bound to the SiO2 (Figure S4(a)) and are not related to
deposition of poorly-soluble Bio-binder, which shows a different spectrum than the adsorbed
species (Figure S4(b)).

Since the C=0 peak can arise from a number of different functional groups, in order to
more confidently evaluate whether the 1690 cm™ shoulder is related to the hypothesized T-
BioB1 amide adsorption, additional adsorption experiments were performed with three pure
reference compounds: hexadecanamine, hexadecanamide (BioB1), and HDA (BioB6). No
significant adsorption was observed for either hexadecanamine or HDA (data not shown). The
fact that hexadecanamine showed no adsorption whereas the amine group showed the second
strongest binding to silica by DFT may be due to the difference between the DFT models of
compounds in a vacuum versus adsorption experiments performed in THF. In comparison,
hexadecanamide peaks at 1464 cm™ (C—N stretching),1609 cm™ (N-H bending), and
1690 cm™(C=0 stretching) as well as peaks at 3216 and 3338 cm™'(N-H stretching) were
observed to adsorb onto SiO2 (Figure S7). The time-resolved results also suggest that fast initial
adsorption of the amide onto SiO2 is followed by increasing interaction over time of specifically
the N—H bonds, which show changing peak height ratios over time as well as peak shifts relative
to the hexadecanamide dissolved in THF (Figure S6). Having confirmed both the C=0 peak
location as well as the amide interaction with SiO2 for hexadecanamide, the 1690 cm’!
absorbance in the Bio-binder adsorption (Figure 6) can then be considered consistent with amide
species adsorbing from the Bio-binder, where the expected amide N—H stretches at 3338 cm’!
and 3216 cm’! and the expected N-H bending at 1609 cm™! observed in the adsorbing
hexadecanamide reference compound may be obscured by the O—H and C=C peaks. However,
note that by comparing the adsorbing species to the spectrum of the complete Bio-binder
dissolved in THF, the adsorption of carboxyl species in general from 1750 to 1630 cm™ from the
complete Bio-binder mixture appears to be relatively less favorable than adsorption of the OH
and C=C components.

Finally, the time-resolved adsorption profiles of the various functional groups in Figure 6
were compared (Figure 7). Interestingly, the adsorption kinetics of the OH groups differ from
those of the C=0, C=C, and aliphatic CH groups. The C=0, C=C, and CH absorbances follow
each other and begin to plateau together over 3 h, while the OH groups continue to adsorb
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increasingly relative to the C=C groups. These results are consistent with the DFT prediction of
stronger affinities of T-BioB10 (containing an OH functionality) relative to the other major
species in the Bio-binder. Also, the results are consistent with multilayer or self-stacking of
alcohol groups over time. Another possibility is that these trends illustrate a kinetic
reorganization of adsorbates with time. Small-molecule adsorbates diffuse quickly and can bind
immediately, but they can eventually be displaced by larger molecules that diffuse slowly but
bind more strongly. A similar time-dependent effect is thought to affect the adsorption of
petroleum asphaltenes to oil-water interfaces and the subsequent stabilization of oil-water
emulsions.*

The TEM, UV-vis absorption, and FTIR data confirm the adsorption of polar
polyaromatics to silica that, due to their low volatility and high molecular weight, are not
represented by the list of BioB compounds identified by gas chromatography.?* However, those
polyaromatics likely possess many of the same chemical functional groups exhibited by the
compounds on that list, and the mixture of different chemical groups may work together to
strengthen adhesion on a variety of mineral surfaces. The small-molecule BioB compounds may
also diffuse to the interface first, taking part in the initial adsorption process or acting as
plasticizers to facilitate conformational coating and flow of bitumen into aggregate pores at the
surface.

(a) (b) sx10° .
3107 |/Adsorbed Adsorbed 16590 | 1440
o o #10°F § §
: :
= %1073
[ [
- Q 2x107}
o] 10-3_ -Q
< < 1031
© 24107 — o 22109 —
o Dissolved o Dissolved 15901470
c c A 1434
© © 11543
2 2 v
8 (o] \\‘\/\/4«“\
4 8
< 0 1 1 i L < 0 i L [HE 1
4000 3800 3600 3400 3200 3000 2000 1900 1800 1700 1600 1500 1400 1300
Wavenumber (cm™) Wavenumber (cm™)

Figure 6. In situ ATR-FTIR experiment for adsorption of Bio-binder (0.1% in THF) over SiO:
NPs. The spectra are displayed in 20 minute intervals from 0 to 180 minutes and were processed
by background subtraction of pure THF over the NPs. The bottom figures show the reference
spectra of the complete biobinder in THF (no NPs) after background subtraction of pure THF.
All spectra were vertically aligned at 4000 cm™ in (a) and 2000 cm™! in (b) but otherwise are
presented at a common scale. Consistent trends were also observed in adsorption experiments
with 1% Bio-binder.
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Figure 7. (a) Peak heights at wavenumbers of 3237, 1690, 1590, and 1440 cm™! during the
adsorption of Bio-binder onto SiO2 NPs, and (b) ratios of peak heights to identify similarities or
differences in adsorption kinetics relative to 1590 cm™.

CONCLUSIONS

Adhesive failure at the bitumen-aggregate interface is one of the most prevalent forms of
pavement distress. This study used AFM, TEM, absorption spectroscopy, and computational
modeling to examine the chemistry and molecular mechanisms by which selected surface
passivating agents bind to a mineral surface. This knowledge is important for developing
strategies to improve pavements’ durability and resistance to damage from moisture.

Carboxylic acid compounds have been linked to increased susceptibility to moisture
damage; their accumulation and crystallization at the interface of bitumen and siliceous stone
aggregates can give rise to subsequent hydrolysis promoting moisture damage in pavements.
HDA-doped bitumen was found to be a useful model compound for examining the binding of
acids to silica at an interface. The binding of HDA to active sites on the silica surface nucleates
crystals of HDA to grow at the interface, as seen by AFM imaging. The Bio-binder used as a
liquid dopant completely suppressed HDA crystallization, presumably by binding to these active
sites tightly and blocking HDA adsorption. This in turn, can prevent subsequent hydrolysis at the
interface of bitumen and stone aggregates mitigating its susceptibility to moisture damage. This
observation is consistent with previous results showing that Bio-binder can improve pavements’
resistance to moisture damage.?® TEM and UV-vis spectroscopy suggest that polar polyaromatic
Bio-binder molecules akin to “asphaltenes” are the primary adsorbate species. DFT analysis and
in-situ FTIR showed selective adsorption of Bio-binder molecules onto the silica surface, with
hydroxyl groups showing the highest binding energy followed by amide functional groups.
Adhesion depends on a chain of multiple molecular bonds that link the mineral surface to whole
bitumen, and more in-depth characterization of each link enables identification of weak points
and possible methods for strengthening the chain. Future studies will focus on more rigorous
chemical identification and mapping of Bio-binder adsorbates at stone aggregates surfaces. The
results of this study highlight the importance of integrating chemical mapping in the pavement
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design and engineering phase to mitigate occurrence of moisture damage during pavement
service life.
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