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ABSTRACT: Roadway infrastructures are exposed to solar Functionalized carbon in algal

. L. . . . . biochar makes it more effective
ultraviolet (UV) radiation during their service life. UV rays than woody biochar to delay UV-

aging in bitumen.

generate free radicals that diffuse deep into bitumen layers,
accelerating the aging and degradation of bituminous composites.
Here, we hypothesize that carbonaceous particles grafted by
bioderived molecules such as amines and amides can serve as
scavengers of free radicals, delaying aging in bituminous
composites. To test this hypothesis, we use laboratory experiments
and molecular dynamics simulations to compare the efficacy of 0al
biochars made from woody biomass and algal biomass in delaying * ’ °% ¢ Woody Biochar Aigal Biochar
the aging of bituminous composites. We further examine the o el
underlying molecular mechanisms that delay aging by computing

the extent of diffusion of free radicals through an amorphous graphite film in the pristine form and in amine- and amide-
functionalized forms. The laboratory results indicate that algal biochar is considerably more effective than woody biochar in delaying
aging. The simulation results corroborate laboratory findings showing that even at low concentrations, surface functionals such as
amines and amides considerably enhance the efficacy of pristine carbon in shielding the underlying layers against the diffusion of free
radicals such as hydrogen peroxide (H,0,). At high concentrations (e.g., 10 wt %), amines were found to be more effective than
amides in reducing the diffusion rate of H,O,. This indicates that the scavenging efficacy of carbonaceous particles can be optimized
by proper biografting. The algae that were used to make functionalized carbonaceous particles in this study are a means to capture
CO, from air. Therefore, our findings contribute to extending the sustainability of highway infrastructures while moving toward
carbon-negative and emission-curbing roads to promote environmental health.

% improvement in delaying aging in bitumen

KEYWORDS: sustainability, biogenic carbon, aging, free radicals, surface functional

Hl INTRODUCTION and bulk of nonaged and UV-aged thin bitumen films has

Ultraviolet (UV) exposure generates reactive oxygen species shown that sulfur hydroxyls, phenyls, and CH, groups present

(ROS) such as hydrogen peroxide (H,O,) that later in the bulk were absent or depleted from the surface.”

202 ) o
decompose into free radicals. These free radicals react rapidly T.he combined effect of heat and solar .radlatlf)n has
with oxygen to form a variety of new products including polar particularly proven harmful to pavements by increasing the
oxygenous (O-containing) compounds such as ketones,
sulfoxides, and carboxylic acids. If diffused into the bituminous
structure of pavements, free radicals and their derivative
compounds can accelerate age hardening in pavements
through mechanisms such as chain scission, aromatization,

emission of aromatics that in turn accelerates the loss of
bitumen compounds. Khare et al.* showed a 2-fold increase in
gaseous emissions and potential secondary organic aerosol
(SOA) production as a result of summertime-resembling
temperatures rising from 40 to 60 °C. Each additional 20 °C

. . o . .
carbonation, and loss of volatiles. Accelerated age hardening increment in t?e temperature up t? 1,40 C was associated V,Vlth
decreases the long-term performance of pavements and on average 70% more gaseous emissions and SOA production.
reduces the sustainability of the built environment." This study reported a nearly 300% increase in total emissions

Microscopic characterization and nanoindentation of UV-

irradiated, 600 nm thick bitumen films have shown that the Received: October 29, 2021 Siistainable

Cheisiy: Engincerng

films became excessively hard and brittle after 20 h of UV Revised:  January 10, 2022
exposure and experienced substantial mass loss after 50 h of Published: January 24, 2022
UV exposure.” UV exposure affects the surface and bulk
properties of bituminous composites differently. A comparison
of the morphology and chemical composition of the surface
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from road asphalt between two samples collected back-to-back
without and with artificial sunlight; sulfur-containing com-
pounds showed the greatest increase (700%), followed by
oxygenous compounds (400%) and hydrocarbons (300%).

Various minerals and nanoparticles have shown promise in
delaying the aging of bitumen: polyphosphoric acid, nanosilica,
nanoclay,s_7 carbon black, and carbon nanoplatelets.g’9 For
instance, the addition of 5 wt % layered double hydroxides
(LDHs) as a UV-resistant material to bitumen enhanced the
UV-aging resistance and low-temperature properties of the
bitumen.'® However, another study indicated that organic
intercalated LDHs were more effective in modifying bitumen
than LDHs."' Triethoxyvinylsilane surface-organic-modified
LDHs (TEVS-LDHs) also performed better than LDHs in
terms of the UV-aging resistance of bitumen.'” It was found
that after UV aging, bitumen became harder and more brittle,
but the application of TEVS-LDHs alleviated the deterioration
of the bitumen."” Cao et al."® tested the UV-aging resistance of
bitumen samples containing LDHs of different particle sizes
(75, 115, 180, and 300 nm); the samples modified with 180
nm LDHs exhibited the most-improved anti-UV-aging proper-
ties.

Algae and microalgae have proven promising in promoting
sustainability. Besides having simple nutritional requirements,
these phototrophic microorganisms offer high tolerance to
elevated concentrations of CO, and flue gas, high growth rates,
low requirements for light intensity, genetic tractability, and
significant photosynthetic capacity.'* Algae and microalgae can
serve as highly effective and efficient natural sinks for CO,
sequestration. They also produce biomass rich in value-added
products such as nutritional supplements, antioxidants,
fertilizers, pharmaceuticals, and polyunsaturated fatty acids.'
In addition, microalgae offer a vast potential to produce
biofuels such as biodiesel, bioethanol, biohydrogen, and biogas,
offering a solution to both energy and environmental
problems.'®

Algal biomass also has the potential to turn the built
environment into a durable, massive carbon sink and an
inhibitor of gaseous emissions. Because algal biomass is rich in
protein and nucleic acids, it yields biochar that is abundant
with oxygenous groups (e.g., phenols, carboxyl, carbonyl, and
ketene) and nitrogenous groups (e.g, amide, amine, pyrrole,
and pyridine).'” Some of these nitrogenous groups react with
carboxyl groups such as —C=O via the Maillard reaction,
forming more bonds with the biochar structure and resulting in
improved adsorption characteristics.®'” These functional
groups often have a stronger nonbonded interaction with
intrusive precursors to free radicals such as H,O,, suggesting
that they can slow the intrusion of such compounds via
chemisorption®’~** and physisorption*® and offer enormous
potential for adsorption of ROS and flue gas. If dispersed in
bituminous composites such as asphalt pavements and
shingles, algal biochar is expected to use these functional
groups to retain compounds that would otherwise be emitted
into the air, potentially serving as ozone precursors and
negatively impacting air quality and human health. Algae and
other biomass can also be used to produce rejuvenators to
restore the thermomechanical properties of aged bitumen.**~°

Here, we tested the hypothesis that surface functionals in
algal biochar delay the diffusion of free radicals into
bituminous composites. To do so, we compared the efficacy
of biochars made from woody biomass and algal biomass in
delaying the aging of bituminous composites. The delay in
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aging was measured based on changes in the chemical and
rheological properties of modified bitumen samples exposed to
UV aging. We also used molecular dynamics simulations to
gain an insight into the protection mechanism of amide and
amine functional groups and to compare their efficacy in
protecting a graphite film against the attack of H,0, as a
representative of free-radical precursors.

B MATERIALS AND METHODS

Materials. The unaged neat binder (NB) was a PG 64-10-graded
bitumen (Table 1). Algal biochar, hereafter also referred to as

Table 1. Properties of the PG 64-10 Binder

test at temperature result
original binder flash point 302 °C
rotational viscosity at 135 °C 0.402 Pa s
dynamic shear rheometer, 1.173 kPa
G*/sind at 64 °C
aged binder dynamic shear rheometer, 1182 kPa
(aged at 100 °C) G*/sind at 31 °C
stiffness at 0 °C 28 MPa
m-value at 0 °C 0.468

inherently functionalized carbon (IFC), was produced by the
hydrothermal liquefaction (HTL) of algal biomass.”” HTL was
performed at 330 °C in a 250-mL stainless-steel benchtop batch
reactor (Parr Instrument Company, Moline, IL) equipped with a
magnetic stirrer, a 4843 controller, and a jacketed heater.”” The
working volume of the system was set to a maximum of 125 mL. IFC
was produced at 20% solid loading (25 g dry weight) in all the HTL
experiments. Conventional biochar, hereafter also referred to as
pristine carbon (PC), was produced from woody biomass as detailed
elsewhere.”® Biochar-filled bitumen samples were prepared by adding
S wt % IFC or PC to NB and blending the mix with a shear mixer at
135 °C for S min. The blended samples were labeled as PC-modified
binder (PCB) and IFC-modified binder (FCB).

UV Aging Method. Aged samples were prepared following a
method described elsewhere.””*’ First, 0.65 mm thick films were
prepared by evenly spreading 10 g of the unaged samples (NB, PCB,
or FCB) on a steel pan that is 140 mm in diameter. The pan was then
placed in a QUV accelerated weathering tester (Q-Lab Corporation,
Westlake, OH) 100 mm from the lamp. The lamp delivered a UV
radiation intensity of 0.71 W/m* at 313 nm. UV exposure was
sustained for 200 h at 65 °C.

Dynamic Shear Rheometer. The elastic and viscous properties
of each sample were measured using an Anton Paar rheometer MCR
302 following ASTM D7175-05.%° The tests were carried out using an
8 mm, parallel-plate spindle at a 0.1% strain rate and frequencies
ranging from 0.1 to 100 rad/s at 10 °C. The measured stress and
strain data were used to calculate the shear modulus (G*) and phase
angle (5) based on eq 1. From the data, the modulus and frequency at
which the phase angle was 45° were determined as crossover values.
At the crossover point, the elastic modulus (G*) and the viscous
modulus (G”) are equal. Considering that progressive aging leads to
significant chan§es in polydispersity as asphaltene molecules form
nanoaggregates,” ' crossover values are deemed appropriate to track
the evolution of bitumen not only during aging but also during
rejuvenation.”> Provided that the crossover frequency and the
corresponding crossover moduli are measured at the same temper-
ature for all bitumen specimens in comparison, the crossover values
can properly detect and compare the extent of aging and, in this study,
the extent of the delay in aging

7’-max

G*
(1)
where 7. = Or/h, Top = 2T/ 7, Yy is the maximum strain, 7,,,, is
the maximum stress, T is the maximum torque applied, r is the radius

}/max
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of the sample, 0 is the deflection (rotational) angle, and # is the height
of the sample.

Rheological Aging Index. The rheological aging index was
calculated based on the change in the crossover modulus, which has
proven to be highly sensitive to aging.>*** The rheological aging index
for each scenario was calculated as

Rheological aging index

unaged crossover modulus — aged crossover modulus

unaged crossover modulus
(2)

FTIR Spectroscopy. A Bruker Fourier transform infrared (FTIR)
spectrometer (Bruker Corporation) was used to characterize the
functional groups of unaged and UV-aged samples. Before starting the
test, the FTIR diamond crystal surface was cleaned with isopropanol.
Each FTIR spectrum was collected from 400 to 4000 cm™
wavenumbers with a resolution of 4 cm™ with 32 scans. The sample
spectra were normalized against the background spectrum. OMNIC
software v. 9.2.86 was used to analyze the peaks and calculate the area
under each peak.

Chemical Aging Index. FTIR spectroscopy was used to track the
extent of change in the chemical structure of bitumen during aging.®
To quantify the change, eqs 3 and 4 were used to calculate the
carboxyl functional groups and sulfoxide functional groups of all
samples. The chemical aging index was calculated using eqs 5 and 6.

X 100

area under curve from 1680 to 1800 cm™"

1

Carbonyl index = —
area under curve from 600 to 4000 cm
X 100 (3)

area under curve from 960 to 1050 cm ™"

Sulfoxide index = =
area under curve from 600 to 4000 cm

x 100 (4)

Chemical index = carbonyl index + sulfoxide index (5)
Chemical aging index

_ aged chemical index — unaged chemical index

100

unaged chemical index

(6)

Molecular Dynamics Simulations. Molecular dynamics (MD)
simulations were carried out to study the efficacy of amide and amine
functional groups in protecting biochar against the diffusion of
hydrogen peroxide (H,0,). The FTIR spectra of the algal biochar
produced and tested in this study displayed peaks in the range 1600—
1670 cm™', indicating the presence of a combination of aromatic ring
stretching, alkene C=C stretching, C=0, and amine/amide N—H
deformation modes.”” Studies on the formation and evolution of
nitrogenous species during the combustion,*> HTL,*® and pyrolysis®’
of biomass and algae corroborate the existence of these species. Their
relative abundance, however, depends on the biomass composition
and the interactions among its constituents and their derivatives as
well as external nitrogen sources.’® In light of this variability,
nonadecanamide (C;4H3;NO) and ethylenediamine (C,H,(NH,),)
were used to represent the amide and amine functional groups in algal
biochar, respectively. The selection of ethylenediamine was also based
on the expectation that the results would benefit research on its
application as a functional for CO, capture.*”** Biochar was modeled
as an amorphous graphite film. Five steps were taken to construct the
film:*" (1) a stack of five graphene sheets of dimensions of 5 nm X §
nm with an interlayer spacing of 0.335 nm was placed in the
simulation box. (2) The temperature was increased at a constant
volume from 300 to 6000 K using the Nose—Hoover (NH)
thermostat over SO ps. (3) The temperature was maintained at
6000 K for another S0 ps to allow for the formation of an amorphous
structure. (4) The structure was quenched by lowering the
temperature back to 300 K over 0.5 ps, preventing the sheets from
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restoring their initial configuration. (S) The temperature was kept at
300 K at constant zero pressure using the NH thermostat for 20 ps to
achieve the final structure. A time step of 1 fs was used, and the
reactive force-field (ReaxFF) potential”> was used to represent
interatomic interactions.

The diffusion of H,0, into the constructed biochar film in both
pristine and functionalized forms was simulated, and the number of
H,0, molecules having passed the film at a given time was used to
compare different cases. The simulation of H,0, diffusion through
pristine biochar involved the following three steps: (1) a reservoir of
300 H,0, molecules was positioned at a minimum distance of 4 A
above the biochar film. (2) The temperature was set at 300 K using
the Langevin algorithm. (3) The biochar film and H,0, molecules
were allowed to interact with one another for 20 ns under the
microcanonical (NVE) ensemble. The Tersoff potential*® was used to
describe the interatomic interactions among carbon atoms in the
biochar film, and those among hydrogen and oxygen atoms in H,0,
were defined by the consistent valence forcefield (CVFF).** The
Lennard-Jones (LJ) potential was used to describe nonbonded
interactions among the biochar and H,O, constituents.

Biochar films functionalized with different weight concentrations of
ethylenediamine and nonadecanamide were also simulated. The
Amber force field**° was used to define interactions within and
among ethylenediamine, and those of nonadecanamide were defined
with CVFF. Four concentrations were examined: 1.2, 2.1, 5.6, and 10
wt %, corresponding to 5, 9, 25, and 48 ethylenediamine molecules
and 1, 2, S, and 9 nonadecanamide molecules, respectively. The
simulations ran for 20 ns, tallying the number of H,0, molecules
having passed the film.

B RESULTS AND DISCUSSION

Laboratory Results. Figure 1 shows the crossover
modulus measured for unaged samples (0 h) and samples

0_|0hr 200
/ /

Sample Type

Figure 1. Crossover modulus for unaged (0 h) and UV-aged (200 h)
samples.

Table 2. Rheological Aging Index for All Samples

NB PCB FCB
theological aging index (%) 4S 39 25
improvement (%) 13 45

subjected to 200 h UV aging. All unaged samples showed
almost the same crossover modulus values. This indicates that
the biochar (PCB and FCB) did not have a significant
influence on the stiffness of neat bitumen (NB). The impact of
UV aging, however, proved to be significant. The crossover

https://doi.org/10.1021/acssuschemeng.1c07356
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Figure 2. Chemical index for all samples subjected to 0 and 200 h UV
aging.

Table 3. Chemical Aging Index for All Samples

NB PCB FCB
chemical aging index (%) 41 29 26
improvement (%) 28 35

modulus of the NB sample decreased by 45% from 20.09 to
11.06 MPa. The incorporation of PC into bitumen slightly
enhanced the resistance of bitumen to UV aging: there was a
39% reduction in the crossover modulus for PCB. The FCB
sample showed the least susceptibility to aging in terms of the
crossover modulus (25%), demonstrating the efficacy of
functionalized carbon in extending the life of pavements.

The more favorable performance of IFC in comparison with
PC was also reflected in the rheological aging indexes of the
samples. The results summarized in Table 2 show that IFC was
more effective than PC in reducing the rheological aging index
of neat bitumen (45% vs 13%).

A similar trend is observed in the chemical aging behavior of
the samples (Figure 2). Although the chemical index of all

samples increased after 200 h of UV aging, the neat bitumen
showed the highest increase, followed by PCB and FCB.
Comparison of the chemical aging indices calculated based on
these data (Table 3) shows that both woody and algal biochars
delayed the UV aging of neat bitumen, but the algal biochar
was more effective.

MD Simulation Results. Figure 3 and the corresponding
configurations (Figure 4) indicate that both ethylenediamine
and nonadecanamide were effective in protecting the biochar
film against the diffusion of H,0,, and they exhibited
comparable efficacies at concentrations below about 5.6 wt
%. However, while the efficacy of nonadecanamide peaked at
this concentration, that of ethylenediamine continued to
almost linearly increase over the entire concentration range
studied. At a concentration of 10 wt %, for instance,
ethylenediamine reduced the number of passed H,O,s by
34% (from 237 to 157), showing 12% more effectiveness than
nonadecanamide (from 237 to 186).

B CONCLUSIONS

We examined the merit of carbonaceous particles grafted by
bioderived molecules (e.g., amines and amides) for scavenging
free radicals. Our laboratory experiments and molecular
dynamics simulations showed that the grafting of bioderived
molecules can be tailored to maximize their scavenging
capacity, as evidenced by the decreased diffusion of free
radicals through biografted carbon particles. It was also shown
that the application of functionalized carbon-modified binders
remarkably delayed the aging of bituminous composites. While
woody biochar (pristine biochar) improved the rheology-based
and chemistry-based aging indexes of bituminous composites
by 13 and 28%, respectively, the samples containing algal
biochar (IFC) exhibited much higher improvement of 45 and
35% in the respective indexes. These observations were
corroborated by our molecular dynamics simulations showing
the increased barrier efficiency of biografted carbon against free
radicals. The amine and amide functionals used in the
simulations exhibited comparable efficacies at preventing the
diffusion of H,O, at low modifier concentrations. At high
concentrations, however, the amine functionals proved to be
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Figure 3. Efficacy of functional groups in reducing the diffusion of H,0, molecules into biochar; the inset shows the diffusion history of H,O,
molecules into biochar in pristine, 10 wt % nonadecanamide, and 10 wt % ethylenediamine forms.
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Figure 4. Diffusion of H,0, molecules into (a) pristine biochar: (al) initial configuration, (a2) at t = 80 ps corresponding to the first H,0,
molecule reaching the other side of biochar, and (a3) at t = 20 ns; (b) biochar functionalized with 10 wt % ethylenediamine: (bl) initial
configuration, (b2) at equilibrium before allowing H,0, to interact with the rest of the model, and (b3) at t = 20 ns; and (c) biochar functionalized
with 10 wt % nonadecanamide: (c1) initial configuration, (c2) at equilibrium before allowing H,0O, to interact with the rest of the model, and (c3)

at t = 20 ns. Note: T = 300 K. The legend is shown at the bottom left.

more effective than amide functionals, indicating the
scavenging capacity of biografted carbon can be further
tuned using optimized grafting. The outcome of the study
promotes the use of carbon derived from biomass to extend
the service life of road infrastructure; this not only supports
carbon sequestration and resource conservation but also
promotes sustainable construction.
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