Graphical Abstract

Restoring Asphalt Shingle Integrity with Soybean Oil-Based Emulsions: A Case Study on Performance,

Durability, and Sustainability

Baker W. Kuehl, Andrew Becker, Sharan Raman, Anna McCaslin, Jefferson Roberts-Dobie, Michael

Forrester, Nacu Hernandez, Austin Hohmann, R. Chris Williams, Eric W. Cochran

Improvement in
= Granular
Adhesion

Improvement in
Shingle Flexibility

Improvement in
Shingle Durability

Improvement in
Resistance to Flame
Spread

Abstract image of a contractor applying a soybean-derived reactive rejuvenator emulsion
and its benefits to asphalt shingle rejuvenation.



Restoring Asphalt Shingle Integrity with Soybean Oil-Based
Emulsions: A Case Study on Performance, Durability, and
Sustainability

Baker W. Kuehl*, Andrew Becker”, Sharan Raman, Anna McCaslin, Jefferson Roberts-Dobie, Michael
Forrester, Nacu Hernandez, Austin Hohmann, R. Chris Williams, Eric W. Cochran®**

0000000000 00 00000000 O Oi0i000001 000700000000 0000 00000 0000000000 00000 [000 000000 000000 000000

Abstract

Here we report the revitalization of aged asphalt roofing shingles by applying semi-epoxidized soybean
oil (SESO) as an aqueous emulsion. We hypothesized that the reactivity of SESO oxirane with oxidized
components of the shingle asphalt composition would improve durable performance through an internal
plasticization mechanism. Using SESO emulsions at 10 wt% and 30 wt%, together with a 10 wt%
soy-based methyl ester emulsion (SME) as an inert control, we applied 200 mL/m?2 to 3-tab and
architectural shingles in both new and 15+ year-aged states. Key performance metrics were grit
adhesion, flexibility, crack, hail, and flame resistance. Although all treatments improved grit retention,
both SESO-based emulsions significantly outperformed SME treatment in all other respects. All treatments
reduced the flexural modulus due to plasticization; Aged samples treated with 10 wt% SESO and SME
exhibited values comparable to new shingles. Although 30 wt% SESO-treated samples were overly
softened, the 10 wt%-treated shingles exhibited restored ductility, hail resistance, and reduced flame
spread compared to both SME-treated and untreated specimens. The results suggest that SESO is
effective in penetrating and reacting with asphalt in aged shingles, restoring many key aspects of
shingle performance to those of new shingles. This strategy could support the circular economy by

extending the service life of asphalt shingles.
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1. Introduction

Asphalt shingles are the roofing material of choice for more than 80% of U.S. residential homes
[1] and cover 27% of U.S. commercial buildings [2]. The provision of new and replacement shingles is
quite resource-intensive; in 2014, for example, the U.S. asphalt shingle and coating materials industry
2014 consumed approximately 730 million kWh of electricity and 10 billion cubic feet of natural gas
[3]. In 2021, roof manufacturers in the US and Canada shipped approximately 1.7 billion square
metres (183 million roofing squares) of roofing shingles [4], as illustrated in Figure 1. Given the
weight range of 200-300 pounds per “square” [5], this volume of shipment translates to an estimated
17-25 million metric tons of shingles consumed each year, generating approximately 10 million tons
of waste from end-of-life shingles or tear-offs. [6, 7] The diversion of this waste from landfills is
of paramount importance, with many jurisdictions having placed blanket bans on landfill disposal
due to concerns about toxic runoff. Although shingle manufacturers continue improving the use of
recycled shingle content in new shingles, recycling rates remain below 5%. Most tear-off shingles are
00000000000, in which shingle recycling facilities grind them for various purposes such as ground cover,
dust control, or as a mix design component in asphalt pavement. Recycled asphalt shingles (RAS)
are frequently used in the asphalt pavement industry, alongside recycled asphalt pavement (RAP).
[8-10] However, using RAS on pavements is more challenging than RAP due to the extremely stiff
formulations of the binder used and the composite nature of asphalt shingles, comprising only about
19-22 wt% asphalt. In addition, they consist of a fiberglass mat, providing strength, which accounts for
2-15 wt %; mineral aggregate, 20-38 wt %, which provides hail protection and texture; and mineral
filler/stabilizer, constituting 8-40 wt%, crucial for ensuring durability and weather resistance. These
diverse materials complicate the recycling process for RAS compared to the more homogeneous RAP,
which is essentially only aggregate and asphalt. Although RAS can be used on asphalt pavements
as a component of the aggregate phase, rarely exceeding 5 wt %, its properties are unpredictable
and deteriorate the pavement quality. Some jurisdictions are quite sensitive to using their pavement
infrastructure as landfills and accordingly disallow RAS use. Consequently, there is a growing desire
to enhance the longevity of asphalt shingles to prevent them from ending up in landfills or being used
in asphalt mix designs. By improving the durability and lifespan of asphalt shingles, the frequency
of their replacement on roofs can be reduced, thereby minimizing the environmental impact and

the burden on shingle stockpiles. [11, 12] While this can be achieved through advances in shingle
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manufacturing technology, methods to prevent or even reverse the effects of aging on existing shingles

are of critical importance.
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Figure 1 Amount of asphalt shingles shipped throughout North America

The development of such methods may benefit from advances in the asphalt pavement industry
concerning the restoration of aged pavements. Recently, there has been a notable increase in the use
of recycling aids known as rejuvenators in processing RAP. Rejuvenators are additives designed to
restore the original properties of the aged asphalt binder in RAP, effectively improving its workability
and performance. These additives work by replenishing the oils and resins lost during the ageing
process, thereby improving the flexibility and durability of the recycled material. The introduction of
rejuvenators has significantly improved the quality and usability of RAP, allowing higher percentages
of recycled content in new asphalt mixtures without compromising performance. [13-15]

Although many rejuvenators have shown the ability to improve the workability of aged asphalt,
most do not do anything at the molecular level to address oxidative damage. Chemically inert additives,
especially those chemically different from asphalt, merely adjust viscosity, albeit temporarily, with

embrittlement occurring as the additive leaches out over time. Hohmann et al. introduced a new class



of D00DI00ND 0000000 rejuvenators, which possess reactive chemical moieties capable of rebalancing
the saturates, aromatics, resins, and asphaltenes (SARA) network, thereby reversing the aging of the
asphalt binder. [16-19] These advanced materials are engineered with specific chemical functionalities
that allow them to interact more profoundly with the asphalt’s molecular structure. [20, 21] Reactive
rejuvenators covalently bond to the agglomerated asphaltenes within the asphalt mix, repeptizing
the large asphaltene structures that cause brittleness and reintegrating them into the binder. cite
elkashefInvestigationFatigueThermal2018,linEffectRejuvenatorSealer2013,sotoodeh-niaEffectTwoNovel2019
This restoration is crucial for reversing the material’s brittleness and reducing its susceptibility to
cracking. By restoring the chemical composition of aged asphalt, these reactive rejuvenators facilitate
a higher proportion of RAP in new installations, improving sustainability and resource efficiency in
the asphalt industry. [22-24]

Similar to the deterioration of RAP, asphalt roofing materials are also subject to ageing and environmental
wear. [25, 26] The degradation of these materials, attributed to UV exposure, thermal variations, and
oxidative ageing, leads to loss of volatiles and consequently increased brittleness, decreased pliability,
and compromised adhesive characteristics that are essential for the granular coating’s durability and
the bond of the lower lip of each shingle to the adhesion strip of the shingle beneath them. [27-29]
The ageing-related rigidity and propensity to crack in RAP and RAS are paralleled in aged roofing
materials, heightening susceptibility to damage from hail, wind, and ice. These overlapping degradation
phenomena accentuate the need for rejuvenation interventions, which can improve and restore the
original qualities of asphalt substrates. [30-38] Recent advancements in asphalt modification emphasize
sustainable solutions that combine laboratory performance with field applicability. For example,
Jin et al. demonstrated that overlays incorporating recycled rubber and tire fabric fibers improve
durability and crack resistance in controlled and in-use environments. Similar work has extended to
stress-absorbing membrane interlayers using rubber-modified binders, effectively mitigating reflective
cracking during resurfacing. Additionally, integrating tire-derived aggregate in the subgrade has been
shown to enhance the long-term performance of rubber-modified asphalt mixtures under aging and
load. These studies underscore the potential of reactive and recycled materials in restoring aged
infrastructure. [39-41] Building on this momentum, our work explores the reactivity of SESO—a
multi-epoxy functional oil—with degraded asphalt shingles, aiming to demonstrate not just surface-level

improvement, but chemical-level restoration of aged binder performance.



In this work, we develop and apply a new reactive emulsion made from semi-epoxidized soybean
oil (SESO), specifically formulated to rejuvenate asphalt roofs, using the exact asphaltene stabilization
mechanism illustrated by Hohmann et al. in RAP restoration. [19] We hypothesized that the reactivity
of SESO would promote long-lasting restoration of the properties of the shingles due to covalent
bonding; for comparison, we also formulated an inert treatment emulsion from soy methyl esters
(SME). This innovative approach focuses on the chemical remediation of aged asphalt shingles to
enhance their durability, flexibility, and grit adhesion. As shingles age, they become brittle and lose
their protective granules, leading to accelerated degradation and a reduced lifespan. The reactive
emulsion described here is designed to penetrate the old shingles deeply, restore essential oils lost over
time, and effectively bond the surface granules. By improving these key properties, such treatments
could extend the functional life of the shingles, reduce waste from roof replacements, and offer
a much more environmentally friendly alternative to a complete roof overhaul. We examine the
formulation’s efficacy, application methods, and long-term benefits for residential roofing systems

through comprehensive laboratory tests.

2. Experimental Methods

0100 Coooooom

Semi-Epoxidized Soybean Oil (SESO) with 2.5 wt% oxirane content and Soy Methyl Ester (SME,
soy-based biodiesel) were generously supplied by CHS, Inc. (Mankato, MN) and were used as received.
Soybean lecithin was obtained from Croda International and also utilized as received. The aqueous
phase for the emulsions was prepared using city water, and xanthan gum was sourced from Walmart.

Chemical structures appear in Figure S1.
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Emulsions were prepared by adding 10 g of lecithin to 250 g of oil, SESO, or SME, and blending
with a mechanical agitator. The oil phase was then combined with 750 g of city water and 0.7 g
of xanthan gum and mixed for 5 minutes with an overhead stirrer to form a pre-emulsion. The
pre-emulsion was processed with an IKA high-shear immersion lab mixer to achieve the final emulsified

product.
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New Owens Corning Supreme 3-tab shingles and Atlas Castlebrook architectural shingles were
purchased from Menards. Aged 3-tab and architectural shingles were taken from two roofs in central
Iowa, 42°N, 94°W, that had been in place for 15+ years. Only the sun-exposed, lower portion of the
shingle was tested for these aged samples. Shingles were evaluated in untreated and treated states.
Treated shingles were sprayed with 200 sq. ft/gallon (200 mL/m?) of SESO/emulsion via a High
Volume Low Pressure (HVLP) sprayer. The shingles were then placed in a 60 °C oven for 48 hours
to allow the SESO to permeate the material. This treatment simulates exposure to summer rooftop

temperatures. [42]
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The shingle samples were sliced into five two-inch-wide strips and tested in a 3-point bend configuration
with a 1 cm diameter cylindrical contact surface using an Instron load frame. The shingles were loaded
with the bottom points of contact spaced 30 mm apart and the grit side facing upward so that cracks
would form on the underside of the shingle and were tested at a temperature of 21°C (70°F), with a

1 mm/second loading rate.
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An aged 3-tab shingle was tested according to ASTM D4977 Standard Test Method for Granule
Adhesion to Mineral Surfaced Roofing by Abrasion samples. The ASTM test measures grit loss on two
50.8 mm 229 mm (2in. 9 in.) samples with a 2268 = 7 g load (5 Ib) load on 880 bristles made
of 0.305 mm (0.012 in.) diameter tempered steel wire.

The ASTM D4977 grit loss test resulted in a 10% mass loss for the tested portion of the untreated
sample. We developed a less aggressive method that provided conditions similar to the abrasion caused
by wind and snow. We tested a larger area than the ASTM test for better statistical repeatability. Four
30.5cm 15 cm (12 inch 6 inch) samples were cut from the lower, sun-exposed half of each
new, aged, 3-tab and architectural shingle. After labelling and weighing, the shingles were placed
on the floor randomly. A Dirt Devil ProPower carpet and hardwood floor vacuum set on the lowest
floor was passed forward and backward over the shingles at a speed of 0.5 m/s. After 10 forward and
reverse passes, the shingles were weighed and shuffled for the subsequent 10 passes. All weights were

recorded with 0.01 g sensitivity.
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Fourier transform infrared (FTIR) spectra were collected for SESO, untreated shingles, and SESO-treated
shingles using a TATR Crystal FTIR. 64 scans were collected per run with a resolution of 4 cm-1 for

500 - 4000 cm-1.
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Molecular changes following SESO treatment were evaluated using a Bruker AVII 600 MHz 1THNMR
spectrometer. Samples were dissolved in deuterated chloroform (CDCl;) with tetramethylsilane (TMS)
used as the internal standard unless otherwise noted. Each spectrum was acquired over 16 scans with

a 1-second delay between pulses.
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Differential scanning calorimetry (DSC) probed thermal transitions in untreated and SESO-treated
asphalt shingles. Samples were first dried at 100 °C to remove residual moisture, then heated from
-100 °C to 150 °C at a rate of 10 °C/min using a TA Instruments Discovery 2500. The resulting
thermograms showed a shift in the glass transition region for the treated shingles, indicating changes
in the mobility and crosslink density of the asphalt binder. These thermal shifts are consistent with
covalent interaction between the SESO formulation and reactive sites in the aged asphalt, complementing

the molecular evidence provided by 'H-NMR.
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The ASTM E108 flame testing was conducted to assess the fire resistance of treated asphalt shingles,
following the standard procedures outlined for roofing materials. Specifically, the “spread of flame”
test was performed, where a calibrated gas flame and air current were applied continuously to test
samples mounted on inclined decks. For each test, a shingled 8 3.3’ deck was placed at a 5:12
slope, and its edge was ignited with a gas torch for 10 minutes at an air velocity of 1056 ft/min,
reaching a temperature of 1400 °C. The flame propagation distance was recorded, with particular
attention to any sustained flaming or material displacement. Shingles treated with SESO and SME
emulsions and untreated controls were subjected to this evaluation to determine their ability to resist
flame spread. Recognizing the potential concern regarding flammability raised by reactive emulsion
treatments, additional oxygen index tests (ASTM D2863) were considered. However, guidance from

Grayson and Hirschler [43] and the scenario-based approach of Guillaume [44] indicates that flame



Table 1 Formulation of semi-epoxidized vegetable oil emulsions

SESO
Sample SMEor Lecithin Water Xac:?;:m
9 wWt%
Code (Wt%) Wt%) (wt%) Wt%)
SME 10 1 89 0.07
10 10 1 89 0.07
30 30 1 69 0.03

spread and heat release tests provide more direct insight into real-scale fire performance. Therefore,

additional oxygen index testing was deferred at this stage.

3. Results and Discussion

SESO and SME emulsions, as detailed in Table 1, were formulated to assess their compatibility and
effectiveness as a function of oxirane content (0%, SME, and 2.3 wt%, SESO) and total oil loading.
The emulsions are prepared with varying concentrations of oil, lecithin, water, and xanthan gum.
Formulation “10” consists of 10 wt% SESO, 1 wt% lecithin, 89 wt% water, and 0.07 wt% xanthan gum.
Formulation “30” contains 30 wt% SESO, with 1 wt% lecithin and 0.03 wt% xanthan gum. “SME”
contains 10 wt% soy methyl ester (biodiesel) to assess the performance of an inert softening agent
compared with the reactivity of the SESO emulsions. The critical feature of SESO in these emulsions
that differs from conventional rejuvenator emulsions is the presence of epoxide groups, which are
crucial for rejuvenating aged asphalt shingles. These reactive species covalently bond with the oxidized
asphaltenes in the shingle asphalt binder. This reaction helps to reintegrate asphaltenes into the binder
matrix and enhances the overall structural integrity. The binding of SESO to damaged asphaltenes
is hypothesized to reverse embrittlement and ductility loss typical of aged shingles, contributing to
improved durability and extending the life of the roofing material. Using lecithin and xanthan gum in
the emulsion ensures that the SESO is evenly distributed and stable, allowing maximum interaction
between the epoxide groups and the asphaltenes during treatment.

We applied these treatments at 200 sq ft. /gallon to new and aged 3-tab and architectural
shingles. Samples are encoded as the type of treatment (Untreated, 10% SESO, 30% SESO, or 10
%SME), followed by the shingle age (New or Old), and the shingle type (3Tab or Architectural). The
primary differences between 3-tab and architectural shingles are their appearance, durability, and

cost. 3-tab shingles are flat and uniform in size and shape, resulting in a smooth, consistent look.



In contrast, architectural shingles, also known as dimensional or laminated shingles, have a layered
and textured appearance mimicking the look of natural wood or slate, offering more visual depth.
Regarding durability, 3-tab shingles are thinner and typically have a lifespan of around 20-25 years,
while architectural shingles are thicker, more durable, and can last between 30-50 years, with better
resistance to wind and impact damage. Concerning cost, 3-tab shingles are less expensive due to
their more straightforward design and lower material usage. In contrast, architectural shingles are
more costly due to their enhanced durability and aesthetic appeal. Generally, 3-tab shingles provide
an essential and affordable option, while architectural shingles offer a longer-lasting, visually striking
alternative.

Flexural stress-strain data from 3-point bend tests appear in Fig 2 and Table S1. The higher
quality of architectural shingles is evidenced by stiffness and strength values slightly higher than
those of the 3-tab samples; however, as these shingles age, the effects of embrittlement become
far more pronounced with nearly 300% increases for architectural shingles compared to roughly
200% increases in 3-tabs. Notably, flexural strain results indicate a significant increase in flexibility,
especially in older shingles treated with 30 wt% SESO (30-O-3T), achieving the highest strain at
10.0 = 1.2 MPa. This increased tolerance to bending underscores that SESO markedly improves
the ductility of aged, previously brittle shingles, enhancing their capacity to accommodate structural
movements without cracking. While the SESO treatment indeed lowers the maximum stress values,
as seen in older shingles treated with 30 wt% SESO (30-O-A), which displayed a reduced stress
capacity of 2.8 +0.4 MPa compared to untreated new architectural shingles (U-N-A) at 16.6 +1.8
MPa, this reduction should be viewed positively. The decrease in maximum stress levels corroborates
the softening effect of the SESO treatment, affirming its role in rejuvenating the asphalt binder within
the shingles.

This softening is further evidenced by the flexural modulus data, which appears in Fig. 3, where a
substantial reduction in stiffness in SESO-treated shingles (30-O-3T showing a modulus of 2.9 + 0.4
MPa) compared to untreated counterparts, highlights the success of SESO in restoring flexibility. This
restored flexibility is advantageous for the thermal and physical adaptation of the shingles, enhancing
their overall functionality. The results collectively suggest that SESO treatments rejuvenate aged
shingles and contribute positively to their long-term performance by enabling them to better withstand

environmental stresses without compromising their integrity.
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