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An Advanced Equation of State for Predictive Modeling of Molecules with Complex Energy Scales

Mohammed I. L. Abutagiya and Bennett D. Marshall
ExxonMobil Technology and Engineering Company

Introduction Industrial Applications
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Parameters of the dye-penetration test and influence on defect detection in waterborne barrier coated papers

Joseph Accardo?, Rachael Smith?, Allyson Marianelli?, Sama

1Core Research and Development, Dow Inc., 400 Arcola Roac

Introduction

Barriers for water, water vapor, oils, and gases From medical supplies and food packaging to home and personal care

play an essential role in everyday packaging products the goals are similar. Keep solutes in and/or out.

plastic packaging paper packaging
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\_

®» Bioderived

" Durable ® Long-term stability
Inexpensives TIntrinsic barrier properties

* Biodegradable

Total Paper Barrier Coating Market

Consumer demand and sustainability initiatives are a large driver for the

development of paper-based packaging.
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Paper is inherently porous and

. 6% . .
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ast Food . .
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applied

AFM of paper cross-section

Packaging barriers play essential roles in preventing the transfer of solutes such as water, oxygen, or grease from either
permeating into, or out of, a packaged product of interest. Commodity plastics and their coated counterparts have dominated the
barrier market, though their sourcing (typically the petroleum industry) and biodegradation profiles contrast with the sustainable
initiatives driving new product development. The use of paper for packaging, which is dertved from a renewable resource and can
be biodegradable, is a promising avenue toward greener materials. Unfortunately, the porous nature of paper makes it natural

employed susceptible to solute permeation. To overcome this, the application of barrier coatings (such as of waterborne

polymers) 1s often such that the necessary solute resistance is achieved.

The application of a coating does not guarantee a high-performance package, as microscopic structural defects, such as

pinholes, cracks, and blistering can dramatically reduce the performance of the barrier coating, As these structural defects are

not easily identifiable, the quality of the coating can be inferred from the coating performance tests, such as oxygen or water

vapor transmission rate or oil and grease resistance. Consequently, there has been a need to develop tests which can assess the

coating quality both rapidly and reliably.

These tests can serve to screen barrier integrity before they are subject to performance

studies, which typically are the bottleneck in product development. In addition to screening barrier integrity, some test results

can be correlated to the barrier performance, which gives an idea of promising barriers.

Applying waterborne coating

formulation coated paper
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SEM of paper coatings with defects highlighted
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No defects coating defects

Takeaway

Defects 1n paper coatings will diminish the
effects of the barrier.

How can we develop a tool that can be
used to visualize and quantify defects?

Test Method Development

performance testing is our bottleneck

Ilh it”
)

Identifies coating defects by evaluating dye transport
through a coating to the substrate underneath

As a company we are routinely exploring new
I materials for barriers, and we can create

materials much faster than we can test their
properties, due to length testing times.

many coated paper
samples

high performing
coating

The blue dye test: a method for rapidly visualizing defects in paper coatings

1. Brush dye
2. Wipe excess dye
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side-view top view
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blue dye in mineral oil

Higher coat weight = more polymer
coating = less defects

High Coat Weight

Low Coat Weight

VLT

* Representative of liquid transport through a coating

* Analysis involves operator counting dye spots within a few
minutes of wiping off the dye

* Method for prescreening defect detection for subsequent

OTR and WVTR performance

ntha Woodfin?, Brian Einsla?, Melinda Einslat, John Roper 1112, Sharon Vuong!. Mary Alice Upshur?, Betha Snow?
, Collegeville, Pennsylvania 19426, United States. 2Dow Coating Materials, Dow Inc., 400 Arcola Road, Collegeville, Pennsylvania 19426, United States
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Optimization of dye test: type of dye applied

spot count vs. coat weight for blue and pink dye

= Changing the source of dye leads to a decrease in spreading of the spot size over time. Credit: Trinseo

* Pink and blue dye pick up similar number of defects but pink dye spreads less.

" Defect (spot) count is independent of dye color.

Choice of dye reduces error with consistent defect detection

" Spot count is highly dependent upon dwelling time,

especially for poor coatings

" A large quantity of defects can lead to complete
staining of paper substrate, which will undercount

spots

" TFor new barriers and coatings, dwelling time should

be investigated systematically

Optimization of dye test: Dwelling time
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Dwell time leads to dramatic change in spot count due to saturation

Can we reduce the number of manual steps in the process? Can
the spot counting be automated? How do facts such as amount
of dye and time before wiping affect the results?

Investigation of results: area or spot count?

Coating 2
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" A scaled down automated process minimizes error and acerates
throughput
" Counting and quantifying dye spots is done by image analysis

data on total spots, quantity, area% of
spots and average size are extracted, as
individual  spot

well as area, are

recorded
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Spot count is related to coating integrity

Spot area is not related to defect size

After dye is removed, the area of the spot increases over time
Dye size increases independently of size
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250
" Coating 1 shows a relationship between coat weight and spot count, 200
which is not observed for coating 2

" Spot count 1s undercounted for coating 2 at low coat weights £ 150
o}
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For poor barriers, area of spots becomes a better parameter
for defect analysis o L Ml M

coat weight (gsm)

Conclusions
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Standardization of testing is crucial to performance metrics

imperative for reproducibility

\_

Results of defect detest are highly dependent upon parameters. Adhering to protocol(s) is

All samples are not the same. Adaptability is needed to perform meaningful science

/

The results from this work highlight multiple considerations when applying the dye-penetration test toward defect detection
in waterborne paper barriers. The primary consideration 1s the choice of dye used in the test. Preliminary results suggest that
cither the viscosity or surface tension of the dye carrier reduces the dye migration rate, which comes at the expense of test
speed due to prolonged dwelling times. Next, we identified photobleaching as an occurrence for blue-dye spots, which can be
overcome. Preliminary observations reveal that the pink dye is more resistant to photobleaching, which is likely due to the lower
energy absorbance profile and may improve the test reliability as a function of time variation prior to imaging. We demonstrated
the difficulty in correlating spot count with defect count in highly defective systems due to the converge of dye and highlight the
importance of recording both spot count and area as metrics of coating quality. Lastly, we note that the while the dye-
penetration tests are promising tools for evaluation FS substrates, more work is needed use these tools to evaluate coatings on
glassine paper. We envision that the results of this work will enable a more comprehensive understanding of optical methods for
defect detection and advancement of generalizable approaches to rapidly and reliably pre-screen film quality to accelerate the

development of barrier coatings for paper substrates.
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The Power of Experimental Design in Innovation
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Ashley Childress — Eastman Chemical Company | Data Science | Applied Statistics Group 8 poeexpioaton. i 1950
ML model guide | N
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Applied Statistics at Eastman . ’ 260 833
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Part of Eastman's Data Science organization, the Applied Statistics Group consists . 540 17

e e . - - . : m 0 ® 74.6

of statisticians who provide statistical support throughout the company, primarily o . o 1

working with technology and manufacturing on their top projects by providing . . - 688

support in experimental design and data analysis. * L . 65.8

3 R 62.9

Our mission is to create value for Eastman through the promotion and use of "N ¢ 200 600

statistical methods to enhance data-based decision making. RN = ; o -« " - >

B B
Statistically based experimental design principles provide defensible and Two experimental spaces are shown: the left shows a three-dimensional space with experimental

theoretically sound data and analysis to guide scientists’ research and discover combinations optimally chosen throughout the space to fit a desired model form; the right shows a
innovative solutions. contour plot of a space being searched by a ML model with a follow-up DOE at the identified optimum.

Design of Experiments (DOE) DOE + AIML

* Innovate faster using screening techniques and sequential experimentation * Application and formulation modeling can identify promising experimental spaces
to explore, but cannot provide causal information, which is critical to process
understanding

* Sequential experimentation approach practically beneficial for experiments to
sequentially build knowledge while conserving resources

* Experiments can be designed to explore and understand system behavior around
the identified optimum, allowing the scientist to develop key knowledge on the
process or product

* Develop fundamental process understanding and assist with scale-up using
response surface methodology

* Discover new product formulations using mixture experiments _ , , o o
* DOE methods can be used to identify spatial missingness and efficiently add

* Create the value story with appropriate comparisons to competitive products combinations to help fill out the training set
. Han_dle process constrai.nts and randomization restrictions using new advances in » Understanding prediction uncertainty is important, and statistical methodology
optimal design of experiments can be used to quantify or flag areas with large amounts of error in the space

* Verification of predicted optimum is key to moving forward with product and

EASTMAI“ commercialization decisions
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Rapid Degradation of Cellulose Diacetate Materials in the Coastal Ocean 7 senoctiouc

-
B e

Collin Ward, Anna Walsh, Taylor Nelson, and Christopher Reddy — Woods Hole Oceanographic Institution T
Brian Edwards, Mounir lzallalen, Sharmi Mazumder, Michael Mazzotta, and Steve Perri — Eastman EAS MAN

INTRODUCTION TIME-LAPSE PHOTOGRAPHY AND CUMULATIVE MASS LOSS PHOTO-BIODEGRADATION
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world’s oceans, together with rapidly At Start W1 CDA foam —a— r—
increasing consumer demand for plastics, :22;‘::;:
has generated intense interest in materials +eontrols— " Coton ——
with sustainable characteristics and low L e
environmental persistence. Cellulose
diacetate (CDA) (Figure 1) is a primarily
bio-based material (derived from wood
pulp) that is widely used in consumer
goods and is proposed to have low
persistence should leakage into the natural = f—— | —
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biodegradable in a variety of environmental . (b.) Cumulative mass loss measurements track
compartments, but no peer-reviewed study g B v | - | disintegration of CDA-based articles and positive controls
had assessed the persistence of CDA- | 3 BN | NN | SN over a 25-week incubation in the seawater mesocosm.
based materials in the coastal ocean.
Here, we investigate the degradation of

CDA-based materials by marine microbes
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(a.) CDA fabric that was irradiated for 14 days in a solar simulator

(orange column headers) disintegrated more quickly in the seawater

mesocosm than dark control CDA fabrics (black column headers).

(b.) Mass loss at 10 weeks revealed that irradiated CDA fabrics

(orange) disintegrated more quickly than dark control CDA fabrics
(black) and cotton (green). Irradiated CDA + TiO, fabrics

S eseme | B CDA foam- e = disintegrated more quickly than irradiated pure CDA fabrics,

o] | [N e o T C 2 indicating that TiO, acts as a photocatalyst and accelerates

i Kraft paper- | 41 X107 -20 L. .
controls —-[ cotion IR Respiration of Young C to CO, deg radation.

=Tl reontrols o CDA contains young cellulosic radiocarbon (A'*C = 98.0%o) and old (c.) The susceptibility of CDA to photochemical conversion to CO,

Seowater

residence time=79 min 1 Fluor. intensity

L (normalized) acetyl radiocarbon (A'#C = =1000%o), providing a unique opportunity (left) and chain scission (right) to lower molecular weight products

- to track which C atoms are biodegraded to CO,. Shifts in the isotopic was greatly enhanced by TiO,.

Figure 2. Coastal seawater from the Esterase and cellulase enzymatic activity composition of seawater dissolved inorganic carbon (DI'3C and

Vineyard Sound (Massachusetts, US) was increased over a 10-week period for CDA-based DI'4C) during short-term (up to 6 days) bottle incubations confirmed

supplied to the mesocosm from an intake articles and positive controls. For CDA, esterase respiration of both the cellulosic (young) and acetyl! (old) components

approximately 300 m offshore at an activity increased before cellulase activity. of CDA to CO,, with slight preferential degradation of acetyl C. CONCLUSIONS
approximate depth of 4 m. The seawater

contained native microbial communities and
the flow was constant and equal to each CDA-based materials are susceptible to disintegration and

rack containing specimens. (Photo credit — ACKNOWLEDGEMENTS & REFERENCES biodegradation by native marine microbes on timescales of
Natalie Renier, WHOI) months.

Funding was provided by Eastman Chemical Company, Woods Hole Oceanographic Institution, the Seaver Institute, and the NSF Graduate Research Fellowship Program, NSF- . . .
CHE-2202621 and NSF-MRI-OCE-1828581. Marine microbes degrade both the acetyl and cellulosic

Th | | | - components of CDA, with deacetylation appearing to be the
© specimens included various CDA The authors also appreciate helpful discussions and support from Bryan James, Yanchen Sun, Carol Anne Clayson, Amy Apprill, Rick Galat, Natalie Renier, Justin Ossolinski, rate Irimiting step , y PP g

based materials (films, foams, and fabrics), and Dave Bailey at WHOI, and Kathy Elder, Roberta Hansman, and Josh Burton at NOSAMS. — _ _ _
positive controls with high degradative Synergistic weathering, such as photo-biodegradation, can

- - Rapid Degradation of Cellulose Diacetate by Marine Microbes. Michael G. Mazzotta, Christopher M. Reddy, and Collin P. Ward. Environmental Science & Technology Letters - - -
capacity (Kraft paper and cotton fabric), and 2022 9 (1), 37-41. DOI: 10.1021/acs.estlett.1c00843 shorten the lifetime of CDA in the ocean.

negative controls with low degradative Photocatalytic additives, such as TiO,, accelerate degradation

i L DPE film an | r fabric). Synergy between Sunlight, Titanium Dioxide, and Microbes Enhances Cellulose Diacetate Degradation in the Ocean. Anna N. Walsh, Michael G. Mazzotta, Taylor F. and thus reduce the environmental lifetime of CDA.
capac ty ( and po yeSte ab C) Nelson, Christopher M. Reddy, and Collin P. Ward. Environmental Science & Technology 2022 56 (19), 13810-13819. DOI: 10.1021/acs.est.2c04348
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Towards More Sustainable Architectural Coatings

Synergistic Design of Biobased Binders and Improving the Carbon Footprint of Premium Architectural Paints
Biorenewable Team: Erica Frankel, Paul Doll, Gary Dombrowski, Tara Cary, Omar O’Hara, Tamara Dikic, Rebecca Zaidins, Julie Mahaffey, Pratibha Mahale, Janet Tesfai

Improved Hiding Technology

Sustainability Focus Areas
Dow wants to be the most innovative, customer-centric, ROPAQUE™ and EVOQUE™ Polymers

Inclusive and sustainable materials science
company in the world.

TiO, is Best White Pigment for Coatings, But Deficiencies Exist

Dispersion and Agglomeration Issues
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In a typical paint, TiO, As paint film dries, crowding . Paht
. : : e IR - concentration, lig
Inefficiencies of TiO distribution is worse than occurs and creates regions of _
2 random. high and low concentration. scattering zones overlap and

create inefficiency.

CORE VALUES Environmental Impact Architectural Paint Costs

To deliver a sustainable future for the world through our
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Advancing Sustainability with Polymer Technology
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Innovating Biobased Raw Materials
All-Acrylic EXP-6365 Polymer

Value Proposition for North American Market
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Advanced Recycling of Polyolefins

Adam S. Gross

ExxonMobil Technology and Engineering Company
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Generative Al: An Innovative Approach for using Artificial Intelligence to Drive Productivity

VVince Herrera - Digital Product Leader
DuPont

Introduction Objectives
Generative Al (GenAl) is a powerful technology that GenAl will transform work by automating the Integration of DuPont data within a secure
Is transforming a wide range of industries. generation and interpretation of content Microsoft Azure enclave using OpenAl model
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- - - - - - -

data or content, such as images, text, video and . Create a secure environment for employees B Azure
audio. to use GenAl to deliver value in productivity \.__DOperar K ,
* [tinvolves the use of deep learning techniques ]
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digital advisor for various enterprise needs

such as neural networks to learn patterns and
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content to existing data.
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Vespel® Enables Longer Service Life and Enhances
«DUPONT» Performance in Hydrogen Applications

Natalie Kadlubowski, Jenn Chickola, Ruth Jackowiak, Patrick Liekens, Luke Amspacher, Yuichi Maruyama
Vespel® Research & Development, Technical Service & Development

Introduction

DuPont™ Vespel® polyimides have been used for decades in the most demanding
applications where thermal and dimensional stability, soft-yet-strong mechanical
properties, and strong wear and friction behavior are required in mechanical
components. With a3 new wave of hydrogen adoption ramping up, Vespel®
polyimides have shown promise in the unique and challenging application
environments inherent to hydrogen generation, storage, and consumption.

Problem

While hydrogen offers a carbon-free fueling solution, its low energy density, small
molecular size, and wide flammability range pose processing challenges. It must
be either highly compressed or liquefied at extremely low temperatures to
achieve viable energy densities, the materials used for tanks, seals, and valves
must be able to prevent escape of the very small and flammable gas, and some
applications require unlubricated systems to prevent contamination. Because
many of these requirements can overlap, it is necessary to find materials that can
meet all these needs at once.

Materials and Methods

Compressive Modulus: The ratio of compressive stress to strain measures material

stiffness; high values represent high resistance to deformation.

* Samples were tested per ASTM D-695 at ambient and cryogenic temperatures.

Compressive Creep: Creep indicates the deformation a material experiences over time

under a constant load; higher values show higher deformation.

* @8 mmxh16 mm slugs were loaded for 600 hours, measured before and after.

Permeability: Low permeability-materials resist through-plane fluid transmission

better than those with higher permeability.

» Data courtesy of Kyushu University; 1.5 mm PEEK, POM, Vespel® SP-1 and SCP-5000
films tested at 90 MPa differential pressure for permeation via GC at 30, 90 °C.

Dynamic Friction and Wear Factor: The dynamic coefficient of friction is defined as

the ratio of steady-state frictional to normal force. Wear factor is defined as the

volume of material lost per unit pressure and distance over the entire test.

» Data courtesy of Bundesanstalt fir Materialforschung und -prifung (BAM);
Counterface AISI 304, Ra ~ 0.2 um,v=0.2 m/s, P =3 MPa.

Results and Discussion
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PCTFE and graphite-filled Vespel® SP-1 were compared at room and cryogenic PEEK, Vespel® SP-1, and SCP-5000 were tested for compressive deformation over time.
temperatures to determine cryogenic sealing efficacy. A material with a At both conditions, the Vespel® slugs showed lower creep, with a3 more pronounced
consistent modulus over a range of temperatures will show consistent sealing difference at higher temperatures despite lower loading. Low creep can translate to
performance, enabling designs to acc date large P e swings. longer lifetimes for load-bearing parts, including thrust washers or bushings.
Permeability Dynamic Friction Wear Factor
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Hydrogen permeation through PEEK and POM was compared with Vespel® SP-1 Several Vespel® materials were compared with PEEK-based materials in a block-on-ring
and Vespel® SCP-5000. Even at elevated temperatures, SCP-5000’s permeability setup in air and gaseous hydrogen. Despite similar levels of friction in air, the Vespel®
was a fraction of POM, the second-best sample tested. Low permeability is critical materials show lower friction in hydrogen, and show substantially lower wear than
for seals and valves containing one of the smallest molecules in the universe; PEEK-based materials overall. Lower friction and wear translate to better performance
concentrations as low as 4% in air can pose a serious explosion risk. and the need for less frequent replacements in wearing parts.

Conclusions or Future Application

Vespel® is the answer to the most stringent sealing requirements in hydrogen applications, thanks to its unique

blend of thermal, mechanical, and tribological properties.

* Low and consistent compressive moduli and creep rates, coupled with high mechanical resistance enable
exceptional sealing even at cryogenic temperatures.

» Significantly lower permeability than materials like PEEK prevents dangerous and costly fugitive hydrogen
emissions.

* Low friction in air and hydrogen reduces actuation force and improves operational efficiency.

* Low wear rates lower component replacement frequency and maintenance downtime.

September 12, 2023
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Probing Oxidation Kinetics of Amine-based Sorbents for CO, Capture

Introduction:

The development of new solid materials for CO, capture is challenging due to the diverse nature
of CO, streams. These streams vary in CO, concentration, percent relative humidity, trace
impurities such as NOx and SOx, and the concentration of O,. While this variability suggests

that different materials classes

are needed for distinct CO, streams, in practice amines are

among the most commonly examined sorbents. This poses a challenge for oxidative stability of
the CO, sorbent since amines are prone to oxidative degradation and though the O, content of
CO, streams vary, nearly all contain at least 1% O..

Here, we present work on understanding the oxidative stability of supported polyethylenimine
(PEI). This material is widely examined in academic literature as candidate for Direct Air Capture
due to its high amine density and therefore large CO, capacity. However, this high amine
density suggests that PEIl will be very sensitive to O,-mediated degradation. To that end we are
undertaking a kinetic investigation to understand if it is possible to mitigate the instability of PEI

to O,, a requirement if it is to be used for Direct Air Capture.

NH, HZN\/\N/\/NHZ

e

\"‘/\N/\/N\/\N/\/N\/\N”

H H o on TN,
CI)H OH OH OH OH OH CI)H

NH

J

HoN

We combined spectroscopic tec
function of oxidation time. The

S BA—1 5, A|203, S | OZ Class 1: Physical impregnation

Lit supports (1, 2, 3) Only examined physisorbed PEl

(i.e.class 1, ref 4).

Approach:
nnigues such as NMR and FT-IR to probe the degradation as a

-ate of decomposition of PEI with two different supports and

with or without addition of a stabilizer was examined.

FT-IR:
| " 1) Dilute with KBr
. 2) Press into environmental
cell (ref 5)
NMR:

1) Weigh out ~10 mg
samples into vials (1 per

time point)

2) Heat at temperature of

INterest in air

3) Pre-treatment under N, and

heating to 120 C.

4) Bring to T of interest, switch to
reaction gas

5) Collect spectra

N—”’

3) Extract sample using NMR solvent
4) Collect spectra for each time point

NMR:

Typi

Air, 133 °C, Support 1

Integrate here

D,0O solvent

for % oxidized internal

8.07 8.05 8.03 8.01 7.99 797 7.95 793 791 7.89 7.87 7.85 7.83

Comparison of NMR oxidation data with different .. | 00t |
supports, both with and without stabilizer, reveals > s e
that the support has minima |
The slight differences are |i
measurements.  Addition
decreases the rate of oxidation by ~2-fold.

the

f1 (ppm)

B

standard

Results:

Integrate for

mass balance |

cal spectra of PEl at different time points

PEl on Support 1 PEI with Stabilizer on Support 1

Fraction
o ¢
o
Fraction
o
o

Oxidized monomers ° i Oxidized monomers

0 500 1000 1500 2000 0 500 1000 1500 2000
Time (min) Time (min)

11 10

-T-IR:

S8 7 6 5 4 3 31 b 4 3 3

f1 (ppm)

KE

FT-IR of PEl on Support 1 at 140 C

impact on stabi
y within the erro
stabili

of

t=0min t=10 min

——t=40 min —t =60 min

-7.00

-6.00

-5.00

-4.00

-3.00

Half-lives

-2.00

-1.00

0.00 *t
0.00 100.00

Does t
reactio
PEl is a very co
two different a
scales but it is a
order process fo

t=25min

e

Regions of interest

A

3,600 3,100

2,600 2,100
Wavenumber / cm-1

PEI on Support 1 - First Order Plot

.e’
ses’
o0
.

=
)
cC

te

cC

ized i

P 0

é

. :
BT ) o
‘fvf" Z

\J‘ SN—r

200.00 300.00

Time (min)

—
N

y

ns or a single overall seconc
mplex molecule anc

90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00

0.00

1,600

1,100

)
9
cC
0
[

v
0
<

600

nis oxidation proceed by a series of first order

PEI on Support 1 PEI with Stabilizer on Support 1
0.18 0.1
0.16 | . 0.09 | o
0.14 | 0.08 |
012 | 0.07 }
" 0.06

01 F
0.05

0.04

0.08 |
0.06 |

half-lives
half-lives

. 0.02 |
002 | .7 001 @

0 500 1000 1500 2000 0 500 1000 1500 2000

Ity. Time (min) Time (min)

of Support Support1 |Support2  Support 2
Zer T + Stabilizer + Stabilizer

k. (min?) [63x105 3.8x10° | 81x105  42x105
t.,(min) | 11000 18400 8500 16300

Time traces of PEl oxidation with 30 sccm dry,
simulated air (20% O, in N,) at 140 °C.

PEl on Support 1 Inset PEl on Support 1 + Stabilizer Inset
0.60 0.60 0.48

0-50 0.45

) 0.50
0.40 S 8 0.40 038
) 0.30 @ 0.35 = 4 c o
. c £ 0.30 -1 2 S
S I 2941cm |9 030 24 S csscm | 5033 |8
0 ®
0.20 M( 0.25 ® '2 0.20 ‘2 0.28 .0..........

.....
( X )
0.10 020 eeee !l 510 0.23

0.00 : 0.15 ' 0.00 . 0.18

0 200 400 0 50 0 200 400 0 50

Time (min) Time (min) Time (min) Time (min)

Determined Support 1 Support 1 +

order reaction? at 1667 cm-'- Stabilizer

it is easy to envision 15t order fast k 0.0710 0.0569
mine sites reacting at very different time

so easy to envision an overall second
- this reaction.

15t order slow k. 0.0082 0.0081

Second order k. 0.2383 0.2049

PEl on Support 1 - Second Order Plot

. n contrast to the NMR data, the FT-IR
<inetics reveal no enhanced oxidative

° stability upon addition of stabilizer.

This discrepancy likely arises because
these techniques do not probe the exact

50.00

100.00
Time (min)

15000  200.00 same specieS.

Citations: 1 - Angew. Chem. Int. Ed. 2023, 62, e202302887/. 2 - J. Am. Chem. Soc. 2022, 144, 11664. 3 - Ind. Eng. Chem. Res. 2017, 56, 13766. 4 - Acc. Chem. Res. 2015, 48, 2680. 5 - Sold by Harrick, image
from: https://tools.thermofisher.com/content/sfs/brochures/PS51812-Praying-Mantis.pdf.
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Doing More with Less through Lightweighting:
Foaming Capability of ExxonMobil High-Melt-Strength Polypropylene
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1. ExxonMobil Technology and Engineering Company, 5200 Bayway Drive, Baytown, TX 77520
2. Multifunctional Composites Manufacturing Laboratory, Department of Mechanical and Industrial Engineering,
University of Toronto, 5 King’s College Road, Toronto, ON M5S 3G8, Canada

Abstract

The pursuit of materials that can offer sustainability benefits has become a major focus
in various industries to help address value chain sustainability commitments. Among

Batch Foaming:

Effect of partial vs complete melting on foam expansion and morphology*

these materials, polypropylene (PP) stands out as an ideal candidate for a wide variety r ( Materials, Test Parameters, and Foaming Protocol ) N (b) _
of applications. A prime example of how PP can offer sustainability benefits is its use in (a) T 4 Smieloadis o (b) T o e ouding G B Vi
) ) ) ) . . . HMS |ong—chain & gas injection Depressurization 4 4 &gasinjection Depressurization 4 50 4+
plastics foaming. The lightweight nature of PP foams can translate into lower material Material branched PP ) Saturation o
consumption and the potential for reduced transportation energy, and enhanced fuel Y VNN UUUR S T 40-
.. . . . . . . Melt T Saturation o0
efficiency — thus potentially offering carbon footprint benefits in automotive and Strength 45 cN I 2
packaging applications. In addition, the strong chemical resistance and excellent v =21.000 o/ ool o 9 307
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examined the foamability of these HMS PP materials under CO[?dItIO[IWS reIevar_wt to foam 150 °C 155 °C 160 °C 165 °C 170 °C 175 °C
manufacturing processes to demonstrate the use of PP foams in various applications. o TG 1 A AR , - ] 10"
- 12 = ( ?mﬁv \'
Foaming Background’- 2 S |
o F10'¢ |
Option 1: %‘mm_,o \I
. . @ )
Chemical Blowing Agent (CBA) Blowina Aaent Option 3: CBA + PBA _ 8 107} - \l
| 9 Ag Option 4: PBA + PBA % = 1084 \
= L o 00
Q\L Option 2: % ol o~ . 5.
00 Physical Blowing Agent (PBA) g 120 130 140 150 160 170 180
S Temperature (°C)

Foam Injection Molding (FIM):
Influence of molecular weight during high-expansion FIM?

Diffusion

Pre-foaming Samojle MFR230°C/2.16kg M, o M,  Melt Strength
y i P [dg/min] [g/mol] W M'n  [g/mol] [cN]

PP1 36 182,000 3.7 423,000 -

@-» @ -> % - ‘ — e e PP2 30 303,000 18 2,580,000 3
|

i S2eges PP3 37 312,000 13 3,320,000 5

Gas P Mixing & i . Cell

Diffusion ' Nucleation PP4 34 373,000 28 3,950,000 11
|
|

injection growth Mold-opening FIM

E 3 — | 5000 g
] . B Packing time=0.5s [ =2
Extrusion Foaming: E W m I LR
o [}
Effect of processing condition on PP foamability3 = 0 a5
j - fri& Materials 2" £ - - 2000 :
Polymer: long-chain branched HMS PP (PDHO025, ExxonMobil) % __-_."" E
Physical blowing agent: CO, UEJ : - o
Cell nucleating agent: talc 2 S ' W i g
MFR 230°C/2.16kg Density T. T, My /M c;é , = . E
. 3 o o w n | 1 | |
i [dg/min] [g/cm3] [°C] [°C] [g/mol] -y .- op) - K
=W/ 71T TTD 1.9 0.9 165.2 126.8 424,500 12.1 Res -l % 28 °
esSin

Packing time = 0.5 s; optical microscopy (top) & SEM (bottom)
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Die pressure drop rates (dP/dt) explored: 280, 60, 21 MPa/s
CO, loading: 1, 3, 5 wt%

N
o
By
Ny
=
u
y
ey
L)
~
]
Ny
iy
N
S

Potential Benefits Summary Acknowledgments
25 25 25 . .
@) e (b)a (©) ExtLusmnf_Qammg | | | | Funding

g2 +3 wt°/: g g « Higher dP/dt leads to greater density reduction; higher CO, content widens the

c | A ® |4 5wt% : A © : foaming temperature window + ExxonMobil Technology and
g's" AO @ i é"* 271A o « Higher dP/dt and CO, content contribute to higher cell density Engineering Company (research
o4 ® o iy € € 5@ d 104 0 520 | project 2018-0588)

gl ® a g £ o Batch Foaming

3 ® o 3 Ree 3 o o . . . .

8 A : ‘, > 5 0 : % -~ 87 4 . a<> . » Foaming temperat.ure range can be widened by _>.20°C via conjplete mgltmg Collaborative Research and

Melt Temperature at Die ("C) Melt Temperature at Die (°C) Melt Temperature at Die (°C) P Y P gy 543896-19) of the Natural
BN Dccreasing dP/dt  EEEEEE———)> Mold-Ooenina Eoam Iniection Moldi Sciences and Engineering
_ ) _ _ _ _ Research Council of Canada
@) ) = » Higher molecular weight PP are able to achieve higher expansion due to higher

oL @ i & o g i) Frystallization temperatures.a?nd improved extensional rheology that contribute to
Tl A sse e O £ A £ improved cell structure stability
€ 0l @ €0l Py © ©| 2.\ a
o ® 2> L 2 A QO
Z e 2 | © ¢ &os | N ¢ 3 %5 %
= 8 a
= 10"+ o = 10"+ = 10° 4
3] STw%|| goi  ooo 1 © 4 8 References

0 )
L ‘ A5 “’lt% | 10'4 o © 1ot . Standau T, Zhao C, Murillo Castellén S, Bonten C, Altstadt V. Chemical Modification and Foam Processing of Polylactide (PLA).
150 M1;;:T “'*08( 1;;:,0' (;(*:0) s 50 56 0 s 0 s 150 155 180 65 0 175 Polymers. 2019;11(2):306. doi:10.3390/polym11020306
eil lemperawure al vie ’ ie (° . . . . . .
i il uiminkiniiie i sl . Naguib, H.E., Park, C.B. and Reichelt, N. Fundamental foaming mechanisms governing the volume expansion of extruded

polypropylene foams. J. Appl. Polym. Sci. 2004;91: 2661-2668. doi:10.1002/app.13448

. Kim E, Kweon MS, Romero-Diez S, et al. Effects of pressure drop rate and CO2 content on the foaming behavior of newly
developed high-melt-strength polypropylene in continuous extrusion. J. Cell. Plast. 2021;57(4):413-432.
doi:10.1177/0021955X20943110

. Kweon MS, Embabi M, Shivokhin ME, et al. Tuning High and Low Temperature Foaming Behavior of Linear and Long-Chain
Branched Polypropylene via Partial and Complete Melting. Polymers. 2022; 14(1):44. doi:10.3390/polym14010044

. Mendoza-Cedeno S, Embabi M, Chang E, Kweon MS, et al. Influence of molecular weight on high- and low-expansion foam
injection molding using linear polypropylene. Polymer. 2023; 266,125611, doi:10.1016/j.polymer.2022.125611.

Expansion Ratio

Representative SEM images from
low dP/dt die at 3 wt% CO2 loading

Temperature



BETTER CALL SOL FOR FCC OPERATION

Manijiri Moharir, Scott Horton, Ashish Mhadeshwar, Aaron Sattler, Daniel Bilbao

The What

) Other .
Gasoline Gasoline
19.8% 46%

Jet Fuel
Diesel 9%
17.5%
Gas Ol Diesel
12.2% 26% Product

FCC Units

* Feed contains lower fractions
of fuel grade material
Cracking yields higher fractions
of fuel grade material
FCC units upgrade the feed
into profitable products
Integral to the energy industry
for decades

The How

SOL Representation

Cas
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Python Optimizer

Next Up

Next Generation FCC SOL Model:
* Addition of new chemistry
* Improved predictions
* Overcome limitations of current
model
* Guided by data and literature
Updates in kinetics, thermodynamics
Kinetic Parameters * ~500 new components

e ~5000 new reactions

Iterative convergence upon rates
of newly added reaction pathways

Fluidized Catalytic Cracker (FCC)
Cracks heavy feed molecules into
smaller product molecules

Structure Oriented Lumping (SOL)
* In-house proprietary technology
* Rigorous, robust model

* High compositional detail

* High model fidelity

SOL Model
FCC chemistry is complex
Hundreds of thousands of species
and reactions
Models required for safe and
optimized operations
SOL enables complex chemistries
to be captured in tractable
models

Reaction Network
Select reactants: A; >1 & R>2
Create products:
Product 1 = Reactant 1; R=1
Product 2 = Reactant 1; A;=0; R = R-1

Model Details

Fluidized bed, regenerator, simplified fractionator
~10,000 species and reactions

Model condensed to ordinary differential equations
Parameter estimation using lab, pilot, commercial data
Thermodynamics input using group additivity methods

Major changes/challenges:

* Assessing relevant chemistry

* Impact of new reaction pathways on
FCC SOL products, downstream unit

models

Estimation of unknown kinetic
parameters

Thermodynamics of new
products/byproducts




MATERIAL DEVELOPMENTS IN POLYETHYLENE INSULATED POWER CABLES FOR MORE SUSTAINABLE POWER DELIVERY
STACEY SABA, ROSHAN AARONS, SAURAV SENGUPTA, JEFFREY COGEN, YABIN SUN, EDIT BERC2z

WIRE AND CABLE R&D AND TS&D, Dow

Global Megatrends in Energy Demand

Increases in population growth, urbanization, and
renewables require increased energy demand
 Connecting energy generation sources to the grid
* Increasing transmission voltage
* |Insulation solution enables reduced emissions

2030

% 1.3 X

High &
# 1oX Extra High

Voltage

The world requires
a grid that is high
performing, reliable,
and resilient

Crosslinked Polyethylene Insulated Cables

 Cables are coated with polymeric materials because
of good mechanical and electrical properties
* Crosslinked polyethylene (XLPE) is widely used as
insulation for MV/HV/EHYV cables
 Low permittivity, low loss
» High dielectric strength
 High toughness, low temperature flexibility
* Crosslinking increases conductor operating
temperature

Conductor (Cu or Al) — To transmit electric current

(semiconductive) — Minimize
electrical stress and provide smooth interface

(cross linked PE) — Prevent leakage of
electric current

(semiconductive) — Uniform
ground potential around insulation

Wire Screen (Cu or Al) — Earth fault leakage
current

Metallic Barrier (Pb or Al) — Mechanical
protection and water ingress protection

(HDPE, MDPE, LLDPE) — Mechanical protection,
UV resistance

Coagent-Enabled Advances in Crosslinking
Technology

 Dicumyl peroxide (DCP) is a widely used peroxide
Initiator for crosslinking

 Compatible with cable manufacturing process

* Peroxide crosslinking byproducts are undesirable
and need to be removed which adds time and cost to

cable manufacture
o) 0
% —» 'CH; + ?

Acetophenone

: ‘CH; + P-H —» P°  + CH, (methane)
+ P-H — T P
P. + P. — P-P

Polymer Cumyl alcohol Crosslinked Polymer

Byproduct |Application |Negative Impact

Vaults: Explosive Mixture
Joints: Internal Pressure/Reliability

Polar Quality Test: mask void detection

Methane AC / DC

“Heavies” AC /DC by partial discharge testing
Polar AC o meed conductiityepace
“Heavies” DC P

Why Are Byproducts
Removed?

charge

Technology need exists to minimize
byproducts (reduce DCP initiator)

Scorch retardant +
crosslinking coagent

Novel XLPE based on coagent technology
achieves excellent cure performance, improved
scorch (premature cure) resistance

Conventional Novel
XLPE XLPE

Lab scorch test (140 °C, min) 50 72

Hot Set (%)
(20 N/cm?, 200 °C)

Tensile strength (psi)

Property

rx7 81+9

2944 + 203 2770 = 203
Elongation (%) 547 £ 27 516 £ 31
Retention (%) — after 14 days at 150 °C = 98 > 85

Reduction in Crosslinking Byproducts and
Computational Degassing Prediction Model

Thermogravimetric analysis screening shows novel

XLPE has a lower byproduct concentration in a cable
1.8

1.6
<14

First 5 minutes 30 minutes

[—
r2

Weight Change (

o o o O
= N = O oo

B Novel XLPE mConventional XLPE

Diffusion model based on Fick’s law was developed
for a cable to predict methane removal at 70 °C
Methane target of < 100 ppm achieved in 1 day

15mm Insulation

A a Conventional XLPE
A, = Novel XLPE

0 2 4 6 8
Degassing at 70°C (days)

Conclusions

Increasing need for higher performing materials to
meet energy demands

Conventional crosslinked polyethylene technology
IS susceptible to scorch and long degassing times

Novel crosslinked polyethylene technology:

Increase in run length

Reduction in degassing time
and GHG emission

Reduction in scrap per CV line,
eqguivalent to 32.4MT CO2
saving/year




Thermal Behavior, Morphology, and Mechanical Properties of Poly(3-butyrolactone-co-p-valerolactone)

Agostino Pietrangelo*, Carlos R. Lopez-Barron*, Matthew T. DeRocco, Shuhui Kang, Sarah J. Mattler, Pamela J. Wright

ExxonMobil Technology and Engineering Company

Abstract

Racemic [3-butyrolactone (B) and [(3-valerolactone (V) are polymerized by ring-opening to afford a series of syndio-enriched (co)polymers that cover the entire compositional range. The effect of copolymer composition on the thermal
properties, crystallinity, morphology, and mechanical properties Is presented. A monotonic decrease In elastic modulus with increasing V content Is observed, with melt transitions following a similar functional form. Tensile properties,
including toughness and tensile strength, show sharp transitions at a V content of 36%, coinciding with changes in crystallinity and crystal structure at the same composition. Copolymer microstructure was investigated using *C NMR
spectroscopy enabling a partial assignment of resonances at the tetrad level. The results of this study show that at 27% V content, nearly 50% of the copolymer is comprised of syndiotactic tetrads that have at least three B units. At 36% V
content, a significant compositional shift is observed whereby the majority of tetrads are syndiotactic with at least two V units or are iso-enriched.
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Pietrangelo, A.*; Lopez-Barron, C. R.*; DeRocco, M. T.; Kang, S.; Mattler, S. J.; Wright, P. J. Macromolecules, 2023, 56, 5588-5598
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Let’s Talk Trash:

A Discussion on Plastic Circularity

SCI Innovation Day, 12 September 2023

This presentation includes forward-looking statements. Actual future conditions (including economic conditions, energy demand, and energy supply) could differ materially due to changes in technology, the
development of new supply sources, political events, demographic changes, and other factors discussed herein (and in Item 1A of ExxonMobil’s latest report on Form 10-K or information set forth under

kara.r.yogan@exxonmobil.com

What happens when you put plastic in your recycling bin?

= |tis estimated that only 9% of plastics worldwide are recycled, highlighting the urgent need to find ways to recycle more plastic’
In the U.S. about 9% of plastic in MSW is recycled, about 76% is sent to landfill, and about 16% is combusted for energy recovery?
= Current sorting technology is not effective at handing approximately 30% of plastic packaging?

"factors affecting future results" on the "investors" page of our website at www.exxonmobil.com). This material is not to be reproduced without the permission of Exxon Mobil Corporation.

Exxtend” Complements Mechanical Recycling

Mechanical recycling

Exxtend” technology

Planning basis subject to final investment decisions.

MSW

» Chemical recycling provides a pathway to take plastic wastes and break them down to molecules indistinguishable from their virgin Feed : TYP'CE‘”Y limited to cleaner Can accept ""”KEd'PG'YmEﬂ thaflf are
counterparts? single-polymer feeds difficult to mechanically recycle

1. OECD Global Plastics Outlook (https://www.oecd-ilibrary.org/environment/data/global-plastic-outlook c0821f81-en)

2. EPA, National Overview: Facts and Figures on Materials, Wastes, and Recycling, 3 December 2022 (https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/national-overview-facts-and-figures-materials#Recycling/Composting) . . . .

3. McKinsey & Company, Accelerating pSIJastic recovery in the United States, ;ece?nber 20, 2019(https://vsww.mckinsZy.iom/industries/fhemicaIS/our—insights/accelerating—plinstic?recovery—in—the—united—states) ) e i ) PD |Vmer d D'Eg radEd CI U al Ity Wlth VI rg 1N p{j |Vmer perﬁ:’ rMmance a nd

4. Ellen MacArthur Foundation, Enabling a Circular Economy for Chemicals with the Mass Balance Approach a White Paper from Co.Project Mass Balance, p. 4 (https://emf.thirdlight.com/link/f1phopemqgs36-8xgjzx/@/preview/1?0) perf{:}rm ance / eac h CYC |E p “Ocessa bl |Ity

Understanding the post- a I Often provides a GHG emission
S P ExxonMobil U.S. National Cha"enges Greenhouse GHE P Sphera carbon footprint assessment (ISO
Consumer Landscape _ nited I' gas advantage compared to 14067) Feedstock Study*
Advanced Recycllng Imited access to recycling broduction of virgin plastics
- - programs
Vechanical recycling PI"OjECtEd Ca PaCltY Lack of standard q Scaleabilit @ _everages new regional-scale Leverages existing world-scale
0.6 . .
Price terget feed Ak oS ar_] ards an Y infrastructure infrastructure
fragmentation across current
'For example, mixed polyolefins with limited amounts of PET or PS
“ D FOg arms *Every 1,000 tons of waste plastics processed results in 185-525 tons CO2e (19-49%) lower GHG emissions than processing the same amount of fossil-based feedstock.
. ] ] https://www.exxonmobilchemical.com/en/exxonmobil-chemical /sustainability/advanced-recycling-technology/carbon
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Confusing consumer education

» Advanced recycling target feedstocks
Single Source & MRF Sorted to manage
Impurity content

Meeting ExxonMobil’s Advanced Recycling Capacity Ambitions

Large-scale advanced Rotterdam
Sarnia
A Antwerp
Notre Dame de

Scaling technology demonstrated © soidisy
in Baytown, Texas
Baton Rouge Gravenchon

Advanced recycling facility in
development with 3rd party,
. . . Plastic Energy; ExxonMobil
* Baytown advanced recycling facility started up in TACOIL offtake agreement
December 2022
» Since the start of pilot operations, ExxonMobil has already
processed 11,700 metric tons of plastic waste

@ BExxonMobil sites under
(more than 25 million pounds!) as of 8/8/2023

 Driving for innovation to push AR
feedstock lower in the pyramid

Beaumont

Baytown

assessment for advanced
recycling

Estimates based on internal ExxonMobil analysis
MoUs to assess

collaboration on
advanced recycling

Malaysia% Singapore
Indonesia

Planning basis subject to final investment decisions

Material
type

/\

PET

Single-stream plastics recovered for Mixed-plastics desirable for
mechanical recycling?3 Exxtend” technology*

*Monomaterial, easy to sort
*Polymer properties amenable to M/R and
food contact qualification

Pharmacy Pill Bottles

1 ™ = y 4 - !
w 'l . f\
- B '-
. -
. Y .
" . :
- o -
\ 4 |
& . -
-

PEX Tubing

What does plastic waste
look like?

*Acceptable in quantities up to oxygen
contaminant limit

*Monomaterial, single source more common
*Polymer properties amenable to M/R

Other valuable products

>

|

SPE ‘/} . Ta I"gEt Manufacturing complexes
4 ) Ceprr:;zzg_rcei:i:#'lar Converters Brands Consumers Disposal
~eLimited single source collection ,, . - Fossil-derived - to-
3 9 | . Capable of taking small amounts Tolerated in teade * Soeees: = D h:: i yaste-to-eneray/
L ack of monomaterial (additives) : ncineration
- ’ 'I:E-Ed MixX Large Scale Petrochem Basic Chem eee L.:andﬁll
PVC \_ & Refining Units Units y Litter
o[ I ' - - Enhancing
Film collection & sortation more challenged @ Challenge _ - -~ NS e
. / s Advanced ~ Mechanical recyclin
Y/ +Polymer properties not amenable to M/R 4 ’ ecvelin N Py yeling
LDPE ‘ ycling \ S
Stand-alone \
. . . rolysis
*Sortation improving pyre.Y: i _ _ _ =
. " Returns difficult-to-recycle plastic waste to its molecular building blocks
J *Polymer properties less amenable to M/R J \\ Exxtend™ ,’ for making valuable new products
, technology
N V4

*Expanded PS foam collection, cleaning,
densification is challenged v

*Acceptable in quantities up to ~
contaminant limits

@

IAttributed via ISCC PLUS version 3.3 mass balance approach.

Does not represent GHG emissions or recycled content. For illustrative purposes only.

*Acceptable in quantities up to
contaminant limits (e.g., high nitrogen
content from nylon and polyamides)

Does not represent GHG emissions or recycled content.

>a> %>
/
/
\
\
\

Not a monomaterial

@

J

'In communities with programs and facilities in place that collect and recycle the resulting product.

’Plastics Recyclers Europe: PET Market in Europe: State of Play — Production, Collection and Recycling Data 2018 (https://743c8380-22c6-4457-9895-
11872f2a708a.filesusr.com/ugd/dda42a e0c40c546a7446daa’7ba5e0beddé7cca.pdf)

3Prepared for ACC by More Recycling, US PCR 2020 (https://www.plasticsmarkets.org/jsfcontent/Non-BottleReport18_jsf 1.pdf)

4Internal ExxonMobil Analysis

Collaborating to collect & sort difficult-to-recycle plastics

HOUSTON RECYCLING COLLABORATION = Collaborating to increase collection & sortation of plastic waste in Houstong,, ,
Ex¢onMobil AL -

cycl

{4

(i) Iyondellbasell= Collecting films at ExxonMobil Houston Campus
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» » Collecting Mobil1 bottles at auto stores
FCC

» Collaborating with TenCate to recycle end-of-life artificial turf



http://www.exxonmobil.com/

Next Generation Film Design for Product-to-Application Sustainability Enhancement
Ali H. Slim*, Matthew W. Holtcamp, Irene C. Cai

Materials Innovation, Novel Products Research, ExxonMobil Technology and Engineering Company

Polyethylene Applications Resin Properties and Attributes Benefits in Packaging Applications

The polyethylene world is a complex and rewarding field with everlasting  Exceed™ S performance polyethylene delivers industry-leading combinations of
challenges. The nature of these polymers makes them suitable for a wide range of e The resin properties influence the end-to-end behavior of the polymers stiffness and toughness while being easy to process
applications ranging from films to molding. - Structural and morphological changes in polymer chains alter the processability,

Packaging Adhesion Molding stiffness, strength, and durability of the resulting film products

- Minor changes in molecular weight or comonomer content can alter the polymer chain
properties and significantly impact the film design and handling

ExxonMobil™ LDPE LD

Attribute Exceed™ S 9333 pPE

080 Series
Density, g/cm3 0.925 0.92
Puncture Energy, in-lb 24 6.9 S S s gtV
-t -
Puncture Force, |bf 9 12 "
PrOdUCt tO Application Overview  Performance polymer products focus on capturing the best of both world by having high

stiffness and toughness while maintaining good processability

 Performance resins simplify the film processing steps thus minimizing

. " . L . . . rerotman |
Exceed™ S performance PE presents innovative film converters with solutions to deliver inefficiencies, human mistakes, and scrap

high performance durable packaging with sustainability benefits that help reduce food
waste and raw material needs for processing .

 The properties of the resin dictate
the potential attributes of the film
including mechanical, processing,
and optical properties

|

Exceed™ S performance PE allows converters to rethink film design by:
- Leveraging increased performance to help facilitate solutions with
sustainability benefits

. — - Reducing the need to add HDPE for stiffness or LDPE for processing
* Resin design highly influences the FormUIat|0n capablllty

processability of the films with
easiness of processing desired to
minimize energy consumption

Takeaways and Future Considerations

e Reducing the need to add high density !
polyethylene for stiffness and low density |
polyethylene for better processability via a

* Polyethylene products have a versatile set of applications due to the ability to
tailor them to specific properties and needs

 Advanced resin and processability Q one resin solution
properties |n return enhanc.e the A 3 * The properties of the product resin dictate the formulation of the film to
film durab|l!ty and shelf lite of 0 * Exceed™ S performance PE balances the 2 ensure good processability while maintaining the desired performance of such
products which reduces waste processability capability with mechanical films in applications

properties to reduce the need of pre-

B ExxonMobil™ HDPE HD 8570 Series M Exceed™ S 9333 pPE m ExxonMobil™ LDPE LD 080 Series

) performance and processability which helps enhancing film durability and
shelf life of products

a Better overall performance leads processing formulation ° et index g/10 mi * Performance polyethylene grades capture the delicate balance between

to a higher conversion efficiency
of films and increases vyield per
product

Film Optics and Performance e The advancement in polymer science technology has led to major

sustainability advantages including reduction of waste material and processing
energy consumption, while maintaining high performance standards in a wide
range of consumer applications

* New generation of performance polyethylene products are capable of capturing a wide-
range of the property spectrum while maintaining the processability and optics of LDPE

CatalySt DESIgn grades and performance of their HDPE counterparts

desired product attributes: a5 o ExconMobil™ HOPE HD 7960.13 Series —mExcocd™ § 5333 pPE
- R substituents enhance ability to control U TPeeneboRED0R0Seres 1. “ExxonMobil Introduces New Exceed™ S Performance Polyethylene, Enabling
comonomer incorporation, activity, and g T Converters to Rethink Film Design for Simpler Solutions” ExxonMobil Corporation,
molecular weight capability _ _— il | | Press Release, April 11, 2022.
R2S! M—__ 20 | B Fimendort Tear Streneth, & 2. Polyethylene Products, Digital Product Selector;
* |nnovative design and structure provide Cé " 5 | https://www.exxonmobilchemical.com/en/products/polyethylene/productselector
sustainability benefits: | #/datatable/landing.
- Less energy: Low impurity contents
including ?sh and re§|due enable keeplr?g psi P Impact, ¢ Acknowledgement
catalyst in the final product resin 0 — —
Generic Metallocene type ® Exceed™ S 8333 pPE M ExxonMobil™ LDPE LD 080 Series Secant Modulus, psi
- Resource reduction: Smaller material needs catalyst structure

due to high catalyst activity and single
sourcing approach

Ex¢onMobil




Application of Filtered Two-Fluid Models to
Industrial-Scale Fluidized Beds

Laurien A. Vandewalle, Kevin E. Buettner, Timothy M. Healy
ExxonMobil Technology and Engineering Company, Spring (TX), USA

Motivation Filtered two-fluid models

= Enhanced heat and mass transfer characteristics make gas-solid fluidized ﬁFD simiJIations of fluidized beds require an understanding at multiple
ow scales

the preferred reactor choice for many industrial processes Macro Scale
= EMTEC uses computational fluid dynamics (CFD) to study, debottleneck Micro-scale (kinetic theory):
and improve existing commercial units (e.g., FCC), as well as for the particle-particle interactions Meso-Scale |
design and scale-up of many novel gas-solid fluidized bed processes Meso-scale (10d , mesh): » /' Micro-Scale
» Validated CFD models can increase confidence when scaling-up from particle clustering and fine flow 1 “= BN
smaller-scale, often cold-flow, experimental studies: structures | ' f\\ -
o Physical basis to bridge gap in scales Macro-scale for integral-scale Al S
S . . : bed fluid dynamics 5B 'a%my §
o Insight into commercial operation via fully coupled process physics — o
» But, CFD simulation of commercial-scale fluidized beds is problematic: _ |
o Most widely adopted existing methodologies require very fine grids Timely commercial-scale
C ) ! . . b ] simulations requires avoidance
O o_mmerc_|a u_rgency usually n_e;essfcates aste.st—posa e:curnaroun of the meso-scale resolution
» |ndustrial application of CFD to fluidized beds requires alteration of
current methods, to adequately capture the physics while keeping the > Filtering approach models sub-macro-scale
simulation size tractable. -» Filtered model allows simulation of commercial-scale fluidized beds
using large computational cell-sizes
Model validation SIS Filtering methodology
Example #1 e | e s e = Fine mesh simulations (for various domain-
. 36" column (no internals) Ut CNesaingam 0 -eeScaing 3 N AT, averaged solids volume fractions) in periodic
« FCC particles: 70 ym, 1500 kg/m?3 o 4 iﬁ . domain resolves detailed flow structures
e Ambient air at various flow rates 012 o2 = | = Variousfilter sizes used to determine region-
g | g o mE (r averaged quantities
Validation by comparison with - a7 m . )\ | = Regression across filter sizes, initial solids
experimental bed density profiles, for 04 y i e e volume fractions results in closures for two-fluid
grids with two different cell sizesl 02 02 Blue: Low solids volume fraction model, mesh size and filter size related
0 . o 0 ; . Red: High solids volume fraction |
Bed Density (kg/m3) Bed Density (kg/m3) Model Cel Size Range
—

Example #2
Air and FCC particle system in a 1/19% scale cold-flow twin of an actual fluid

Filtered model enhancements

+ Extrapolation to very large grid sizes HBHRN e St e

ker, buil B o |
coker, bu t ot UBC Solids Volume Fraction' 20lids:fodal-Melogity Cascading vs. use of scaling relations 22
- — ' . Model w/ Cell Size Scaling
Solids Axial Bed Density1 10— F~———~~"\1 Dense bed surface M 10 l?’/\/\/ pense bed surtace D i E
Volume - 5 s CFD - — TR o2 . . . . E E
o e | T o — + Application to reacting gas-particle flows E ] /
i : . m— < R ETER B = > |~ | and downward velocity ] ] ] ] ] i .:
oo i o oa— / o D Filtered reaction rate and species dispersion -
0% - o Cluster-scale effectiveness factor -
gig Feed Ring 2 Ce” S'Ze
0.40 0.6 tport Y3 . . . . . .
NS _ + High-slip velocity processes require transition from one-marker (function
02 — T S g of voidage) to two-marker (function of voidage and Reynolds number / slip
; = EXxperiment 04— . .
Ig;]g B " " L ) velocity) filtered drag models
0.05 - = °:°f 5/ Moasuramentport Y6 T % Measurement port Y6
02— 0:7: ) reearing® 04— oske ey Feecing . . . . .
e - s EMTEC developed and applied this methodology to their fluid catalytic
KD T s O O s cracking (FCC) and fluid coking Erocesses. Nowadays, this methodology is
L L T e = continuously applied to and further improved for the design and scale-up of

'Figures taken from Song et al., Powder Tech, 147 (2004) 126-136 - Used with permission N Ovel 9 d S_SOl | | Ul d |Zed p rOCESSES.

Application to industrial-scale fluidized beds

Improving the regenerator for Fluid Catalytic Cracking (FCC): spent catalyst riser distributor

FCCis an important process for gasoline manufacturing, comprising of several process vessels:
reactor, stripper, regenerator.

CFD was used to study flow instabilities and non-uniformities which drive air bypassing in the
regenerator. CFD model incorporates custom burn kinetics and the filtered gas-solid flow model

From CFD to reality

Distributor fabricated and

installed in commercial FCC

regenerator

v' Solid circulation, feed restored
to pre-installation rates

v' Lower afterburn following

_— Overflow wel As-Built Configuration Spent Riser Distributor Configuration installation
v' Higher dense bed temperature

|t allowing higher conversion at
e constant circulation rate

A OxygenMole Oxygen Mole

Spent Catalyst Riser Distributor: £ s Fraction
= ) 0 P]E_J Oxg/gertwlMole
\

aimed at improving emulsion
distribution from riser

— IHigher

" Cyclone

RNl

Nominal |
= Cyclone diplegs top of bed :}

Lower top of bed \

Spent
Catalyst Riser
Distributor

Lower Lower

Spent Catalyst
Riser

RED: Base Case \
GREEN : Hat —

T m m w US Patent: 8,728,302

- SCI Innovation Day 2023
EXon MObI I September 12, 2023, Philadelphia (PA)




Advantaged Materials for Renewable Diesel and Jet Production
Chuansheng Bai, Majosefina Cunningham, Mark Deimund, Jason Golias, Rishi Gupta, Kelsey McNeely, Randy Smiley, Megan Witzke, Sara Yacob

ExxonMobil Technology and Engineering Company, ExxonMobil Catalysts and Licensing
SCI America Innovation Day 2023 Science History Institute Philadelphia, PA

Aviation Fuel Demand, GHG Emissions, and Revenue Several Routes to Upgrade to Biofuels
2018 aviation emissions were 918 million MT or 2.4% of global emissions Replacing crude oil with biofeeds to produce lower-emission transportation fuels
Aviation Fuel Demand’ Aviation CO, Emissions (2018)2 Global Airlines Revenue3 / \
Billion gallons per year (BGPY) 918 MMT CO, Billion $
~ Vegetable oils and
0 waste oils
150 Freight
171 MMT CO, 600 Growing
Agricultural waste
100 200 wheat straw, corn stover
Passenger Passenger Woody biomass
20 747 MMT €O, 200 forestry residue, sawdust —
- Reflnery Future

. . == potential

o o o . - 3'd generation biofeed .

SAF at $300/MT CO, implies a cost of $300 billion/yr to avoid ~1 billion MT/yr of CO, vs. typical

airline revenues of ~$800 billion (25% fuel cost)

Near-term projects focused on Canada, Europe and California, where
regulations support attractive returns
Advancing Technologies to Enable Renewable Fuels BIOFUELS POTENTIAL $1 TRILLION MARKET SIZE BY 2050
ExxonMobil is advancing the development and use of technologies for lower-emission fuels . J
Renewable Distillate Fuel Technologies: Technology Leader and Operating Excellence in Isomerization Catalysis

* Bio-Isomerization Dewaxing (BIDW") catalysts
* ExxonMobil Renewable Diesel Process (EMRD™)
» Flexibility to tailor the amount of jet fuel vs. diesel

Proven track record of deploying technologies and integrating into ExxonMobil business plans and facilities

ExxonMobil
Catalysts & Licensing E Mobil Distillate Mobil Lube Mobil Mobil Selective Base metal Bio-
C&L . © Dewaxing Dewaxing Isomerization ~ Dewaxing and MIDW for sour  Isomerization
( ) Renewable Methanol Technologies: '% (MDDW) (MLDW) Dewaxing Wax Isom stage fuels Dewaxing
* Methanol to Gasoline = (MIDW™) (MSDW/MWI) applications (BIDW™)
* Methanol to Jet ks
1970 1980 1990 2000 2010 2020
| — | —| — —

ExxonMobil Renewable Diesel (EMRD™) process with BIDW

ExxonMobil is an industry leader in design and operation of hydroprocessing units and advantaged dewaxing
technology, and is utilizing this expertise to provide an integrated renewable fuels technology package

H, Makeup
Feed l > LPG
A
Exém'plhe) Feed _ nghiEnds
Unconverted Cooking Qil Amine _ b)
. . . Absorber Dewaxing , Renewable
Triglyceride Deoxygenation Pathways | Reactor Naphtha
07 = o HDO
}O - N Reactor
0 = % R
16H, 10H, 7H, > enewable Jet
6H,0 + CyHs 3,0+ 360 + G, 3C0, + CaHg HDO (Optional)
IE'))i(Id-roni?gd Ve { 3CgH3s 3C17H36 3C47H36 Stl'ipper
Hydrodeoxygenation Decarbonylation Decarboxylation
HDO DCN DCX
Highest diesel yield 'Renewable

*Simplified flow diagram Diesel

Maintaining high diesel yield at high cloud point improvement Renewable fuels using bio-feedstocks

HDT Renewable Diesel ExxonMobil Renewable Diesel Process, EMRD™ EMRD VS. ALTERNATIVES?
Cq—-C4g n-paraffins Slngle branch T technology
Poor cold flow properties  isomerization \/\M(\/\A)\ Base 30 C dCP Arctic diesel

X

e

3 at low cloud point New process technology converts

5°) M bio-feedstocks into renewable diesel: .

o improvement BIDV_VT prom.otes o . units NBA

3 : — : Cracking reactions at h|gh hlgh ClOUd pOInt Improvement = (dCP) P oC 30
isomerization is key to enabling Yield loss due to cracking cooking oil Hydrotreated Veg Oil oc P
high cloud point improvement ) " Cloud Point

Conventional fuels cold flow improvement +2.0 + 8.0

while maintaining diesel yield )\/\/’\ R e e . . _ _ -
e Cloud Point
. . . 0
Cloud point improvement or conversion A ~90%
I ' Delta yield W1t% *1.0to *6.0to

Lubricants cold flow improvement Bio-feed EMRD enabled by Lower .
P utilization drives BIDW™ catalyst hydrogen use® Delta diesel on +90 to +570 to

’ . Bpd
Renewable fuels cold flow improvement competitiveness provides higher 10 kbd bio feed rate P +190 +770

~90%* yield>
production cost Incremental margin +7 to +43 to
M$/yr
estimates +14 +55

Example: Petroleum Example: Renewable Notes Cutpoint between naphtha and diesel assumed at 280°F, actual operations will
Diesel Ct.::mpusitiun Diesel C;.:Jmpusitinn set absolute diesel yields. Margin credit assumes ~200 $/bbl value on renewable diesel.

Units Petroleum Case 1: Soybean Case 2: Soybean "ExxonMobil analysis of Integrated Assessment Modeling Consortium (IAMC) 1.5 scenario

o . Dot \‘ Based Diesel Typical Product Arctic Diesel explorer and data on Lower 2°C scenarios.
. Hydrotreated Product o Volumes and prices in 2050 in the Lower 2°C scenarios were used, where available, to calculate
Q0 ﬁ " lsobs raﬂcmg, Cloud Point* C Oto s 25 25 an estimate of the market revenue.
O (L

m Cycloparaffins

m Aromatics Diesel Product Sources

Cloud Point Target ¢ - - -39
Required

Cloud Point Improvement

m Polyaromatics ExxonMobil Energy Outlook (2022)

ICCT (2018) (combustion only emissions not full lifecycle)

IATA (2022)

IHS Markit “Second Generation Biofuels” PEP Report 278A December 2020

ExxonMobil data

°C 5to10 30 60

LhwhNn =

*Feed quality & cutpoint dependent



Towards the Next Generation of General Purpose Rubbers: Polypentenamers

Alexander V. Zabula," Carlos R. Lopez-Barron,? Lubin Luo,’ Robert Halbach'

TOrganometallic Catalysis (OMC), EMTEC
2Product Innovation, EMTEC

Ex¢onMobil

Abstract

Tire Performance of CPR

Potential Circularity for CPR

Controlled ring opening metathesis polymerization (ROMP) for cyclic olefins is a powerful platform for Comparisons: Normalized to CPR (80% trans), Higher is Better

the development of new types of elastomers with improved properties including polymer-to-monomer Wet T Tensile Wear Rolling Resistance Reduce M .‘
circularity. This work discloses controlled ROMP of cyclopentene (CP) alone, or with dicyclopentadiene s Raw Values Reuse 75°C =
(DCPD) for the production of long chain branched polypentenamers. The variation of ligands at the A B & o . Metathesis

metal catalytic center was used to control cis/trans ratio, molecular weight and molecular weight
distribution of the resulting polymers. This invention paves the way to the development of entirely new
GPRs with controlled architecture and remarkably improved attributes (e.g. melt strength, shear
thinning, and tensile strength) which brings value for various tire applications. Finally, the resulting
elastomers exhibit potential for selective conversion back to monomer under mild conditions using Ru-
based catalysts in the yields above 90%.

Introduction e
% Resaae | TO)60°C Catalyst Cyclopentene
£ ettty TEE0°C added collected

B8 = ot
Cyclopentene
Cyclopentene-based rubber (CPR)
» Obtained by Ring-Opening Metathesis Polymerization (ROMP) of
cyclopentene
» Renewed interest in CPR as a recyclable elastomer

» Potentially valuable elastomer for tire industry

J. Mol. Cat. 1980, 8, 227; . J. Macromol. Sci. Part C 1972, 7,105; ACS Sustain. Chem. & Eng. 2016, 4, 6090; ACS Macro Letters 2019, 8, 46.

Cl

Wear RR

NN/ oR o e

> Improved ‘tire tread properties
» Good rolling resistance (RR) and wear

Po0 R PO P PR

Wear Relative Rating (v. CPR)

NRNR/ CPR CPR/ NR/ PED.

P

NR NR/ CPR PR/ NR/ PED
Po0 R

flce*Traction.  G'at20°C
Nomendlature:
XYY
XX=70 phe

=30 phr
e, NR/PBD = 70/30

Recycle v'No solvent required!

v'> 90% of monomer recycled (>99%
purity)!
v'"Works for fully formulated CPR!

Pyrolysis

(conventional tires)

(CPR-tires)
Energy

Long-chain Branching

Polymerization

AQ A OAr

" A
/é\ 0.
0B woH — o A0

R

+ Fundamental challenge:

+ Reactivity of DCPD >> CP

> Blocky structure, gelation

GPC and rheological evidence of LCB

Section is quite clean: de-polymerization occurred
prior to this section

Catalyst/polymer Catalyst residual
added here (still active)

Properties of polypentenamers obtained from

cled and commercial CP using Ru-catalyst

[Recyeled 1100000 90-94 471-539  1.69-182

> 6067
0 + New method for LCB: i ,w I . o [Commerdial 1100000 74 72 183 52
N AN == i, e ons: Neat, -35.0°
R=Me, Et ' « Very low DCPD/CP ratio g e / a g P Conditions: Neat, -35-0°C
« Slow addition of DCPD g , Linear CPR é Tce cpr o4
al + No gelation : R £ stmanramn {02
N R — ﬁ\ ,q wore - New LCB CPR: L e

A oar

New active pre-catalysts prepared

« Improved melt strength and
shear-thinning

« Significantly larger tensile
strength

Moscr et @)

Enhanced processability for LCB

LCB CPR

10° ‘D\G'\, pa® 10

stress, MPa

koo o (g

Superior mechanical properties

%0 w0 6o 80 1000
strain, %

Thermal Properties of CPR
WCls + (RO)g.AICh,

+ EGAl

&

Improved properties for LCB CPR

Predicted morphology of CP/DCPD branching units

—w-»w

+ Conversion back to monomer by RCM

+ Ideal circular polymer economy

+ No solvent, no glove-box, kg-scale reactions in lab
+ Works for cured material

+ >90% of monomer recycled

RCM | + Pure cyclopentene formed (> 99%, GC)

use N

RCM - ring closing metathesis

£
Scraptires

CPR tires
W02021/242636

wo T T S . 7 Summary and Acknowledgements
Linear polypentenamers 38 0GPD mor
30
K4 — 06
Polymerization Results for Cyclopentene Using Pre-catalysts 1-72 i fraction 3 25 — g:g ° New catalysts fOI' ROMP Of cyclopentene
8 2090 o m . .
. . -w -----zm 5. " P TioChains . Ability to control stereochemistry and M,,’s of polymers
2 2 133 1941 1592 389 207 12/88 1 i i i
2 2 139 S T 359 20" 1278 10 | . Potentlally improved Wear and Rolling Re5|§tance .
2 A ZOO. 1o ] T TR 777 o » Long-chain branched polypentenamers for improved properties
g y 0. . . . .
8 4 ZOOR <00 5 2000 g O 202 BUED T » Highly selective depolymerization for CPR products under
rain, %
8 2 ZIONE 10000 TG Jeco  EETRENN 341 IS industrially relevant conditions
> E 200 00 5 M 2B 723 AFM images of hard nanodomains in polypentenamer matrix P _y“ e circularity for CPR-based ti
. -
n 2 . Lo - B e e 2 O ar DEBD T L DERD ey otentially attractive circularity for ased tires
12 7 2.00 10000 44 4400 946 132 20/80
13 Schrock N/A 20000 41 8200 69 1.59 14/86
catalyste

“General conditions for entries 1-14: 2L jacketed reactor; W:AIEt; = 1:2; 0 °C; 3; solution of cyclopentene in toluene (20 wt%).
®Based on isolated polymer product. TON = Meyics qeiopeniensy/ Ny “Estimated based on 3C NMR spectroscopy. ©2,6-
Diisopr ylidene molybdenum(V) bis(hexafluoro-t-butoxide).

Organometallics 2022, 41, 17, 2425; W0O2020/061271; WO2021/188335

ACS Appl. Polym. Mater. 2021, 3, 5, 2498; Macromolecules 2020, 53, 4, 1356

High Mw products, controlled cis/trans ratio

Stiffer behavior of branched PPR is caused by a reduction in the chain mobility

Acknowledgments:
+ Organometallic Catalysis Group (ExxonMobil)
* Brian Rohde, Torin Dupper, Rainer Kolb (ExxonMobil)
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