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AI/ML Assisted Design and Synthesis of Industrial Polyester Resins for BPA-NI Coating Applications
Cameron Brown, Mark Ewing

Eastman Chemical Company, Kingsport, TN 37660, United States

Abstract
The vast design space for polyester resins presents a
tremendous challenge to innovation – how do I quickly identify
and synthesize materials to solve challenges in novel
applications? Leveraging a library of historic formulations and
modern AI and Machine Learning techniques, Eastman has
developed a digital solution to accelerate the materials and
application discovery process.
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In-Silico Discovery Process

Method

Results & Conclusion

When compared to predictions made by first-
principles directly, our AI models demonstrate
a 40-50% reduction in error for molecular
weight and a 10% reduction for Tg without
needing to first know the IV of the material.
Further, unlike our first-principle models, our
AI can predict IV directly from the
formulation.

Our AI model has demonstrated significant value in the lab by reducing the
number of failed reactions associated with obtaining sample material by
50%, even for novel or complex reactions. It further accelerates our
innovation by providing scientist the ability to experiment in-silico to find
the optimal performance region.

Data

Background

Shift away from BPA
driven by:
• Regulations
• Brand goals
• Consumer

demand

Polyester coatings based on TMCD
can help find the right balance
between:
• Chemical resistance
• Mechanical properties
• Adhesion

Traditional developmental 
pathway

Current-gen 
material

Next-gen 
target

In conjunction with Citrine Informatics, Eastman developed
an AI model to assist in developing a resin for a targeted
application. In the first round of in-silico discovery, two
clusters of formulations were recommended, based on
differing branching characteristics. Lab testing confirmed
suitability of one which was pushed to customer trials.

• 10,000s of polyester resins

• Diverse set of monomers 
and compositions

• Scattered among dozens of 
scientists, lab notebooks, 
technical reports, 
spreadsheets, etc.
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DuPont Electronics & Industrial

Aqueous Nitride Etch Technology for 3D NAND
Emerging Technologies and Advanced Cleans Technologies

Gregory Cleveland, Rebecca Siegelman, Wayne Atkinson, Bryan Barton, Hugh McAdams, Nora Radu, Chia-Wei Wang, Jean Yang

General Etching Process:

Etching
By-product

➢ SiNx is thermodynamically more favorable to etch than SiO2, but 
kinetically more inert

➢ A Selective Etchant must:
▪ Promote etching of silicon nitride by overcoming the kinetic barrier
▪ Inhibit the simultaneous etching of silicon dioxide

➢ Known Etchants:

Si3N4 must be selectively removed by wet etching

Fundamentals of selective nitride etching DuPont aqueous nitride etch technology mission

New opportunities for wet chemical etchantsPhosphoric acid etchants have reached limitations

➢Si3N4 must be fully removed in a high aspect ratio wet etch 
process

➢As the number of layers continues to grow, this process 
becomes increasingly challenging

➢New wet etchants are required to keep up with technology 
demands

The 3D NAND market continues to grow

85% Phosphoric acid Superheated waterFluoride

Effective only at high T 
(160 °C)

Inherently selective
Further improved by 

additives

High T (160 °C)
High pressures – not 

compatible with existing 
customer tools

Requires additional etch 
promoter

Mild T
Capitalizes on Si-F 

bonds
Inherently unselective

ECS J. Solid State Sci. Technol. 2019, 8, N85.
Electronics. 2021, 10(24), 3156.

J. Ind. Eng. Chem. 2021, 201, 146.
Microelectron. Eng. 2020, 221, 111191.

➢As aspect ratio increases, etch resolution 
and uniformity from top to bottom suffer

➢Si3N4 etch products can redeposit onto 
SiO2

➢Hot, concentrated phosphoric acid is the traditional wet etchant for selective removal 
of Si3N4 over SiO2

➢ Inherently selective towards Si3N4
▪ Low thermodynamic drive for etching of 

SiO2

➢ Etch performance can be further optimized 
with additives

Goals of water-based system:
✓ Operating temperature <100 °C

✓ Eliminate byproduct redeposition 

✓ Maintain or Improve selective etch 
performance from H3PO4 system

✓ Sustainable solvent

Limitations of phosphoric acid system:
Ꭓ High process temperature (>150 °C)

Ꭓ Limited process temperature due to 
high viscosity

Ꭓ Severe oxide redeposition

Ꭓ Reliance on H3PO4 production 
processes

➢The global memory market has grown to be a $130+ billion subsection of the 
semiconductor industry
▪ NAND memory technology has been a fast-growing significant contributor to the 

memory market for the last 15 years

➢ Owing to major advances in our digital world, memory demand is only expected to grow 
over the next decade

➢ Switching from 2D (planar) to 3D NAND architecture reduces cost per bit and allows for 
increased memory density

➢ In 10 years, layer count has grown from 24 to over 200, and is expected to continue to 
increase to over 1000 by 2030

➢ Increasingly complex architecture creates increasingly complex manufacturing challenges
N generation N+1 generation

Consumer 
Electronics Telecommunications Industrial Storage

Automotive and 
Transport

Medical 
Technology

Proc. IEEE. 2017, 105 (9), 1609.
Lam Research

Non-H3PO4-Based
Etchants

SiO2 Etch 
Inhibitors

Etch Uniformity 
Booster 

Si3N4 SiO2

▪ Revisit known Si3N4 etchants
▪ New innovations in the reactive 

main group chemistry space
▪ New reaction methodologies

Limitations of phosphoric acid open the door for broad 
new chemical innovations in wet etching 

To develop sustainable aqueous solutions for the 
3D NAND market

▪ Surface Passivation
▪ Substrate Specific Reagents
▪ Tuning of surface potential

▪ Improve mass transfer
▪ Byproduct solubility
▪ Secondary solvent effects
▪ Process solutions

Key CTQs:

•Etch Rate
•Selectivity
•Regrowth
•Uniformity
•Bath life

Si3N4 SiO2 Si



Application of Electrochemical Techniques in Chemical Process Industry (CPI) 
Frank Cui, PhD., DuPont Engineering Technology Center, Wilmington, DE

• Electrochemical techniques are important tools to study interfacial reactions such as corrosion. 
• Corrosion, the deterioration of a material due to reaction with its surrounding, is an omnipresent issue in CPI  
• Corrosion can lead to costly equipment failure/repair, loss of production & safety/environment implication
• Several electrochemical technique application cases are presented here

1) Detecting subtle difference 2) In-situ evaluation in solids 3) Integrity Operation Window

Contact: Frank  at 302-695-7987 Fushuang.Cui@DuPont.com

Background:
• Engineering Polymer to change a chemical 

additive for significant material saving. 
• Traditional corrosion coupon exposure study 

could NOT detect impact of this additive change 
on polymer corrosivity

• Electrochemical techniques including LPR, EIS, 
PDP were employed to evaluate the situation.

• Impact on CS, Al, Cu, and SS were studied  

Conclusions
• Electrochemical techniques quantified subtle 

impact difference between the two additives. 
• The difference, however, was small, and the 

new additive was still rated as non-corrosive
• New additive was adopted for production, 

enabling DuPont a significant sourcing 
advantage and cost saving.   
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Background:
• Business developed a new structural/insulation 

board product which contains corrosive species
• Standard corrosion testing protocol takes 28 

days and is a destructive test which provides 
limited data only.

• A special test setup was designed for 
electrochemical testing which allowed in-situ 
corrosion rate measurement (~1h per test) and 
damage mechanism investigation.  

Conclusions
• Successfully measured corrosion rates of 

candidate alloys and developed exposure time 
and RH relationship with corrosion rate

• Ranked corrosion resistance for the alloys and 
provided material recommendation

• Test design and protocol to be used in future 
R&D program  

Fasteners in plywood 
board as a test sample

Galvanized steel corrosion rates (block bottom edges exposed to water  

New

Old

New additive Old additive

CS: <<1mpy, neither additive is 
corrosive at practical sense

Corrosion resistance of carbon steel in solution with additives

New

Background:
• DuPont needed to evaluate corrosion 

performance of selected alloys in a commercial 
acid for safe operation and maintain 
competitive advantage 

• Anodic protection (AP) was required and its 
integrity operation window was to be 
developed. 

Conclusions
• Corrosion resistance and polarization behavior 

of several alloys were characterized. 
• Comprehensive material selection strategy was 

developed for applications in this acid. 
• Integrity operation windows were developed for 

all scenarios. 

Acid Concentration
Water outlet

temperature

Anodic Protection max range 

(V vs reference)

93%

60-75oC

<30oC

Set point 0.3V       

Low alarm 0V    

High alarm 0.6V

<=35oC

Set point 0.3V       

Low alarm 0V    

High alarm 0.6V

35-45oC

Set point 0.3V       

Low alarm 0V    

High alarm 0.6V

Alloy polarization curves in the commercial acid

Anodic protection window determined from this 
test program for one of the many conditions
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The Journey Toward More 
Sustainable Coatings

Paul Doll, Erica Frankel, Partha Majumdar, Ivan Boronat-Monfort, and Ramesh Iyer

Sustainability Focus Areas Climate Change Journey Circularity Journey

Safer Materials Journey

Dow wants to be the most innovative, 
customer-centric, inclusive 

and sustainable materials science company 
in the world

To deliver a sustainable future for the world 
through our materials science expertise and 

collaboration with our partners

• One of the most advanced polymeric 
opacifiers available

• Specially engineered to improve the 
efficiency of  titanium dioxide [TiO2 ]

• Scattering upon drying by air void

• Designed to improve paint application 
and performance

• Uses film forming binder technology 
for a more efficient use of TiO2.

• Adsorbing latex self-assembles to 
form discrete pigment polymer 
composites

• Improved distribution = better 
hiding & improved barrier 
performance

Binders and additives for low VOC paints

APEO-free binders and additives

Indoor air quality improvement

Greater adoption and use of fluorocarbon-free food packaging

Addressing biocide concerns

• Coatings that abate 
undesirable formaldehyde 
from  ambient air

0

1

2

3

4

5

Opacity

Wet scrub
resistance

Gloss 60º

YellownessTackiness

Colorant
compatibility

Cleansability

Styrene Acrylate 
PRIMAL™ SF-1290

All-Acrylic 
PRIMAL™ SF-016ER

Biobased
EXP-171ER

Non-Acrylic
EXP-5974

Requirements for Enabling Paints:
• No sacrifice in premium acrylic 

performance
• Quantifiably sustainably 

advantaged
• Performance and economics  

that support mainstream 
adoption

Performance versus leading petroleum-
based polymer dispersions
• Formulated into Flat and Satin 

Interior Paints
• Comparable Scrub, Stain, Colorant 

Compatibility, Gloss, & Yellowing
• Superior Opacity & Tack

Cradle-To-Gate Life Cycle Assessment
• PRIMAL RN-171 has the lowest or 

among the lowest impacts in 7/8 
environmental categories including 
carbon footprint [GWP-100]

• Further reductions in GWP-100 can 
occur from reduced TiO2 usage



Machine Learning Assisted Development of Microporous Materials

Di Du, Anna Ivashko, Preeti Kamakoti, Stu Soled. ExxonMobil Technology and Engineering Company, Clinton, New Jersey

1. Rouquerol J. et al, In Studies in Surface Science and Catalysis,
Elsevier, 2007
2. Go ́mez-Gualdrón D.A. et al, Journal of the American Chemical
Society, 2015
3. He, Y. Circulation: Cardiovascular Quality and Outcomes, 2010.

Background Computational Methods

General Material 
Characterization

Modeling

Application

References

Applied on Novel Materials

 Optimize crystal property

 Understand synthesis 
window 

 Identify critical variables

Benchmarked on Known 
Zeolites

 50% - 70% time reduction

Impurity

 Peak identification, deconvolution, 
and integration from XRD

 Signal Impurity evaluated by 
comparing to theoretical pattern

Crystal Morphology

 Prior-guided watershed segmentation

 Crystal size consistent with manual 
inspection

 Used to train deep convolutional 
neural network for instance 
segmentation
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 Rouquerol rule (1, 2) does not lead 
to unique selection of linear region

 Functional data analysis ensures 
the selection to represent the 
most variance from monolayer

Imputation

 Multiple imputation with 
chained equation (3) combined 
with ML algorithms (MICE-ML) 
yields the best performance

 Deep learning based approach, 
denoising autoencoder (DAE) 
can be outperformed by 
univariate imputation
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~70% 
ReductionH(X|Y) H(Y|X)I(Y;X)

H(X,Y)

 Both mutual information and
permutation importance confirm the
most important factors to the targets,
crystal size and impurity score for
example

 Significant crystal size reduction
through DoE and batched multi-
objective Bayesian optimization

 Understanding synthesis space faster and more accurately

 Applying DoE instead of one factor at a time

 Material optimization 

DoE Optimization Workflow

Goals

Material

Primary Controls
•Material ratios
•Solids 
concentration

•Etc…

Reagents
•Reagents
•Solvents
•Etc….

Process Control
•Time
•Temperature
•Mixing
•Order of addition
•Etc….

Outputs
•Crystal purity
•Morphology
•Physisorption
•Etc….
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Data-Driven Experimentation for Optimizing 
Fiber Cut Length for Naia   Textile Yarn Applications

A Staggered-Level Design Case Study
Katie Brickey, Eastman

Minimum Predicted Fiber Cut Length, Fixing Factor B

Maximum Predicted Fiber Cut Length, Fixing Factor B

During the experiment, fiber samples were taken from each set of 

conditions. Fiber mean length was measured quantitatively. 

• Statistical mixed modeling analysis was conducted using 

restricted maximum likelihood (REML) estimation. 

• Modern computational improvements enable correct analysis of 

this complex mixed model structure.

• The modeling analysis indicates how to optimize processing 

conditions for fiber cut length, an important component of 

successful customer sampling, production qualification, and 

commercialization. 

This Naia™ staple fiber cutting experiment is the first documented 

staggered-level experiment in industry. Careful and rigorous data-

driven experimentation is critical for successful front-end 

innovation. Optimal experimental designs enable scientists to 

capture the best opportunities for product development and 

commercialization, and advances in computing power unlock 

appropriate analyses of these complex experiments.  

Introduction Methods Results

Staggered-Level Experiment
Run Day A B C D E

1 1 0 A -1 -1 1

2 1 0 A 1 1 1

3 1 0 A 0 1 -1

4 1 0 B -1 1 1

5 1 0 B 0 -1 -1

6 1 0 B 1 -1 1

7 1 -1 B 0 1 1

8 1 -1 B -1 1 -1

9 1 -1 B 1 -1 -1

10 1 -1 A -1 -1 -1

11 1 -1 A 1 1 -1

12 1 -1 A 0 -1 1

13 1 1 A -1 1 -1

14 1 1 A 0 1 1

15 1 1 A 1 1 -1

16 1 1 B 1 1 1

17 1 1 B 0 -1 1

18 1 1 B -1 -1 -1

19 2 1 B -1 1 1

20 2 1 B 1 -1 -1

21 2 1 B 0 1 -1

22 2 1 A 0 -1 -1

23 2 1 A -1 -1 1

24 2 1 A 1 -1 1

25 2 -1 A 1 -1 1

26 2 -1 A -1 1 1

27 2 -1 A 0 1 -1

28 2 -1 B -1 -1 1

29 2 -1 B 0 -1 -1

30 2 -1 B 1 1 1

31 2 0 B -1 -1 -1

32 2 0 B 1 1 -1

33 2 0 B 0 1 1

34 2 0 A 0 -1 1

35 2 0 A -1 1 -1

36 2 0 A 1 -1 -1

Factors A and B are 
hard-to-change. They are reset 

limited times during the 
experiment. This is called 
restricted randomization.

Factors C, D, and E are 
easy-to-change. Their levels are 
reset for each experimental run. 

This is a fully randomized 
schema.

For decades, scientists have used designed experiments as an 

efficient way to study relationships between multiple input and 

output variables. Advances in computing power have unlocked the 

modern field of optimal experiments, enabling advanced statistical 

analysis for complex experimental structures. 

This Naia™ staple fiber cutting experiment is the first 

documented staggered-level experiment in industry. 

This experiment studies five factors in the fiber cutting process to 

determine their impact on fiber mean length. It is important that 

fiber is cut to a target length with minimum variation for successful 

carding and processing into spun yarn used in textiles. 

Acknowledgements
This poster is based on joint work with Dr. Peter Goos, University of Leuven. Many thanks to the three development engineers whose dedication to planning and 

collecting rigorous experimental data enabled this novel experiment. Kevin Barham, Jessica Remmert, and Yubin Shen – it is a pleasure to work with each of you. 
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registered trademark status in the U.S.; marks may also be registered internationally.

• The selected design was a weighted-A optimal split-plot design with 

one hard-to-change factor (factor A). 

• On the day in which the experiment was to be completed, it became 

apparent that factor B would also be hard-to-change. 

• The design structure was modified, and factor B was reset at different 

points in time than factor A, the original hard-to-change factor. 

• A design of this structure is called a staggered-level design. 



DuPont Tedlar® Sustainability Benefits through its 

Extended  Life Cycle

Gabriela Faux

DuPont Tedlar® Research and Development

September 13th, 2022 © 2022 DuPont. The DuPont Logo and any trademarks denoted with ™ or ® are owned by DuPont de Nemours, Inc., or its affiliates.

Introduction to Tedlar®

• DuPont Tedlar® is a registered trademark for  
polyvinyl fluoride (PVF) films that provide long-
lasting protection to many different types of 
surfaces.

• Interior use benefits: chemical resistant, mold and 
mildew resistant, stain resistant, easily formable, 
and high flame and smoke rating.

• Exterior use benefits: UV and weather stability, 
chemical resistant, stain resistant, low toxicity and 
volatiles, and color stability.

Applications of Tedlar® 

Examples of Tedlar® sustainability benefits

References

1) Tedlar® film-based backsheets used in photovoltaic panels extend the lifetime of a PV panel over 25 years.
• Field tested for more than 30 years with the lowest defect rates compared to alternative backsheet materials 

(FEVE, PET, and PA).1

• Less repairs, less power loss, and less replacement of panels with Tedlar® film-based backsheets.2

2) Tedlar® films for Aircraft Interiors
• An alternative, more dense material, like PVDF, would use about 16% more material (by weight) than Tedlar®.

3) Tedlar® in Corrosive Industrial Environments 
• Using Tedlar® in corrosive environments improves lifetime of                                                         

product, such as roofing inside chemical plants.  
• For example: The carbon footprint of a pre-painted galvanized steel                                                   

panel can be reduced by 30% when extending the lifetime from 5                                                      
years to 7 years due to higher chemical resistance.

1. DuPont. (2020). DuPont Global PV Reliability: 2020 Field Analysis.
2. Longer Panel Lifetime Provides Greater ROI: DuPont™ Tedlar ® PVF film-based backsheets. DuPont. (n.d.). Retrieved 2022, from 
https://www.dupont.com/solar-photovoltaic-materials/tedlar-backsheets-linked-content/longer-panel-lifetime-provides-greater-investment-returns.html 
3. Environmental Protection Agency. (2022.). Greenhouse Gas Equivalencies Calculator. EPA. https://www.epa.gov/energy/greenhouse-gas-equivalencies-
calculator
4. Graver, B., Rutherford, D., & Zheng, S. (2020). CO2 Emissions from Commercial Aviation 2013, 2018, and 2019. International Council on Clean 

Transportation. Retrieved 2022, from https://theicct.org/publication/co2-emissions-from-commercial-aviation-2013-2018-and-2019/

Aerospace and Transportation

Photovoltaics

HealthcareBuilding and Construction

Signage and Graphics

200 million tonnes CO2 emissions 
savings from PV modules with Tedlar®

installed in 2020 = 43,000,000
passenger vehicles driven for 1 year.3

Examples of surfaces with Tedlar® film.

7,000 kg CO2 emission 
avoided in one year per 

narrow-body aircraft using 
Tedlar® film vs alternative 

PVDF material.4

CO2 emissions from 
788 gallons of 

gasoline.3

Industrial
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Roofing inside a chemical plant: left side is 
non-PVF after 2 years and right side is Tedlar®

PVF lamination after 6 years.

Widespread backsheet 
cracking, PVDF

No defects, 
Tedlar® PVF

Backsheets in United States after 7 years

https://www.dupont.com/solar-photovoltaic-materials/tedlar-backsheets-linked-content/longer-panel-lifetime-provides-greater-investment-returns.html
https://www.epa.gov/energy/greenhouse-gas-equivalencies-calculator
https://theicct.org/publication/co2-emissions-from-commercial-aviation-2013-2018-and-2019/
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Characterization of Biofilm Growth on Acrylic Elastomeric Coatings with High Solar Reflectivity using an Accelerated Test Method
Ashish Jayaraman1, Graham Abramo1, Vicki Demarest2, William Fabiny2, Eric Dyke1, George Daisey2

1. Dow Core R&D, Formulation, Automation, and Material Science 2. Dow Construction Chemicals

Low Tg acrylic coatings with high solar reflectivity have been used to great
effect as coatings on buildings with low slope roofs to increase the roof
substrate service life and to lower the energy use of the structure. The growth
of biofilms in ponded water areas on a coated roof is a significant issue
affecting coating longevity where repeated wet-dry cycles of the biofilm result
in premature failure of the coating. An accelerated test method using biofilm
isolates from an exterior roof has been developed to quickly characterize
biofilm growth in a laboratory setting as a function of time on elastomeric roof
coating. Automated image analysis using CIELAB color space measurements
was used to quantify color changes (E*) on the substrate that correlate to
biofilm growth. The effect of the chemical composition of coating filler on
biofilm growth in this accelerated test will also be discussed.

Introduction

Conclusion
An accelerated biofilm resistance test utilizing automated image analysis
to quantify biofilm growth has been developed for acrylic elastomeric roof
coatings. Studies with different coating fillers show that calcium carbonate
promotes biofilm growth compared to aluminum trihydroxide and silica
fillers. Further studies are planned to determine if soluble Ca2+ is
beneficial to structuring the extracellular polymeric substance (EPS) or
that the filler effect on the coating surface structure promotes biofilm
attachment.

Coalescing solvents
Water

Additives – biocides, thickeners, 
defoamers

Binders – Acrylic/silicone latexes

Pigments – TiO2, ATH, CaCO3, Minex

Reflectivity Emissivity

Ponded water 

on roofs

Discoloration due to 

biofilm growth
Cracking of ERCs Critical premature 

failure of coatings

-a* +a*+b*

-b*

L* = 0

L* = 100

CIELAB Color Space ∆𝐸𝑎𝑏
∗ = 𝐿2

∗ − 𝐿1
∗ 2 + 𝑎2

∗ − 𝑎1
∗ 2 + 𝑏2

∗ − 𝑏1
∗ 2

Algae

Coating

Water

Extracellular Polymeric Substance (EPS) 

Biofilm growth is a problem for acrylic ERCs

Pigment Volume Concentration 
(PVC) – Volume fraction of 
pigment in total volume solids 
of coating

Benefits of a reflective roof coating
• Energy efficiency
• Asset life extension
• Low cost/ease of installation

• Improved dirt pickup resistance
• Reduced urban heat island effect
• Reduced landfill material

Algae Biofilm

EPS is a mixture of proteins, 
phospholipids, polysaccharides, 
and nucleic acids

Biofilm Growth Procedure
1. BG-11 Growth Media is added to petri dish
2. ERC film in petri dish (in triplicate) is inoculated with isolate from building 

roof
3. Dishes are illuminated with sunlight spectrum lights with 12 hour on/off 

cycle in a humidity chamber 
4. Photographs are taken every 7 days for image analysis
5. Water and growth media are added to dishes to keep coating submerged
6. BG-11 is added after 4 weeks of growth

Standard lighting/camera settings for imaging

Measuring Color Change

L*, a*, and b* values are measured and 
averaged for 9 areas on the petri dish. 
Color change is calculated according to:

International Commission on Illumination
https://cie.co.at/

Plots of E as a function of 
time show biofilm growth 
rate and magnitude 
• Increased throughput of 

image acquisition
• In-house software for 

batch image analyses
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Coating Filler Chemistry

Calcium Carbonate (CaCO3)
Most Common Filler Aluminum 

Trihydroxide (ATH) Silica

Replacing CaCO3
with ATH 

decreases 
biofilm growth

Volume Ratio of CaCO3 to ATH

Volume Ratio of CaCO3 to Silica

Pigment Volume Concentration of CaCO3

Replacing CaCO3
with Silica 

decreases biofilm 
growth

Removing CaCO3
from coating 

decreases 
biofilm growth

Important parameters: 
LED Light Level, 
Shutter Speed, 
Aperture, White 
Balance

Sustainable energy solution for buildings

What is in an Elastomeric Roof Coating?
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Enabling Process Intensification with Proton Conducting Membrane Reactors for Steam 
Methane Reforming                                                                                                                    

Jayashree Kalyanaramana, JR Johnsona, Randall Meyera, Pedro Sernaa, Elaine Gomeza, Sara Yacoba,                                                                                                                   
Christian Kjoelsethb, Selene H. Morejudob, Dustin Beeaffb, Camilla Vigenb

aExxonMobil Technology and Engineering Company,  bCoorsTek Membrane Sciences, Norway

Need for Rigorous Transport and Deactivation 

Kinetics model of PCMR 

 Today H2 production leads to 830 MtCO2/yr for 70 

MMT of H2.

What is Proton Conducting Membrane 

Reactor (PCMR) and its Potential?

 Between the process options which can use green electricity, 

PCMR needs lesser H2O/H2 produced and has lower CO2

emission Effect of ethane concentration in 

feed stream on the H2 flux 

Membrane Transport and the Deactivation 

Model 

 Natural gas can contain 10-15% ethane depending upon source.

 Ethane reduces the available triple phase boundary by either 

sorption or by coke formation at the anode surface.

 Model prediction of H2 flux matches experimental data 

both during and after ethane feed exposure.

Methane conversion and the 

resulting H2 recovery in 

BCZY72  (adapted from Ref 2)

 Protonic Conducting  Membrane Reactor to do SMR offers 

a process intensified option over SMR w/ CCS.

 Energy efficiency of PCMR 

in operation can be 

improved by running at 

model based optimal 

conditions.

References:

Steam Methane Reforming is the dominant 

technology  for H2
1

 H2 flux across membrane reduces in 

presence of ethane.

 Membrane surface area gets 

deactivated on longer exposure and 

needs regeneration.

 Modeling the deactivation kinetics 

can predict regen frequency, and 

optimize conditions depending upon 

ethane concentration profile along 

membrane to maximize H2 flux.

CO2 emissions 
comparison 2

Theoretical consumption of H2O based 

on stoichiometry of the two chemistries.

1 USDOE report on Hydrogen Strategy

2 Clark, D., etal. (2022).. Science, 376.

3. Kalyanaraman et al (2022) Journal Memb Sci, 660.

Rigorous modeling of defect 

species and its transport across the 

membrane using Nernst Planck 

equation3

Deactivation model for 

the triple phase boundary 

(TPB) layer

 Deactivation model includes reaction kinetics of C2H6 to 

coke layer on TPB, sorption effect of C2H6 on TPB and 

subsequent steam reforming kinetics of C2H6 . 

Open symbols are 

corresponding model 

predictions

 CH4 conversion is 100% with total recovery of produced H2.

 Compression cost of H2 and the recovered CO2 are avoided.
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Meeting the Challenge: Aqueous Digital Inks for the Future of Packaging and Textile
DuPont Digital Printing / Jue Liang 
Email: jue.liang@dupont.com

Whether enabling the creation of 
fashionable clothing or vibrant packaging, 
DuPont Digital Printing is making the world 
a more beautiful place now and for 
generations to come with our
technologies and products.

Creativity & Innovation 
Knows No Boundaries

Intersecting Art & Science with DuPont’s Digital Printing Offerings

Textile direct-to-garment 
applications
• White and black t-shirts

Speed
Substrate 

Digital Printing Market Segments

Commercial & 
Packaging

- Coated/uncoated 
paper
- Corrugated
- Folding Carton
- Flexible Film

Textile

- Direct to Garment 
(DTG)
- Platen & Oval
Roll to Roll
- Pigment, Acid, 
Dye Sub, Reactive, 
Disperse

Home & Office

HP
Brother
Epson
Canon

Cost
Usage

Image
Substrate

Sustainability

Digital Printing Enables Sustainability and Productivity

• Low barrier to entry 
capital investment

• Reduced time to 
market

• Reduced cost of 
errors and defects

• No steaming & 
washing process cost

Economy

• Opens new 
application to 
commercial packaging, 
flex film, corrugated, 
etc.

• Applicable to 
coated/uncoated 
paper, apparels, 
furnishings, etc.

Application

• Less power 
consumption

• Low impact chemicals 
used 

• Less waste emitting

Social Impact

The Trends Shaping the Packaging Industry are Driving Us 
Toward Digital Printing with Aqueous Pigmented Inkjet Inks

1

4 Commercial Packaging Substrates, Though Flexible is Our Focus
Corrugated Folding Carton Tag & Label Flexible Film

Substrates
Coated paper
Uncoated paper

Digital
printing with 

aqueous inks

Trends Needs Goal

( Shorter 
runs

Adherence to 
government 

regulations for 
greener 
solutions

(

(

(

Substrates
Coated paper

Substrates
Mixed media

Substrates
Polypropylene (PP)
Polyethylene (PE)
Polyethylene 
terephthalate (PET)

Customization Artisan 
brands

Fewer 
consumables

Faster 
turnaround

Variable 
data

Design 
flexibility

(

(

Dupont Confidential 1

Substrate Challenges

Ink-substrate interactions are defined by ink composition and application method as well as substrate 
morphology and surface energy

DuPont™ Artistri® Ink Jet Technology – A Balancing Act

Decap

% Colorant in ink

Formulation 
Window

OD

Formulation 
Window

Pigment/Dispersant Ratio

OD

Formulation 
Window

% Polymer in ink

Polymer 
Chemistry

Dispersion 
Science

Formulation 
Science

Color 
Technology

 Ensure reliability

 Maximize performance

 Minimize total cost

Pigment Dispersion Technology

Mixing Process Pre-milling and Milling 
Process

Pigment agglomerates

Dispersants
M

ot
or

Impeller or rotor Media (zirconium beads)

D50  ̴ 1-10 µm D50  ̴ 100 nm

Media Mill

Ultra- Filtration 
Process

Crosslinking 
Process

Ultra-Filtration 
Process

Dispersion from 
Milling Process

Add XLinker

Crosslinker

Time/Temp

Pigment Dispersant

UF UF

Ink Jetting Characterization
Helping digital printers achieve their printing goals

Core competency in 
• Fluid dynamics
• Printhead technology 
• Image quality analysis

Drop Characterization
• Drop velocity
• Drop volume
• Directionality
• Satellites

Reliability
• Sustainability/drop out
• Sustainability/NP wetting
• Latency (decap)
• Recoverability

Sub system Level Testing

Full System Level Testing

Image Analysis

Drop Formation Analysis

Polymer Technology

• Durability (mechanical and chemical)
• Pigment dispersion and stabilization 
• Picture quality
• Functionality/Reactivity
• Controlled behavior at the print head
• Shelf life

- --- -

Block Copolymer

--
- - --

Branched Polymer

• ••
• •

•
•
•
• •
•

••
•••

••
•
••

•

••

•

•crosslinker

Standard Dispersion Crosslinked Dispersion

Dispersant Crosslinking and Ink Stability

Increasing cosolvent Increasing cosolvent

Binder polymer

The best stories 
are told with color.
Tell yours with DuPont Artistri®  Digital Inks.

www.artistri.dupont.com

Follow us:  

Aqueous Digital Printing Applications and Markets

DuPont Digital Printing Core Technologies

Challenges of Aqueous Ink Jet Technologies

Challenges with water-based, inkjet inks:
• Productivity - drying rate of inkjet inks, especially on low-
absorbance substrates
• Durability – ability of the ink to remain adhered to the 
substrate during throughout printing and post-printing processes 
as well as during handling and use of final product
• Image quality - uniform deposition of pigments, inter-color 
mixing, color saturation 
• Ink jet Reliability in printing systems
• Indirect food contact compliant raw materials - All 
issues must be resolved within constraints of regulatory 
guidelines

Porous substrate Non-porous substrate

Digital Printing By Ink Jet Technology

Printing 
Technology

Ink Viscosity 
cps

Wet Film
Thickness (µm)

Ink Jet 3 – 20 < 0.5

Flexo 50 - 500 0.5 ~ 3

Gravure 50 - 200 0.5 ~ 6

Screen 10,000 – 50,000 < 30

Offset 20,000 – 100,000 0.5 ~ 3

Ink jet is a non-impact process:

Drop Ejection frequencies  10’s kHz to 100’s kHz 

Drop volume ~1-50 picoliters (10-12 liter) 

Drop diameters 20-100 microns

Resultant imaged dots are 50-150 microns in diameter 

Full coverage at as low as 3-5 grams ink (wet), per square meter

HairNozzles

Ink jet printing Analog printing 

mailto:jue.liang@dupont.com
http://www.artistri.dupont.com/
https://www.linkedin.com/showcase/dupont-artistri-digital-inks?src=ei_na_social_artistri-global-linkedin_presentation_smithers-conference_5.20.22
https://www.youtube.com/channel/UC0Wi2QqAVEyrXiHnPflNzzQ?src=ei_na_social_artistri-global-youtube_presentation_smithers-conference_5.20.22


Synthesis of High Activity and Low Cost Transition Metal Catalysts for Sustainable Reforming

Alyssa M. Love, Vera Grankina, Stu L. Soled, Chris E. Kliewer

ExxonMobil Technology and Engineering Company (EMTEC)                                 .

Supported Metal Catalyst Synthesis
• Need for platform material synthesis strategies that can be adapted to 

shifting application needs (e.g., H2 production via methane reforming)

• Aim: maximize the number of (active) surface metal sites via small, well-
distributed particles

• This starts with careful catalyst preparation:

Chemisorption on Transition MetalsOrganic Molecule Approach for Transition Metals

Summary

Organic Molecules to Improve Metal Dispersion

Controlled Precursor Decomposition

Application to Supported Noble Metals

• Need to consider metal precursor – organic choice for transition metals

• Need for higher loadings with transition metals: should avoid nitrates 
as there is safety concern combusting them with organics

• Chemisorption is a screening tool to assess number of metal surface sites

• Need probe molecule that will react quantitatively with surface ONLY

• N2O is the most suitable probe molecule for Cu, Co metals

• Demonstrated a series of materials preparation strategies for 
supported noble and transition metals

• Metal dispersion can be controlled in a facile manner by dissolving 
organic molecules (typically amines) in metal precursor solution

• Can be adapted to both noble and transition metal catalysts

• Noble metal work summarized in Catalysis, 2022, 34, 102-157

• In some cases, metal dispersion can also be improved by adjusting 
calcination method based on precursor decomposition stages

• Gravimetric N2O chemisorption technique developed to evaluate 
supported transition metals

• This approach was developed to improve noble metal dispersion on 
weakly interacting supports like SiO2

• Metal precursor is dissolved in aqueous solution with a water soluble 
organic molecule (alkanolamines, amino acids)

Metal salt + organic molecule in H2O

Triethanolamine (TEA)

Arginine (arg)

Organic examples:

Metal examples:

Support (typically SiO2)

Metal Metal Precursor
Ethanolamine (EA) Citric acid

Cu Copper carbonate Soluble (4:1 EA:Cu), 80°C Insoluble 

Ni Nickel carbonate insoluble Soluble (1:1 citric:Ni), 80°C 

Co Cobalt carbonate insoluble Soluble (1:1 citric:Co), 80°C 

vs.

Metal N2O H2 O2

Cu
Close predictor of particle 

size

×Predicts larger particle size: sub-
stoichiometric surface 

chemisorption

×Predicts smaller particle size: 
over-oxidation into bulk metal

Ni
×Predicts smaller particles: 

over-oxidation
Close predictor of particle size ×Not tested: likely overoxidizes

Co
Close predictor of particle 

size

×Predicts larger particle size: sub-
stoichiometric surface 

chemisorption

×Predicts smaller particle size: 
over-oxidation into bulk metal

6 wt.% Cu/SiO2 (aq)

6 wt.% Cu/SiO2 (EA)

surface 
oxidation

bulk oxidation
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2. calcination 3. reduction
1. metal 

functionalization

support 
particle

impregnation
Strong electrostatic 

adsorption (SEA)
grafting

Controlled precursor 
decomposition

Solution is introduced to 
support via simple incipient 

wetness impregnation

Generates metal complex in situ 
that wets silica support more 

effectively

• Impregnated aqueous solutions of noble metal salt and arginine (arg) or 
triethanolamine (TEA) onto silica

• Investigated decomposition of precursors during calcination with TGA

• TEM, chemisorption show improved metal dispersion with organic

TGA/DTA in air illustrated for 0.5%Ru(TEA)/SiO2
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partially decompose 
Ru-TEA impregnate
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partial 
decomposition

full 
decomposition

(Pt, Rh)(Ru, Ir)

• Materials show characteristic two-step 
decomposition behavior: partial decomposition at 
200°C followed by full decomposition ca. 350°C

• To ensure proper metal dispersion, partial or full 
decomposition is chosen based on metal:

• RuO2 is mobile on SiO2 surface; partial 
decomposition retains some organic residue 
to hold metal in place

• Hydrogenolysis during reduction removes 
residual organic

20  nm

Ru

• TEM reveals the formation of well-dispersed Ru particles on sample prepared with TEA
• H2 chemisorption confirms improved dispersion on TEA sample after reduction at 400°C
• Significant Ru aggregation seen in aqueous sample
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H2 Chemisorption, Ru catalysts

H2 and O2 react quantitatively 
with noble metal surfaces

Transition metals overoxidize
into the bulk (see table below)

• Discovered interesting multi-step decomposition of cobalt nitrate on TiO2

• Holding in between nitrate decomposition temperatures during calcination 
improves cobalt dispersion

• Generalized this nitrate decomposition behavior to Cu, Ni nitrates and to 
other reducible supports (CeO2)

TGA-MS of 6%Co/TiO2

calcination in air

6% Co/CeO2 6% Co/SiO2
6% Co/Al2O3

non-reducible oxides

Table outlining the outcome of different chemisorption probe molecules for Cu, Ni, and Co: 

• Developed an experimental setup to measure N2O 
chemisorption gravimetrically with TGA-MS

• Method reduces samples, then exposes to dilute 
N2O and monitors weight gain from oxidation

• Initial surface oxidation is rapid, followed by much 
slower bulk oxidation 

Measurement % Dispersion

H2 chemisorption 1.5 (d > 65 nm)

O2 chemisorption 58 (d < 2 nm)

N2O chemisorption 32 (d = 3 nm)

TEM d = 2.8 nm

𝑀𝑎𝑠𝑠 𝑂 ∙
1 𝑚𝑜𝑙 𝑂

15.9994 𝑔 𝑂
∙
2 𝑚𝑜𝑙 𝐶𝑢

1 𝑚𝑜𝑙 𝑂
= 𝑚𝑜𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝐶𝑢

𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 ∙ 𝐶𝑢 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 ∙
1 𝑚𝑜𝑙 𝐶𝑢

63.546 𝑔 𝐶𝑢
= 𝑚𝑜𝑙 𝑡𝑜𝑡𝑎𝑙 𝐶𝑢

𝑚𝑜𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝐶𝑢

𝑚𝑜𝑙 𝑡𝑜𝑡𝑎𝑙 𝐶𝑢
∙ 100 = % 𝒅𝒊𝒔𝒑𝒆𝒓𝒔𝒊𝒐𝒏

Table outlining the solubility of metal carbonate precursors with different organic molecules:

TGA-MS in air for 6%Cu(EA)/SiO2 • Cu carbonate precursor decomposes to form soluble 
complex with ethanolamine, Ni and Co carbonates 
only work with citric acid

• Decomposition of Cu/ethanolamine complex occurs 
between 200-400°C (left)

• Different from two step decomposition 
behavior observed for noble metals

H2O

CO2

NO

NO2

O2

Chemisorption reactions on Cu, Co surfaces: 

• XRD shows that after calcination at 500°C, sample 
prepared with ethanolamine has smaller CuO particles 
than aqueous catalyst preparation

XRD for 6%Cu/SiO2 (EA) and 6%Cu/SiO2 (aq), calcined 500°C in air

• Relative weight gain shows improved Cu dispersion 
on reduced Cu/SiO2 sample synthesized with 
ethanolamine

• Metal dispersion can be quantified based on 
oxidation weight gain at intersection between 
surface and bulk regions:

• TGA-MS shows cobalt nitrate decomposition in two steps on TiO2

• Difference in Co particle distribution (after reduction) based on 
calcination program (TEM)

1 2

1. Holding at first 
decomposition step

2. Heating straight through both decomposition steps 
yields morphological mix

dense Co
sparse Coreasonable Co 

distribution

TGA-MS of cobalt nitrate decomposition on reducible, irreducible oxides

DTG (TGA 1st derivative) of copper, 
cobalt, and nickel nitrate on TiO2

• Copper and nickel nitrate also 
decompose in multiple steps on 
titania

• Could presumably control metal 
dispersion in similar manner 
outlined for cobalt above

• Metal nitrates decompose in multiple steps on reducible oxides 
(TiO2, CeO2), but not on SiO2 or Al2O3

Cu/TiO2

Ni/TiO2

Co/TiO2

Here we evaluate ways to improve metal dispersion through both metal functionalization via 
impregnation, as well as through controlled precursor decomposition 

TGA of Cu/SiO2 samples oxidized in 1%N2O, 90°C 

1 2

TEM of 6% Cu/SiO2 (EA) with Cu particle size analysis (right ) 

• TEM imaging shows small, well-dispersed Cu particles throughout 
silica support

• Average particle diameter from TEM particle size analysis matches 
most closely with N2O chemisorption value   

Comparison of measured dispersion values on 
6% Cu/SiO2 (with EA) with different techniques

bulk 
oxidation



MOFs for CCS, Deep CCS, & Direct Air Capture with Simultaneous Water Harvesting

M. N. Dods†, E. J. Kim†, J. M. Falkowski‡, Simon C. Weston‡, Aaron W. Peters *‡, J. R. Long†

† University of California Berkeley, Berkeley, U.S.A.
‡ ExxonMobil Technology & Engineering Company, Annandale, U.S.A.

* aaron.w.peters@exxonmobil.com
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Introduction
Global anthropogenic CO2 emissions now exceed 40 Gt/yr,1 ∼75% of which derive from the combustion of fossil fuels.2 In order to keep average surface temperatures well below 2 °C, preferably below 1.5

°C, of preindustrial values, as set forth by the Paris Agreement, integrated assessment model (IAM) scenarios have underscored the need for rapid decarbonization of the power generation sector.3,4

Although many 1.5 and 2 °C IAM scenarios project rapid scale-up of variable renewables by midcentury, the growing need to curb anthropogenic CO2 emissions has motivated the deployment of

alternative low-carbon technologies such as carbon capture and sequestration in the near-term.

Direct Air Capture with Sequestration (DACS) and Simultaneous Water Harvesting
Mitigation of anthropogenic climate change is expected to require large-scale deployment of CDR strategies; prominent among these strategies is DACS. In addition to CO2 mitigation, water security is

also central to climate change mitigation with 25.7% of the world’s population in 2020 lacking access to safe drinking water. Leveraging differences in the chemistry of CO2 and water adsorption within

tetraamine-MOFs, we propose simultaneously removing water alongside CO2 in DAC operations. In many cases, the co-adsorbed water could be desorbed separately from chemisorbed CO2 molecules,

enabling efficient harvesting of water from air. Depending upon the material employed and process conditions, the desorbed water could be of sufficiently high purity for industrial, agricultural, or potable

use and could thus improve regional water security. Additionally, the recovered water could offset a portion of the costs associated with DACS.

Carbon Capture & Sequestration (CCS)
Natural gas has become the dominant source of electricity in the United States, and technologies capable of efficiently removing CO2 from the flue emissions of natural gas-fired power plants could reduce

their carbon intensity. However, given the low partial pressure of CO2 in the flue stream (typically 2-4%), the separation of CO2 is particularly challenging. Taking inspiration from the crystal structures of

diamine-appended metal–organic frameworks (MOFs) exhibiting two-step cooperative CO2 adsorption, we report a family of robust tetraamine-functionalized frameworks that retain cooperativity, leading to

the potential for exceptional efficiency in capturing CO2 under the extreme conditions relevant to natural gas flue emissions. The ordered, multimetal coordination of the tetraamines imparts the materials

with extraordinary stability to adsorption-desorption cycling with simulated humid flue gas (4% CO2) & enables regeneration using low-temperature steam in lieu of costly pressure or temperature swings.5

Deep CCS
The large-scale deployment of carbon capture technologies is expected to play a crucial role in efforts to meet stringent climate targets set forth by the Paris Agreement, but current models rely heavily

upon carbon dioxide removal (CDR) strategies for which viability at the gigatonne scale is uncertain. While most 1.5 and 2 °C scenarios project rapid decarbonization of the energy sector facilitated by

CCS, they generally assume that CCS units can only capture ∼90% of the CO2 in coal and natural gas combustion flues because this capture fraction was previously considered the optimal condition for

aqueous amine scrubbers. We discuss a small but growing body of literature that examines the prospect of moving significantly beyond 90% capture—a concept we term deep CCS—in light of recent

developments in materials and process design.6 The low incremental costs associated with performing varying degrees of deep CCS suggest that this approach is not only feasible but may also alleviate

burdens placed upon CDR techniques facing significant barriers to large-scale deployment. We estimate that rapid deployment of deep CCS in deep decarbonization pathways could avoid more than 1

gigatonne of CO2 globally each year. The principles of deep CCS could also be applied directly to the CDR strategy of employing bioenergy with CCS, which could lead to a significant alleviation of the

land and freshwater burden associated with this technology.



[2] Davis et al. ACS Catal. 2019, 9, 7, 6012–6019

Zeolite design for next-generation MTO chemistries: EMM-68
Trong Pham, Joseph Falkowski

ExxonMobil Technology and Engineering Company

CHA cavity dimension 8.4 x 7.1 x7.5 Å
Micropore volume ~0.27 cm3/g 

EMM-68 cavity dimension 8.0 x 9.4 x 7.7 Å
Micropore volume ~0.31 cm3/g 

10MRs along [001] direction

8MRs along [010] direction

MTO reaction: Olefinic/Aromatic cycle

 Smaller cages favor the formation of ethylene
 EMM-68 might produce more C3= than CHA

SEM images of EMM-68

Aluminosilicate zeolite - [AlO2]n[SiO2]m

+ =…+

What are zeolites?

 Red balls: Oxygen
 Blue balls: Si/Al

 The exchangeable cations (H+, Li+, Na+, K+, Cu2+, Fe3+, etc.) can tune 

electric field, redox and acid-base properties in zeolites

Why new zeolite is needed for next-generation of MTO chemistry?

• In traditional MTO processes, ethylene is predominantly produced by 
the commercial CHA (chabazite) zeolite catalyst

• Ethylene is a much less active monomer than higher olefins (C3= & C4=) 
when undergoing oligomerization to produce fuels

 The zeolite-catalyzed methanol-to-olefin (MTO) reaction provides a 
sustainable route to produce light olefins such as ethene and propene 
from non-petroleum resources

Dual-cycle hydrocarbon pool mechanism proposed for the MTO rxn [1]

Conclusions:
 EMM-68 with its 10 x 8 x 8 narrow pore apertures would exhibit 
a similar high selectivity to light olefins 
 Large cavity size of 8.0 x 9.4 x 7.7 Å—accommodates highly alkylated 
benzene intermediates that are suggested to be critical 
in producing C3= and C4= olefins

Future work: Influencing catalyst lifetime and product distribution by

 Morphology modification of EMM-68 by designing various organic
templates
 Al contents and Al distribution (paired vs single, 10MRs vs 8MRs) via 
adding heterogeneous atoms such as B, Ge

Zeolite cat.
CH3OH Light olefins (C2H4, C3H6, C4H8, C5H10)

 The oligomerization of these light olefins into jet and diesel fuels
is an active research area of commercial importance and vital to
the decarbonization of heavy industrial applications

Light olefins 
(C2-C5) 

Oligomerization
Jet/diesel blendstock

Hydrogenation

14R cage of EMM-68 

[1] Corma et al. ChemCatChem2021,13,  1578–15

MTO product distributions different zeolite structural categories [2]

MTO & Oligomerization to sustainable fuels Zeolite EMM-68 structure

 The structure of EMM-68 was determined by X-ray diffraction pattern 
using FOCUS method

 The structure has a monoclinic symmetry (C2/m) with unit cell of 
a=12.331; b=18.588; c=9.053 Å, and γ=96.2o

 Hydrocarbon adsorption:
n-hexane uptake: 103.4 mg/g, 2,2-DMB uptake: 91.9 mg/g, 
2,3-DMB uptake: 61.8 mg/g, & mesitylene uptake: 26.1 mg/g

 Light olefins are precursors to materials that enable everyday life

Light olefins

Oligomerization of olefins to fuels



Introduction – What is QFD? 

Intelligent Material Design at Eastman via Six Sigma Tools
Eastman Chemical Company 

Presenter: John Quigley, PhD, Contributors : Lea Paslay, Henry Gonzalez, Mark Ewing

Approved for External Use

Customer needs → Material Attributes

Eastman QFD 1.0 Tool to Facilitate
Product and Application Development

Summary- Value of QFD Integration
• Enables speed and accuracy of portfolio / development choices

• Promotes collaboration between functional and regional partners 
to paint a complete picture of our expected ability to win

• Improves stakeholder communication and alignment

• Supports targeted customer discovery

• Improves Application Development and Product Development 
communication and alignment

• A visual format for linking all material design efforts to the 
stakeholder needs

• Often called the “House of Quality”
• QFD 1.0 – Product planning – relates the need of the customer 

product (VOC) to the functional product requirements (FPRs) or 
attributes 

• QFD 2.0 – Product Design – relates product design specifications 
to those FPRs

• QFD 3.0 – Process Design – relates process specification to 
product design specs

Why Desirability Calculator?

• Desirability calculation for material attributes and real material 
data for FPRs enables 

In 4 steps, the user can document relative product performance vs 
critical application requirements to better inform material choices and 
tradeoffs, enabling more effective execution and communication. The 
steps of this process are… 
1. Document customers needs, material offerings in scope, and 

importance of each need 
2. Define the attributes that relate to those needs – and determine 

how strongly those attributes relate to customer needs via a NEED 
/ATTRIBUTE matrix (below) 

3.   Define the relationship of an attribute to the customers 
desirability (DIVERGENCE FROM QFD) 

4.   Provide FPRs– output determines a materials fitness for use and 
attractiveness. 

Data INPUTS of 
QFD to be 
automated

Data OUTPUTS of 
QFD analyses to be 
easier to leverage

By using REAL 

material values for 

FPRs, we can 

automate the fields  

for existing values 

from available 

databases to make the 

tool more user 
friendly

Standardizing on 

FPRs and data sets 

enables output of  

discrete targets for  
ideal material 

properties specifically 

linked to application 

requirements 

Higher Value 
Tool

Next Steps and Vision 
QFD 2.0-3.0  and material analytics overlay 

Short term - Integration of global materials data, moving to web-
based system, and populating the application database

Building data hub via Ansys MI software collaboration

MI is enterprise data management software designed to store, control, 
and analyze Eastman materials data

Leverages existing commercial material databases to generate useful 
and meaningful comparisons to drive decisions in investment and 
innovation

Compiles data in a way that allows overlay of internally generated tools 
for broad functionality  (QFD, Predictive material development, etc.) 

Long term vision:

Eastman will accelerate innovative material 
development to meet  tomorrow’s customer needs

We will build on our foundation of world class structure-
property relationship understanding – and leverage machine
learning & formulation expertise to build composition
optimization framework to integrate QFD 1.0 – 3.0 for fast and
efficient decision makingNEED-ATTRIBUTE QFD 1.1 - Earbuds

MIN MIN MIN MAX TARGET

1 RETURN 1 8 9 11 12

1 Absolute Weight 209.5% 1.4% 9.8% 2.4% 15.9% 7.2%

1 Relative Weight 100.0% 0.6% 4.7% 1.1% 7.6% 3.4%

1 19 9 18 4 13

1
INSTRUCTIONS:

Enter Attributes and their Units 

and relate them to Needs

RETURN 

TO INPUT Cost
CTE, Coefficient of 

Thermal Expansion
Dielectric constant

Differential shrink 

rate
Flexural Modulus

1 NEEDS UNITS $/kg Scale Dk Scale MPa

1 TITLE TYPE IMPORTANCE WEIGHT

14 PRICE Partia l ly Met 1 1.4% -9 0 0 0 0

15 FLAME RETARDANT Ful ly Met 1 1.4% 0 0 0 0 0

1 Sustainable - Content Potentia l Unmet 15 20.3% 0 0 0 0 0

2 Performance - Process ing Ful ly Met 10 13.5% 0 3 0 9 3

4 Res is tant - Sweat Ful ly Met 8 10.8% 0 1 1 0 1

7 Performance - Accelerated Testing Compl iantFul ly Met 3 4.1% 0 1 1 0 0

8 Performance - Storage Container TestFul ly Met 3 4.1% 0 3 1 0 0

5 Performance - Colorable Ful ly Met 5 6.8% 0 0 0 0 0

6 Res is tant - UV Ful ly Met 5 6.8% 0 0 0 0 0

9 Performance - High Temperature Ful ly Met 3 4.1% 0 3 0 1 0

10 Res is tant - Chlorinated Swimming PoolPartia l ly Met 3 4.1% 0 0 0 0 0

3 Performance - Tough Ful ly Met 10 13.5% 0 0 0 1 1

11 Performance - Anti -Microbia l Ful ly Met 2 2.7% 0 0 0 0 0

12 Performance - Low Temperature Ful ly Met 2 2.7% 0 3 1 1 0

13 Sustainable - Biocompatible Ful ly Met 2 2.7% 0 0 0 0 0

16 Performance - Adhes ive CompatibleFul ly Met 1 1.4% 0 0 0 1 0

17 Res is tant - Ethanol Ful ly Met 0 0.0% 0 0 0 0 3

Rank

GOAL:MAX, MIN, TARGET

NO.

WHEN COMPLETED GO 

TO ATTRIBUTE-

PRODUCT QFD 1.2 TO 

Unhide Rows

Print Page

Unhide Columns

Hide Row Columns

CALCULATEGO 

Excel-based tool that leverages QFD 
1.0 principles to enable the application 
and product development teams to 
position ideal materials for a discrete 
set of customers needs
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History

• Market trends
– Driving the need for comfort, security, 

and discreetness

– Push for comfortable hygiene 
nonwovens with enhanced softness

– Vistamaxx soft lean blends

Hygiene comfort

1960s 1970s 1980s 1990s 2000s 2010s 2020s

2

Background

• Market need
– Push for a new type of 

“cushiony” softness

• Loft solution
– Developed Achieve Advanced 

PP3684 for tailored “loft” 
solutions 

– New methods for measuring 
thickness, compressibility, and 
resilience

Surface
Texture

Perceived Hand Feel

ThicknessDrape

Resilience

3

What are lofty nonwovens?

Soft Loft

4

Customized loft solution

Varying composition/formulation
Side/Side

ExxonMobil™ PP3155E5

Achieve™ Advanced PP3684

Vistamaxx™ 7050BF

Slip

Cushiony Drapable

SmoothCottony

Tunable hand feel
5

Balanced hygiene nonwoven solution

Low linting
Martindale ≤ 1.5

Soft
Total hand ≤ 12 g

Loft
Thickness ≥ 0.35 mm

Retention > 80%

Strong
Peak load: > 10N / 21N CD/MD 

Elongation: < 150% / 100% CD/MD

Balanced
performance

6

Samples for consideration

ExxonMobil PP3155E5

Achieve™ Advanced PP3684

slip

ExxonMobil™ PP3155E5

Vistamaxx™ 7050BF

slip

SSS, side/side, 20gsm, produced on the R5 asset in Troisdorf, Germany
ExxonMobil 
solutions

Side/Side 
ratio Formulation

# 1 80/20 (PP3155E5 / PP3155E5 + 30% PP3684) + 3000ppm slip

# 2 70/30 (PP3155E5 + 10% Vistamaxx / PP3155E5 + 30% PP3684) + 3000ppm slip

# 3 70/30 (PP3155E5 + 10% Vistamaxx / PP3155E5 + 20% PP3684) + 3000ppm slip

Note: Certain embodiments fall under the licensing portfolio of Reicofil and Fibertex Personal Care
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Characterizing lofty nonwovens

• Rheometer based loft measurement 

gap

Normal 
force

Sample Sample gap

0.00E+00

5.00E+00
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2.00E+01

2.50E+01
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Force gap

Paper

Market  
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Carded
cotton

ExxonMobil 
solutions
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Work of deformation (J)
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ExxonMobil solutions
#1 #3FHL #2Soft 
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)

Basis weight: 19- 20 g/m2
*Note: FHL = Full high loft PP/PE air-through bonded 8

Improved thickness and resilience

Basis weight: 19- 20 g/m2

*Note: FHL = Full high loft PP/PE air-through bonded

0

0.1

0.2

0.3

0.4

0.5

0.6

Standard soft FHL EM 1 EM 2 EM 3

Th
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es

s,
 m

m

Thickness 1N (2kPa) Thickness 3 N (6 kPa)

#1 #3FHL #2Soft 
Spunbond

ExxonMobil solutions

0
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0.3

0.4
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0.6

FHL Carded 1 Carded 2 EM 1 EM 2 EM 3
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s,
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Market references assumed 
to be incompressible

No compression

After 24h 
under 40N

ExxonMobil solutions

#1 #3FHL #2

0.35 mm

Spunbond

#1 #2

Carded (PO/PET)
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Summary
• Conclusions

– New PP grade designed for 
hygiene applications 
(Achieve™ Advanced 
PP3684)

– Tunable loft solution using 
ExxonMobil PP and 
Vistamaxx™ performance 
polymers

– New test methods to fully 
characterize aspects of loft 
fabrics (i.e. thickness, 
resiliency, shear resistance…)

50%

55%

60%

65%

70%

75%

80%

85%

90%

EM 1 EM 2 EM 3

Thickness retention (@ 1N)
Greater than 

80% thickness 

retention 
achievable

ExxonMobil solutions Basis weight: 19- 20 g/m2

Hand

Loft

Resilience

High-loft, ultra-soft nonwoven solutions 
Karen Sanchez1, Abigail Agentis2, Simone DeVita1, Paul Rollin1

1 Polymers Technology, 2 Market Developer
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Hybrid modeling of polymer components

Comonomer composition

• The traditional scale-up approach is catalyst forward and slow to respond 
to market trends.

• Moving faster is possible – a model-focused approach has reduced time-
to-target and increased experimental efficiency in pilot plant campaigns.

• A new, faster approach to scale-up and polymer design is needed to 
respond to the evolving market by leveraging increased performance to 
help facilitate film solutions that the market needs.

Accelerated Development of Novel Polymers via Hybrid Modeling Approaches
Hsu Chiang, Liezhong Gong, Scott Horton, Venkatesh Meenakshisundaram, Nitish Mittal, Hasnain Rangwalla, 
Jay Reimers, Jun Shi, Kevin Stevens, Andy Winesett 
ExxonMobil Technology and Engineering Company

Catalyst kinetics with minimum time approach

Traditional development is largely linear

Modeling techniques enable new ways of thinking

Product PerformanceProcess Models In silico Product
• Rapid prototyping of new product concepts via simulation accelerates 

innovation and guides development.

Expt_MWD Model_MWD Expt_CCD Model_CCD
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Digitally enabled workflows now possible

Design Product
in silico

Evaluate Product 
in silico

Process 
Simulation w/ 

kinetics

Idea 
Generation

Product 
screening

Catalyst 
Selection

Process 
Development

R1

R2
M

X

X

The Challenge

Conclusions
• Each step can reduce scale-up 

uncertainty and accelerate development

• Possible to optimize grade design in 

silico to target specific balances of 
properties with minimized 
experimentation

• Approach transferable to new platforms 
and novel materials

Varying conditions

Conventional DOE-based Component
Based + Scale-

Up Modeling

Time to Scale-Up

Target

70+%

Catalyst Laboratory Properties

Scale-up

REACTOR

CMP-100

HX100

B5

L-PRD

V-PRD

S7

S8

FD-CSTR

REACTANT

CAT

RECYC

B1

Validate Product 
Performance

Lab/Pilot 
campaigns

Scale-up

• Efficiency is key for developing kinetic 
model with a complex reaction 
network. Early experimental studies 
simplify the network by identifying 
unnecessary reaction mechanisms.

• Estimability analysis prevents potential 
biased predictions due to over-fitting 
(c.f. Aiello et al., Macromol. Theory 

Simul. 2021, 30, 2000079)
• Through a combination of kinetics 

experiments and analytical testing, 
catalyst performance and product 
concepts can be screened.
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Modeling 
Framework

Comp. 
Desc. of 

MoC

Modular 
Code

Applicable 
to PE 

Properties

Adaptable 
to other 

polymers

Optim 
Algorithms

ML 
algorithms

• Traditional machine learning models 
aren’t generalizable

• Fundamental models are not 
descriptive enough to provide 
application-specific information

• Molecular level simulations are too 
time intensive (when MW in the 
tens/hundreds of thousands)

• Fundamentally-informed ML hybrid 
models are applicable to systems 
where sufficient data is available
• Can be generalized
• Yield higher fidelity predictions

M
od

el
A

cc
ur
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y

ML model

Hybrid model
(better 

accuracy)

Translate to components

Develop structure-
property relationships

Predict properties

Simulate polymer structure with 
lab-scale kinetics / analytical data

Measured Polymer Properties
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Progress to Pilot Scale

• Validate product concepts and 
process models with integrated DOEs

• Design for optimal use of time and 
resources

• Balances progression across multiple 
program objectives and evaluates key 
scale-up questions

New path to designing novel polymers

• High fidelity analytical descriptions are a key enabler

• Summary statistics alone are insufficient to produce structure-property 
relationships

• Structure-property relationships are fundamentals-based to capture 
effects and allow generalization – care should be taken to ensure all 
appropriate trends captured

Catalyst 
Development

Pilot

©2022 Exxon Mobil Corporation. To the extent the user is entitled to disclose and distribute this document, the user may forward, distribute, and/or photocopy this copyrighted document only if unaltered and complete, including all of its headers, footers, disclaimers, and other information. You may not copy this document to aWeb site. ExxonMobil does not guarantee the typical (or other) values. Analysis may be performed on representative samples and not the actual product shipped. The information in this document relates only to 
the named product or materials when not in combination with any other product or materials. We based the information on data believed to be reliable on the date compiled, but we do not represent, warrant, or otherwise guarantee, expressly or impliedly, the merchantability, fitness for a particular purpose, suitability, accuracy, reliability, or completeness of this information or the products, materials, or processes described. The user is solely responsible for all determinations regarding any use of material or product and any process in 
its territories of interest. We expressly disclaim liability for any loss, damage, or injury directly or indirectly suffered or incurred as a result of or related to anyone using or relying on any of the information in this document. There is no endorsement of any product or process, and we expressly disclaim any contrary implication. There is no warranty against patent infringement or any license granted, nor any endorsement of any product or process, and we expressly disclaim any contrary implication. The terms, “we”, “our”, "ExxonMobil 
Chemical", or "ExxonMobil" are used for convenience, and may include any one or more of ExxonMobil Chemical Company, Exxon Mobil Corporation, or any affiliates they directly or indirectly steward. ExxonMobil, ExxonMobil Chemical, the ExxonMobil Emblem, the “Interlocking X” Device are trademarks of Exxon Mobil Corporation.

New workflow

Existing workflow



3D Printing Dashboard 

– an Online Hub Bridges Research, Technology, and Business
Yunsong Xie, Ru Xie, Joseph Moebus, Ahmet Cecen, Robert Li, Jeanne Macdonald, Derek Thurman and, Saifudin

Abubakar, George Rodriguez, Ting Chen
ExxonMobil, Baytown, TX 

3D Printing is one of the potential game changers that could completely disrupt the 
manufacturing value chain, allowing a shift from mass production to full 
customization, from centralized to distributed production. 

Industry 4.0

3D Printing Overview

1

2

• Definition: creation of objects from a digital file by adding materials layer-by-layer

• Terms: rapid prototyping, 3D printing, disruptive technology

• Materials: polymers, metals, ceramics, composites, and biochemical, etc

• Applications: aerospace, automotive, healthcare, consumer, etc

3 3D Printing Material Market Overview 

• 3D Printing typically produces smaller parts 
at slower rates

• Low cost short run / mass customization

• Small market base (<$1B), with rapid growth

4

5

6

7
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• 3D Printing is an emerging technology connects material, hardware, & software

• 3D Printing Material development requires R&D and business collaboration 

• 3D Printing Dashboard provides a digital platform to

❑ Share latest technology development progress to business 

❑ Communicate latest market needs to technology 

• 3D Printing Dashboard is the online data hub for R&D, business, and 
manufacturing

3D Printing Dashboard is featured with 

• 3D Printing technology training documents with video demonstration

• Comprehensive filament fabrication, 3D Printing condition, and mechanical 
property database for ExxonMobil materials, including ExceedTM performance 
polyethylene, AchieveTM Advanced PP, VistamaxxTM performance polymers, and 
ExactTM plastomers, etc

Name PP6302E1
[wt%]

VMX 
8880
[wt%]

VMX 
6102
[wt%]

S1 100 0 0
S2 90 5 5
S3 70 5 25
S4 50 5 45

3D Printing Dashboard also showcases:

• 3D Printed tensile/notch bar

• 3D printed customized key chain with ExxonMobil 
logo, name plate and printed materials in text

• Functionality of “Order your own keychain” (in 
progress)

• Example of VistamaxxTM performance polymers in 
improving warpage of printing PP

• 208 Visits since launched in March 2022
• 97% of the visits come from research and technology
• Visits from marketing and sales only start in 07/2022
• More functionalities will be added to promote the interactions among R&D and 

business divisions
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3D 
Printing

Hardware Software

Material
3D Printing Material Development

3D Printing Dashboard Overview

3D Printing Overview

3D Printing Material Development 3D Printing Dashboard Demo

3D Printing Dashboard Utilization
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HIGH BIOCARBON CONTENT SI-ACRYLATE HYBRID FILM FORMERS FOR SKIN AND SUN CARE

Sustainability through Innovation

Innovate safe, 
sustainable 

formulations and 
processes

Respond to global 
emerging trends

Grow 
digitalization/
customization

Conditioner Polymers

Rheology Modifiers

Silicone

Hair Fixatives

Biosurfactants

Emollients

Hair Styling AP/Deo1

Sun CareSkin Care Color Cosmetics

Conditioning

ShampooSkin Cleansing Hair Colorants

Film Formers in Personal Care 

Polymer capable of forming a cohesive 
and continuous film on keratinous 

surfaces with optimal adhesion and 
flexibility properties

X

• Non-Irritating

• Non-

Sensitizing

H2O

Permeable to 
Semi-Occlusive

• Breathable 

Film

• Second 

Skin

Uniform and 
Continuous

• Homogeneous 

Spreading

• Total 

Protection

Environmental 
Stressors

Long-Lasting and 
Removable

• Rub-Off 

Resistance

• Wash-Off 

Resistance

• Sebum/Sweat 

Resistance

• Non-Transfer

• Lasts All Day

• Easy to 

Remove

Compatible, 
Easy to 

Formulate

• With 

Personal 

Care 

Ingredients, 

Including 

Water

Safe for Topical 
Application

• Flexible

• Non-

Tacky

• Smooth

• Low 

Film 

Residue

Comfort and 
Sensory 

Attributes

A Plethora of Differentiated Technologies from Dow

✓ Cost-effective
✓ Bioderived (optional)

✓ Superior performance
✓ Deep penetration esp into 

prestige applications

Silicone 
Resins

SiliconeOrganic

Cellulosics

Acrylates

Silicone 
Resin 
Gums

Silicone 
Acrylates

Building Blocks and Polymer Synthesis Performance Testing

EA
BCC: 40%
Homopolymer Tg: −17 °C 
bioethanol

IBOMA
BCC: 73%
Homopolymer Tg: 120 °C 
Camphor trees

LMA
BCC: 76%
Homopolymer Tg: −54 °C 
Vegetable, castor, 
soybean and other oils

DBI (R = n-butyl)
BCC: up to 100%
Homopolymer Tg: 15 °C 
Sugar cane

DMI (R = methyl)
BCC: up to 100%
Homopolymer Tg: 100 °C 
Sugar cane

Sample ID Description Composition Carrier BCC% in 
polymer

BCC% 
overall

C1
DOWSIL™ FA 
4004 Silicone 

Acrylate*

Commercial 
benchmark

Acrylates/Polytrimethylsiloxymethacrylate 
Copolymer Isododecane 0 0

E1 Exp probe 1 30 EA/30 IBOMA/10 DBI/30 Si-acrylate Ethanol 50 80

E2 Exp probe 1 32 EA/28 IBOMA/40 Si-acrylate Ethanol 40 76

E3 Exp probe 3 25 EA/15 IBOMA/10 MMA/50 Si-acrylate Ethanol 27 71

Neat Film Properties

Contact angle measurement 
(water/artificial sebum)

Water/Sebum Repellency

t = 0 and 250 seconds

X-ray Photoelectron Spectroscopy 
(XPS)

Surface Elemental Composition

Experimental high-BCC Si-acrylate probes show excellent water resistance and good sebum 
resistance  

Si content on film surface by XPS

✓ Both Si-acylate and IBOMA were 
significant, no interaction terms

✓ Si-acrylate ↑ and IBOMA ↓, Si% on 
the surface ↑

Foundation Formulations

Ingredient Composition 
(wt%)

Phase A
ACT 96-TRI-77891 5.81

ACT96-Y-77492 1.09
ACT96-B-77499 0.07
ACT96-R-77491 0.25

Isododecane 12.00
Phase B

DOWSIL™ ES-5300 
Formulation Aid 6.00

DOWSIL™ FZ-3196 3.28
Si-acrylate film former

(40% solid) 12.50

Phase C
Water 52.00

Sodium Chloride 1.00
Glycerin 5.00

Euxyl PE9010 1.00
Total 100.00

C1 – smooth, uniform

Conclusions

1AP/Deo: Antiperspirant and Deodorant 

Dow Consumer Solutions: leading R&D and one of the broadest portfolios in 
the industry for sustainable and inclusive personal care solutions

Si-acrylate hybrid:
▪ Free-radical polymers featuring patent-advantaged 

dendrimeric Si-acrylate hybrid monomer
▪ Enabled by solution and mini-emulsion 

polymerization
▪ Excellent performance on 

✓ Water & sebum repellency 
✓ Wash & rub-off resistance
✓ Flexibility
✓ Low tackiness

www.mklibrary.com

IBOMA: isobornyl methacrylate; LMA: lauryl methacrylate; EA: ethyl acrylate, DBI: di(n-butyl) itaconate; DMI: dimethyl itaconate
* Can also be delivered as DOWSIL™ FA PEPS Silicone Acrylate, which uses a biobased carrier, a mixture of undecane and tridecane. 
The biocarbon content is 60% and only comes from the carrier. 

®™ trademark of The Dow Chemical Company (”Dow”) or an affiliate of Dow

Procedure
1. Prepare Phase B with an overhead mixer
2. Mix Phase A ingredients and form a homogeneous 

mixture with a FlackTek SpeedMixer centrifugal blender
3. Add Phase A to Phase B
4. Prepare Phase C by adding ingredients in order
5. Add Phase C to the blend of Phase A & Phase B and 

form a homogeneous mixture with an overhead mixer
6. Check appearance, pH, and viscosity the next day. 

Continue with draw-down films and cure inside a film 
hood

➢ Si-acrylate hybrid with up to 50% biocarbon content in the polymer and up to 80% 
biocarbon content overall have been successfully prepared 

➢ Neat polymers showed excellent water repellency and good sebum repellency, as 
indicated by contact angle measurement

➢ In model foundation formulations, these high-BCC Si-acrylate hybrid polymers 
offered excellent water repellency and durability for sebum repellency
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