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Preface 

The book Advanced Materials for Multidisciplinary Applications is a compila-
tion of contributions from many distinguished scientists, engineers, professors, and 
entrepreneurs who are members and allies of the Chinese American Chemical 
Society (CACS). This book celebrates the CACS’s 40th anniversary and recog-
nizes its members’ outstanding achievements and contributions to society. The 
researchers behind this book overcame the obstacles posed by the COVID-19 
pandemic, displaying resilience, determination, and adaptability to complete their 
missions. These professionals have also inspired and empowered the next generation 
with their empathy, diligence, and talent. This book comprises fourteen (14) chapters 
that showcase the latest research progress and reviews related to the advancement 
of materials with tunable structure and stoichiometry, surface area, pore sizes, and 
chemical functionality based on the diverse applications. Two standout chapters 
include “Chap. 1: Leadership and Resiliency in the Global Chemistry Enterprise” 
and “Chap. 14: Achievements Made by Professionals with Diversified Backgrounds”. 
The book also covers three technical parts of advanced materials and their applica-
tions in biomedical, energy and fuels, and environmental and spectroscopic research 
fields. These topics address nanotechnological design, production, and application 
in diverse research fields. Overall, this book provides an excellent overview of the 
latest research in advanced materials, highlighting the contributions of the CACS’s 
members and their allies. The book’s research and insights will be a valuable refer-
ence tool for scientists, engineers, entrepreneurs, and students in materials science, 
engineering, chemistry, and chemical science. 

Regarding the nanotechnological application in biomedical applications, this book 
includes four chapters. Chapter 2, Recent Advancement of Nanotechnology in Bio 
Applications, led by Dr. Ashraf Abedin, highlights the application of nanostructured 
materials and devices in various biological fields, such as diagnostics, drug admin-
istration, imaging, tissue engineering, and treatments. The authors have emphasized 
nanotechnology’s recent developments and existing challenges in bio-applications. 
Their research has revealed the immense potential of nanotechnology in providing 
multiple diagnostic and therapeutic applications that can transform the healthcare 
industry. Studying these intricate nano-applications could encourage future research
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and development in the biomedical sector. Ongoing efforts are being made to trans-
late these scientific breakthroughs into clinical practice, which could revolutionize 
the field of biomedicine. 

Chapter 3, Functionalized Carbon Nanotubes as Gene Carriers, led by Dr. Jih 
Ru Hwu, discusses the development and applications of carbon nanotubes (CNTs) 
as gene carriers. Modifying the surface of single- and multi-walled CNTs with 
various functional groups and ligands was discussed in detail. The types of bonds 
formed during the functionalization of pristine CNTs and the many different ligands 
used were emphasized. The interactions between functionalized CNTs (f-CNTs) and 
genes or oligonucleotides were also explored, highlighting the electrostatic interac-
tion, hydrogen bonding, π-π stacking, and other intermolecular forces involved. The 
targets of f-CNTs and the creation of hybrids of genes @ f-CNTs were taken into 
account. The authors discovered that the success of these applications depended on 
the methods used for hybrid formation and dissociation. The article concluded by 
emphasizing that the practical techniques for the hybrid formation and dissociation 
were key to the success of CNTs as gene carriers for modern gene therapy. 

Chapter 4, Selected Recent Work on Endo-Functionalization of Cylindrical 
Macrocyclic Artificial Receptors for Mimicking Protein–Ligand Interactions, led by 
Dr. Yahu A. Liu provided a medicinal process for modifying the way a small 
molecule interacts with a target receptor (typically a protein). As therapeutic tech-
niques continue to evolve, scientists have been working to modify small molecules 
that interact with target receptors, such as proteins. By adjusting these interactions, 
researchers can achieve their desired therapeutic outcome. To better understand these 
interactions, scientists have begun using functionalized macrocyclic receptors as 
models for mimicking protein binding pockets. Recent advancements in functional-
ization have led to the creation of synthetic cylindrical- and vase-shaped cylindrical 
macrocyclic receptors. These new developments are thought-provoking and have 
caught the attention of medicinal chemists worldwide. In this chapter, the authors 
focused on the endo-functionalization of cylindrical and vase-shaped cylindrical 
macrocyclic receptors and their binding features in model protein-ligand interactions. 
By presenting selected examples from a medicinal chemist’s perspective, we hope 
to provide insight into the potential applications of these tools in future medicinal 
processes. 

Chapter 5, Singlet Oxygen Photo-Generation by Light Irradiation Using Metal– 
Organic Frameworks as Photodynamic Therapy Agents, led by Sajid Bashir Liu, 
presented the design and application of metal-organic-framework (MOFs). Dr. Bashir 
and his team created and tested a new MOF motif (abbreviated as Zr7Pr) and 
evaluated it in retinal pigmented epithelial cells in vitro for singlet oxygen inac-
tivation of cell function. Cellular health was assessed through the measurement of 
stress biomarkers. The lactate dehydrogenase and mitochondrial membrane potential 
activity increases are consistent with singlet reactive oxygen species. The levels of 
nitric oxide and peroxynitrite as possible reactive nitrogen species were evaluated to 
identify the site of Zr7Pr’s inhibitory function. The data indicated that singlet oxygen 
generates superoxide and nitric oxide. The reactivity of Zr7Pr is anticipated through 
the inactivation of mitochondrial pore transitions rather than complete membrane
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peroxidation. The exposed cysteines or histidine in the molecular targets is modi-
fied, which affects the cell’s ability to regulate apoptosis-inducing MPTs under oxida-
tive stress. Cells tolerant to hydrogen peroxide poisoning are still susceptible to the 
actions of Zr7Pr. Its efficacy is most likely through the impairment of mitochondrial 
function and modification of the pore within the adenosine nucleotide translocase 
protein family domain of the MPT. 

Part II of the book showcased the nanomaterials applied in energy and fuels to 
enhance CO2 conversion and gas absorption. Chapter 6, Chemical Looping for CO2 

Conversion and Utilization—Recent Advances and Perspective, led by Dr. Liang-
Shih Fan, provided solutions to the massive increase in the emissions of CO2 that 
is contributing to global warming and negatively impacting Earth’s ecosystems. To 
achieve CO2 removal or carbon neutrality, authors carried out significant research on 
CO2 conversion and utilization. Dr. Fan and his team invited clean energy technology 
in chemical looping with inherent CO2 separation. This technology involves the 
reaction and regeneration of solid materials (the looping carriers). Recently, the team 
proposed and investigated novel chemical looping processes and looping carriers. 
They anticipated improving CO2 utilization as a partial substitute for hydrocarbon 
feedstock or a soft oxidant for looping carrier regeneration. This chapter describes 
the advances in chemical looping technology, emphasizing the fundamentals of CO2 

conversion during reduction and oxidation (redox) reactions. Authors reported that 
these new advances would accelerate the large-scale deployment of CO2 utilization 
technologies. 

Chapter 7, Diversity Oriented Synthesis of Metal-Organic Frameworks, is led by 
Dr. Hong-Cai Zhou. The authors provided novel methods to produce metal-organic 
frameworks (MOFs), highly porous materials consisting of organic linkers and metal 
nodes, making them ideal for various applications such as gas storage/separation, 
catalysis, and biomedicine. A vast library of around 99,000 MOF structures has been 
established, largely due to the tireless efforts of MOF researchers who often use a 
Diversity-Oriented Synthesis (DOS) strategy. DOS is a well-established technique 
in organic chemistry that allows for creating a library of diverse molecules based on 
a starting compound. In the same vein, MOFs can be easily manipulated to produce a 
variety of structures thanks to their tunable skeleton, which can be readily modified or 
disintegrated into other materials. This chapter examines the various methodologies 
for DOS of MOFs, including linker functionalization and exchange, and evaluates 
their applicability and limitations. Advanced tools like automated synthesis and data 
mining can be incorporated into the DOS of MOFs. The authors also provided insight 
into how different post-synthetic methodologies can foster the discovery of diverse 
MOF structures, thereby inspiring future MOF design and synthesis. 

Chapter 8, The Promise and Reality of Sustainable Fuels, led by Dr. Robert 
Luckett, provided a bigger vision emphasizing the challenges of the world’s energy 
supply and fuel consumption. Energy consumption highly depends on using fossil 
fuels, coal, petroleum, and natural gases. The depletion of these resources is a major 
challenge as it leads to an increase in prices and a decrease in energy availability. 
Therefore, renewable energy sources, particularly sustainable fuels, become criti-
cally demanding. Renewable sources of energy and fuels are abundant and do not
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emit greenhouse gases or contribute to climate change. Promoting efficient energy 
use techniques promises to reduce energy consumption and conserve fuel supplies. 
The diversity of sustainable fuel supplies is another driving force for the stakeholders 
to explore in this direction to foster development and commercialization. The explo-
ration and production of more diverse energy sources like natural gas, nuclear power, 
and biofuels help to sustain a diverse and secure energy supply. This chapter summa-
rized the background of energy development, different families of fuel supplies, 
geopolitical instability, and grand challenges of sustainable aviation fuels. 

Chapter 9 was entitled Thermal Analysis During Metallic Additive Manufac-
turing, co-led by Gaoqiang Yang Feng-Yuan Zhang. These two teams collectively 
investigated the ability to produce 3D parts with anfractuous and complex structures, 
limited post-processing, and minimal wastage of raw materials. Additive manufac-
turing (AM) technology has revolutionized the manufacturing industry by enabling 
printing without tooling or machining limits. It is widely used in industrial and 
research sectors worldwide, with its prospects rapidly expanding. However, the 
temperature distribution and heat transfer during AM processes are critical factors 
that directly impact the structures and properties of metallic components. This chapter 
comprehensively summarizes the thermal analysis and heat transfer during metallic 
AM processes. Metallic AM methods are divided into several categories, including 
powder bed fusion, direct energy deposition, and other metallic AM processes. The 
challenges of heat transfer in each metallic AM process are fully discussed, and the 
energy insertion and material thermal properties are explained to aid fundamental 
understanding. Finally, the experimental and computational studies of thermal anal-
ysis in different metallic AM methods are summarized, and future research direc-
tions are provided. The chapter highlights the significance of thermal analysis in 
metallic AM for designing high-quality metallic components and improving the 
process capabilities of various metallic AM techniques. 

Part III of this book highlights various environmental and spectroscopic applica-
tions of atomistic and nanostructured materials. Chapter 10, Single Atom Catalysts for 
Environmental Remediation, has been led by Dr. Xingmao Ma. Single atom catalysts 
(SACs) are highly advanced catalysts that incorporate well-dispersed metal atoms on 
a support material. Research studies have uncovered the enormous potential of SACs 
in environmental applications. For SACs to be fully effective, the supporting material 
used also plays a crucial role in determining their catalytic properties. Nitrogen-doped 
carbon is the most commonly used support material for SACs in environmental appli-
cations. SACs’ reactivity is enhanced due to their active chemoelectrical property, 
adjustable surface functional groups, porous structure, and eco-friendliness. When 
used in environmental remediation, SACs often activate hydrogen peroxide, peroxy-
monosulfate, and peroxydisulfate. This activation extends the reaction pH limitation 
from less than 4.0 to a wider range of 4.0–10.0, generating highly reactive radicals. 
This chapter showed the common characterization techniques for SACs and the role 
of supporting materials, followed by a discussion on the activation mechanisms of 
common oxidants by SACs. Additionally, research gaps and future needs are identi-
fied. Overall, SACs possess unique properties and exceptional catalytic performance
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that offers great potential for addressing the persistent environmental challenges that 
threaten our planet. 

Chapter 11, Topological Interpenetrative Covalent Anchored Network (TIP CAN) 
for H2S Detection, Storage, and Remediation Relevance to Shipboard Wastewater, is  
led by Sajid Bashir. Hydrogen sulfide (H2S) can be generated on ships from seawater 
with sulfates storage or oil-bilge tanks containing hydrocarbons with sulfur and 
sulfur-containing detergents or gray- and blackwater storage tanks. This workplace 
hazard requires carefully venting these tanks before inspection and maintenance. 
In this chapter, the authors reported the synthesis and evaluation of six formula-
tions of detecting agents, demonstrating excellent removal of H2S from an offline  
slurry reactor. These slurry reactor workflows have the advantages of speed of oper-
ation, simplicity of design, and ease of use. It would suit a ship with a general crew 
who would not require a specialist degree to operate the offline slurry reactor to 
remove H2S. The kinetics of the reaction were modeled on a shrinking model, and 
the lowering of the effectiveness of H2S was attributed to the formation of elemental 
sulfur and sulfate indirectly confirmed using X-ray photon electron spectroscopy 
which could block active hydroxyl sites that are avenues for attracting the H2S 
molecule. The surface adsorption of H2S by the exchange with oxygen is suggested 
as the main mechanism whereby H2S is removed, followed by surface area and cata-
lyst porosity. This study also offers guidelines for developing filter-based ceramics 
that could be deployed on ships to remove H2S from tanks without venting or exposing 
the crew to possible exposure. 

Chapter 12, Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry with 
Re-Engineered 2, a 5-Dihydroxypheny Acid Derivative, was led by Sajid Bashir 
and dedicated to Dr. Peter Derrick. Authors presented that the matrix-assisted laser 
desorption ionization has been a mainstay in protein mass spectrometry, imaging, and 
proteomics. The common approach to matrix design and selection has been empirical. 
The most common matrices used are 2,5-dihydroxybenzoic (2,5-DHB) and alpha-
cyano-4-hydroxycinnamic acid (aCCa). Using the known relationship between 2,5-
phenyl carboxylic acid and tyrosine amino A 2,5-dihydroxyphenylcarboxylic acid 
molecule based on the hydroquinone core of 2,5-DHB was designed and synthe-
sized (M10) by using the known relationship between 2,5-phenyl carboxylic acid 
and tyrosine amino acids. The two matrices (aCCa and M10) were compared and 
contrasted using neuronal peptide mixtures, tryptic digests from two-dimensional 
gel spots from culture Escherichia coli, and mature green tomato fruit. The peptide 
mixtures or mass fingerprints were analyzed similarly, except only a 30 s analysis 
time window per sample was allocated for M10, whereas 3 minutes per sample were 
allocated for aCCa. 

Chapter 13, Hydrophilic/Phobic Tailored Multi-laned/Layer Matrix-Assisted 
Laser Desorption/Ionization (HTML-MALDI), was led by Sajid Bashir and dedicated 
to Dr. Peter Derrick. Authors presented the enhancement of ion yield from a protein 
mixture using hydrophobic and hydrophilic structured surfaces to enhance analyte 
solubilization and the spatial separation of matrices to enable multi-matrix desorption 
and ionization of the peptide mixtures. The use of solid-stated anchored compounds 
can aid in sample cleanup and digestion, further improving the signal intensity of
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digests. However, this research suggested that the results were partly dependent upon 
the protein’s basicity. The more basic lysozyme was found to generate the highest sum 
of peptide intensities under the dried drop methods. On the other hand, the less basic 
myoglobin produced the highest sum intensities with anchor support. It was critical 
to use the matrix species in the middle lane for optimizing analyte peak intensities, 
although using matrices in peripheral lanes did lead to signal enhancements. 

The editorial team is grateful beyond words to the illustrious authors who so 
meticulously crafted the diverse and fascinating chapters within this literary work, 
as well as to the invaluable multitudes of reviewers who selflessly scrutinized each 
manuscript with a keen eye, thereby ensuring that the utmost caliber of work was 
featured within this collection. The arduous task of planning, compiling, and editing 
such a comprehensive volume is a feat that could not have been achieved without the 
unwavering support and investment of Springer Nature Publishing, for which we are 
indescribably thankful. In particular, we would like to extend our heartfelt gratitude to 
the esteemed acquisition editor, Charlotte Hollingworth, and the tireless production 
editor, Cecil Joselin Simon, for their meticulous and indispensable contributions 
throughout the entire production process. Their assistance and unwavering dedication 
enabled us to deliver such a phenomenal publication, of which we are exceedingly 
proud. Looking ahead to the future, we are thrilled to have forged a fruitful and 
endurable relationship between Springer Nature and the Chinese American Chemical 
Society and hope to see our collaboration continue to flourish for many years to come. 
Once again, to all who assisted in bringing this masterful compendium to fruition, 
we extend our most profound appreciation and sincerest thanks. 

Castro Valley, USA 
Collegeville, USA 
Pittsburgh, USA 
South Brunswick, USA 
Kingsville, USA 

Marinda Wu 
Wei Gao 

Lei Li 
Yingchun Lu 
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Chapter 1 
Leadership and Resiliency in the Global 
Chemistry Enterprise 

Celebrating the 40th Anniversary of Chinese American 
Chemical Society 

Marinda Li Wu, Wei Gao, Chu-An Chang, Lei Li, Yingchun Lu, 
and Jingbo Louise Liu 

About CACS 

Chinese American Chemical Society (CACS) is a non-political and non-profit profes-
sional organization. The purpose of CACS is to encourage the advancement of 
chemistry and chemical engineering sciences and technologies in all branches, to 
improve career and professional opportunities of its members, to facilitate networking 
contacts, and to promote mutually beneficial interactions with other scientific 
communities. CACS is the only Chinese American professional organization that is
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officially recognized by both the American Chemical Society (ACS) and the Amer-
ican Institute of Chemical Engineers (AIChE). CACS fulfills its mission through 
major events four times a year in conjunction with ACS and AIChE national meet-
ings organized by the National CACS, and also through a wide range of activities 
that are organized by the local chapters. 

ACS/CACS Collaboration 

ACS and CACS signed a three-year Chemistry Enterprise Partnership (CEP) in 
August 2019. This ACS-CACS CEP started on Jan. 1, 2020 and includes joint collab-
orations to help celebrate the CACS 40th Anniversary in 2021. The alliance agree-
ment recognizes the importance of cooperation between the ACS and the Chinese-
American chemical communities in scientific, educational, and public outreach 
projects. The agreement is characterized by a shared commitment to cooperation 
in service to chemical scientists, engineers, students, educators and professionals. A 
great example of collaboration is the ACS-CACS Membership Drive in 2021. 

Elements of the ACS-CACS CEP include: 
A focus on the United Nations 2030 Sustainable Development Goals (SDGs) and 
specifically SDG Goal 4 on “Quality Education” and SDG Goal 17 on “Partnerships 
for the Goals” of the UN 2030 Sustainable Development Goals. 

Technical programming and career development collaborations on symposia, 
workshops, webinars, and additional events. 

Exploring ACS-CACS member benefits including short courses and discounted 
membership fees for students. 

Chair and President’s Joint Message: 

Dear Members and Friends of CACS, 2021 is a milestone year for CACS. Founded 
by Dr. Jesse Hwa forty years ago, our society is celebrating this anniversary with a 
number of special events and new membership benefits. 

Two-Part 40th Anniversary Symposium 

Although COVID-19 has understandably restricted our in-person CACS Keynote 
presentations and banquets, the CACS 40th Anniversary Planning Committee has 
continued to meet virtually throughout the pandemic to develop exciting plans to 
celebrate our big anniversary. 

With uncertainty surrounding when it would be fully safe to resume in-person 
activities, CACS leaders decided earlier this year to host a virtual CACS 40th 
Anniversary Symposium: “Leadership and Resiliency in the Global Chemistry Enter-
prise—Celebrating the 40th Anniversary of CACS.” This two-part symposium will 
be held in conjunction with both the ACS and AIChE national meetings this fall. A 
virtual symposium will enable broad participation by global leaders and scientists 
who continue to face travel restrictions. Session times will accommodate a variety 
of time zones throughout the USA and Asia. 

On August 23–25, 2021 in conjunction with the ACS Fall National Meeting, Part 
1 of the symposium will include six sessions that feature both global leaders and
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distinguished scientists. The first three sessions include remarks from the President 
of ACS, President of FACS (Federation of Asian Chemical Societies), President 
of SAPA (Sino-American Pharmaceutical Professionals Association) in addition to 
shared perspectives from the CEO of ACS, President of CAS (Chemical Abstracts 
Services), Editor in Chief of C&EN, and several distinguished scientists and other 
thought leaders from Asia. These global leadership sessions will be followed by 
technical sessions that feature exciting multidisciplinary research on Advances in 
Energy and Fuels, Advances in Nanomaterials and Biotechnology, and Advances in 
Energy Storage and Materials. 

Part 1 of this CACS 40th Anniversary Symposium in conjunction with the Fall 
2021 hybrid National ACS Meeting is sponsored by ENFL (ACS Energy and Fuels 
Division) and co-sponsored by POLY (ACS Polymer Chemistry Division). Since Dr. 
H. N. Cheng is the ACS President this year and also a Lifetime CACS Member, the 
CACS symposium will be designated as a PRES Symposium recommended by the 
2021 ACS President. 

Part 2 of our 40th Anniversary Symposium will consist of two sessions on 
November 15 in conjunction with the Fall 2021 National AIChE annual meeting. 
These sessions will feature distinguished researchers on advanced energy and mate-
rials including Prof. Zhenan Bao (Stanford Univ.), Prof. Jingguang Chen (Colombia 
Univ.), Prof. Liang-Shih Fan (Ohio State Univ.), Dr. Jun Lu (Argonne National Lab), 
Prof. Yushan Yan (Univ. of Delaware), and Prof. Peidong Yang (UC Berkeley). 

Inaugural National CACS Awards 

CACS is delighted to announce our first ever National CACS Awards Ceremony on 
August 26. It will be held as a virtual ACS Social Event starting at 7:00 pm EDT. 
Everyone is welcome and encouraged to attend for free, even if not registered for the 
ACS conference. This should be a great networking opportunity for students, famous 
professors, distinguished scientists, and friends of CACS. Past ACS President Ann 
Nalley will help celebrate our 40th Anniversary and deliver a few remarks at this 
inaugural National CACS Awards program. 

CACS is pleased to announce the inaugural winners for the Outstanding Achieve-
ment Award to Professor Zhenan Bao from Stanford University and for the Rising 
Star Award to Dr. Dachao Li from Dow. 

Since CACS is celebrating its 40th Anniversary this year, several long 
serving Lifetime Members will receive Extraordinary Service Awards. These 
include Dr. H. N. Cheng, ACS President, Dr. Norman Li (Past CACS Board Chair), 
Dr. Chu-An Chang (CACS Treasurer), and Dr. Marinda Li Wu (CACS Board Chair). 
Drs. Teng Xu (ExxonMobil Chemical), Longqin Hu (Rutgers University), and Sunny 
Wang (Genequantum Healthcare) will be also recognized for their extraordinary 
leadership, contributions and service to CACS on its 40th Anniversary. 

Thanks to a generous donation from Dr. Anna Tai dedicated in memory of CACS 
Founder Dr. Jesse Hwa, beautiful personalized CACS embroideries will be presented 
to all awardees. In addition, her donation will enable CACS to send all existing 
and new CACS Lifetime Members for 2021 a personalized embroidery. So please 
consider upgrading your membership if you haven’t already done so!
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Relaunch of CACS Communications 

CACS is thrilled to relaunch our CACS Communications as an e-issue. This first 
e-issue will be released this fall to celebrate our 40th Anniversary. It is our goal that 
CACS Communications will continue next year and beyond for years to come. 

CACS Membership Drive 

CACS is especially excited to launch a 40th Anniversary Membership Drive which 
will integrate membership in our three active local chapters with our national CACS. 
From now on, we will have only one unified CACS membership. Anyone who joins 
the CACS will have the benefits from both our national CACS and their local chapter. 
It is important to unite together for a stronger collective voice with more impact. See 
letter posted earlier this year on our website on “Solidarity for Asian Scientists.” 

Discount for New ACS Membership 

The ACS-CACS Chemistry Enterprise Partnership signed in 2019 includes cooper-
ation between the two societies to celebrate our CACS 40th Anniversary. ACS has 
agreed to offer all CACS Members who are not currently ACS members a special 
one-time 50% discount on ACS Membership fees. This discount is valid for members 
joining ACS between July 1 and September 30, 2021. 

Thanks to our CACS Board and Leadership Team 

We would like to thank our CACS Board for its full support over many years. CACS 
has certainly evolved these past 40 years. It remains dedicated to its original mission 
of providing fellowship and career support for its professional community. It has 
partnered with like minded professional societies like ACS since 2016 and more 
recently with others like SAPA. Quarterly CACS Board meetings the past couple of 
years have taken care of many important CACS matters. These include revising and 
updating the original CACS Bylaws from 40 years ago. 

We also want to extend our special thanks to our dedicated 2021 CACS Lead-
ership Team and many active volunteers working together to ensure that our 40th 
Anniversary Symposium at both the Fall National ACS and AIChE meetings will 
be most successful. Indeed with ongoing support from all our volunteers, CACS can 
look forward to a bright future for decades to come. 
Many thanks and best wishes to all! 

Marinda Li Wu, CACS Board Chair 
Lei Li, CACS President 

See Table 1.1.
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Table 1.1 Leadership team of Chinese American Chemical Society 

Name Roles Affiliation Email 

Executive Committee Members 

Marinda Li Wu* Chair of the Board Dow Inc. (retired) marindawu@gmail.com 

Lei Li* 2021 President University of Pittsburgh lel55@pitt.edu 

Yingchun Jasmine Lu* 2021 the 1st 
Vice-President 

Atomwise, Inc. Jasmine@atomwise.com 

Jingbo Louise Liu* 2021 the 2nd 
Vice-President 

Texas A&M University 
Energy Institute and 
TAMU-Kingsville 

Jingbo.Liu@tamuk.edu 

Chu-An Chang* Treasurer Thermo Fisher (retired) chuan_chang@hotmail.com 

Baoqing Ma Secretary FDA mabqing@yahoo.com 

Fanwen Zeng Immediate Past 
President 

Dow Inc. zeng1999@yahoo.com 

Wei Gao* Co-editor of 
E-Communication 

Dow Inc. WeiGao@dow.com 

Directors of the Board (in alphabetical order) 

Lin Li Immediate Past Chair Chevron lin.li@chevron.com 

L. S. Fan Member The Ohio State University fan.1@osu.edu 

W. S. Winston Ho Member, Former 
Board Chair 

The Ohio State University ho.192@osu.edu 

Shaw Huang Member Harvard University 
(retired) 

sghuang@gmail.com 

Yinlun Huang Member Wayne State University yhuang@wayne.edu 

Ving C. Lee Member Adesis VLee@adesisinc.com 

Norman Li Former Board Chair NL Chemical Technology, 
Inc. 

norman.li@nlchem.com 

Marinda Li Wu Board Chair, 
2018–2023 

marindawu@gmail.com 

Qiong Yuan Member CAS qyuan@cas.org 

Fanwen Zeng Immediate Past 
President 

Dow Inc. zeng1999@yahoo.com 

Mark Zhen Member Valent BioSciences LLC MarkYZhen@yahoo.com 

Lubo Zhou Member Honeywell Lubo.Zhou@honeywell.com 

Frank Zhu Member Honeywell Frank.Zhu@honeywell.com 

Local Chapter President 

Wenmei Xue 2021 Tri-State BASF Corporation wmxue@yahoo.com 

Lixin You 2021 CACS 
Southwest 

Chevron youlixin@yahoo.com 

Ling Zhou 2021 CACS Great 
Lake 

Honeywell ling.zhou@honeywell.com 

* Editorial Board Members of e-CACS Communications 
W. Gao and J. Liu are the co-editors, and M. Wu, L. Li, C. Chang and Y. Lu are the board members of e-CACS 
Communications

mailto:marindawu@gmail.com
mailto:lel55@pitt.edu
mailto:Jasmine@atomwise.com
mailto:Jingbo.Liu@tamuk.edu
mailto:chuan_chang@hotmail.com
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mailto:WeiGao@dow.com
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Thomas M. Connelly, Jr., Ph.D., is the Chief Executive Officer of the American 
Chemical Society. Prior to joining ACS, he served as Chief Science and Technology 
Officer, and then as Chief Innovation Officer, for the DuPont Company. In these 
roles, he was responsible for science and technology with special emphases on 
polymer science, chemical process development and, later, bioprocessing for chem-
ical synthesis and production. At DuPont, Connelly led R&D organizations and busi-
nesses while based in the US, Europe and Asia. He graduated with highest honors 
from Princeton University with degrees in Chemical Engineering and Economics. 
As a Winston Churchill Scholar, he received his doctorate in chemical engineering 
from the University of Cambridge. Connelly was elected to the National Academy 
of Engineering, and recently chaired the National Academies Advisory Committee 
on Earth and Life Studies. He has served in advisory roles to the U.S. Government 
and the Republic of Singapore.
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Title: Promoting ACS Core Values of DEIR (Diversity, Equity, Inclusion, and 
Respect, ID: 3597622 (A1)) 
Affiliation: American Chemical Society, Washington, District of Columbia, United 
States 
Abstract: The American Chemical Society promotes basic Core Values of Diver-
sity, Equity, Inclusion, and Respect (DEIR). ACS leaders believe in the “strength of 
diversity in all its forms, because inclusion of and respect for diverse people, expe-
riences, ideas lead to superior solutions to world challenges and advances chemistry 
as a global, multidisciplinary science.” The ACS strategic plan has evolved over the 
years and continues to provide ACS a road map to achieve its vision of “improving all 
people’s lives through the transforming power of chemistry.” In 2019, ACS signed 
a Chemistry Enterprise Partnership with the Chinese American Chemical Society 
(CACS) and joins other global leaders of the chemistry enterprise in celebration of 
the CACS 40th Anniversary. 

Marinda Li Wu received her Ph.D. in inorganic chemistry from the University 
of Illinois in Urbana-Champaign and a B.S. cum laude with Distinction in Chem-
istry from The Ohio State University. Dr. Wu has over forty years of experience 
in the chemical industry. She worked many years for Dow Chemical R&D, and 
Dow Plastics Marketing where she created partnerships between industry, education, 
government, and communities. She also has entrepreneurial experience, including 
founding “Science is Fun!” to engage young students in science and enhance support 
for science education. 

Dr. Wu has served in many leadership roles for the American Chemical Society 
including Councilor (1996–present), Centennial Chair of the California Section 
(2001), Board of Directors (2006–2014), and President (2013). She was elected ACS 
Fellow (2015), and recently honored as a 50-year ACS member. She also served on 
the Council of Scientific Society Presidents (2012–2015), the International Advi-
sory Board for 45th IUPAC World Chemistry Congress, and was named an honorary 
member of the Romanian and Polish Chemical Societies. She has served as a long-
time member of the University of Illinois Chemistry Alumni Advisory Board and



8 M. L. Wu et al.

the National Chinese American Chemical Society Board of Directors (elected Chair 
2019–2022). She holds 7 U.S. patents, authored numerous journal articles and book 
chapters, and co-edited several ACS Symposium Books. 

Lei Li is an Associate Professor of the Department of Chemical & Petroleum Engi-
neering at the University of Pittsburgh. He obtained his Bachelor degree in Chemical 
Engineering from Tsinghua University in 1994. Three years later, he received his 
Master degree in polymer science from Tsinghua University. In 2001, he received 
his Ph.D. degree in Macromolecular Science and Engineering from the University 
of Michigan. 

After spending nine years at Seagate Technology LLC as a postdoc, research staff 
member, research manager, and Sr. research manager, Dr. Li started his academic 
career at the University of Pittsburgh in 2010. Dr. Li’s research focuses on surface, 
interface, 2D materials, and ultrathin films, ranging from polymer nanocoatings, 
graphene surface, ionic liquid nanofilms to 3D-printed membrane for water treatment. 
His work has been published in high-impact journals, including Nature Materials, 
Accounts of Chemical Research, ACS Nano and Chemical Science. Dr. Li also 
holds ten United States patents. As the principal investigator, Dr. Li has directed 
projects supported by NSF, Department of Energy, ACS Petroleum Research Funds, 
and Advanced Storage Research Consortium. Currently, Dr. Li serves as the 2021 
President for CACS. 

Title: Chinese American Chemical Society (CACS): Overview and 40th Anniversary 
(ID: 3585802 (A2)) 
Authors: Marinda Wu1, 2, Lei  Li3 

Affiliation: 1. Past President, American Chemical Society, Washington, District of 
Columbia, United States. 2. Chair of the Board, Chinese American Chemical Society, 
Orinda, California, United States. 3. Chemical Engineering, University of Pittsburgh 
Swanson School of Engineering, Pittsburgh, Pennsylvania, United States 
Abstract: Founded in 1981, the Chinese American Chemical Society (CACS) 
is a non-profit professional society. We serve Chinese American students, prac-
ticing, and retired chemists, chemical engineers, as well as those working in related
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fields. Our mission is broad, providing opportunities for fellowship and recognition, 
support for leadership and career development, and networking for job and research 
opportunities. 

With neither a national nor regional political affiliation, CACS also collaborates 
with ACS, AIChE, SAPA (Sino-American Pharmaceutical Professionals Associ-
ation) and other Asian and Asian American professional societies to provide a 
collective voice for impact and advocacy on issues of common interest. 

To celebrate CACS’ 40th anniversary, we have launched a series of exciting 
events in 2021 to supplement our distinguished keynote banquet series at national 
ACS and AIChE meetings. These include special symposia featuring leaders of the 
global chemistry enterprise and influential thought leaders. A global leader’s session 
will kick off an ACS Presidential Symposium on “Chemistry Resilience: Advanced 
Materials and Multidisciplinary Applications—Celebrating the 40th anniversary of 
CACS.” Three inaugural national CACS awards will also be presented. This talk 
will provide an overview of CACS, the National CACS leadership team, and high-
lights of activities from CACS local chapters as part of our exciting 40th Anniversary 
symposium at the ACS Fall National Meeting. 

Norman Li is president of NL Chemical Technology, Inc. Mount Prospect, Illi-
nois. He has a distinguished career of 50 years in American chemical and petroleum 
industries. He was at Exxon Research and Engineering Co. as a senior scientist 
and at UOP and Honeywell as Director of Research. In 1995, recognizing the crit-
ical needs of clean water in many parts of the world, he founded the NL Chem-
ical Technology, Inc. to develop cost-effective advanced membrane technologies for 
worldwide operations of water purification and desalination of seawater. 

Dr. Li has more than 100 technical publications, 44 U.S. patents, and more than 
20 books edited, all in the field of separation science and technology. He has received 
many honors and awards. He was elected to the National Academy of Engineering 
of USA in 1990—the highest honor in the US in the engineering profession. He is 
also a member of the Chinese Academy of Sciences and a member of the Academia 
Sinica in Taiwan. Dr. Li has received the major awards in his field: The Founders
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Award from the AIChE and the Award of Separation Science and Technology and 
the E. V. Murphree Award, both from ACS. In addition, he received the Perkin Medal 
from the Society of Chemical Industry—the highest honor in the chemical industry 
in the US. Dr. Li served the Chairman of the Chinese American Chemical Society 
(CACS) and has been serving as the board chair of the CACS Great Lakes Chapter 
in Chicago since its founding in 1997. 

Title: CACS—Its Long History and Contributions to the Chemical Community (ID: 
3,593,748 (A3)) 
Affiliation: NL Chemical Technology Inc., Mount Prospect, Illinois, United States 
Abstract: Chinese American Chemical Society (CACS), a non-political and non-
profit professional organization, was founded by the late Dr. Jesse Hua 40 years ago 
during the 181st ACS National Meeting in Atlanta. I was privileged to be invited by 
Jesse Hwa to participate at its organization meeting and served as CACS Chair of 
the Board after Jesse Hua’s term completed. 

The purpose of CACS is to encourage the advancement of chemistry and chem-
ical engineering, to improve the qualification and occupational opportunities of its 
members, to facilitate professional contacts, and to promote interactions with other 
scientific communities. CACS is the only Chinese professional organization that 
is officially recognized by ACS and AIChE. Under the leadership of the current 
Chair of the Board, Dr. Marinda Wu, a former president of ACS, CACS and ACS 
signed the Chemistry Enterprise Partnership (CEP). The agreement is characterized 
by the shared commitment to cooperation in service to chemists, chemical engineers, 
students, educators, and professionals. 

CACS has made valuable contributions to the chemical community. It holds tech-
nical forum and banquet at each of the national meeting of ACS and AIChE and 
through the wide ranged activities that are organized by its three local chapters. 
Looking toward the future, CACS will expand its activities to include more tech-
nical conferences. It also plans to have more cooperative programs with the various 
divisions of ACS and AIChE. During this talk, I will share some of my personal 
experience in serving CACS and perspectives toward its future growth. 

Manuel Guzman is president of CAS, responsible for driving innovative busi-
ness and product strategy to create growth and novel solutions to business challenges. 
He joined CAS in 2013, bringing diverse global experience and a passion to help 
others succeed. Prior to joining CAS, Manuel held various executive positions within 
the information industry including EVP of Learning, Research Solutions & Interna-
tional for Cengage Learning; President of Thomson Learning’s Career & Professional 
Group; and co-founder and CEO of Monument Information Resource/MIR Manage-
ment Corporation. Manuel has a B.S. in accounting and an MBA in Finance from 
Seton Hall University.



1 Leadership and Resiliency in the Global Chemistry Enterprise 11

Title: Everyday breakthroughs are the heart of scientific progress (ID: 3598314 (A4)) 
Affiliation: CAS, A Division of American Chemical Society, Columbus, Ohio, 
United States 
Abstract: Published scientific information continues to grow at unprecedented rates, 
and the research paths required to accelerate breakthroughs are increasingly more 
sophisticated. At CAS, we connect breakthroughs, providing hindsight to build 
upon what others have done before; delivering insight that accelerates progress; 
and revealing unseen connections that inspire foresight that leads to a better future. 

As a partner to the world’s leading innovation organizations, CAS is continuously 
evolving to ensure we anticipate the needs of the research community and deliver the 
insights needed to accelerate discoveries. In this discussion, we’ll explore the evolu-
tion of CAS, including expanding our coverage among interdisciplinary scientific 
domains, transforming our solutions portfolio to speed progress, extending custom 
services that solve unique problems for our growing customer base and leveraging 
our network of talented professionals to extend our global reach. 

As we celebrate the 40th anniversary of the Chinese American Chemical Society 
together, we will also share insights on research collaborations in China and ways 
CAS is partnering with prestigious research organizations to inspire innovation. 

H. N. Cheng (B.S., UCLA, Ph.D., Univ. of Illinois at Urbana-Champaign) is 
President of the American Chemical Society (ACS) in 2021. He has been active 
at ACS for a long time and has served in many leadership positions in a variety of 
Society committees and task forces at national levels, as well as being active at various 
capacities in local sections and technical divisions. He worked for many years in 
industry, and (since 2009) at USDA in New Orleans at its Southern Regional Research 
Center. His research over the years has included utilization of agro-based materials, 
green polymer chemistry, biocatalysis, pulp and paper chemistry, functional foods, 
polymer characterization, and NMR. His output has included 290 papers, 26 patent 
publications, and 23 edited books. He is a Fellow of the ACS (2009), a Fellow of 
the ACS Polymer Chemistry Division (2010), and a Fellow of the ACS Agricultural 
and Food Chemistry Division (2018), among other recognition and awards.
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Title: Sustainability and the Chemistry Enterprise (ID: 3598326 (A5)) 
Affiliation: Southern Regional Research Center, US Department of Agriculture, New 
Orleans, Louisiana, United States 
Abstract: With increasing public awareness of climate change, environmental pollu-
tion, and earth’s declining resources, sustainability and green chemistry have become 
hot topics these days. In 2015, the United Nations adopted 17 sustainable devel-
opment goals (SDGs) to be achieved in 2030. Chemistry can play a key role in 
meeting these goals, and the American Chemical Society (ACS) is committed to 
supporting its members and working with partners to address these SDG’s. Several 
of the SDG’s involve innovation, responsible consumption and production, and the 
food-water-energy nexus. One of the methods to achieve these goals is to use agro-
based materials, not only for food and energy but also for product development, 
such as bioplastics, specialty chemicals, industrial products, and specific materials 
for different applications. In this talk, the speaker will provide an overview of the 
sustainability initiatives at ACS and his platform as ACS President in 2021. The 
speaker will also highlight selected research and development areas that are related 
to agro-based materials, as examples of the ongoing work in sustainability. 

Bibiana Campos Seijo is the Editor in Chief of Chemical and Engineering News 
(C&EN) and vicepresident of the C&EN Media Group. C&EN is the news orga-
nization of the American Chemical Society, one of the largest scientific societies 
in the world. In her current role Dr Campos Seijo leads a large team of editors, 
reporters, designers and engineers based in the US, Europe and Asia. C&EN is 
the world’s most comprehensive and authoritative news source about chemistry and 
related fields, providing coverage on a broad spectrum of topics, including research 
advances, business and policy trends, chemical safety practices, career guidance, and 
more.
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Since Dr Campos Seijo took the helm of C&EN at the end of 2014, the Group has 
undergone a significant transformation, from a news organization centered around a 
lauded but niche print publication to a global, multichannel media brand. Under her 
leadership, C&EN has received a number of accolades and awards recognizing its 
editorial leadership, design, multimedia products, innovative culture and more. Prior 
to joining C&EN, Dr Campos Seijo was Editor in Chief of Chemistry World and 
Magazines Publisher at the UK’s Royal Society of Chemistry. Earlier in her career, 
she worked as Editor of a portfolio of pharmaceutical titles at Advanstar Commu-
nications and as technical editor at the European Respiratory Society. Dr Campos 
Seijo holds a BSc in Chemistry from the University of Santiago de Compostela in 
Spain and a Ph.D. in Chemistry by the Manchester Metropolitan University in the 
UK. 

Title: Helping Chemists Advance the Chemical Sciences (ID: 3584295 (B1)) 
Affiliation: American Chemical Society, Chemical and Engineering News, Wash-
ington, DC, United States 
Abstract: C&EN is the official organ of the American Chemical Society. Our vision is 
to be the most trusted news source for ACS members and the global chemical sciences 
community. We are committed to: being a leading news organization that informs 
accurately, independently, and fairly; delighting audiences and fostering their trust 
in our news and information products; and including diverse voices and perspectives 
in our coverage. By providing essential news and evidence-based information that 
chemical scientists need we aim to help our audience advance our science. In this 
session, we’ll examine if there is a place for modern science journalism in national 
societies and what role a news organization such as C&EN may play in advancing 
the chemical sciences. 

Richard D. Connell obtained his Ph.D. in Organic Chemistry from the University 
of Notre Dame in 1989 and spent eighteen months as an NIH postdoctoral fellow 
at Harvard University rejection of Professor E. J. Corey: the 1990 Nobel Prize in 
Chemistry laurate.
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In 1990, he began his industrial career at Bayer pharmaceuticals in West Haven CT 
and spent a two-year assignment in Wuppertal Germany prior to returning to the US 
to lead the Medicinal Chemistry group focused on diabetes and obesity research. In 
1999, Rick joined Pfizer in Groton CT and Director of Cancer Chemistry department 
and let the team for four years including a 1-year secondment to Sandwich K to head 
up the Sex Health Chemistry department following the launch of Viagra®. 

In 2004, Rick was asked to establish and implement a Chemistry Sourcing strategy 
for the seven Pfizer R&D sites. In 2008, he was named Vice President of Research 
Outsourcing and his responsibilities expanded to include all non-GMP sourcing for 
Pfizer research through 2018. This tenure included a 1-year secondment to China 
as part of an initiative to establish an R&D center in Shanghai. Rick joined WuXi 
AppTec in October of 2019, and presently serves as Sr. Vice President and Chief 
Operations Officer for the US, UK and EU sites. He is responsible for operations 
including Human Resources, IT, EHS, Legal, facilities and Supply chain as well as 
government relations. 

A highlight of that period was the opportunity to chair the Early Clinical Manage-
ment Team for CP-724,714: an Erb2 selective kinase inhibitor. In 2004, he moved 
into the newly created role of Executive Director of Discovery operations at Pfizer’s 
Groton campus with responsibility for the antibacterial, immunology and cancer 
(AIC) therapeutic area zones. In that capacity, he chaired the 1st global committee that 
established the initial set of structural alerts and lead the 1st cross-site affinity group 
associated with Chemistry outsourcing called the Discovery Chemistry Outsourcing 
Board (DCOB). In 2005, the DCOB became a line organization with the respon-
sibility for outsourcing of Synthetic Chemistry, Parallel Chemistry, Monomers and 
templates and the externalization of the solid Sample collection at Sigma Aldrich. 
In 2008, he merged the DCOB, the Biology and PDM sourcing lines into the group 
now called External Research Solutions (ERS): a client-centric group that enables 
the external research relationships that underpin the R&D ecosystem of the future 
that underpins the ESI initiative. 

He has worked in several foreign research settings including Stockholm in 1987 
for six months as a graduate student; Sandwich, UK in 2002 for a twelve month
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secondment as head of Sex Health Chemistry; and more recently in 2011 on second-
ment to Shanghai to establish the Anti-Infective research unit in China as part of the 
ESI initiative. He initiated and implemented some of the first income generations 
initiatives that monetized under-utilized assets from Pfizer research including the 
2010 deal to make available non-GMP samples to the research community. He is 
listed as an inventor on over forty patent and patent applications and has authored or 
co-authored more than twenty science publications. 
Title: WuXi AppTec’s Contributions to the Global Chemistry Enterprise (ID: 
3601857 (B2)) 
Affiliation: WuXi AppTec (13 facilities in seven US states including San Diego, 
CA; Austin, TX, Atlanta, GA; Cambridge, MA; Saint Paul, MN; Plainsboro and 
Cranbury, NJ, Philadelphia, PA) 
Abstract: Today, we serve more than 4400 customers and partners across the 
globe—including biotechnology and pharmaceutical companies, research institu-
tions, researchers, scientists and entrepreneurs. We support our customers through 
small molecule drug R&D and manufacturing; cell therapy and gene therapy R&D 
and manufacturing; drug R&D and medical device testing; and clinical development 
services that have life-saving and groundbreaking impacts globally. 

With more than 27,000 employees globally, including 22,000 scientists world-
wide, WuXi AppTec has an expansive global presence in China, Germany, Israel, 
Japan, South Korea, the United Kingdom and the United States—where we have over 
1700 employees across facilities in California, Georgia, Massachusetts, Minnesota, 
New Jersey, Pennsylvania and Texas. Our localized yet globally-enabled platforms 
offer flexibility, reliability, and consistency to our customers. 

Qiong Yuan received a B.S. degree from Wuhan University on Organic Chem-
istry and a Ph.D. from Shanghai Institute of Organic Chemistry (SIOC), Chinese 
Academic of Sciences. She actively promotes Asian culture and heritage and lead 
several organizations including Alliance of Chinese Alumni (ACA, Vice President), 
Chinese American Chemical Society (CACS, Board Director) and Columbus Asian 
Festival Corporation (AFC, Board Director). Currently, she serves as the director of 
CAS Innovation.
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CAS is a division of American Chemical Society (ACS). Dr. Yuan currently works 
in its Innovation Division and focuses on developing transformative scientific infor-
mation solutions to help customers accelerate breakthroughs. Since joined CAS in 
1999, she served the organization through variety roles in Product Management, 
Sales, Research and SciFinder Product Development. She has been working collab-
oratively with ACS other Divisions (Publications, Membership, etc.) to promote ACS 
Core Values and execute ACS globalization initiative in Asia. 
Title: Chemistry Resilience: A CAS REGISTRY View (ID: 3598316 (B3)) 
Affiliation: CAS, A Division of American Chemical Society, Columbus, Ohio, 
United States 
Abstract: Covering advances in chemistry and related sciences over the last 
150 years, CAS has built the world’s largest collection of chemistry insights. This 
includes its authoritative substance collection, CAS REGISTRY, which reached 
250 million unique substances in April 2021. CAS REGISTRY is the premier 
source relied upon by scientists, manufactures, regulators, and data scientists world-
wide for accurate and complete information on chemical substances and biose-
quences disclosed in publications since the early 1800s. This overview of CAS 
REGISTRY development will also include insights from an analysis of new CAS 
Registry Numbers in the past 20 years that reflects chemistry resilience through 
interdisciplinary research and development worldwide. 

Wansheng Jerry Liu Ph.D., J.D. is a Partner and the Chair of China Practice 
Group of Fox Rothschild LLP, a 950-lawyer U.S. law firm. Jerry practices in wide 
areas of intellectual property and corporate laws, including patent and trademark 
prosecution, litigation and opinions, contract review, formation of business enti-
ties, etc. He serves clients from individuals and start-up companies to Fortune 500 
companies, including assisting a number of major Chinese pharmaceutical compa-
nies in IP protection and conducting business in the US, and has handled due dili-
gence for investment, M&A and licensing deals valued from multi-million to multi-
billion dollars. The China Practice Group he chairs is comprised of over 30 attorneys 
nationwide in many areas of laws.
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Prior to law practice, Jerry worked as a Senior Research Investigator in process 
development at Bristol-Myers Squibb Company. He obtained Ph.D. in Organic 
Chemistry with Professor Sir Derek H. R. Barton (Nobel Prize, 1969) from Texas 
A&M University, J.D. from Rutgers University School of Law, and B.S./M.S. in 
Chemistry/Polymer Science from University of Science and Technology of China 
(USTC). 

Jerry served as the Editor-in-Chief of Rutgers Law Record in law school and 
President (2019–2020) of Sino-American Pharmaceutical Professionals Association 
(SAPA), and is serving as Co-Chair of the CNIPA Committee of the New York 
Intellectual Property Law Association (NYIPLA) and General Counsel of the USTC 
Alumni Association of Greater New York (USTCAAGNY). A frequent speaker on 
IP laws and FDA regulations, Jerry has over 20 scientific and legal publications and 
four U.S. patents. 
Title: Intellectual Property Right Protection in the Global Chemical and Pharmaceu-
tical Industries and Recent IP Development and Trend (ID: 3598317 (B4)) 
Affiliation: Fox Rothschild LLP New York, New York, New York, United States 
Abstract: During 2020, a year of unprecedented challenges, new patent applica-
tions filed at the United States Patent and Trademark Office (USPTO) dropped as 
expected, but the new patent lawsuit filings in the United States District Courts 
rose significantly, and so did the new inter partes review petitions filed with the 
Patent and Trademark Appeal Board (PTAB). What do these data mean? While we 
are getting closer to winning the war on the COVID-19 pandemic, thanks to the 
wide applications of the multiple vaccines available, it is also time to ponder on the 
impact of the pandemic on intellectual property protections in the corporate world. 
While providing an overview on the IP right protection mechanisms and sharing 
some recent development and current trend of IP, this presentation will also high-
light various high-profile patent cases in the past decade that may have significant 
impact on IP right protections in general and on those in the global chemical and 
pharmaceutical industries in particular. 

John Sun, Ph.D., MBA is an inspirational leader and a seasoned professional in 
the pharmaceutical industry and also a passionate practitioner and advocate for career 
development. Currently, he is the Global Program lead at Novartis, and has served as 
Global Analytics Project Manager and Global Program Team Director in different 
franchises and development unites. Before joining Novartis, John held positions 
with increased R&D responsibilities from Whiteball-Robins, Kos Pharmaceuticals, 
Schering-Plough and Sanofi-Aventis.
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Over the years, John has actively volunteered in various professional organiza-
tions, served as Chair of Project Management Community in Drug Information Asso-
ciation (DIA), President and Career lead at Sino-American Pharmaceutical Profes-
sionals Association (SAPA), Chair of Chinese Culture Community, President of 
Novartis Toastmaster Club and Area Director of the Toastmasters International at 
District 83. John has presented in various domestic and international pharmaceuti-
cals from Virginia Commonwealth University, MBS from Rutgers University and 
BMed from Beijing University of Traditional Chinese Medicine. John is a certified 
Project Management Professional (PMP), trained in black-belt for lean Six-Sigma, 
and a Distinguished Toastmaster (DTM). 
Title: Elevate Leadership Capabilities (ID: 3595546 (B5)) 
Affiliation: Global Drug Development, Novartis Pharmaceuticals Corp, East 
Hanover, New Jersey, United States 
Abstract: To different people, the word “leadership” has different meanings and 
connotations. What does it mean to you? 

Today, “leadership” has a much deeper sense of calling and complexity. Both 
prevailing perception and research data show a disproportionate of leadership repre-
sentation of Asian Americans, particularly Chinese Americans, in the corporate 
world. And the gap remains large and widens over the years. Despite ambition 
and diligent efforts, many are stuck beneath the seemingly impenetrable “bamboo 
ceiling.” Some are frustrated, but many are contented. 

Both from the individual and group perspectives, we ought to examine these gaps 
holistically, with courage, determination, and multifaced approaches. Collectively, 
there is an urgent need for us to wake up and to step up. 

Leadership skills are different from those hard skills we acquired from graduate 
school training. Many of them involve human skills. With openness and purpose, 
we all can rise up to elevate and expand our leadership capabilities. With mindful 
learning, we can incorporate many important elements into our own behaviors and 
become stronger leaders. For sure, it is a journey worth embarking on. 

L.-S. Fan is Distinguished University Professor and C. John Easton Professor 
in Engineering in the Department of Chemical and Biomolecular Engineering at



1 Leadership and Resiliency in the Global Chemistry Enterprise 19

The Ohio State University. His research fields are in particle technology and multi-
phase reaction engineering. He is an inventor of eight clean fossil energy conversion 
processes including OSCAR, CARBONOX, pH Swing, Calcium Looping, Hydrogen 
Looping, Syngas Looping, Coal-Direct Chemical Looping and SULGEN Processes 
for CO2, SO2, and NOx emission control and electricity, syngas, hydrogen, chemi-
cals or liquid fuels production. He has also invented the commercially used electrical 
capacitance volume tomography for three-dimensional multiphase flow imaging. 
Professor Fan is the Editor-in-Chief of Powder Technology and has authored or co-
authored 460 journal papers, 60 patents, and six books including the most recent 
textbook (2021) “Dynamics of Multiphase Flows” by Cambridge University Press. 
He was named as one of the “One Hundred Engineers in the Modern Era” by the 
AIChE in its centennial celebration in 2008. Professor Fan is a member of the U. S. 
National Academy of Engineering, Academician of the Academia Sinica, National 
Academy of Inventors, and a Foreign Member of the Chinese Academy of Engi-
neering, the Australia Academy of Technology and Engineering, the Indian National 
Academy of Engineering, and the Mexican Academy of Sciences. 

Title: Metal Derivative Reaction Engineering: A Gateway to Novel Energy Conver-
sion Technology (ID: 3597830 (C1)) 
Affiliation: Chemical Engineering, The Ohio State University, Columbus, Ohio, 
United States 
Abstract: The science and engineering of metal derivative based technologies are 
characterized by the interplay among a broad spectrum of subjects in connection to 
metal derivative physics, chemistry and reaction engineering, and particle science and 
technology. These subjects encompass three main components—Materials: metal 
derivative material synthesis, reactivity, reaction-regeneration mechanism, recycla-
bility, and physical strength; Reactors: flow pattern and stability, gas–solid contact 
mechanics, scaling rule; and Systems: process integration, intensification, and opti-
mization. Such interplay is so complex that it has been over 100 years in which this 
technology has not been able to be commercially deployed.



20 M. L. Wu et al.

However, with major advances made recently on the bottleneck areas in this tech-
nology development, the technology commercialization is now realistically possible 
and can be projected to take place in the near future. Using metal oxides as an 
example, these advances include the successful development of chemically, phys-
ically robust metal oxide oxygen carriers that are cost-effective and sustainable to 
long-term redox reactor environment, and the successful employment of CO2 and 
H2O as partial substitute of carbonaceous feedstock for combustion, gasification and 
reforming applications thereby yielding CO2 negative chemical looping processes. 
These advances coupled with a novel reactor system design and operation give rise 
to a significant reduction in the capex compared to conventional approaches, when 
the chemical looping technology is used for carbonaceous feedstock conversions 
in the production of electricity, hydrogen, syngas, liquid fuels, and chemicals. The 
general concept of chemical looping can also have varied technology applications. 
For example, the SULGEN Process recently invented at Ohio State can be in one step 
capturing H2S and another step separating it to hydrogen and sulfur. It can potentially 
be applied to petroleum fuel refining process, natural gas sweetening process, and 
other fossil fuel gasification and reforming processes. This presentation will describe 
these advances that are established over the OSU chemical looping system platform. 
The presentation will also illustrate the rationales of its commercialization readiness 
and timeline. 

Chi-Huey Wong is the Scripps Family Chair Professor, Department of Chemistry, 
The Scripps Research Institute. He received his B.S. (1970) and M.S. (1977) degrees 
(with KT Wang) from National Taiwan University, and Ph.D. (1982) in Chemistry 
(with George M. Whitesides) from Massachusetts Institute of Technology. He then 
worked at Harvard University as a postdoctoral fellow (with George M. Whitesides) 
for another year, and became a faculty member at Texas A&M University (1983) 
where he was promoted to full professor in 1987. He then moved to the Scripps 
Research Institute in 1989 as Professor and Ernest W. Hahn Chair in Chemistry. 
From 2006 to 2016, he served as President of Academia Sinica in Taiwan. He is 
currently the Scripps Family Chair Professor in the Department of Chemistry at The 
Scripps Research Institute and holds a joint appointment as Distinguished Professor 
at the Genomics Research Center, Academia Sinica.
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Professor Wong received numerous honors for recognition of his accomplish-
ments, including, for example, the Searle Scholar Award in Biomedical Sciences 
(1985), the Presidential Young Investigator Award in Chemistry, USA (1986), the 
Roy Whistler Award of the International Carbohydrate Organization (1994), the 
ACS Harrison Howe Award in Chemistry (1998), the ACS Claude S. Hudson Award 
in Carbohydrate Chemistry (1999), the International Enzyme Engineering Award 
(1999), the US Presidential Green Chemistry Challenge Award (2000), The ACS 
Award for Creative Work in Synthetic Organic Chemistry (2005), Humboldt Research 
Award for Senior Scientists (2006), the FA Cotton Medal (2008), the Nikkei Asia 
Prize for Science, Technology and Innovation (2012), the ACS Arthur C. Cope Medal 
(2012), the Wolf Prize in Chemistry (2014), and the Robert Robinson Award of the 
Royal Society of Chemistry, UK (2015). 

Dr. Wong is a member of Academia Sinica (1994), the American Academy of 
Arts and Sciences (1996), the US National Academy of Sciences (2002) and the US 
National Academy of Inventors (2014). He served as an Editorial Advisory Board 
member for the Journal of American Chemical Society and Angewandte Chemie, 
Chairman of the Executive Board of Editors of the Tetrahedron Publications (2006– 
2008), Head of the Frontier Research Program on Glycotechnology at RIKEN in 
Japan (1991–1999), and a board member of the US National Research Council 
on Chemical Sciences and Technology (2000–2003). In addition, he has received 
many honorary doctor degrees (including one from Technion), given numerous 
plenary and named lectures, and served as a science advisor to many organizations, 
including a scientific advisor to the Max-Planck Institute (2000–2008), a member of 
RIKEN Advisory Council (2010–16), and the Chief Science Advisor to the Taiwan 
Government (2006–2015). 

His research interests are in the field of chemical biology and synthetic chem-
istry, with particular focus on the development of new methods and tools for the 
synthesis and study of complex carbohydrates and glycoproteins associated with 
disease progression related to aberrant biological glycosylation. He has published 
over 750 papers and more than 120 patents, and is a highly cited scientist with an 
h-index of 148. 
Title: Universal vaccine development through glycoengineering (ID: 3590816 (C2)) 
Affiliation: Chemistry, The Scripps Research Institute, La Jolla, California, United 
States 
Abstract: Carbohydrates are one of the three major classes of molecules that make up 
cells. They are often linked to proteins or lipids through glycosylation and expressed 
on cell surface, and they are capable of affecting protein folding and cellular func-
tions, including microbial infection, cancer metastasis, neurogenerative disorder, 
inflammatory reaction and immune response. Despite their importance, the roles of 
carbohydrates and the associated glycosylation reaction in biology have not been well 
understood, mainly due to the lack of tools and methods available for fundamental 
and translational research. This lecture will describe our recent development of chem-
ical and biological methods for the study of glycosylation in disease progression and
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application of new discoveries from this study to development of carbohydrate-based 
medicines, especially universal antibodies and vaccines against viral infection and 
cancer. 

Reuben Jih-Ru Hwu received his bachelor degree from National Taiwan Univer-
sity, 1976; and Ph.D. from Stanford University in 1982. He serves in different posi-
tions, Associate Professor, The Johns Hopkins Univ. (1986–90); Director of Prepara-
tory Office for College of Biomedical Science and Engineering (2010–12), Dean 
of College of Science (2007–10), Chair Professor (2008–2012), National Central 
University; Distinguished Chair Professor, National Tsing Hua University (2015– 
present); Founder, Well-being Biochemical Corp. (2000–); Curriculum Director 
(1996–99), International Foundation for Sciences; President of Chinese American 
Chemical Society, U.S.A. (1991–93); President of Asian Federation for Medic-
inal Chemistry (2012–13); President of the Federation of Asian Chemical Societies 
(2019–22). 

Fellow of The Academy of Sciences for the Developing World (1999–); Fellow 
of IUPAC (2000–); Fellow of The Royal Society of Chemistry (2005–); Fellow of 
The Federation of Asian Medicinal Chemistry (2013–); Member of the European 
Academy of Sciences and Arts (2019–). Representative Awards: Excellent Senior 
Teacher with 30 Years of Service (2020); National Chair Professorship (2015–2018); 
National Academic Research Innovation Award (2017); Nano Industrial Technology 
Excellence Award (2013); Outstanding Scholar Award (2007–12); Award for an 
Outstanding Achievement (2008), Senior Distinguished Research Fellow (2005– 
07); The 1997 Third World Academy of Sciences Award (in Chemistry), The Third 
World Academy of Sciences; The Outstanding Young Persons of the World for 
1994, Junior Chamber International; Federation of Asian Chemical Societies 1992 
and 1993 Distinguished Young Chemist Award; Distinguished Research Award (3 
times, 1992–2001); Alfred P. Sloan Research Fellow (twice 1988–1990), U.S.A.; 
Stuart Pharmaceuticals Achievement Award (1986), ICI Americas Inc.; Ming-Yu-
Wen-Hwa Award (1976), Japan.



1 Leadership and Resiliency in the Global Chemistry Enterprise 23

Research fields include nano-biomaterials, new drug development, organic 
synthesis, and organosilicon chemistry; published > 228 scientific articles and 
obtained 50 patents. Invented > 14 new biochemical products as merchandize being 
sold on the market. 
Title: Interdisciplinary and International Cooperation to Enhance Chemical Mate-
rials for Solar Energy Conversion (ID: 3590495 (C3)) 
Affiliation: Chemistry, National Tsing Hua University, Hsinchu, TW, Taiwan 
Abstract: In the 1970s, UNESCO understood the important role on the application of 
chemistry, which influenced the development of social, economic, and environmental 
well-being of nations. Accordingly, it helped the establishment of the Federation of 
Asian Chemical Societies (i.e., FACS). FACS was founded in 1979 and includes 
32 chemical societies now. To the west part, we have Mendeleev Russian, Turkish, 
and Israel societies; to the east, there are Australian and New Zealand societies; in 
the middle, they are China, Indian, Japan, Korean, Taiwan, Thailand societies, etc. 
All of us advance chemistry in the region through networks, working groups, and 
collaboration, especially with ACS. Development of solar cells provides a possible 
solution to the current crisis of energy deficiency in the world. Methods provide cell 
efficiency often through crystalline silicon cells, emerging photovoltaics, multijunc-
tion cells, single-junction gallium arsenide cells, thin-film technologies, and others. 
Being a type of thin film, perovskite cells are built with layers and proven reaching 
efficiencies similar to crystalline silicon. Their efficiencies are improved faster than 
any other photovoltaic material during the past 13 years from 3% (2009) to 29% 
(2021). To be commercially viable, perovskite photovoltaic cells have to become 
stable to survive 20–30 years outdoors. Scientists, engineers, industrial experts, and 
entrepreneurs work on making them durable, developing large-scale, and manufac-
turing at low-cost. Many elites and enterprise of Asia and United States are devoted 
their efforts on this interdisciplinary technology. It requires collaboration among 
talents of ACS, CACS, and FACS to make the dream to come true. 

Chunshan Song is currently the Wei Lun Professor of Chemistry and Dean of 
Faculty of Science at the Chinese University of Hong Kong in Shatin, Hong Kong. 
Until June 2020, he was a Distinguished Professor of Fuel Science and Director 
of EMS Energy Institute at the Pennsylvania State University at University Park 
and the Founding Director of the University Coalition for Fossil Energy Research 
consisting of 15 major research universities, funded by US Department of Energy, 
National Energy Technology Laboratory. His research interests focus on catalysis 
and chemistry of energy and fuels including adsorptive CO2 capture and catalytic 
CO2 conversion, nonthermal plasma catalysis for energy and fuels, adsorptive and 
catalytic hydrocarbon processing and synthesis and application of nano-porous 
catalytic materials. He has published over 380 refereed journal articles, 14 edited 
books, 8 patents granted, 34 book chapters, and delivered over 360 invited lectures 
worldwide including 60 plenary or keynote lectures at professional and international 
conferences. ACS has honored him with the George A. Olah Award, the Henry H. 
Storch Award, ACS Fellow and the ACS ENFL Distinguished Researcher Award. He 
served as elected chair for both ACS Fuel Division and ACS Petroleum Division prior
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to their merger to form Energy and Fuels Division in 2011. Currently he is serving as 
the Chair of Selection Committee for ACS ENFL Distinguished Researcher Award. 

Title: Advances in CO2 Capture and Utilization for Carbon Neutrality (ID: 3598422 
(C4)) 
Affiliation: Department of Chemistry, The Chinese University of Hong Kong, 
Hong Kong, Hong Kong. The Pennsylvania State University, University Park, 
Pennsylvania, United States 
Abstract: Capturing CO2 from flue gases and other gas steams and converting CO2 

using H2 produced from H2O with renewable energy into carbon–neutral chemicals, 
materials, and fuels, is an important path for reaching carbon neutrality for sustainable 
development. This presentation will discuss some new design approaches to CO2 

capture/separation and catalytic CO2 conversion to chemicals and fuels. One of the 
new approaches for CO2 capture is based on solid “Molecular Basket” sorbent (MBS) 
developed at the Pennsylvania State University. MBS consists of functional polymers 
and nano-porous materials which shows high selectivity to CO2 at high capacity 
and has been successfully demonstrated at pilot plant scale. Various new bimetallic 
catalysts and multi-functional catalysts and integrated reaction processes have been 
shown to be effective for the more selective conversion of CO2 to industrial chemicals 
and fuels including C2–C4 lower olefins, liquid hydrocarbon (gasoline, jet and diesel) 
fuels, methanol as well as aromatics. Methane and CO can also be readily produced 
with > 95% selectivity to either one of these products if desired. More background 
and recent results are available in reviews from our teams on CO2 capture (Catal, 
Tod, 2006; Front, Energy Res. 2020), CO2 conversions to hydrocarbons (Adv. Catal. 
2019) and methanol (Chem, Rev. 2021). 

Song Gao, President of South China University of Technology, Academician of 
the Chinese Academy of Sciences, Professor of Chemistry, member of the Chinese 
Academy of Sciences, member of the World Academy of Sciences (TWAS). He 
received his B.Sc. in Chemistry (1985) and Ph.D. in Inorganic Chemistry (1991) at 
the Peking University (PKU), and then worked at PKU. He was a Humboldt Research 
Fellow in RWTH Aachen in 1995–1997 and served as dean in College of Chemistry



1 Leadership and Resiliency in the Global Chemistry Enterprise 25

and Molecular Engineering at PKU in 2006–2010, and he served as executive Vice 
President and Provost of Peking University before becoming the President of South 
China University of Technology in 2018. 

Dr. Gao is the Vice Chairman of the 9th and 10th Committee of China Associa-
tion for Science and Technology since 2016. He also serves several Editorial Advi-
sory Boards of international peer-reviewed journals, including Chemical Society 
Reviews (2007–2018), Chemical Science (2010–), Accounts of Chemical Research 
(2017–). He is also the Editor-in-Chief of Inorganic Chemistry Frontiers (2013–), 
and the Associate Editor of National Science Review (2013–). His research interests 
are molecular magnetism and its applications in chemistry, materials, biomedicine, 
and quantum technology. In 2006, 2011 and 2019, Professor GAO received the pres-
tigious National Natural Science Award (the 2nd Grade) respectively. In 2013, he 
received Science and Technology Progress Award, Ho Leung Ho Lee Foundation. 
Title: Several Changes in Chinese Chemistry Research-Observation from Personal 
Perspective (ID: 3585798 (C5)) 
Affiliation: South China University of Technology, South China University of 
Technology, Guangzhou, Guangdong, China. College of Chemistry and Molecular 
Engineering, Peking University, Beijing, China 
Abstract: In recent years, the trend of interdisciplinary research has had a significant 
impact on the field and direction of chemical research in China. This includes the 
vigorous development of nanotechnology, chemical biology, and energy chemistry 
and materials etc., as well as the funding provided by the Department of Chemistry of 
the National Natural Science Foundation of China, the adjustment of the field direc-
tion and the establishment of a new interdisciplinary research department. From the 
perspective of regional development, the construction of scientific and technolog-
ical innovation centers in the Beijing-Tianjin-Hebei, Yangtze River Delta, and Pearl 
River Delta includes the construction of large-scale scientific installations and new 
R&D institutions, which also brings new opportunities for chemistry and related 
research. From the perspective of the growth of young chemical talents, in recent 
years, a considerable number of outstanding young chemists have concentrated on
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returning to work in China, including many synthetic organic chemists returning 
to work due to changes in the pharmaceutical industry structure, which will lay a 
solid foundation of chemical research for Chinese universities in the next few years. 
However, the new college entrance examination policy has also brought a negative 
impact on the cultivation of young talents in chemistry disciplines in colleges and 
universities because chemistry has become an elective exam. In the post-epidemic 
era, our university (SCUT) carried out a pilot project for local international educa-
tion at the Guangzhou International Campus in the Guangdong-Hong Kong-Macao 
Greater Bay Area to explore new paths for international STEM education. 

Yongdan Li received his Ph.D. degree in 1989 from Industrial Catalysis Program 
of Tianjin University, China, with Professor Liu Chang. He spent one year in the 
University of Twente as a visiting researcher and one and half a year in DCPR-
ENSIC in INPL in Nancy as a post-doc. After that he got an associate professorship 
in Tianjin University and after another year, he was promoted to a full professor 
there. He served as the Chair of the Industrial Catalysis Program and the Chairman 
of the Department of Catalysis Science and Technology in Tianjin until 2017. In June 
2017, he was appointed as the Tenured Full Chair Professor of Industrial Chemistry 
at the School of Chemical Engineering, Department of Chemical and Metallurgical 
Engineering of Aalto University, Finland. His track records include: Making up 
the fundamental framework for the characterization and optimization of mechanical 
strength of commercial porous catalyst which helped Chinese chemical industry in 
the 80–90’s of last century to get rid of the plant shutdowns due to catalyst mechan-
ical failure; Proposing the simultaneous production of CO-free hydrogen and nano-
carbon from methane catalytic decomposition as a process; Achieving the complete 
decomposition of Kraft lignin to small molecules with catalytic ethanolysis. He has 
made contributions also to the development of non-aqueous redox flow battery, solid 
oxide fuel cell, catalytic combustion of hydrocarbons, and hydrogen production via 
hydrocarbon reforming, CO water–gas shift and solar driven water-splitting. 

Title: Chemical and fuel commodities through catalytic solvolysis of lignin (ID: 
3590872 (D1))
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Affiliation: Chemical & Metallurgical Engineering, Aalto-yliopisto, Espoo, Finland 
Abstract: Lignocellulosic biomass has been demonstrated as an abundant renew-
able resource for production of platform chemicals, fuels, and their respective value-
added products. Kraft lignin (KL) and enzymatic hydrolysis lignin (EHL) are the 
major byproducts from the pulp and 2G bioethanol industries respectively. Both KL 
and EHL were completely converted into platform chemicals and fuels via catalytic 
solvolysis. For instance, C6–C10 contained branched alcohols, ethers, esters, substi-
tuted phenols, arenes and benzyl alcohols were obtained from KL on the Mo-based 
catalysts in ethanol without tar and char formation. However, EHL preserve its orig-
inal lignin structure (due to mild catalytic enzyme reaction) and is much cleaner and 
more active than KL. The solvents, catalysts, reaction atmosphere and temperature 
have significant effects on EHL conversion and product distributions. For example, 
jet fuel ranged cycloalkanes (104.4 mg/g EHL) was obtained on γ-Al2O3 supported 
Ni-Mo alloy catalyst in presence of cyclohexane solvent at 320 °C and 3 MPa 
hydrogen pressure, whereas EHL with ethanol was converted into C8–C16 aliphatic 
and aromatic range compounds with a total maximum yield of 363.4 mg/g EHL at 
320 °C over a WO3/γ-Al2O3. The conversion of EHL was also investigated over 
different Ni and Mo-based catalysts. As compared to KL, the exploitation of EHL 
for chemical and fuel commodities is still progressing in the research communities. 

Yun Hang Hu is the Charles and Carroll McArthur Endowed Chair Professor at 
Department of Materials Science and Engineering, Michigan Technological Univer-
sity. He is an elected fellow of American Chemical Society (ACS), American Asso-
ciation for the Advancement of Science (AAAS), American Institute of Chemical 
Engineers (AIChE), American Society of Metals (ASM), and Royal Society of Chem-
istry (RSC). He was the chair of the ACS Energy and Fuels Division in 2015. He has 
been the president of the Hydrogen Storage Division of International Association of 
Hydrogen Energy since 2015. He is the editor-in-chief of “Energy Science & Engi-
neering” (Wiley journal) and an editorial board member for 8 international journals 
published by Nature group, ACS, RSC, Elsevier, and Springe, such as ACS Energy 
Letters, Catalysis Today, Scientific Report, and International Journal of Energy. He 
has made pioneering contributions to various areas, such as nanomaterials, catalysis/ 
photocatalysis/electrocatalysis, clean fuels, solar energy, batteries, supercapacitors, 
fuel cells, hydrogen storage materials, and CO2 conversion. He published more than 
250 papers in prestigious journals and delivered more than 160 invited presentations, 
including 43 plenary/keynote talks to the national and international conferences, 
such as the very prestigious plenary talk for the opening session of the ACS National 
Meeting.
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Title: New Alkali Metal Chemistry for Energy and Environments (Presentation ID: 
3598340 (D2)) 
Affiliation: Materials Science and Engineering, Michigan Technological University, 
Houghton, Michigan, United States 
Abstract: In this talk, I will summarize our efforts to explore new alkali metal chem-
istry for energy and environmental applications, including (1) Li3N reaction with CO2 

to carbon nitride, (2) hydrogenation of Li3N and Li2NH for hydrogen storage, and (3) 
synthesis of novel carbon nanomaterials via alkali metals. Furthermore, the excellent 
performance of these synthesized materials for energy devices will be highlighted. 

Kunyu Wang is a Ph.D. candidate at Texas A&M University. He received B.Sc. 
in Chemistry (Po-Ling class) from Nankai University in 2018, where he studied 
metal−organic frameworks under the guidance of Prof. Wei Shi. In 2017, he went to 
Northwestern University as an undergraduate researcher in Dr. T. David Harris’ group 
to study semiquinoid molecular magnets. In 2018, Kunyu joined Prof. Hong-Cai 
Zhou’s research group at Texas A&M University. His research interest now focuses on 
novel strategies to design multi-component and hierarchical metal−organic frame-
works. During his study, Kunyu has published 29 peer-reviewed articles, including 
7 first/co-first author papers on top-notch journals, such as Angew. Chem. Int. Ed., 
ACS Materials Lett., ACS Cent. Sci., Trends. Chem., Chem. Soc. Rev., and Matter. 
Besides, he has presented his research in many conferences, including the RSC 
Faraday Discussion, Gordon Research Conference, and ACS National Meeting.
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Hong-Cai “Joe” Zhou obtained his Ph.D. in 2000 from Texas A&M University 
under the supervision of F. A. Cotton. After a postdoctoral stint at Harvard University 
with R. H. Holm, he joined the faculty of Miami University, Oxford in 2002. He 
was promoted to a full professor within six years by working on the preparation 
and application of Metal–Organic Frameworks (MOFs), a field he had had no prior 
experience in as a graduate student or postdoctoral fellow. 

Dr. Zhou moved to Texas A&M University in 2008, was promoted to a Davidson 
Professor of Science in 2014, and was appointed the Robert A. Welch Chair in Chem-
istry in 2015. In June 2013, he started to serve as an associate editor for Inorganic 
Chemistry (ACS). In 2014, he received a JSPS Invitation Fellowship. In 2014, 2015, 
and 2016, he was listed as a Highly Cited Researcher by Thomson Reuters, and in 
2016 he was elected a fellow of the AAAS, ACS, and RSC. In 2017 he was given the 
Distinguished Achievement award in research by TAMU’s Association of Former 
Students. 

Dr. Zhou published more than 375 peer-reviewed papers, including more than 
150 in high impact journals such as Nature Chemistry, Nature Communications, 
JACS, and Angewandte Chemie, International He gave 285 invited talks, including 32 
keynote or plenary talks. Published 16 book chapters. Awarded 8 patents and serves as 
an Associate Editor for Inorganic Chemistry since June of 2013. In addition, he served 
as a Guest Editor for the first MOF (metal–organic frameworks) Chem. Rev. thematic 
issue and a Guest Editor for the 2014 MOF Chem. Soc. Rev. themed issue. He spear-
headed the ARISE (Advanced Research Initiative for Sustainable Energy, an organi-
zation of 48 principle investigators on campus) in Texas A&M, two DOE ARPA-E 
(Advanced Research Project Agency-Energy) projects (subcontractors: Texas A&M 
Chemical Engineering, GM, LBNL, and RTI), two EERE (subcontractor: Argonne 
National Lab), two NETL (subcontractor: framergy™) projects and participated in 
an EFRC (Energy Frontier Research Center), which was renewed in 2014.
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He organized three ACS MOF Symposium and served in numerous international 
and national panels. He cofounded (with Jason Ornstein) a Texas A&M University 
based company, framergy™, which specializes in commercializing framework mate-
rials with applications in the clean-energy sector, especially for methane storage and 
carbon capture. He was appointed as the Director of the Center for Electrochemical 
Systems and Hydrogen Research. He served as the Chair of Inorganic Division from 
2016 to 2018. He was elected as a fellow of AAAS, ACS, and RSC, respectively, in 
2016. 

He was awarded the Association of Former Students of Texas A&M University 
Distinguished Achievement Award in Research in 2017 and appointed as the Chair 
of Interdisciplinary Academic Council of Texas A&M University Energy Institute 
in 2018. He was the chemist in Texas A&M University System listed as a highly 
cited researcher (2014–2020) by Clarivate Analytics (formerly Thomson Reuters). 
Currently, he becomes the most cited chemist in Texas A&M System (13 Universities) 
with an annual citation beyond 8,674 in 2019 (58,476 in total) based on the data 
provided by 4 Web of Science. Since started independent research in 2002, amassed 
an h-index of 107 (Web of Science, accessed on June 22, 2021). 
Title: A Laser Photolysis Approach to Generate Hierarchically Porous Metal– 
Organic Frameworks (ID: 3594934 (D3)) 
Affiliation: Departments of Chemistry and Materials Science & Engineering, Texas 
A&M University, College Station, Texas, United States 
Abstract: Metal–organic frameworks (MOFs) are novel porous materials with great 
potential in the energy and fuel field. One main goal in this field is to create MOFs with 
hierarchical pores, which can not only improve mass transfer within frameworks, but 
also generate higher surface areas. Here we report a facile laser photolysis strategy to 
introduce mesopores into microporous MOFs by eliminating photolabile ligands in 
multivariate MOFs with laser treatment. As a proof-of-concept, we perform photol-
ysis on a multivariate UiO-66 doped with photolabile ligand, which can be removed 
selectively under the laser, and the formation of mesopores are confirmed by N2 

isotherms. The crystallinity and structural integrity of the MOF can be preserved 
after laser exposure and the photolytic mechanism was further studied through IR, 
NMR, and TGA. This strategy features advantages such as accuracy, efficiency, and
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feasibility in multiple MOFs, shedding a light on the programmable design of MOFs 
as gas storage materials. 

Yunlong Zhang joined ExxonMobil Research Engineering Company as a staff 
scientist in 2014. He obtained his Ph.D. in Physical Organic Chemistry from The 
Ohio State University in 2010. He completed his postdoctoral fellowship at the 
Massachusetts Institute of Technology. His research in hydrocarbon science and 
petroleum chemistry focuses on upgrading heavy oils and asphaltenes, and synthesis 
of carbonaceous materials, with emphasis on theoretical understanding of reaction 
mechanisms and structures at the molecular level. He is currently applying molecular 
imaging non-contact Atomic Force Microscopy to study molecular structure and 
chemical reactivities of heavy petroleum molecules. His research has led to over 
75 publications, conference presentations and invited keynote lectures, patents, a 
book chapter, and a book (as co-editor). He has served on the committees of ACS 
Energy and Fuels Division (ENFL) and Tri-state Chinese American Chemical Society 
(CACS) and organized many symposia. He is also currently serving as the chair 
of technical committee to organize the 21st International Conference of Petroleum 
Phase Behavior and Fouling (PetroPhase 2020) in Jersey City. 

Title: Unlocking the Value of Petroleum Through Structure Characterization with 
nc-AFM Molecular Imaging (ID: 3598424 (D4)) 
Affiliation: Hydrocarbon Sciences, ExxonMobil Research and Engineering 
Company Annandale, Annandale, New Jersey, United States 
Abstract: Most structures found in textbooks or publications are hypothetic or 
proposed (average) structures, derived from bulk chemical analysis, such as NMR, 
MS, FT-IR, UV–vis, EPR, elemental analysis, or scattering techniques, etc. However, 
advanced characterization techniques revealed that petroleum is an extremely 
complex molecular mixture, containing at least hundreds of thousands of species. 
Therefore, a huge uncertainty could be expected in our current understanding on 
petroleum molecules. Recently, the molecular imaging noncontact AFM technique 
has been applied to characterize individual molecules in petroleum in real space, and 
a summary of some recent findings will be presented in this talk.
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Numerous novel polycyclic aromatic hydrocarbons (PAHs) have been discovered, 
with various degrees of condensation and substitutions by heteroatoms and aliphatic 
groups. Both alternant and nonalternant PAHs are present in the PAH structures, 
including benzenoids, and two types of five-membered ring structures. Few structures 
have been found to contain more than one PAHs so far. In order to address some 
long-standing questions regarding petroleum asphaltene structures, studied of model 
compounds have been conducted to shed light onto the structure of real petroleum 
molecules. In addition, recent applications to characterize petroleum pitch materials 
and decipher thermal reaction mechanism will be presented. Lastly, the advantages 
and challenges of applying nc-AFM will be discussed on characterizing petroleum 
mixtures, including representativeness of molecules, impact of sample preparation 
on structural integrity, and the identification of common features and reactive sites 
among diverse molecules. These new insights into petroleum molecules are poised 
to have a profound impact on the petroleum and energy industry by providing a 
foundation to study structure–reactivity relationships or other properties or behaviors. 

Yun Liu (Ph.D. BPharm.) Dr. Yun Liu is currently working as a research scien-
tist at Spark Therapeutics, a subsidiary of Roche. Yun Liu obtained a Bachelor of 
Pharmacy and was trained as a pharmacist in China in 2016. She then undertook 
doctoral studies at Eshelman School of Pharmacy at UNC-Chapel Hill, obtained a 
Ph.D. in Molecular Pharmaceutics and Pharmacoengineering in 2020. Yun Liu joined 
Spark Therapeutics after graduation and move to Philadelphia, the “Cellion Valley” 
and the birthplace of Gene and Cell Therapy. Spark Therapeutics is a clinical stage 
company committed to discovering, developing and delivering gene therapies for 
genetic diseases patient. In 2019, Spark launched first FDA-approved gene therapy 
product in the U.S. 

Yun Liu’s research mainly focus on developing nanomaterial delivery of gene to 
targeted tissues. She has published 16 papers and book chapters in the field of gene and 
drug delivery and has been invited to give several talks at international conference. 
In addition, she took leadership roles in different professional communities, as an 
elected learning opportunity manager in American Association of Pharmaceutical
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Science (AAPS) Student Community. She is dedicated to applying her scientific and 
clinical trainings to develop next-generation gene therapy for patients. 
Title: Advances in Lipid Nanoparticles for mRNA Delivery: from Concept to Clinical 
Intervention (ID: 3597831 (E1)) 
Affiliation: Liver Research and Discovery, Spark Therapeutics Inc., Philadelphia, 
Pennsylvania, United States 
Abstract: mRNA-based gene therapy has remarkable therapeutic potential in various 
disease area including infectious disease, cancer and rare disease. The success of 
mRNA-based gene therapies highly replies on the functional delivery of mRNA into 
the cytoplasm of targeted cells. However, due to the instability and inefficient in vivo 
delivery of mRNA, its application is heavily restricted. Recent advances in lipid 
nanoparticles (LNP) have profoundly driven the implementation of mRNA-based 
gene therapies in clinical settings, which attribute to the design and optimization of 
lipid component that enables safe and efficient delivery of mRNA. In this review, 
we first discuss and highlight the main factors impeding the successful target cell 
transfection and tropism of lipid nanoparticle-coated mRNA in vivo. In addition, the 
evolutionary design, characterization and optimization of lipid library for successful 
LNP development through the past decades will be summarized, with particular 
interest in recent progress in the development of LNP mediated mRNA-based gene 
therapies and their clinical utility in various disease treatment. 

Dongling Ma, holder of the Canada Research Chair (Tier 1) in Advanced Func-
tional Nanocomposites, has been a professor at Institut national de la recherche 
scientifique (INRS) since 2006. Her main research interest consists in the develop-
ment of various nanomaterials (e.g., semiconductor quantum dots, transition metal 
catalytic nanoparticles, plasmonic nanostructures) and different types of nanohybrids 
for applications in energy, environment, catalysis and biomedical sectors. 

Dr. Ma has co-authored > 150 journal articles in a broad range of areas, centered 
on materials science, in selective, high-impact journals such as J. Am. Chem. Soc, 
Nat. Commun., Adv. Mater., Adv. Energy Mater., ACS Nano, Adv. Funct. Mater., 
Energy Environ. Sci., Chem. Mater. and Chem. Soc. Rev. She has co-authored 6
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patents (4 granted and 2 under review) and 4 book chapters. She has delivered > 120 
invited speeches at international conferences and prestigious universities/government 
laboratories. She serves on multiple journal editorial advisory boards, including the 
prestigious ACS Energy Lett. (impact factor = 19.0), Scientific Reports (Springer-
Nature), Frontiers (Energy), ACS Applied Nano Materials, PhotonX (Springer). She 
also acts as the section Editor-in-Chief for the section “Solar Energy and Solar Cells” 
of Nanomaterials. She serves as a panel / committee member for different funding 
agencies in Canada and other countries. 
Title: Nanohybrids: perform better and be multifunctional (Presentation ID: 3585247 
(E2)) 
Affiliation: Institut national de la recherche scientifique, Varennes, Quebec, Canada 
Abstract: With unique physical and chemical properties, and high potential for many 
important applications, nanomaterials have attracted extensive attention in the past 
two decades. Further combining different nanomaterials into a single architecture can 
lead to improved properties/performance or, even better, multifunctional nanoplat-
forms. In this talk, I will present some of our recent work on the rational design 
and realization of nanohybrid materials as well as their applications in solar fuel, 
photocatalysis, biomedicine, etc. For instance, the stacking of 2-dimensional (2D) 
black phosphorous (BP) nanosheet and graphitic carbon nitride (g-C3N4) nanosheet 
led to a 2D-on-2D heterojunction photocatalyst, which demonstrated much enhanced 
activity (H2 production rate) both under > 420 nm and > 475 nm light irradiation, 
as compared to BP and g-C3N4 nanosheets alone, and long-term stability as well. 
Another example is about the preparation of multifunctional nanoplatforms compose 
of multiple superparamagnetic nanoparticles and NIR quantum dots in single parti-
cles, which can serve as bimodal imaging probes and bimodal hyperthermia agents. 
Rational design in order to maximize benefits is highlighted for all these nanohybrids. 

Bao Jian is CEO/co-founder of ZY Therapeutics Inc. Dr. Bao graduated from 
Peking University with a bachelor’s degree in organic chemistry in 1996, and received 
a doctorate degree in organic chemistry from University of Pittsburgh in 2001. In 
2009, she was awarded Black belt in Six Sigma. In the last 20 years, Dr. Bao has 
participated in many programs for pharmaceutical and biologic therapeutic develop-
ment. She worked for asymmetric catalysis in manufacturing of Lyrica in Pfizer. She 
then joined W. R. Grace, responsible for the synthesis of medicinal amino acids and 
short peptides. In Covidien she was awarded 10 patents in six years. In Novan, Inc. 
she led the effort in process development of both API and formulation for SB204, 
a topical drug treating acne. In 2015, Dr. Bao co-founded ZY Therapeutics Inc., 
focusing on therapeutic delivery innovation. In 2017, ZY’s first product ZY-010-
PNP was selected as collaboration project by Nanotechnology Characterization Lab 
in a national effort to promote innovative cancer treatment delivery.
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Dr. Bao has broad experience and overarching understanding of development, 
process optimization, and project management in pharmaceutical development. She 
has participated in and contributed to the development of a variety of drugs, including 
biological agents, analgesics, anti-infective products, and nano-formulation for anti-
tumor drugs. She brought two drugs from the laboratory to the clinical trial approved 
by the US FDA (IND) and European Medicines Agency (IMPD). She also received 
19 patent grants and published about 10 papers. 
Title: Biodegradable Nanoparticles for Drug Delivery (ID: 3585800 (E3)) 
Authors: Hui Zhang, Jian Bao, Aili Rong, Jun Li 
Affiliation: ZY Therapeutics Inc., Research Triangle Park, North Carolina, United 
States 
Abstract: Nanotechnology is an important tool by improving the delivery of cancer 
drugs; combining insoluble molecules with a biocompatible matrix to avoid dose-
limiting-toxicity (DLT). Inclusion of targeting ligands can enhance accumulation and 
preferential uptake of drugs and improve the therapeutic index of both conventional 
chemotherapeutics and molecularly targeted therapeutics. Targeted biocompatible 
delivery of insoluble chemotherapeutics in a tunable manifold is ideal for cancer 
treatment. 

ZY Therapeutics is developing a proprietary drug delivery platform based on 
biocompatible and biodegradable polysaccharide VMPC (Vitamin Modified Poly-
meric Carbohydrate) to generate nanoparticles (NPs) with encapsulated cytotoxic 
agents (taxanes) and other potential payload (immunotherapeutic agents). ZY-010-
PNP was a VMPC nano-formulation of paclitaxel. It was specifically designed based 
on the hydrophobic characteristics of taxanes. The negatively charged modified-
polysaccharide backbone ensures water solubility of the formulation and encapsula-
tion chelator (Folate) ensures tunable encapsulation of the payload and the biocom-
patibility of the entire NPs in vivo with potential targeting effect to tumor cells. 
ZY-010-PNP is a unique solid nanoparticle that is designed to deliver cytotoxic 
agent paclitaxel selectively to cancer sites. 

The VMPC platform is versatile in terms of formulation of active molecules 
with solubility issues. Drugs in different therapeutic areas can be encapsulated with 
VMPC polymers. We formulated molecules from metal complexes to peptide. The 
nanoformulations are sterilized stable lyophilized powder which can be reconstituted 
with saline to give mono-dispersed suspension with particles at 100 nm.
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Our formulation advantages are: (1) ZY-010-PNP has completed Pre-IND meeting 
with the FDA and ready to translate to clinic. (2) All VMPC-Drug NPs were around 
100–200 nm, a desired size takes advantage of EPR effect for increased accumulation 
at solid tumor site. (3) The polysaccharide carrier may have a time and concentra-
tion dependent release mechanism, as demonstrated in collaboration result from the 
NCL. (4) VMPC-Drug nanoformulation manufacturing process is scientific sound 
and reproducible. The process for this unique nanoparticle platform has overcome 
one of the biggest challenges of nanoformulation in therapeutics—manufacturing 
hurdle. Our next step is to work towards bringing the nano-formulation into clinic 
and address unmet medical need. 

Yahu A. Liu received his Ph.D. degree from Case Western Reserve Univer-
sity in the laboratory of the late Prof. Lawrence M. Sayre (Chemistry/Pathology/ 
Environmental Health). He earned a degree of Master of Engineering from Beijing 
Institute of Light Industry and obtained his early chemical education at Shanxi 
Teacher’s College (China). He is Senior Outsourcing Manager at GNF/Novartis Insti-
tutes for BioMedical Research, and also serves as Chairman of the Board of Direc-
tors in Sino-American Biotechnology and Pharmaceutical Professional Association 
(SABPA). Yahu has 25 + years of experience in drug discovery and development. He 
previously worked in medicinal chemistry teams at ChemBridge, Vertex, and Pfizer. 
Prior to coming to the states, he had worked as an associate director in the Chinese 
Institute of Standards and Technology, CTO of Huarui Fine Chemical Co. Ltd. and 
a Certificate Engineer (Process Chemistry) at WH Chemical Co. (Beijing, China). 
In drug discovery research, Yahu has contributed to four drug/drug candidates. His 
main contribution to organic chemistry includes his discovery of three rearrangement 
reactions and syntheses of two natural products. He has been a co-editor of one book, 
a member of the editorial boards of two biochemistry journals, an issue editor of two 
journals, a co-organizer of ~ 50 conferences/symposiums, and a co-author of ~ 160 
publications, patents and conference presentations. He received SABPA Distin-
guished Service Award in 2017, SABPA Outstanding Service and Leadership Award 
in 2016, SABPA Outstanding Leadership Award in 2011, SABPA Achievement 
Award in 2008 and SBTSC Scientific and Technical Achievement award twice.



1 Leadership and Resiliency in the Global Chemistry Enterprise 37

Title: 6-Azaindole Derivative GNF2133 as DYRK1A Inhibitor for the Treatment of 
Type 1 Diabetes (ID: 3594348 (E4)) 
Authors: Yahu Liu, Qihui Jin, Yefen Zou, Qiang Ding, Shanshan Yan, Zhicheng 
Wang, Xueshi Hao, Bao Nguyen, Xiaoyue Zhang, Jianfeng Pan, Tingting Mo, Kate 
Jacobsen, Thanh Lam, Zhihong Huang, Tom Wu, H Michael Patrassi, Badry Bursu-
laya, Michael DiDonnato, William Gordon, Bo Liu, Janine Baaten, Robert Hill, Van 
Nguyen-Tran, Minhua Qiu, You-Qing Zhang, Anwesh Kamireddy, Sheryll Espinola, 
Lisa Deaton, Sukwon Ha, George Harb, Yong Jia, Jing Li, Weijun Shen, Andrew 
Schumacher, Karyn Colman, Richard Glynne, Shifeng Pan, Peter McNamara, Bryan 
Laffitte, Shelly Meeusen, Valentina Molteni, Jon Loren 
Affiliation: GNF/Novartis Institutes for BioMedical Research, San Diego, Cali-
fornia, United States. 
Abstract: Deficiency in β-cell mass or function can lead to insufficient levels of 
insulin, resulting in hyperglycemia and diabetes. Thus, promoting β-cell prolifer-
ation to increase β-cell mass could be one approach toward diabetes intervention. 
We identified 6-azaindole derivatives (including GNF2133) as potent and selective 
DYRK1A inhibitors which were able to proliferate both rodent and human β-cells. 
GNF2133 demonstrated significant dose-dependent glucose disposal capacity and 
insulin secretion in response to glucose potentiated arginine-induced insulin secre-
tion challenge in RIP-DTA mice. The work showed that DYRK1A inhibition could 
be one of the new avenues to beta-cell regeneration and preservation for treatment 
of type 1 diabetes. 

Mei Shen is an Assistant Professor of Chemistry, Neuroscience Program, and the 
Beckman Institute at the University of Illinois at Urbana-Champaign. Her research 
aims to push the limits of electroanalytical chemistry in bioanalysis, especially for the 
real-time interrogation of multiple groups of chemical transmitters with nanometer 
spatial resolution. She graduated with a B.S. and an M.S. with Prof. Yaoqiang Chen 
from Sichuan University, received her Ph.D. from The University of Texas at Austin 
with Prof. Allen J. Bard in 2011, and did her postdoctoral work with Prof. Shigeru 
Amemiya at the University of Pittsburgh.
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Prof. Shen’s group has pioneered the development of nano liquid/liquid interface 
electrodes for the real-time quantification of cholinergic neurotransmitters in single 
synapses and single cells. By expanding the electroanalytical toolbox to include 
both redox-active (e.g., dopamine, serotonin) and non-redox active (e.g., cholinergic 
and amino acid) neurotransmitters, her research has introduced exciting prospects 
to understand neuronal communication and decipher brain functions. Prof. Shen 
aspires to be a (female) role model to her students. Her distinctions include the NSF 
CAREER Award, the Award for Excellence in Guiding Undergraduate Research 
from the Office of Provost at the University of Illinois, and the Scialog Fellowship 
on Microbiome, Neurobiology and Disease. 
Title: Super resolution study of neurotransmission in real time with scanning 
electrochemical microcopy and nanoelectrodes (ID: 3595706 (F4)) 
Affiliation: Chemistry, University of Illinois at Urbana-Champaign, Urbana, Illinois, 
United States 
Abstract: Chemical sensing with electrodes offers chemical identity, quantification, 
fast response time, and high spatial resolution about biological processes in vivo. 
These advantages make electroanalytical chemistry one of the most widely used 
tools in studying signaling molecules in real-time, such as neurotransmitters. Acetyl-
choline, the first neurotransmitter identified in 1914, plays a key role in learning, 
memory, and human health. We recently developed Nanoscale ion-selective (liquid/ 
liquid junction) electrodes for the detection and quantitation of several transmit-
ters. We studied cholinergic neurotransmission of living neurons using Nano liquid/ 
liquid junction electrodes and scanning electrochemical microscopy, around a single 
synapse and a single cell, where nanometer spatial resolution and millisecond 
temporal resolution were achieved. We are currently developing an integrated 
analytical platform to enable the multi-functional study of neurotransmission. 

Qiang Zhen received his Ph.D. degree in the field of Metallurgical Physical 
Chemistry from the National Key Laboratory for Solid Electrolytes and Metallur-
gical Testing Techniques, University of Science and Technology Beijing in 2000. 
Currently, he is the executive member of the China instrument (functional) material 
society council and the member of China silicate society council. He serves as the 
Director of the Shanghai Advanced Ceramic Structure Design and Precision Manu-
facturing Professional Technology Service Platform; a distinguished Professor of 
Engineering Research Center of Material Composition and Advanced Dispersion 
Technology, Ministry of Education, China; and the Dean of the Division of Basic 
Research and International Cooperation of Shanghai University. In 2002, Dr. Zhen 
worked as visiting scholar in Department of Mechanical Engineering, Hong Kong 
University, and then visited the University of Science and Technology in Lille, France 
for six times in the period from 2005 to 2012.
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Dr. Zhen’s research interests focus on Solid electrolyte for fuel-cell or sensor 
application; Smart design, fabrication and characterization of micro/nano-ceramic 
composites. He has been directing more than 50 scientific research projects, 
supported by different funding agencies, such as the National Natural Science Foun-
dation of China, and International Cooperation Plan. He published more than 100 
peer-reviewed papers in the high impact journals and reviewed dozens of manuscripts. 
He has established a long-term collaboration with Dr. Liu and Dr. Bashir to facilitate 
the student and faculty exchange between universities in both countries of United 
States of American and the People’s Republic of China. Through this collaboration, 
they published a book entitled Nanostructured Materials for Next-Generation Energy 
Storage and Conversion: Advanced Battery and Supercapacitors, by Springer Nature 
publishing in 2019. He also co-organized serval symposia to provide platform for 
scientists, engineers and other professionals to disseminate their research discoveries 
in the National Meetings & Expositions, American Chemical Society. 
Title: Design and Application of Functional Materials used in Energy Storage and 
Conversion (ID: 3585842 (F1)) 
Authors: Qiang Zhen, Rong Li, Sajid Bashir, Jingbo Liu 
Affiliation: 1. Research Center of Nano Science and Technology, Shanghai Univer-
sity, Shanghai, Shanghai, China. 2. Chemistry, Texas A&M University Kingsville, 
Kingsville, Texas, United States. 3. Energy Institute, Texas A&M University System, 
College Station, Texas, United States 
Abstract: The overarching goal of this research lies in the design, evaluation, and 
application of interactive nanomaterials to improve energy utilization and secure end-
of-life safe disposal of the electrocatalyst and photocatalysts. The research activities 
include: (1) production of metal oxide-based bioinspired materials to control the 
oxygen reduction reaction and facilitate electron transfer mechanism; (2) Fabrica-
tion of porous metal–organic frameworks (MOFs, guest–host) used for onboard gas 
storage; and (3) study mechanism and interactivity between nanomaterials & reac-
tants using spectroscopic and microscopic approaches. Series of synthesis methods 
will be discussed with optimized fabrication variables to produce materials with 
tunable structures. These approaches include chemical vapor deposition, high energy 
ball-milling, and wet chemistry methods (colloidal, hydrosolvo-thermal, and solid-
state chemistries). Nanomaterial engineering plays critical roles to control and tune
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the structure and functions of the products oriented by their end applications. This 
approach will enable nanomaterials to operate using biochemical redox-based prin-
ciples to respond to the external environmental changes and to self-regulate via 
electron injection and/or O2 detachment. Our research data indicated that material 
functionalization is one of the key factors to improve the catalytical reactivities of 
these interactive materials when used as electrocatalysts and photocatalysts. One 
example indicated the power density and current density of fuel cells were found to 
be increased by one fold magnitude while device durability was sustained at a 95% 
root mean square current modal value at 3,600 cyclic operations. 

Wei Wang obtained his B.S degree in Chemistry from Shandong Normal Univer-
sity, China in 1983, and Ph.D. degree in Physical Chemistry from Changchun Institute 
of Applied Chemistry, Chinese Academy of Sciences (CAS) in 1993. He is a Research 
Science Specialist at Aramco Research Center-Boston, Aramco Americas. He joined 
in the Aramco Global Research Centers-North America as a founding member and 
the first research staff in 2012. Before joining the Aramco, he worked as a Staff 
Research Scientist at Environmental Sciences Division, Oak Ridge National Labo-
ratory (ORNL) in 2001–2012, where he was the PI or co-PI for 17 research projects 
funded by DOE, NIH, BATTELLE and ORNL, etc., also supervised postdoctoral and 
junior researchers. Prior to that, he worked as a postdoctoral research associate at 
the University of Pittsburgh and as an associate professor at the Ocean University of 
China, in Qingdao. In the past 30 years, his research has centered on molecular spec-
troscopy, fabrication of nanomaterials and nanomaterial-based sensors and devices. 
In the Aramco Research Center, his research has been focused on the development 
of nanomaterials and nanotechnology for reservoir description and improving oil 
recovery. Wei has authored or co-authored more than 130 research papers, 4 book 
chapters and 15 US patents, and his publications have been cited for > 6300 time 
with a H-index 43. He has also reviewed manuscripts and proposals for 80 + scien-
tific journals and 5 funding agents, given 30 + invited or keynote presentations at 
professional meetings and university seminars, organized or chaired > 10 scientific 
symposia at international conferences.
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Title: Fabrication of Colloidal Photonic Crystal-Based Materials for Sensing and 
Coating Applications (Presentation ID: 3591833 (F2)) 
Affiliation: School of Materials Science and Engineering, Ocean University of China, 
Qingdao, Shandong, China. Aramco Research Center-Boston, Aramco Americas, 
Cambridge, Massachusetts, United States 
Abstract: Colloidal photonic crystals have attracted extensive attentions for using 
as sensing and coating materials because of their unique optical properties. In this 
research, we have fabricated polymer hydrogel materials with embedded photonic 
crystal nanostructures which diffract light in visible wavelength region. By intro-
ducing molecular recognition functional groups into the hydrogels through covalent 
bonding, the functionalized smart hydrogels are highly responsive to metal ions such 
as mercury and beryllium ions selectively, enabling a rapid and real-time detection in 
seawater system for pollution monitoring in ocean. With a completion-based mech-
anism, a universal biosensor with sensitively responding to antibody-antigen inter-
actions has been presented for point-of-care (POC) application. By taking advantage 
of the fadeless structural colors, we also fabricated powder materials with embedded 
three-dimensional ordered macropores (3DOM) structure by negatively replicating 
opal structures. The micron-sized ceramic inverse opal powders can diffract visible 
lights and exhibit vivid structural colors. As coating materials, the structural colors 
of the photonic crystal powders follow the Bragg diffraction of incident light on 
their stacked crystal planes while each of the powders is randomly oriented. As a 
collective effect in the aggregation of micron-sized powders, the structural colors are 
angle-independent and anti-reflective in a coating layer. 

Wenhao Shao is a Ph.D. candidate from Dr. Jinsang Kim group in University 
of Michigan. His research focuses on organic semiconductors and light-emitting 
devices covering computation-driven molecular design, photophysical analysis, and 
device characterization. 

Jinsang Kim received his Ph.D. (Materials Science and Engineering, Polymer) 
Massachusetts Institute of Technology, and completed his postdoctoral fellow at
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the Division of Chemical Engineering and Chemistry), California Institute of Tech-
nology, 2001–2003 under supervision of Prof. David Tirrell. His research inter-
ests are molecular design, synthesis, modification, and self-assembly of smart 
polymers for biomedical and optoelectronic applications, including Plastic Elec-
tronics, Organic Light Emitting Molecules, Molecular Biosensors, Smart Gels, Opto-
electronic Polymers, Conjugated Polymers, Block Copolymers, Organic–inorganic 
Hybrid Materials, Photovoltaic Cells, and Self-assembly. 

Title: Crosslinking Chemistry for Solution Processable Multilayer Organic Light-
Emitting Diodes (ID: 3597866 (F3)) 
Authors: Wenhao Shao, Jinsang Kim 
Affiliation: University of Michigan, Ann Arbor, Michigan, United States 
Abstract: One of the key advantages of OLEDs is that they can potentially be 
produced entirely by solution processes, more suitable for low cost and large area 
displays, compared to the conventional vacuum deposition. Here, we investigated 
an approach based on the thiolene click chemistry to overcome the solvent penetra-
tion issue in solution processed multilayer OLEDs. A generally applicable binder-
type crosslinking strategy was designed. Compared to conventional crosslinking 
strategies, the devised bicomponent system renders synthetically simple and much 
faster crosslinking by means of thermal-assisted UV irradiation. While most thio-
lene systems in other applications operate on polymeric systems, our strategy has 
been optimized for the contemporary small-molecule-based OLED devices. Results 
have shown that our system could achieve a considerable crosslinking degree and 
> 85% solvent resistance within 10 min. Upon successful development, the devised 
strategy could be readily and universally applicable to widely used OLED materials 
to facilitate the development of solution-processable OLEDs. 

Fanwen Zeng received his Ph.D. in organic chemistry at the University of Illinois 
at Urbana-Champaign, IL. He also held a post-doctoral position at the University of 
California Berkeley, CA. He is currently a Principal Research Scientist in Dow, Inc. 
He joined Dow/Rohm and Haas in 1999 as a R&D scientist. Since then, he has led to 
develop and commercialize a variety of products to serve markets including Personal
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care, Plastics Additive, Coating, and Biocide. These products range from acrylic 
impact modifiers, rheology modifiers, hair styling polymers, hollow sphere polymers, 
opacifiers, water-proofing polymers, cosmetic active, to anti-microbial technology. 
His industrial expertise spans from emulsion and solution polymerization, small 
molecule organic synthesis, encapsulation, silicone-based technology, and recently 
to sustainable chemistry. He is an inventor of over 50 patent families, 25 granted US 
patents. He authored over 30 peer-reviewed scientific articles, which have been cited 
more than 3000 times. He has been the recipient of numerous awards, including for 
example an R&D 100 award for his contribution to the silver-based antimicrobial 
technology in 2014. 

Dr. Zeng has been very involved in various external organizations such as the 
American Chemical Society, the Chinese American Chemical Society (CACS), and 
Controlled Release Society. He served as a board member and president of CACS-
tristate chapter. He also served the president of CACS-headquarter in 2020. At Dow, 
he served the chair of the Asian Diversity Network-Delaware Valley Chapter in 
2011–12. 
Title: Novel acrylic emulsion polymers with high bio-carbon content for personal 
care applications (ID: 3593734 (E5)) 
Authors: Fanwen Zeng, Inna Shulman, David Lu, Ligeng Yin, Lu Bai, Tian Lan, 
Michaeleen Pacholski, Jen Koenig, Meng Jing, Cathy Jackson, Peilin Yang, Matt 
Carter 
Affiliation: Consumer Solutions, Dow Chemical Co, Collegeville, Pennsylvania, 
United States 
Abstract: There is a growing trend to provide personal care products with better 
sustainability profiles. Among them, novel polymeric raw materials are highly sought 
after if they can either biodegrade or be made from bio-derived raw materials. For 
the latter case, there are a few existing standards, e.g. COSMOS (COSMetic Organic 
Standard) or NATRUE or ISO-16128 to define the natural content for personal care 
applications. Among them, ISO-16128 can be the best fit for bio-derived synthetic 
polymers. This standard comprises guidelines on definitions for natural and organic
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cosmetic ingredients and offers a framework to determine the natural content of 
ingredients as well as formulations. The key to pass this standard is that the renewable 
bio-carbon content (BCC) needs to be > 50%. In this paper, we investigate the 
emulsion polymer syntheses from a selection of bio-derived monomers and their 
potential applications for the personal care industry while still meeting the ISO-16128 
standard. 

Chinese American Chemical Society Leaders and Award Winners 
Zhenan Bao is Department Chair and K. K. Lee Professor of Chemical Engineering, 
and by courtesy, a Professor of Chemistry and a Professor of Material Science and 
Engineering at Stanford University. Bao founded the Stanford Wearable Electronics 
Initiate (eWEAR) in 2016 and serves as the faculty director. Prior to joining Stanford 
in 2004, she was a Distinguished Member of Technical Staff in Bell Labs, Lucent 
Technologies from 1995 to 2004. She received her Ph.D in Chemistry from the 
University of Chicago in 1995. She has over 500 refereed publications and over 65 
US patents with a Google Scholar H-Index > 155. 

Bao is a member of the National Academy of Engineering and the National 
Academy of Inventors. She is a Fellow of MRS, ACS, AAAS, SPIE, ACS PMSE 
and ACS POLY. Bao was selected as Nature’s Ten people who mattered in 2015 as 
a “Master of Materials” for her work on artificial electronic skin. She was awarded 
the Gibbs Medal by the Chicago session of ACS in 2020, University of Chicago 
Alumni Award by the Department of Chemistry in 2020, the Wilhelm Exner Medal 
by Austrian Federal Minister of Science 2018, ACS Award on Applied Polymer 
Science 2017, the L’Oréal-UNESCO For Women in Science Award in the Phys-
ical Sciences 2017, the AICHE Andreas Acrivos Award for Professional Progress 
in Chemical Engineering in 2014, ACS Carl Marvel Creative Polymer Chemistry 
Award in 2013, ACS Cope Scholar Award in 2011, the Royal Society of Chemistry 
Beilby Medal and Prize in 2009, the IUPAC Creativity in Applied Polymer Science 
Prize in 2008.
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Bao is a co-founder and on the Board of Directors for C3 Nano and PyrAmes, 
both are silicon-valley venture funded start-ups. She serves as an advising Partner 
for Fusion Venture Capital. 

Dachao Li is currently a research scientist and segment leader in the Dow Chem-
ical Company, who has significant contributions to the functional and formulated 
polymers industry in new technology development. Dachao recently expanded his 
role as segment leader in the Wire and Cable business, and is responsible for devel-
oping business winning strategy, identifying business opportunities, resource allo-
cation, and decision making to take product development from initial concepts to 
commercialization. He is currently leading innovation portfolio with > $90 MM 
dollars net present value (NPV). 

Dachao has led a significant number of global innovation projects and commer-
cialized multiple products with total financial impact > $30 MM dollars, including 
the development of Submarine Fiber Optic Cable insulation and jacket materials in 
support of 5G telecommunication, electric track-resistant material for aerial cables 
in battle with wildfire issue, and a new insulation material with improved heat aging 
performance for Medium and Low Voltage power distribution. Dachao has been on 
the CACS board (Tri-State Chapter) for more than 5 years and served as the president 
of Tri-State CACS in 2020. 

After receiving his B.S. and Ph.D. in Chemical Engineering from East China 
University of Science and Technology, Dachao joined Core R&D in Dow, Shanghai 
in 2011, and then left Dow in 2013 to join The Ohio State University as a post-
doctoral researcher. In December 2014, Dachao rejoined Dow with Wire and Cable 
R&D based in Collegeville, PA. Dachao has authored 16 external publications, and 
over 20 patents (6 granted). 

Lin Li is a Senior Staff Research Engineer at Chevron Technical Center, Rich-
mond, CA. He received his BS, MS and Ph. D. degree in Chemical Engineering 
from Tianjin University (Tianjin, China) in 1983, 1986 and 1989, respectively, and 
then started his academic career at Tsinghua University (Beijing, China). During his 
tenure at Tsinghua, in addition to teaching and research, he served as the Director of
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Laboratory of Membrane Technology and Vice Chairman of Department of Chemical 
Engineering. 

Lin moved to the US in 1998 as a research scientist at Princeton University and 
UC Berkeley, and then started industrial career at UOP (Des Plaines, IL) in 2001. 
Lin published 2 books, 50 journal papers and many technical presentations, and is 
the author of 25 patents and patents applications. He is a certified 6-Sigma Black 
Belt. He is an AIChE Fellow, and his services to AIChE include serving as Meeting 
Program Co-Chair of 2016 AIChE Annual Meeting and Chair of AIChE Northern 
California local section (NorCal). He is currently an ABET program evaluator (PEV) 
for Chemical Engineering. 

Frank Zhu is a Honeywell-UOP Senior Fellow, leading technology innovations 
and has made significant contributions to the fields of process efficiency, molec-
ular modeling, process optimization and process development as well as industrial 
digitalization. More importantly, Franks’ methods have been successfully applied 
to industries and generated significant benefits in economic margin, energy savings 
and emission reductions. He led process design of several grassroots refineries and 
petrochemical complexes which are ranked in the category of the highest energy 
efficiency worldwide.
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Before joining UOP, Frank served as a Research Professor at the University of 
Manchester in England, where he supervised pioneering work in developing molec-
ular based operation optimization and molecular based process synthesis. Frank’s 
work aimed to exploit fundamental phenomenon for Process Development with 
the purpose of discovering breakthrough ideas in materials, catalysts, process and 
equipment. 

Frank published more than 100 peer reviewed articles and 70 + patents, including 
four books: “Energy and Process Optimization for the Process Industries” in 2014, 
“Hydroprocessing for Clean Energy” in 2017, “Efficient Petrochemical Processes: 
Technology, Design and Operation” in 2019, “Digitalization and Analytics for Oper-
ation Excellence” in 2021 by Wiley/AIChE respectively. He was the recipient of 
US National Energy and Sustainability Award 2014 by AIChE, Patent of the Year 
Award and Technology Leadership Award by Honeywell. He is nominated for AIChE 
Funders Award in 2020. 

W. S. Winston Ho is a Distinguished Professor of Engineering in the William G. 
Lowrie Department of Chemical and Biomolecular Engineering and the Department 
of Materials Science and Engineering at The Ohio State University. Before teaching 
for 21 years, he had 28 years of industrial R&D experience in membranes and sepa-
ration processes, working for Allied Chemical, Xerox and Exxon, and serving as 
Senior Vice-President of Technology at Commodore Separation Technologies. He 
was elected to the National Academy of Engineering, USA in 2002 in recognition 
of his distinguished contributions to engineering. A New Jersey Inventor of the Year 
(1991), Dr. Ho holds more than 55 U.S. patents, generally with foreign counterparts, 
in membranes and separation processes. He received the 2006 Institute Award for 
Excellence in Industrial Gases Technology from the American Institute of Chemical 
Engineers (AIChE), and he was the 2007 recipient of Clarence G. Gerhold Award, 
from the AIChE Separations Division, one of the highest honors bestowed to those 
working on separations. He received the 2012 Lawrence B. Evans Award in Chemical 
Engineering Practice from AIChE. In 2014, he was elected to Academia Sinica, the 
highest form of academic recognition in the Republic of China in Taiwan. He obtained 
his B.S. degree from National Taiwan University and his M.S. and Ph.D. degrees 
from the University of Illinois at Urbana-Champaign, all in Chemical Engineering.
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Dr. W. S. Winston Ho served as Chairman, Board of Directors, Chinese-American 
Chemical Society (CACS) from 2002 to 2008. After that till now, he has been a CACS’ 
Board of Director. 

Chu-An Chang received his Ph.D. in Organic Chemistry from the University 
of California, Berkeley, and his B.S. degree in Chemistry from the National Taiwan 
University. He worked in the biotech industry for over 30 years as a research scientist 
specializing in oligonucleotide synthesis and its chemical modifications. He retired 
in 2018 from ThermoFisher Scientific. 

Dr. Chang is currently serving as a CACS Board member and the Treasurer of 
National Chapter. He joined CACS in 1984 through its Northern California Chapter 
(NCC) and became a Life Member in 1989. He assumed the role of the Treasurer in 
1988 and had also served two years as the Chairperson of the CACS-NCC in 1990 
and 1991. He was elected to the CACS Board in 2000. 

Chu-An’s Treasurer duty over the years has been responsible for keeping accurate 
books and maintaining financial viability of CACS. He participated in membership 
recruitment, renewal, database maintenance and assisted in the production and distri-
bution of printed materials in the early days like CACS Membership Directory and
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CACS Newsletter (became CACS Communications in 2007). For many years he has 
coordinated with local chapters and members to host CACS social events, including 
social hours, banquets, and keynote speeches, at the national meetings of both ACS 
and AIChE. Serving as an Election Committee member, Chu-An has also assisted in 
conducting elections of CACS officers and board members at the National Chapter. 

Lixin You is the President of Southwest chapter of Chinese American Chemical 
Society. He is an Advisor Process Engineer at Chevron, where he is responsible for 
process design and consulting for LNG, GTL and other complex process facilities. He 
also conducted technology development work on fuel cells, fuel processors, hydrogen 
energy and biofuels at Chevron. 

He has numerous publications in peer-reviewed journals and received numerous 
patents. He obtained a B.S. from Suzhou University, a M.S. from Shanghai Jiaotong 
University and his Ph.D. from the University of Miami. 

Wenmei Xue is the president of Tri-State chapter of Chinese American Chemical 
Society. She holds a Ph.D. degree in Organometallic Chemistry from the University 
of Hong Kong. She is currently a senior chemist at BASF Corporation. A significant 
part of her research has focused on catalysts for environmental applications.
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She was the recipient of the 2010 Thomas Alva Edison Patent Award from the 
R&D Council of New Jersey and the 2015 Excellence in Catalysis Award from the 
Catalysis Society of Metropolitan New York, in recognition of her contribution to 
the discovery and development of Cu–CHA catalysts for selective catalytic reduction 
(SCR) of NOx from diesel vehicles. 

“Mark” Yueqian Zhen received his Ph.D. in organometallic chemistry from the 
University at Buffalo. He came to the US for graduate school via then US-China 
CGP exchange program along with other top 50 chemistry graduates. 

Mark is a life-time member of the Chinese American Chemical Society (CACS) 
and a member of American Chemical Society (ACS). Mark first participated in a 
CACS activity while postdoctoring at the University of Chicago. Mark was involved 
in Tri-State CACS organization as its 2014 President and as national CACS vice 
president and president from 2016 to 2018. 

Mark is currently the Department Manager for Formulation Research at Valent 
BioSciences LLC, a global leader in the R&D and commercialization of biorational 
agricultural products, located in northern Chicago suburbs. Previously, Mark was a 
Lead R&D Manager at Dow Chemical Company and specialized in the formulation 
and delivery of a plant growth regulator for agricultural application. Mark started his 
professional career and received technical training as a Research Scientist in Procter 
and Gamble in its laundry division to formulate its next generation more sustainable 
liquid Tide™ detergent. 

Baoqing Ma is a regulatory assessor working at Center of Drug Evaluation and 
Research, FDA, with primary focus on the drug product Chemistry, Manufacture and 
Control including pre-market and post-market products since 2016.
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Before joining FDA, Baiqing has worked at Pharmaceutical company Sanofi and 
Bristol-Myers Squibb for more than 10 years with interest in preformulation, formu-
lation and drug delivery. He had served as a president at Tri-State Chinese American 
Chemical Society. He earned his Ph. D. in chemistry from Peking University. 

Yinlun Huang is Professor of Chemical Engineering and Materials Science at 
Wayne State University, where he directs the Laboratory for Multiscale Complex 
Systems Science and Engineering. Dr. Huang’s research has been mainly focused 
on the fundamental study of multiscale complex systems science and sustainability 
science, with applied study on engineering sustainability, including sustainable nano-
material development, integrated design of sustainable product and process systems, 
and manufacturing sustainability. He has published widely in these areas, and has 
given a large number of plenary/keynote speeches at national and international 
conferences. He has organized and chaired the National Science Foundation spon-
sored conference series—International Conference on Sustainable Chemical Product 
and Process Engineering and other conferences since 2007. Dr. Huang directs the 
NSF funded Sustainable Manufacturing Advances in Research and Technology 
Coordination Network.
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Dr. Huang is currently the Co-Editor-In-Chief of ASTM Journal—Smart and 
Sustainable Manufacturing Systems, and Associate Editor of Springer Journal— 
Clean Technologies and Environmental Policy. He served as Chair of AIChE Sustain-
able Engineering Forum (2008–2009) and is Director of AIChE Environmental 
Division (2021–2023), and also served as Chair of AIChE International Committee 
(2015–2016). He is an elected AIChE Fellow. 

Dr. Huang is a recipient of AIChE Sustainability Education Award and Research 
Excellence in Sustainable Engineering Award in 2016 and 2010, respectively, the 
NASF Scientific Achievement Award in 2013, the Michigan Green Chemistry 
Governor’s Award in 2009, U.S. Department of State Fulbright Scholar in 2008, 
and Charles H. Gershenson Distinguished Faculty Fellow at Wayne State University 
in 2005. 

Dr. Huang served as Vice President (1999–2000), President (2001–2002), Director 
(2008–present), and Chair of the Board of Directors (2010–2012) of Chinese Amer-
ican Chemical Society (CACS). Dr. Huang holds a B.S. degree from Zhejiang Univer-
sity, China, and an M.S. and a Ph.D. degree from Kansas State University, all in 
chemical engineering. He was a postdoctoral fellow at the University of Texas at 
Austin before joining Wayne State University in 1993. 

Jasmine (Yingchun) Lu is currently a Senior Alliance Manager at Atomwise, 
a preclinical pharma company revolutionizing how drugs are discovered with AI. 
Prior to joining Atomwise in 2021, she worked for the US Innovation Center of 
Shimadzu, a top-five global instrumentation company, and AcceleDev, a US-Sino 
CDMO company, as the Director of Project Management. Her earlier careers included 
as a Senior Medicinal Chemist in Morphochem and Pharmacopeia Drug Discovery, 
focusing on drug discovery for oncology and immunosuppressants projects. 

Jasmine is a life member of the Chinese American Chemical Society (CACS). 
She has served on the Board of its Tri-State Chapter since 2012 and was the Chair 
of 2019. She joined the American Chemical Society (ACS) in 1994 and has served 
as an Alternate-Councilor in ACS North Jersey Chapter. She has also served on 
the Board of NJACS Mass Spectrometry Discussion Group and was the Chair of
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2017. Jasmine holds a BS degree in Chemistry from Peking University, an MS from 
Southern Methodist University, and a Ph.D. in Organic Chemistry from Dartmouth 
College. 

Wei Gao is a Principal Research Scientist in Analytical Science, Corporate 
Research and Development, at Dow Inc. She received her BS degree from Fudan 
University and Ph.D. in Polymer Chemistry and Physics from Peking Univer-
sity. She then worked as a postdoctoral fellow and an Associate Professor in the 
Institute of Chemistry, Chinese Academy of Sciences. Employment at the NSF-
I/UCRC center for Biocatalyisis and Bioprocessing of Macromolecules at Poly-
technic University (Now NYU Tandon School of Engineering) followed in 2000, 
and in 2005 she became a Research Assistant Professor. In 2006, Wei joined Rohm 
and Haas/Dow. She intensively works on polymer and particle characterization, the 
synthesis−structure−property relationship of polymeric and colloidal systems, and 
sustainable polymers. She has published over 30 peer reviewed journal articles and 
book chapters, edited one book, and has more than 20 patents and patent applica-
tions. She has organized American Chemical Society (ACS) symposia in the areas of 
separation and characterization of macromolecules and particles, polymer sciences 
for everyday things, and polymer colloids. She a lifetime member of Chinese Amer-
ican Chemical Society (CACS) member. She also served on the scientific program 
committee for the GPC2015 conference and the Steering board member for interna-
tional symposium on Field- and Flow-Based Separations (FFF2018 and FFF2022). 
She was the recipient of the NOVA Innovation Award from Rohm and Haas Company 
(2008), US EPA Presidential Green Chemistry Challenge Awards (2003 and 2013), 
Vernon A. Strenger Scientists’ Award from Dow (2019), and ACS Polymer Chemistry 
Division (POLY) fellow (2021). 

Dr. Jingbo Louise Liu was appointed Director of the Center of Teaching Effec-
tiveness in 2021 and previously promoted to Full Professor in 2016 at Texas A&M 
University-Kingsville (TAMUK). She is also affiliated with the Texas A&M Energy 
Institute. Dr. Liu received her Ph.D. in Materials Science and Engineering from 
the University of Science and Technology Beijing in 2001. Her research expertise
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focuses on nanostructured inorganic materials preparation, characterization, funda-
mental physical and chemical properties, and applications of engineered nanomate-
rials in alternative energy and biological science. She established the highest power 
density to advance the performance of proton exchange membrane fuel cells and 
directed a new paradigm to apply metal–organic frameworks in disinfection science. 
During her 16-year service at TAMUK, she taught about 12,000 students; trained 
more than 200 undergraduate students. She oversaw the completion of ca. 50 grad-
uate (master and Ph.D.) students. She has hosted and co-hosted 15 visiting scholars to 
conduct leading-edge research on biomedicine, hydrogen fuel cells, photocatalysis, 
and nanotechnology. She served as an NSF panelist and chaired the proposal review 
panel. She also served as a journal editor and reviewer. 

ACADEMIC HIGHLIGHTS: Dr. Liu has participated in nanotechnology research 
since 1987. She has authored and co-authored books (10), textbooks (4), book chap-
ters (>20), and ca. 100 peer-reviewed journal articles. She chaired and organized 
conferences and presented > 150 talks in professional conferences. According to 
Google Scholar, the total number of citations to her work exceeds 21,000, and she 
has an h-index of 53 (with i10-index: 209). 

Dr. Liu was a Woman of the Year Award winner of the Texas Diversity Council’s 
2023, named the Fellow of 2022 by the American Chemical Society, and awarded 
as the Distinguished Fellow at NSWC—Carderock Division ONR Summer Faculty 
Program in 2022. She was named Distinguished Women in Chemistry or Chemical 
Engineering by the International Union of Pure and Applied Chemistry in 2021. 
She serves as the ACS Certified Career Consultant, elected Councilor of the Energy 
and Fuels Division, Chair of the South Texas Chapter of the American Chemical 
Society, and Officer at the Sigma Xi, The Scientific Research Honor Society (TAMU 
Chapter). She has been elected as an Honorary member of the Golden Key Interna-
tional Society, a Fellow of the Linnean Society of London, a Fellow of the Royal 
Society of Chemistry, DEBI faculty fellow at the US Air Force Research Laboratory. 
She was awarded the Chartered Scientist and Chartered Chemist in March and May 
2019, respectively. She was awarded Japan Society for the Promotion of Science
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Invitation Fellow and worked at the Department of Materials Science, University of 
Tokyo (2010–2011). She has served as a “Faculty and Student Team” fellow, collec-
tively funded by the National Science Foundation and US Dept. of Energy, Office of 
Science, and worked at the Argonne National Laboratory (2009). She also received 
Faculty Fellowship Summer Institute in Israel (2008) and outstanding research and 
teaching awards at the university level. She directed and participated in projects 
(> 40) supported by the NSF (USA, CHINA), NSERC (CANADA), ACS Petroleum 
Research Funds (PRF), R. Welch Foundation (departmental), Dept. of Education, 
industrial and TAMUK as PI, Co-PI, faculty participant, and senior personnel. She 
also received dozens of travel funds to attend dozens of workshops.
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Chapter 2 
Recent Advancement of Nanotechnology 
in Bio Applications 

Ashraf Abedin, Jhonattan David Manosalvas Mora, Adiba Azad, 
Srikar Bhattar, S. M. Rezwanul Islam, and Mohammad Hasibul Hasan 

Abstract Nanotechnology is the production, design, and research of useful mate-
rials and devices with sizes ranging from 1 to 100 nm. Nanoparticles (NPs) have 
unique features with a wide range of applications due to their small size and large 
surface area. Nanoparticles are employed in a variety of biological applications, 
including treatments, diagnostics, imaging, and drug administration. Besides these, 
nanomaterials are also used in tissue engineering as schaffolds and as biomaterials in 
medicinal applications. In this chapter, we focused on these various applications of 
nanotechnology in bio-applications to update the readers on the most recent discov-
eries as well as the existing challenges. Nanotechnology has significant potential 
for providing different multimodal diagnostic platforms and therapeutic applica-
tions that will drastically alter the human health scenario. Thorough investigation of 
these complex nano-applications may encourage progressive research and develop-
ment in future biomedical sectors. Attempts are currently underway to convert these 
scientific advances into clinical practice, which should usher in a new paradigm of 
biomedicine. 
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2.1 Introduction 

Current developments in the field of nanotechnology research have inspired research 
activity in biomedical applications. In medicine, the application of these materials 
can be used to interact with cells and tissues at a receptor level with greater precision 
than ever before, allowing for a higher level of integration between technology and 
biological systems [84]. This integration of nanotechnology into biomedical appli-
cations is anticipated to be instrumental in tackling the current personal and global 
health care issues, as well as its economic strain on the billions of people around 
the world [59]. The increasing use of nanotechnology in biomedicine has driven the 
emergence of the hybrid science known as nanobiotechnology. Nanomaterials can 
be categorized as either organic or inorganic, with examples including nanofibers, 
nanotubes, liposomes, polymer nanoparticles, elementary substances, alloys, silica, 
and quantum dots [64]. Because of nanomaterials and bio-molecules having compa-
rable size and structure, nanomaterials are valuable tools for biomedical research 
and applications, in vitro and in vivo conditions [19]. They are also biocompatible, 
biodegradable, and can gather inside human organs with minimal side effects [107]. 
Additionally, nanomaterials exhibit slow-release properties, which can mitigate toxic 
side effects on health and environment [68]. 

Carbon nanotubes, liposomes, inorganic and metal nanoparticles, and metallic 
surfaces are the materials most frequently employed in the development of biocom-
patible nanoparticles. Nanomaterials have interesting implementation in several 
bio-fields such as drug delivery, cancer therapy, diagnosis, tissue engineering and 
bioimaging. Tissue engineering is an integrative field combining engineering, mate-
rials science, medicine, and biology [63, 126]. It reproduces the materials which 
closely resembles to body’s native tissue/tissues. In recent years, advances of 
nanotechnology and nanofabrication in tissue engineering have led to the develop-
ment of implantable tissues, some of which are already in use in humans (e.g. skin and 
cartilage) or initiated clinical trials (e.g. bladder and blood vessels) [126]. Figure 2.1 
represents the advantages of nanofabrication in tissue engineering.

A promising research area of healthcare is drug delivery systems (DDS), which is 
a constantly developing area of medical science. For more than 20 years, multidisci-
plinary research has improved the creation of DDS, which has successfully improved 
therapies for several illnesses [10]. Very simple but effective design methods for 
self-assembling drug nanostructures with unique benefits and tremendous promise 
for improving therapeutic targeting and lowering medication toxicity are provided 
by nanotechnology. When diseases and traumatic injuries rose, drug targeting with 
increased bioavailability, analgesic effects, controlled drug release, and human health 
is improved using nano scaled dimensions between 1.0 and 100.0 nm and by utilizing 
the unique properties of nano scaled particles, this is referred to as nanomedicine 
[120], which is one of the most useful creations of nanotechnology. Various stages 
of tumor, cancer, microbial infections, gene therapy, and chronic hyperglycemia can 
be treated by nanomedicines because they can improve medication delivery while 
minimizing its negative effects and those of the drug carrier [120]. The US-FDA
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Fig. 2.1 Advantages of nanofabrication in tissue engineering [63]. Reproduced from Kingsley et al. 
Copyright © 2013 Elsevier. All rights reserved

has so far approved about 51 nanomedicines, afterwards when, 77 products are in 
pre-trail stage, with about 40% of them currently in the clinical trial stage. Polymeric 
liposomal and nanocrystal compositions make up most of these authorized nanoma-
terials, which will be developed and tested in clinical trials soon [116]. Due to their 
outstanding applications to distribute drugs to practically any organ or location of 
the body, Nanoparticles have become a crucial component of drug delivery research, 
resulting in focused, regulated, and long-lasting therapeutic effects [136]. 

Bioimaging and Diagnostics enabled the early detection of diseases during the 
pre-screening phase enhanced imaging of internal structures, and simplified diag-
nosis. It utilizes various advanced techniques including biosensors, nanobots, nano 
identification of single-celled structures, chips etc. to achieve these goals. These 
techniques are constantly being developed and refined in nano diagnostics [44]. By 
engineering nanomaterials to interact with targeted bio-components, they can be 
harnessed to leverage the benefits of personalized medicine techniques [159]. Also, 
Specific biological components can be targeted by engineering nanomaterials to 
interact with them [96]. Over the past years, a tremendous advancement of nanopar-
ticles enhanced the capabilities of early detection and physiological understanding 
of a disease, which provides an opportunity for improved treatment. For example, 
early detection of breast cancer recurrences the mortality rate of patients with reduced 
significantly to 17–28% [80]. In comparison to single molecule-based contrast agents, 
nanoparticulate probes have demonstrated notable advantages. These benefits include 
establishing good contrast and integrating various features, such as a wide range of
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materials that can generate contrast [149]. NPs integrated with diagnostic and thera-
peutic agents are highly desired for continuous monitoring of treatment effectiveness 
and side effects. 

Cancer therapy is another major field of bioscience where nanotechnology 
research is making great progress. Cancer is the second leading cause of death after 
cardiovascular diseases worldwide [148]. It is caused due to abnormalities that occur 
during the cell cycle, which generate an uncontrolled proliferation of malignant 
cells. The most widely practiced cancer treatments are therapies including chemo, 
radio, and surgery, which are used individually or in combination depending on each 
patient [3, 13]. These treatments have some undesired side effects. Consequently, 
new strategies and/or therapies are required whose main objectives must be to detect, 
prevent and slow the progression of cancer while improving the patient’s quality of 
life. Nanotechnology is presented as a viable alternative to reduce and overcome 
the major side effects of the current cancer treatments. Nanomaterials/nanocarriers, 
due to their different targeting strategies, play a significant and distinguished role in 
biomedical imaging, detection, and delivery of drugs. 

Passive targeting: Passive targeting property of the nanoparticles is mainly due 
to the size and surface properties which aid in enhanced Permeability and Retention 
Effects (EPR) in tumors. The “Enhanced Permeability and Retention” effect (EPR) is 
the most studied approach mechanism (passive) [40, 111] in which chemotherapeutic 
agents bonded with nanocarriers [<500 nm [24]] reach and surround the tumor cells 
after penetrating flawed lymphatic vessels (endothelial cells) [65, 118] without losing 
their activity. Conventional small molecule medications have poor tissue selectivity, 
and most of them are dispersed in healthy tissues, which causes serious systemic 
toxicity. However, use of nanocarriers with high EPR improved the targeting of 
cancer cells, hence reducing the adverse effects. The EPR effect is described in 
Fig. 2.2. Nanoparticles should be designed in sizes larger than renal clearance levels 
and smaller enough to reduce accumulation in organs with mononuclear phagocyte 
system (MPS). NPs with sizes of 10–60 nm have shown enhanced cellular uptake 
[34].

Active targeting: Surface Labeling of NPs with specific ligands can improve 
binding of the NPs to the receptors in lesions. As a result, the imaging contrast and 
signals are significantly enhanced because of accumulation and localization. Also, 
usually, cancer cells exhibit overexpression of cell markers (folic acid and antigens) 
on their surface [40] which are identified and targeted by the affinity ligands from 
the nanocarriers for drug delivery and treatment. Antibodies and their fragments 
are one of the most important ligands used for active targeting strategy of NPs. As 
antibodies have high affinity towards antigens of receptors, they are highly effec-
tive in targeting and nanoparticle accumulation for high resolution imaging [34]. 
Aptamers and peptides also form a good ligand species due to their strong affinity 
and bonding towards cell surface receptors. For example, arginine-glycine-aspartic 
acid (RGD) peptide contains extreme affinity towards integrin αvβ3. Hence, fluores-
cent dyes conjugated with RGD can exhibit bifunctional role—both drug delivery 
and imaging. Thus, depending on the ligand and strategy adopted there are four
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Fig. 2.2 Enhanced permeability and retention effect (EPR) [155]. Reproduced from Yoo et al. 
Licensed under CC BY 4.0

different active targeting strategies-receptor-mediated, peptide-mediated, antibody-
mediated, aptamer-mediated. Nanocarriers using an active targeting mechanism are 
often compared with guided missiles [40, 142]. Ligand—receptor interaction is 
described in Fig. 2.3. 

Fig. 2.3 Ligand—receptor interaction [155]. Reproduced from Yoo et al. Licensed under CC BY 
4.0
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Apart from the above two strategies, physical targeting which uses external stimuli 
like PH, light, magnetic field, temperature, enzyme activity and redox gradient is 
employed to target the nanoparticles to target sites discussed in later sections of the 
chapter. In this chapter, we put forward some of the major advances of nanotech-
nology in the field of biomedical applications. We also try to understand the current 
challenges and emerging technologies of nanoparticles in tissue engineering, drug 
delivery, cancer therapy, medical diagnostics and bioimaging. Efforts are also made 
to understand the physical, chemical, and biological properties of nanoparticles and 
nanocarriers which corelate to their successful application which can assist further 
developments in this field of study. 

2.2 Tissue Engineering 

Tissue engineering is an advancing bio-field which is applied to generate, replace, 
or restore cells, tissues, or organs by using combination of cells with bio-active 
molecules. It reproduces the constituents which closely resembles to body’s native 
tissue/tissues. Professor Gasparo Tagliacozzi, who was a professor of surgery and 
anatomy at the University of Bologna in the sixteenth century, is credited with the 
first pioneering work in the field of tissue engineering. He successfully constructed a 
nose replacement from a forearm flap which was described in his work ‘De Custorum 
Chirurigia per Insitionem’ (The Surgery of Defects by Implantation), which was 
published in 1597. Another decisive contribution to the field of tissue engineering 
was made by Howard Green and his coworkers when they carried out the first 
mass production of typical human diploid cells (keratinocytes) in 1981. It was the 
first commercial product of tissue engineering using living autologous human skin 
epithelium. This enabled doctors to treat burn patients [84]. 

On the other hand, Nanotechnology is a branch of science that deals with the 
design, classification, and application of materials and devices on the molecular scale, 
with dimensions of less than 100 nm. Any material is classified as nanomaterial if it 
has at least one dimension in the nanometer size range. At this scale, these materials 
display unique properties compared to their bulk form, exhibiting different physical 
and chemical behavior. These materials can be used to interact with cells and tissues 
at a receptor level with greater precision than ever before, allowing for a higher level 
of integration between technology and biological systems [26, 84]. This integration 
of nanotechnology into biomedical applications are anticipated to be instrumental in 
tackling the current personal and global health care issues, as well as its economic 
strain on the billions of people around the world [59].
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2.2.1 Nanoscale Techniques for Tissue Engineering 

Tissue engineering has been greatly facilitated by the utilization of nanotechnologies, 
which are more efficient than traditional methods. In this section, various nanoscale 
techniques employed in various facets of tissue engineering will be discussed. 

Bone cells tissue engineering through nanoscale techniques 

i. Soft lithography is employed to maintain cell orientation and behavior. For 
example, mesenchymal cells can be cultured on collagen which results into 
enhanced bone formation via appropriate surface topography [6, 63]. 

ii. Photolithography is providing a superior groove topography for primary human 
osteoblasts, thus aiding in cellular adhesion [51]. 

iii. Microcontact printing is an effective technique which can be used to guide 
selective osteoblast adhesion and alignment. Rat mesenchymal stem cell-derived 
osteoblasts are cultured on poly(3-hydroxybutyrate-co-3-hydroxyvalerate) to 
facilitate osseointegration [53]. 

iv. Electrospinning in bone cells tissue engineering has an affirmative effect on 
osteogenic sarcoma cells culture [63, 139]. 

Vascular cells tissue engineering through nanoscale techniques 

i. Soft lithography using polydimethylsiloxane helps to induce global gene 
expression and alteration in cell signaling in mesenchymal stem cell cultures. 
Additionally, it helps to increase endothelial cells retention with poly-urethane, 
resulting into reduction of thrombogenicity during implantation [20, 66]. 

ii. Microcontact printing technique is applied to observe a varied response 
to shear stress in a Bovine aortic endothelial cell culture when exposed to 
polydimethylsiloxane [73]. 

iii. Electrospinning is an effective technique for attaching and migrating coronary 
muscle cells via the axis in poly(L-lactid-co ε-caprolactone) culture [63, 151]. 

Hepatic cells tissue engineering through nanoscale techniques 

i. Electrospinning enables the generation of spheroidenanofiber in rat primary 
hepatocytes culture with poly(e-caprolactone-co ethyl ethylene phosphate) 
[151]. 

ii. Soft lithography can supply adequate oxygen and nutrient mass transfer to 
maintain viability in both hepatoma cells cultures and primary rat hepatocytes 
cultures. This is achieved by using polydimethylsiloxane and polycarbonate [8]. 

iii. Photolithography is used to maintain a three-dimensional structure in hepato-
cytes cultures, featuring poly(ethylene glycol). It is also capable of sustaining 
phenotypic functions for extended periods of time, when primary rat and human 
hepatocytes cultures are supplemented with polydimethylsiloxane [57, 138].
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Stem cells tissue engineering through nanoscale techniques 

i. Electrospinning promotes the adhesion and proliferation of hematopoietic stem 
cells on a nanofiber mesh. This technique also acts as an efficient captor and 
carrier for hematopoietic stem cells [15, 82]. 

ii. Soft lithography is a technique used to manipulate and regulate the distribution, 
alignment, proliferation, and morphology of human mesenchymal stem cells. 
It is also used to initiate differentiation of embryoid bodies more uniform in 
cell culture in vitro. In addition, it is a useful tool for studying the growth and 
differentiation of human embryonic stem cells under defined conditions as well 
as for homogeneous aggregation of human embryonic cells [50, 55, 56, 156]. 

iii. Photolithography is used to keep the cells in the grooves rather than ridges, 
ensuring uniform shape. This affects the rate of lipid production, which in turn, 
affects the differentiation of cells into adipocytes [11]. 

2.2.2 Nanotechnology Application in Tissue Engineering 

Nanotechnology has rapidly become an increasingly important field of application for 
tissue engineering. It involves the development of both soft and hard tissue replace-
ments, such as artificial cartilage and even a heart, to regenerate damaged cells and 
improve patient’s quality of life. Nanotechnology has made tissue engineering easier 
by using nanophase materials, as compared to conventional methods. Following are 
some applications of nanotechnology in tissue engineering in different fields. 

2.2.3 Nanotechnology Application in Bone Cells Tissue 
Engineering 

The complex and high vascularization nature of human bone restricts the applica-
tions of traditional bone tissue engineering, particularly in cases involving large 
bone defects. Recent advances in nanotechnology and 3D printing has offered 
new possibilities for bone tissue engineering [143]. Bone tissue engineering gener-
ally comprises three major components: bone scaffolds, bone cells, and bioactive 
molecules. Mechanical property and porosity of the scaffolds can be tailored to fit 
with the existing bone condition of the patients using 3D printing. This helps to 
prevent stress shielding and boost bone cell growth. Additionally, an ideal scaffold 
should have few other essential features such as biocompatibility, osteoinductivity, 
surface properties that facilitate cell adhesion, biodegradability, and radiolucency. 
In order to create more efficient scaffolds which can suit the needs of patients, 
scientists have applied unique features of nanoparticles. However, single-functional 
nanoparticles often fail to satisfy the requirements of scaffold applications. Multi-
functional nanoparticles can improve the mechanical properties of scaffolds, making
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them more suitable for various applications by boosting cell viability and increasing 
osteoinductivity [61, 83, 143]. 

Scaffold manufacturing techniques include solvent casting, particulate leaching, 
freezedrying, gas forming, solution casting, and phase separation. Various techniques 
used for bone tissue engineering through micro and nanotechnology include soft 
lithography, photolithography, microcontact printing, and electrospinning [84]. 

2.2.4 Nanotechnology Application in Vascular Cells Tissue 
Engineering 

Various methods have been employed to generate the structure and activity of blood 
vessels. Advancement of nanotechnology has enabled the optimization of the internal 
vascular graft surface, providing additional functionality to vascular conduits. More-
over, nanotechnology can direct the distinction of stem cells into the vascular pheno-
type. Additionally, nanotechnology provides the means to understand the surface 
characteristics of materials on valves and stents. This understanding enables scien-
tists to improve biocompatibility of the devices by regulating cell adhesion ability 
and inhibiting thrombosis and formation of blood clots [42]. 

The advancement of nanotechnology-based strategies in the fabrication of 
vascular tissue is widely regarded as one of the most influential technological break-
throughs in the realm of vascular tissue engineering. Nano-structuralized scaffolding 
can replicate the arrangement of a natural extracellular matrix (ECM), which conse-
quently results in optimization of cell adhesion. Differentiated endothelial cells 
(ECs) have been used as a method of seeding the biomaterials in order to promote 
vascular tissue repair after artificial graft implantation. Additionally, Nanotech-
nology approaches have been identified as playing a significant role in endothe-
lialization processes, such as endothelial cell migration, adhesion, proliferation, and 
differentiation [42] (Fig. 2.4).

In one report, the use of magnetic nanoparticles-incorporated endothelial progen-
itor cells (EPCs) in a microfluidic channel with a syringe pump, has been shown to 
control the flow rate of cells. Magnetic cell delivery provides a new opportunity for 
targeted delivery of localized cell therapies. Magnetically tagged devices can be used 
at a site of artery injury to enhance EPC localization. This technology can provide a 
novel approach for systemic injection of cell therapies in vascular tissue engineering 
applications. Furthermore, labeling EPCs with monocrystalline iron oxide nanopar-
ticles (MIONs) does not negatively affect their viability and migration ability in vitro. 
This enables successful detection of even limited numbers of these cells in muscle 
[42]. 

Overall, there are strong evidence that nanotechnology holds great potential for 
the development of more effective vascular tissue-engineered products.
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Fig. 2.4 Main applications of nanoparticles in bone tissue engineering. Reproduced from Vieira 
et al. Copyright © 2017 Wiley. All rights reserved

2.2.5 Nanotechnology Application in Hepatic Cells Tissue 
Engineering 

The key objective of liver tissue engineering is to replicate the phenotype and func-
tions of liver cells, especially primary hepatocytes, ex vivo. To achieve this, several 
strategies have been explored to culture the liver cells in the most suitable envi-
ronment, including usage of biological scaffolds to support hepatocyte growth and 
differentiation. Due to the increased surface-to-volume ratio and porosity, as well 
as similarity to the native tissue extracellular matrix (ECM) environment, nanofi-
brous scaffolds are widely used in tissue engineering. Electrospinning is an impor-
tant method for producing nanofiber scaffolds. It offers cell–matrix interactions that 
facilitate the adhesion and proliferation of cells, which are essential for optimal tissue 
functioning [140].
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Nanopolymers are also being utilized for a wide range of tissue engineering appli-
cations. These applications include the fabrication of tissue implants for regen-
erative medicine, physiological tissue scaffolds for disease modeling, and drug 
screening. A number of techniques are employed to create nanofibers and nanopat-
terned structures, which includes electrospinning, particulate leaching, lithography, 
self-assembly, phase separation, and freeze drying [140]. 

Nanotechnology provides an effective method for reproducing and repairing cells, 
as it improves their properties. To achieve this, a 3D microenvironment is provided 
to the cells, using nanostructured collagen, matrix, elastin, and lamin. There is more 
evidence of interaction between the cell and the microenvironment at the nanoscale 
level, resulting in the differentiation of the cell. Additionally, the microenvironment 
provided by the nanotechnology inhibits hepatocytes from trans diffusing into fibrob-
lasts, thus helping to retain their spheroidal morphology; this has been one of the key 
challenges in the cell-based culture of hepatocytes [84, 140]. 

2.2.6 Nanotechnology Application for Stem Cell Engineering 

The use of nanomaterials and nanotechnology in stem cell research and develop-
ment offers promising technological opportunities, giving new hope to resolve the 
current challenges faced by stem cell research and development. The application 
of nanotechnology in stem cell research and development has brought significant 
advances in this field. One example is the employment of magnetic nanoparticles 
(MNPs) to successfully isolate and sort stem cells. Quantum dots have been also 
utilized for molecular imaging and tracing of these cells. Additionally, nanomate-
rials such as carbon nanotubes (CNTs), fluorescent CNTs and fluorescent MNPs 
have been employed to supply genes or drugs into stem cells. Another application 
is designing of unique nanostructures to enable the controllable regulation of the 
proliferation and differentiation of stem cells, thus accelerating the development of 
stem cells for use in regenerative medicine [146]. 

Stem cell-based therapeutic strategies for human diseases have been developed 
through the combination of stem cells and tissue engineering principles. A particu-
larly promising area of this research is the differentiation of stem cells and progenitor 
cells in conjunction with 3D materials, which is viewed as a potential breakthrough 
in tissue engineering. Several micro-/nanofabrication technologies have been applied 
to guide stem cells to develop into 3D biodegradable nanostructured scaffolds. These 
scaffolds are designed to trigger stem cells to become specific cell types that make 
up the body’s tissues and organs. The cells deposit their own matrix as the scaffolds 
degrade, and form a 3D tissue structure that mirrors the body’s natural tissues [146]. 

However, stem cell nanotechnology is still an emerging field and faces many 
challenges. It is still not well-understood how nanomaterials and nanostructures 
interact with stem cells and affect their function, as well as how nanomaterials inside 
stem cells are metabolized. These are significant challenges for further research 
[146].



70 A. Abedin et al.

2.2.7 Challenges and Future Prospects 

Nanoparticles have shown promising potential in various tissue engineering appli-
cations, such as enhancing biological, mechanical, and electrical properties, 
providing antimicrobial effects, delivering genes, and constructing engineered 
tissues. However, there are still numerous challenges that need to be overcome before 
these nanoparticles can be used for clinical application on a wide scale. When nano-
materials are used in tissue engineering to replace damaged organs, several issues 
must be carefully considered. These include the sensitivity of the implanted materials, 
the potential immune response, toxicity, and the impact on reproduction and fetal 
development [25, 35, 161]. There are reports of toxicity of nanoparticles generated 
from the degradation of implanted nanomaterials. There are also reports regarding 
cellular uptake of nanoparticles in the lungs, immune system, and other organs, 
which have been published. This cellular uptake can occur in endothelial cells, alve-
olar macrophages, pulmonary or intestinal epithelium, nerve cells, etc. These issues 
are potential bottlenecks for this field if not thoroughly understood before being 
widely applied. Therefore, further in-depth investigations of nanomaterials and their 
effects on human health and the environment are required in order to decide whether 
they should be used in biomedical applications [157]. 

Nanomaterials have the potential to bring many benefits to human health. 
However, the application of these man-made nanomaterials also has potential health 
risks. To minimize these risks, precautionary principles must be applied during 
development, testing, and clinical applications of these materials [25]. 

2.3 Nanocarriers in Cancer Treatment 

Cancer is the second leading cause of death after cardiovascular diseases worldwide 
[148]. Cancer can be due to abnormalities that occur during the cell cycle, which 
generate an uncontrolled proliferation of malignant cells. Metastatic cancer occurs 
when these malignant cells spread throughout the body via the lymphatic system 
and bloodstream. Later, the malignant cells invade tissues surrounding the blood 
vessels, where they multiply and form small tumors. As time goes by, new blood 
vessels are formed, feeding the tumor with blood, and allowing them to continue 
growing. Metastatic tumors commonly spread to the lungs, liver, and peritoneum. 
Cancer was among the four causes of death in people over 70 years in each country in 
2019 [133]. In fact, according to data from the International Agency for Research on 
Cancer (IARC) GLOBOCAN (bureau of the World Health Organization), there were 
19.3 million new cases and approximately 9.9 million deaths attributed to cancer in 
[28, 148]. A higher incidence of lung, prostate, and skin cancer (in that order) was 
found in men, meanwhile, in women the highest incidence were breast, lung, and 
cervical cancer respectively [28]. In a comparison between 2000 and 2016 the number 
of total deaths worldwide increased approximately 8.7% (from 52.307 million deaths
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in 2000 to 56.874 million deaths in 2016), at the same time, the number of deaths 
related to cancer hiked 27.6% (from 7.029 million deaths in 2000 to 8.966 million 
deaths in 2016) [87]. In the same period, the world population rose from 6.144 billion 
people to 7.492 billion people [137] (an increment of 21.9%). As a result, although 
the total number of deaths worldwide has been lower than the population growth, the 
number of deaths related to cancer has expanded in a greater degree than the gain 
in population. It should be clarified that cancer incidence and mortality vary in each 
country. Specifically, there is a solid correlation between the HDI (Human Develop-
ment Index) and cancer incidence. For example, high HDI countries represent 41% 
of the world’s cancer cases, on the contrary, low HDI countries represent less than 
6% [29]. To illustrate, just in the United States nearly 1700 people died from cancer 
every day. Of this number, approximately 21% was related to lung cancer in men 
and women (2022) [129]. In brief, these data only describe in a very general way 
the importance that governments should give to the fight against cancer and that 
the efforts in the development of new treatments have not provided us with defini-
tive cures for this disease. Therefore, there is still a long way to go to achieve this 
goal. If the reader wishes to delve into different studies of world statistics regarding 
cancer, its types, mortality, and incidence by country, the following publications are 
recommended: [17, 28–30, 36, 45, 81, 87, 129, 133]. 

The most widely practiced cancer treatments are chemotherapy, radiotherapy, and 
surgery, which are used individually or in combination depending on each patient 
[3, 13]. These treatments have some undesired side effects. The most common after-
effects in chemotherapy are related with hair loss, fatigue, inhibition of cell growth 
(cytostasis), cell damage (cytoxicity), poor cancer cell targeting, gastrointestinal 
disorders, and so on [13, 32, 160]. Similarly, the side effects of radiotherapy are asso-
ciated with cytostasis and cytoxicity [92]. In the same way, cancer related surgeries 
are excellent options in early stages because the tumor can be completely removed, 
but they are hardly applicable in advanced stages of the disease [13]. Consequently, 
new strategies and/or therapies are required whose main objectives must be to detect, 
prevent and slow the progression of cancer while improving the patient’s quality of 
life. Nanotechnology is presented as a viable alternative to reduce and overcome the 
major side effects of the current cancer treatments. For that reason, in this very brief 
section, the targeting mechanism, the nanocarriers types for cancer treatment, and 
the stimuli that nanocarriers must undergo to release anti-cancer therapeutic drugs 
in tumor tissues will be discussed. 

2.3.1 Nanocarriers 

Nanocarriers are nanoparticles which have been used as transport modules for 
different substances [40]. They should experience modifications to acquire some 
characteristics such as immunity against natural defenses (immune system), and the 
ability to accumulate and deliver (after external and internal stimulations) anticancer 
drugs at specific sites in the body [40, 65]. Additionally, nanocarriers must have
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some important features such as pH, composition, size, surface area, shape, surface 
potential, surface adsorption, or chemical reactivity [110, 128] to be employed as a 
drug delivery system in cancer treatment. The diameter rage of nanocarriers should 
lie between 5 and 200 nm [65, 163], but diameters below 100 nm are more employed 
[128]. For example, nanocarriers size is a crucial parameter for liver and kidney 
cancer treatment. The kidney leaks nanocarriers with a diameter smaller than 10 nm, 
and the liver traps nanocarriers bigger than 50 nm [65]. Nanocarriers must be large 
enough to avoid any infiltration into blood capillaries and small enough to leave 
the macrophages’ reticuloendothelial system [110]. In addition, it has been shown 
that the ease of penetrating a tumor by a nanoparticle is inversely proportional to its 
size [110]. This means that for some drug delivery systems big enough nanoparti-
cles will be needed to allow good distribution into the blood, but also nanoparticles 
must have the ability to leak from the blood vessels into cancerous tissues (fluid 
extravasation) [65, 110]. As a result, nanocarriers will need intrinsic or extrinsic 
stimuli to reduce their size [65]. Generally, nanocarriers need some transformational 
stages before their application in cancer treatment [40]. When nanocarriers start their 
journey inside the body to achieve the tumor tissues, nanocarriers will face biological 
drawbacks such the cleansing by the reticuloendothelial system (RES) which will 
send nanocarriers to the liver [40, 65]. However, to overcome this issue, nanocarriers 
must pass through a process called “PEGylation” which is a biochemical modifica-
tion where Polyethylene glycol (PEG) is bonded (covalent and non-covalent) to the 
nanocarriers to activate them [33]. 

2.3.2 Stimulus for Drug Release 

There are two types of stimuli, exogenous (extrinsic) and endogenous (intrinsic) [40]. 

Endogenous stimulus

• pH—responsive 

pH level within the body is not constant and it is possible to say that pH varies 
between organs, tissues, or cell organelles [40, 75]. Additionally, cancer tissues’ pH 
level (between 5.6 and 7.0 [75, 106]) is lower than normal tissues [153]. Cancer tissues 
are typically acidic because of disproportionate lactic acid accumulation and irregular 
elimination of metabolic waste, which induces a higher production of hydrogen ions 
[106]. Moreover, pH-sensitive nanocarriers can store and control drugs at specific pH 
levels, and then release or switch the arrangement of pH sensitive bonds at explicit 
values in cancer tissues [40, 153]. pH-sensitive nanocarriers are commonly anions, 
cations (ionizable groups such as phosphoric acid, carboxyl groups, or amine group), 
or acid-sensitive linkers [153]. Some common examples of pH-sensitive nanocarriers 
are acrylic acid (Paavo Perämäki) and methacrylic acid (PMAA) [106, 153].
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• Enzyme—responsive 

They are nanocarriers which are designed to have specific properties with the ability 
to respond to the biocatalytic actions of cancer tissue enzymes [40, 106]. Gener-
ally, these nanocarriers are employed in the extracellular environment of cancer 
cells (which are overexpressed of enzymes), but not in the intracellular environment 
because there is no distinction in the enzymatic levels between healthy and cancer 
cells [40]. The main advantage of enzyme-responsive nanocarriers lies in enzyme’s 
excellent selectivity based on their substrate [106]. Proteases, phospholipases, and 
peptides are some examples of enzymes which can be used for this purpose [40, 106].

• Redox sensitive 

Glutathione (GSH) is an antioxidant constituted by three amino acids which controls 
the cell redox environment [153]. A very useful characteristic of GSH (structure 
R-S-S-) is its potential to reduce the disulfide bond of nanocarriers to sulfhydryl [40, 
106]. Also, there is a high level of GSH in cancer cells (at least four times higher 
than normal cells) which allows the modification of disulfide bonds in an intracellular 
environment [19, 30, 31]. Therefore, redox sensitive nanocarriers can bind drugs by 
disulfide bonds which will be modified in high GSH concentrations (intracellular 
cancer tissues), but not in extracellular environments [106]. 

Exogen stimulus

• Thermo—responsive 

Thermo-responsive nanocarriers deliver drugs into the cancer tissues in reaction to 
temperature change [40]. Regularly, unhealthy tissues display higher temperatures 
(a phenomenon called hyperthermia and in temperatures between 40 and 42 °C) in 
relationship with the body’s normal temperature (37 °C). For that reason, nanocar-
riers change their hydrophobicity-hydrophilicity state thanks to the “Lower critical 
solution temperature” (LCST) phenomena [40, 75]. LCST phenomena describes a 
temperature below which all the components of a mixture are completely miscible [4]. 
Therefore, these nanocarriers present a stable structure in healthy tissue temperatures, 
but they immediately release therapeutic drugs at unhealthy tissues (hyperthermia) 
[40]. Most of these nanocarriers are polymers such as Poly(N-isopropylacrylamide) 
(PNIPAM) [153].

• Magnetic field—responsive 

Nanocarriers, which are composed of magnetic core structures such as magnetite 
(Fe2O4) or maghemite (Fe2O3) and are enclosed with polymer or silica, can be regu-
lated remotely via magnetic field in situ [40, 106]. In addition, magnetic nanocarriers 
with an alternating magnetic field can generate heat which could damage tumor cells 
[106, 153]. Equally important, magnetic nanocarriers are used in magnetic resonance
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imaging (MRI) an imaging technique to diagnose some types of cancer (breast) 
[90, 106, 153].

• Photoresponsive 

These nanocarriers are made up of chromophores [106]. Chromophores are 
substances whose shape can change to a new conformation in response to external 
(environmental) modifications (UV, visible, or near-infrared light) [40, 106]. When 
these nanocarriers are exposed to light (of specific wavelengths), its conforma-
tional change allows the releasing of therapeutic cancer drugs in tumor cells [106, 
153]. Furthermore, nanocarriers with metal particles can produce heat to damage 
cancer tissues due to light absorption [40]. To overcome the UV absorption from the 
skin, some polymeric materials (more sensitive to UV or NIR lights) are the main 
components of these nanocarriers [4].

• Ultrasound—responsive 

Ultrasound-responsive drug delivery systems (also called URDDS) have three mech-
anisms of action in nanocarriers (thermally controlled, cavitation controlled, and 
radiation controlled) [40, 93]. Ultrasound nanocarriers drug delivery is controlled 
by waves at frequencies of 20 kHz, and their drug delivery capability is based on 
the energy absorption from an external ultrasound source [106]. Thermal sensi-
tive liposomes are the most investigated nanocarriers from the thermally controlled 
ultrasound-responsive [93, 106]. This mechanism allows drug delivery at hyper-
thermia (39–41 °C) tissues [93]. Equally important, cavitation-controlled mecha-
nism creates cavitation in cancer tissues which undermine nanocarriers’ structure and 
allows them to enhance the delivery of therapeutic drugs. Also, ultrasound sources 
can adjust the permeability of cancer cells, helping in the distribution of drugs through 
unhealthy tissues [4, 93]. Finally, radiation controlled nanocarriers get their force due 
to the ultrasound transfer momentum waves (the higher the energy rate applied, the 
lower the speed of the ultrasound wave to the tissues) [93].

• Electric field—responsive 

These nanocarriers are sensitive to electric fields [40]. Therapeutic drugs are released 
gradually thanks to an external low electric field source which produces an electro-
chemical redox reaction [109]. Electric conductive polymers such as polypyrole 
(PPy) are generally used for this purpose [40]. 

2.3.3 Nanocarriers in Cancer Treatment

• Liposomes 

They are self-assembly (colloids) vesicles with a spherical shape and structurally 
composed with a water nucleus, a hydrophilic core (diameter between 20 and
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1 μm [65], and a hydrophobic phospholipid bilayer which made it possible to involve 
hydrophilic and hydrophobic anti-cancer drugs in one molecule [32, 47]. Liposomes 
were the first nanocarrier approved by the FDA in 1995, and currently they are the 
most widely studied nanocarrier with applications in clinical trials [141, 163]. The 
therapeutic drug release with liposomes mostly follows the EPR mechanism [141], 
also their drug delivery has been triggered via pH-responsive, enzyme-responsive, 
photo-responsive, thermos-response, and ultrasound-responsive [71, 124].

• Carbon nanotubes (CNTs) 

They are a carbon allotrope (fullere) in a cylinder (tube rolled) from graphene layers 
[40, 65]. CNTs are assembled by rolling up graphene sheets into a hollow tube-like 
formation and have exterior diameters between 0.2 and 2 nm (single-walled carbon 
nanotubes) or 2–100 nm (single graphene sheet or multi-walled carbon nanotubes) 
and 1–100 nm in length [24, 154]. CNTs mode of action is based on their interaction 
with immune cells which help them to contain cancer cell growth [32]. CNTs have 
mostly been used with thermo-responsive and magnetic field-responsive [47]. The 
main disadvantage of CNTs is their toxicity due to their insolubility in water or any 
other biological fluid [124].

• Dendrimers 

Dendrimers are hyperbranched polymeric macromolecules with spherical shapes or 
diameters in the range 1–15 nm [32]. This material shows distinctive physicochemical 
and biological characteristics such as size, cytotoxicity, biological distribution, water 
solubility, alkalinity, polarity, and hydrogen bond capacity which can be modified 
by changing radicals from its surface [47, 49]. In fact, anti-cancer therapeutic drugs 
are attached to the outer surface by electrostatic interactions and the drug delivery 
process is regulated by the chemical nature of these bonds [47, 163]. Moreover, 
dendrimers are very efficient in killing cancer cells because they can attach DNA to 
their outer surface [47].

• Micelles 

Micelles are polymer molecules (<100 nm size [154]) which have hydrophilic and 
hydrophobic characteristics (amphiphilic molecules) and present self-assembly prop-
erties in different solvents [40]. These nanocarriers can catch hydrophobic anti-cancer 
drugs in their core (covalent bond) [47]. When the hydrophilic solvent concentra-
tion surpasses the critical micelle concentration (minimum concentration of surfac-
tant in a bulk phase above which micelles start their formation [102], it is also 
known as CMC), hydrophobic sections are conducted away from the solvent, mean-
while, polar sections are oriented in direction of the solvent [40]. Furthermore, when 
micelles are exposed to hydrophobic solvents, micelles’ structure undergoes a repo-
sitioning in which hydrophobic sections are the new core and hydrophobic sections 
are the halo [40]. After the crossing of CMC, micelles release water insoluble thera-
peutic anti-cancer drugs [40, 154]. The most used stimuli for drug release used with
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this nanocarrier are thermos-responsive, pH-responsive, ultrasound-responsive, and 
redox responsive [40].

• Quantum dots (QDs) 

They are nano scale semiconductors (sizes between 2 and 10 nm) mostly composed 
of graphene with high physical stability, and light sensibility (broad absorption and 
emission capabilities) [32, 47, 163]. The structural modifications of QDs allow their 
combination with biomolecules (peptides, folate, and antibodies) which later are 
delivered at cancer tissues via EPR effects [48, 163]. QDs are synthetized by a 
precipitation of metal solutions (Hg, Zn, Si, In, Ag, Pb) into metal hydroxides (Fe, 
Te, S, Se) [163]. The application of QDs is used to visualize cancer tumors while 
releasing anti-cancer drugs at this site [40, 125]. These nanoparticles are made up of 
two main sections, the core (a semiconductor, e.g., Fe2O3) which is surrounded by 
another semiconductor of different material (e.g., SiO2 [40]). QDs release therapeutic 
anti-cancer drugs by the pH-responsive mechanism and photo-responsive mechanism 
[40, 154].

• Super paramagnetic iron oxide nanoparticles (SPIONs) 

SPIONs (sizes between 10 and 100 nm) are composed of iron oxide (maghemite 
and magnetite) nanocarriers and in some cases their structure includes transition 
metals such as Cu, Co, or Ni [40, 154]. SPIONs have excellent magnetic sensitivity, 
and they are mainly used in MRI [40]. These nanoparticles have an effect called 
superparamagnetism (a magnetism pattern which appears in small ferromagnetic 
nanoparticles and can be modified by the influence of temperature) [85]. This effect 
helps the stable distribution of anti-cancer drugs in unhealthy tissues [154]. The most 
used stimulus for SPIONs nanocarriers is magnetic field response [40, 154].

• Gold nanoparticles (AuNPs) 

AuNPs are colloidal nanoparticles (sizes between 3 and 50 nm) which have an Au 
core and a modifiable outer surface (anti-cancer drugs are attached into this surface) 
[40, 163]. These nanocarriers show EPR effect and ligand—receptor interaction to 
target cancer cells [48]. For active targeting, AuNPs couple with anti-cancer drugs 
which are released in cancer tissues. Meanwhile, in passive targeting, there is a 
gathering of AuNPs in the cancer tissue surroundings which helps in enhancing the 
EPR effect [48, 163]. Moreover, AuNPs presents an ultrasound-responsive stimulus 
in anti-cancer drug and gene delivery [48].

• Mesoporous Silica Nanoparticles (MSNs) 

Silicon dioxide (silica, SiO2) is an inorganic nanoparticle (sizes between 2 and 
50 nm) with a honeycomb structure that allows the housing of large amounts of 
anti-cancer drugs within its pores [24, 40]. MSNs nanoparticles show high surface 
and pore volume, excellent chemical and thermal stability, and present hydrophilic 
and lipophilic characteristics which make them more versatile for hosting anticancer
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Fig. 2.5 Nanocarriers used as drug delivery system. Reproduced from Hossen S, Hossain MK, 
Basher MK, Mia MNH, Rahman MT, Uddin MJ. Smart nanocarrier-based drug delivery systems 
for cancer therapy and toxicity studies: A review. J Adv Res 2019; 15:1–18. Copyright © 2019 
Elsevier. All rights reserved 

drugs [24]. Passive targeting is the most common mechanism in drug delivering for 
MSNs [24], and responds to all drug delivery stimuli described in previous sections 
(the best results have been obtained with ultrasound-responsive stimuli) [40, 158]. 

Figure 2.5 shows the reviewed nanocarriers from this section. 

2.3.4 Challenges 

The use of nanocarriers for cancer treatment in patients began in the 1990s [106]. 
Since then, nanocarriers have offered an extra tool in the fight against this disease 
and showed dramatic improvements in preclinical stage because of their attribute to 
control location and timing of anti-cancer drugs delivery [75]. Additionally, nanocar-
riers have the capability to bond and deliver anti-cancer drugs, or antibacterial agents 
which can prevent tumor growth, repair not healthy tissues [158]. The main chal-
lenges that researchers must solve in the coming years are based on the degradation 
and assimilation of these nanocarriers inside the body, the insufficient biocompati-
bility that nanocarriers present with certain tumors, and the few numbers of studies 
about toxicity and/or secondary effects that nanocarriers can cause in the body [106]. 
Moreover, nanoparticle synthesis processes are required to balance the relationship 
between structure, biological activity, scaled to an industrial level, and therapeutic 
effectiveness [106].
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2.4 Drug Delivery 

Over the centuries, we have seen many discoveries happen in biomedical areas with 
the help of nanotechnology. Nanotechnology in biomedical applications, especially 
in drug delivery system (DDS) has immense attraction to the researchers and scien-
tists for the new inventions. Researchers believe that these nanoparticles can be 
used for the betterment of the drug delivery system which can provide better effi-
cacy with minimal side effects. Because simple but effective design methods for 
self-assembling nanostructures with unique benefits and tremendous promise for 
improving therapeutic targeting and lowering medication toxicity are provided by 
DNA nanotechnology. 

One of the most promising areas of healthcare is drug delivery systems (DDS), 
which is a constantly developing area of medical science. Although there has been 
significant advancement in the field of DDS, formulation scientists still face a signif-
icant difficulty in creating a suitable carrier that is effective for drug delivery to 
the body with the best benefit to risk ratio possible [10]. Drugs that are chemical 
or biomolecular (such as iRNA or antibodies) have inherent problems with maxi-
mizing their therapeutic effects. The latter is subject to enzymatic breakdown and 
challenging to permeate the cell membrane, whilst the former frequently has low 
solubility and likely to generate undesirable side effects and toxicity issues, hence, 
development of active and targeted medication delivery devices is required to get 
over these barriers [41]. 

2.4.1 Drug Delivery Systems Employ Nanoparticles 

The various biopolymeric polymers used in medication delivery systems are 
diverse, such as, Chitosan, Alginate, Cellulose, Xanthan gum, Liposomes, Polymeric 
micelles, Dendrimers, Inorganic nanoparticles, Nanocrystals, Metallic nanoparticles, 
Quantum dots, Protein and Polysaccharide nanoparticles are being utilized in drug 
delivery system [101]. However, natural substances have also been used to create 
nanoparticles, for instance, it has been reported that numerous microorganisms, 
including bacteria, fungi, algae, yeast, and so on, or plant extracts, can be used 
to create metallic, metal oxide, and sulfides nanoparticles [101]. 

2.4.2 Recent Utilization of Nanotechnology in DDS 

Nanotechnology is being used for different types of DDS, to utilize the maximum 
efficacy of the drug and to shrink the overall side effects, so that the toxic materials 
of drug would not detriment the other vital organs in the body. Following that, some 
nanomedicines are being used for the targeted delivery in various diseases, such as, 
renal diseases, IVDD, Central Nervous System Disorders (CNS), COVID-19 and so 
on.
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2.4.3 Developments in Renal Medication Delivery Systems 
Based on Nanotechnology 

To successfully transport pharmaceuticals to the kidney, substantial research has 
been done on the properties of drug delivery systems and kidney structure [91]. 
Kidney is the vital organ of the body, which helps to filtrate all the toxic materials 
and metabolic waste product from the body. The primary route for drug elimination 
is renal filtration, emphasizing the significance of this organ for the developing field 
of nanomedicine [37]. Around 750 million people are affected with kidney disease 
globally, while the severity of the problem varies widely [91]. 

Acute kidney injury (AKI), a clinical disease that is frequently reversible, can 
result from acute renal damage to the kidneys caused by physical injury or nephro-
toxic insults. Chronic kidney disease (CKD), which includes immune regulatory 
abnormalities, diabetes, hypertension, metabolic illness, and other disorders, is a 
progressive injury brought on by acquired or congenital diseases. Dialysis or kidney 
transplantation are needed to treat end-stage renal disease (ESRD), which can cause 
an irreversible loss of kidney function. In the US, the prevalence of CKD was 14.9% 
overall between 2015 and 2018 [37]. 

To repair kidney damage or postpone chronic harm and hence prevent end-stage 
renal disease, nanotechnology strives to increase the therapeutic choices available 
[37]. Just a few therapy alternatives exist currently to slow the development of CKD, 
therefore, Nano particles act as a kidney-targeted transport pathway for different 
medications and nucleic acids, nanomaterials are important [91]. The design of 
nanomedicines must consider the kidney, and NPs are promising tools for elucidating 
kidney functions and treating renal disorders. Nonetheless, despite being promising, 
those technologies still need to be developed for use in clinical settings [37]. 

2.4.4 Nanotechnology Used in DDS for Intervertebral Disk 
Disease (IVDD) 

Low back pain (LBP) is mostly brought on by IVDD, a chronic degenerative disease 
that places a significant burden on both individuals and society [76]. LBP is currently 
estimated to impact 632 million people globally, is the largest cause of disability, 
according to recent research on public health called the Global Burden of Disease 
Study [117]. More than 80% of adults will experience LBP at some point, per perti-
nent study, therefore, 10% of LBP sufferers will experience long-term disability [76]. 
Even though there are numerous potential causes of low back pain, numerous studies 
have shown that intervertebral disc degeneration (IVDD) is the main underlying cause 
[117].
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The IVD, which joins adjacent vertebrae and is situated between vertebrae to give 
flexibility and sustain pressure, is a fibrocartilage tissue [76]. The extracellular matrix 
(ECM), which is gradually being destroyed, changes in the IVD cell phenotype, the 
loss of active IVD cells, an increase in cell aging and death, and excessive inflamma-
tory responses are all evidenced by existing research to be the main developmental 
factors of IVDD, aggravating the disorder and destroying normal IVD function [76]. 

Analgesics, non-steroidal anti-inflammatory medications (NSAIDs), and opioids 
make up most of the pharmacological therapy for OA or IVDD. The first effective 
treatment for managing minor pain is the administration of oral analgesics, such 
as paracetamol. The danger of adverse effects in the gastrointestinal (GI) tract and 
antiplatelet activity, however, prompts doctors to give NSAIDs (such as ibuprofen) at 
the lowest effective dose and for a short period of time while paracetamol is frequently 
ineffective. Furthermore, while many surgical techniques can reduce discomfort, 
their effectiveness is frequently insufficient in terms of stability and integration, 
failing to restore function [16]. Since Nano particles can combine various medications 
or therapeutic agents, have adjustable release and targeting capabilities, and may aid 
in enhancing the therapeutic effects of medications by concentrating and extending 
their presence in IVD tissues, nano-drug delivery systems (NDDSs) may play a 
significant role as part of new treatment strategies in this regard [76]. 

Nowadays, in situ IVD injections or systemic administration of medicines or 
bioactive molecules are the two most common ways to treat IVDD, although both 
have the drawback of having subpar treatment outcomes [76]. Drugs and mate-
rials’ dimensions could be changed through nanotechnology, making it easier to 
manage their varied qualities. Meanwhile, numerous NDDSs have been created and 
introduced in the IVDD treatment sector because of the unique and spectacular 
advancements in nanotechnology (Fig. 2.6) [76].

2.4.5 Blood–Brain Barrier Penetration by Nanoparticles: 
A Path to Novel Therapeutic Strategies for Disorders 
of the Central Nervous System 

Researchers must devote a lot of attention to studying central nervous system (CNS) 
illnesses, particularly neurodegenerative disorders, because they pose a serious threat 
to public health [24]. One of the two most prevalent neurodegenerative disorders is 
Alzheimer’s disease, followed by Parkinson’s disease [115]. The most prevalent kind 
of dementia among seniors is Alzheimer’s disease (AD). 

The blood–brain barrier (BBB) and blood-cerebrospinal fluid barrier (BSCFB), 
which protect the central nervous system (CNS) from harmful substances, present 
the biggest obstacles to getting drugs into the CNS for the treatment of CNS compli-
cations like Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, stroke,
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Fig. 2.6 Techniques frequently used for delivering nano-drugs to treat IVDD. Reprinted with 
permission of Liu et al. [76]

epilepsy, brain tumors, multiple sclerosis (MS), encephalitis, etc. [136]. The primary 
phase of treating neurological illnesses is drug diffusion through the blood–brain 
barrier (BBB) [115]. Consequently, the development of nanotechnology in targeted 
drug delivery is being aided by the demand for novel therapeutic strategies for CNS 
illnesses and the restrictions brought on by the BBB barrier [136]. 

The blood-brain-barrier (BBB) can be circumvented and drug distribution to the 
CNS made easier using nanoparticles (NPs) and polymer coatings [115]. Several 
promising nanocarriers are employed to target the brain in Alzheimer’s illness, such 
as, polymeric nanoparticles, liposomes, solid lipid nanoparticles, dendrimers, nano 
emulsions, cyclodextrins, silica nanoparticles, magnetic nanoparticles, gold nanopar-
ticles, quantum dots [103], nanogels and carbon nanotubes etc. [115]. The surface 
of NPs can be easily modified to facilitate drug targeting, and they can encapsulate 
pharmaceuticals with a reasonably high drug loadingf. Also, because to its physiolog-
ical qualities of reactivity, strength, surface area, sensitivity, solubility, and stability,
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Fig. 2.7 Current approaches to CNS medication delivery are shown schematically. Reprinted with 
permission of Nguyen et al. [99] 

nanomedicine may easily penetrate the blood–brain barrier (BBB), which is the main 
barrier to CNS therapy and the administration of therapeutic drugs into the CNS [99]. 

A nanomaterial-based BBB can be delivered to the brain in three different 
ways: non-invasively, invasively, or by using alternate drug delivery methods 
(Fig. 2.7); among them the non-invasive techniques are widely utilized and based on 
cellular mechanisms that help medications breach the blood–brain barrier through 
transcellular pathways [99]. 

The Food and Drug Administration (FDA) recently approved a number of nano-
based medication delivery systems to prevent a variety of disorders [103]. Only five 
medications, tacrine, donepezil, rivastigmine, galantamine, and memantine, is offi-
cially approved by the FDA to treat Alzheimer’s disease (AD) and these medications 
work by modulating cholinergic levels, amyloid aggregates, and tau protein, which 
may help to prevent or delay the onset of Alzheimer’s disease or slow its progression 
[99]. 

The rational approach and continued design of nanomaterials based on in-depth 
and thorough knowledge of biological processes are essential for realizing the thera-
peutic potential of nanomedicine [114]. However, there have only been a few studies 
on these nanomaterials’ pharmacodynamics and pharmacokinetics, and additional 
research is needed to understand their potential negative effects.
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2.4.6 Nanotechnology’s Role in the Creation of Vaccines 
for COVID-19 Prevention 

Since viruses and nanoparticles (NPs) operate at the same scale, developing vaccines 
and performing immunoengineering rely heavily on this strategy [152]. In compar-
ison with conventional drug carriers, nanoparticles (NPs) have noteworthy distinct 
advantages, such as customized drug release profiles, increased surface areas, protec-
tion from degradation of the cargo, and altered drug pharmacokinetics [58]. Two 
mRNA-based vaccines created with lipid nanoparticles (LNPs) have received emer-
gency use authorizations (EUAs) from the US FDA against the COVID-19 for the 
first time in history [58]. Due to their excellent efficacy and safety, lipid nanoparti-
cles (LNPs) were discovered to be the most successful drug delivery technique [67]. 
Nanotech has accelerated the development of mRNA-based COVID-19 vaccines 
from Pfizer, Moderna and BioNTech [58]. The historical FDA clearance of the 
LNP encapsulated mRNA vaccines for COVID-19 has advanced the development of 
drug delivery technology, paving the way for the future creation of a wide range of 
mRNA-based therapeutics [67]. The present, when SARS-CoV-2 is a serious threat 
globally, is crucial from the standpoint of vaccine technology development, and 
nanotechnology and nanomedicine are offered as novel therapeutic technologies and 
approaches that can have a clinical impact. 

2.5 Nanomaterials in Diagnosis 

Nanomaterials are defined as particles with physical, chemical, or biological proper-
ties that fall within the nanoscale range of 1–100 nm [68]. They can be categorized 
as either organic or inorganic, with examples including nanofibers, nanotubes, lipo-
somes, polymer nanoparticles, elementary substances, alloys, silica, and quantum 
dots [64]. Nanomaterials possess physical, chemical, optical, and electronic prop-
erties that are dependent on their size, shape, and composition. These properties 
can be engineered, making them a promising tool for disease diagnosis, treatment, 
monitoring, and management [94]. Due to the similarity in size between nanoma-
terials and biological molecules and structures, nanomaterials are valuable tools for 
biomedical research and applications, both in vitro and in vivo [19]. They are also 
biocompatible, biodegradable, and can accumulate in human organs with minimal 
side effects [107]. Additionally, nanomaterials exhibit slow-release properties, which 
can mitigate toxic side effects on health and environment [68].
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2.5.1 Why Nanomaterials Are Important in Medical 
Diagnosis? 

There are different ways to diagnose medical conditions, including bioassays, biosen-
sors, and imaging. However, these methods often have limitations such as low 
sensitivity, specificity, and reproducibility. To improve patient outcomes, diagnostic 
techniques need to be more sensitive and able to detect diseases at an early stage. 
Conventional diagnostic methods may not be able to identify certain diseases, such 
as Alzheimer’s and some cancers, early enough for effective treatment. Fortunately, 
nanotechnology has the potential to revolutionize medical diagnosis, just as it has 
transformed electronics and other fields. 

Nanomaterials have unique properties that make them well-suited for use in 
medical diagnosis. The use of nanomaterials as therapeutic and diagnostic tools 
presents numerous advantages, including their design flexibility, small size, large 
surface-to-volume ratio, and ease of surface modification with multivalent ligands to 
enhance their affinity for target molecules. If nanomaterials can interact with specific 
biological components, they can be harnessed to leverage the benefits of personalized 
medicine techniques [159]. Also, Specific biological components can be targeted by 
engineering nanomaterials to interact with them [96]. 

2.5.2 Overview of Nanoparticle-Based Diagnostic Tools 

The field of medical diagnosis has been transformed by emerging modalities like 
biochips, microarrays, nano barcodes, micro-electromechanical systems (MEMS), 
lab-on-chip, and nano biosensors. Nanoscale materials and techniques are utilized to 
diagnose a range of diseases including cancer, cardiovascular disease, diabetes, infec-
tious disease, musculoskeletal disorders, and neurodegenerative diseases. Among 
these, enzyme nano biosensors, especially nano biosensors, are highly sensitive, 
reliable, robust, reproducible, and cost-effective diagnostic tools that can effectively 
meet the healthcare needs. 

Silica and magnetic nanoparticles, quantum dots, microbubbles etc. are among 
the most popular types of nanomaterials. They have been utilized to identify and 
examine small molecules such as H2O2, circulating tumor cells (CTCs), cancerous 
tissues etc., among other applications [94]. 

The design and function of point-of-care (PoC) diagnostics that incorporate nano-
materials depend heavily on their composition, size, and shape. Therefore, it is crucial 
to consider these factors when designing and utilizing nanomaterial based PoC diag-
nostics [108]. In nanoparticle-based assays, the binding of a nanoparticle label or 
probe to the target biomolecule is the primary event that produces a measurable 
signal characteristic of the target biomolecule. Various probes, such as nano shells, 
metal nanoparticles, and quantum dots (QDs), have been utilized for this purpose. 
QDs are the most used and promising nanostructures for diagnostic applications
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due to their strong light absorbance and ability to serve as fluorescent labels for 
biomolecules. QDs, semiconductor nanocrystals with high photostability, single-
wavelength excitation, and size-tunable emission, show great potential for use in 
diagnostics [2]. 

Lateral flow assays (LFAs) are simple tests that use antibodies labeled with 
nanoparticles, fluorescent dyes, or phosphor as signaling agents. Gold nanoparticles 
are used mostly in LFAs due to their characteristic red color. LFAs use paper-based 
porous membranes to allow samples and reagents to flow to the test line very fast, 
generating results in close to 15 min. They can be read easily and require no costly 
equipment. LFA devices are highly stable and can be kept at room temperature for 
close to 2 years, making them suitable for use in resource-limited and developing 
countries [130] (Fig. 2.8). 

Overall, nanoparticle-based diagnostic tools offer a range of benefits over 
traditional diagnostic methods, including increased sensitivity, specificity, and 
early disease detection. As the technology continues to advance, it is likely that 
nanoparticle-based diagnostic tools will play a major role in the diagnosis and 
treatment of a variety of diseases.

Fig. 2.8 Liquid Flow Assay working mechanism. Reproduced from Jun Hui S, Hsi-Min C, Jackie 
Y, Strategies for developing sensitive and specific nanoparticle-based lateral flow assays as point-of-
care diagnostic device. Nanotoday 2020; 30:1–17. Copyright © 2020 Elsevier. All rights reserved 
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2.5.3 Nanomaterials for Biosensing 

Based on the International Union of Pure and Applied Chemistry (IUPAC), a 
biosensor is a device that “utilizes isolated enzymes, immune systems, tissues, 
organelles, or whole cells to detect chemical compounds through specific biochemical 
reactions, often producing electrical, thermal, or optical signals [89]”. This defini-
tion highlights the key elements of a biosensor. Biosensors consist of three critical 
components [105]: 

i. A receptor that selectively binds to an analyte. 
ii. A transducer that produces a signal upon binding. 
iii. A detection system that measures and converts the signal into useful information. 

These detection methods may be electrochemical, optical, or piezoelectric in 
nature. Nanoparticle-based biosensors are a rapidly growing field that offer a range 
of benefits in the detection and diagnosis of diseases. The development of nanotech-
nology has led to the creation of faster, cheaper, more sensitive, and accurate medical 
diagnostic assays and devices. Biosensors incorporating nanomaterials combine 
multiple fields, such as chemistry, molecular engineering, material science, and 
biotechnology [105]. In fact, some biosensors can detect as little as one parasite 
per microliter of blood [23]. The integration of nanotechnology with biosensing 
enables the identification of disease biomarkers at extremely low concentrations, 
allowing for the screening of diseases at very early stages. This can improve medical 
follow-up procedures and routine prognosis to monitor patient diagnosis. Figure 2.9 
displays a diagram of inorganic nanoparticles working alongside various types of 
biomarkers and a linear process representing each stage of biosensing from analyte 
recognition through transduction, culminating in a measurable signal that is analyzed 
and displayed.

Additionally, the merging of nanotechnology with biosensing is crucial for point-
of-care (POC) diagnosis in countries lacking advanced medical facilities [105]. 

Nanomaterials have proven to be a valuable tool in the field of medical diagnosis. 
They have the potential to revolutionize the way that diseases are detected and treated, 
allowing for earlier diagnosis and more effective treatments. As research in this field 
continues to advance, it is likely that we will see even more exciting developments 
in the use of nanomaterials in diagnosis in the future. 

2.6 Nanotechnology in Biomedical Imaging 

In 1896, Wilhelm Roentgen acquired the first X-Ray image of his wife’s hand 
which marked a new beginning in the history of bioimaging. Since then, several 
non-invasive imaging techniques were developed for biomedical applications which 
include, but are not limited to, clinical diagnosis and research in cellular biology 
and drug discovery. Thanks to the advancements in imaging technology, the struc-
tural and functional biological processes of biomolecules, cells, tissues, organs, and
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Fig. 2.9 Roles of different nanomaterials in biosensing. Reproduced from Muqsit P, Zeynep 
A. Nanomaterials for Healthcare Biosensing Applications. Sensors (Basel) 2019; 19(23):1–56. 
Licensed under CC BY
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even complete live organisms are well understood [123]. Nanomaterials, due to their 
different targeting strategies, play a significant role in biomedical imaging and detec-
tion including passive and active targeting, which were discussed in the introduction 
section of this chapter. In this section, we will explore the most recent applications 
of nanotechnology in bio imaging. 

2.6.1 Imaging Modalities—Nanoparticle Applications 

In medical field, nanoparticles are currently used in several non-invasive modalities 
like Fluorescence Imaging, Magnetic Resonance Imaging (MRI), Computed Tomog-
raphy (CT), Positron Emission Tomography (PET) and Single Photon Emission 
Computed Tomography (SPECT). Recent advancements of nanoparticle application 
in the above-mentioned imaging modalities are discussed below. 

2.6.2 Fluorescence Imaging 

Researchers tend to accept optical bioimaging, which mostly refers to a fluores-
cent bioimaging method, more readily than biochemical assessment techniques like 
western blotting, flow cytometry, and immunohistochemistry. This is vastly due to 
the fluorescence imaging results’ simplicity, speed, and ease of interpretation. Fluo-
rescence imaging utilizes visible light or Near Infrared sources to obtain high reso-
lution images for disease diagnosis. Nonetheless, while being employed for a very 
long period in immunoassays, diagnostic imaging, and the analysis of biomarkers, 
fluorescence has several drawbacks, which include limited wavelength range, photo-
bleaching, and self-quenching [22]. For this purpose, fluorescent nanoparticles are 
widely studied and applied, as their multiple fluorophore properties can overcome 
the above-mentioned limitations and provide increased photoluminescent emission. 
Fluorescence imaging using L1013 NPs successfully localized tumor pathology with 
a ‘tumor to regular tissue ratio of 11.7 ± 1.3’. These organic NPs were able to clearly 
visualize real time mouse vessels and hindlimbs with a ‘high fluorescence quantum 
yield of 9.9%’ [149]. A novel study on monosaccharides imprinted FITC doped 
Silica NPs, HepG2 cells displayed strong fluorescence revealing the shapes of the 
cells clearly. These imprinted NPs attach to the exposed terminal Mannose of Glycan 
conjugates in cancer cells [144]. NPs delivery makes it feasible to treat inflamma-
tory illnesses with glucocorticoids, but their administration must be managed and 
monitored to reduce unfavorable side effects. 

Poor stability of organic fluorescent dyes is a hindrance for long-term imaging. 
Lead Sulfide (PbS) Quantum dots used for in vivo NIR fluorescence imaging of cere-
bral venous thrombosis in septic mice revealed that the number of thrombi increased 
by administration of lipopolysaccharide (LPS) [43]. This shows the potential of 
quantum dots in studying the pathological state of cerebral blood vessels. Recently,
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bifunctional graphene quantum dots doped with Nitrogen and Boron were shown 
to be excellent NIR-II imaging fluorescent agents. Additionally, these quantum dots 
were able to effectively convert absorbed NIR light into heat which was shown to 
successfully destroy tumor cells in glioma xenograft mouse model, demonstrating 
their photothermal therapeutic effect [77]. CuInSe2/ZnS core/shell quantum dots, a 
novel and versatile imaging probe conjugated with CGKRK (cys-Gly-Lys-Arg-Lys) 
tumor-targeting peptide showed minimal toxicity and successfully targeted the tumor 
boundaries [77]. Photosensitizer (chlorine e6, Ce6) modified carbon dots (CDs-Ce6) 
and Cu2+ also act as excellent fluorescence imaging agents which can be adopted 
for trimodal synergistic cancer treatment by photothermal therapy (PTT) [131]. 
Excitation-dependent emission, high fluorescence quantum yields, photostability, 
and a lengthy photoluminescence decay lifespan are all characteristics of carbon 
quantum dots (CDs). Hence, they are perfect for use in imaging modalities. 

Spherical nucleic acid Au NPs with densely packed oligonucleotides have high 
stability, high intracellular delivery efficiency and high signal-to-background ratio 
for mRNA detection using fluorescence imaging [127]. Also, self-assembled DNA 
nanostructures have shown considerable promise in recent years for producing 
nanoscale probes and labels for high-performance bioimaging. These nanoscale 
structures have highly programmable shape, nanometer addressability, and structural 
responsiveness [70]. 

2.6.3 Magnetic Resonance Imaging 

Magnetic Resonance Imaging is a very strong imaging technique used currently in 
medical diagnosis which uses a human anatomy’s natural magnetic properties to 
produce images in the presence of an external magnetic field excited by a radio 
frequency pulse. Contrast agents are used in MRI which are crucial in improving 
the image. A desired contrast agent is one which can be injected and removed from 
the body without causing any negative side effects. However, many of the contrast 
agents used today show adverse effects like physiologic responses, nephrotoxicity, 
allergic reactions, and gadolinium accumulation [38]. Recent developments in NPs 
(Nanoparticles) demonstrate their promise for use as an MRI contrast agent and 
reduce many of the negative effects. 

One of the most common positive MRI contrasts is Gadolinium (Gd). Gadolinium 
chelates in the form of Gd (III) complexes are used because of the toxicity of free 
Gd ions. Atherosclerotic plaque can be localized in the artery wall by a nanopar-
ticle synthesized from high density lipoprotein (HDL) coupled with Gd3+ chelates 
[112]. More recently, Paramagnetic MXene-Gd flakes with high thermal stability and 
cytostability were prepared which were demonstrated to be excellent T1 contrast 
agents. Gd3+ ions were entrapped in MXene-diethylenetriaminepentaacetic acid 
(DPTA) flakes to provide paramagnetic properties to the M-Xene flakes. Schematic 
representation of MXene flake functionalization with DTPA and subsequent chela-
tion with Gd3+ ions is shown in Fig. 2.10. Surface modifications of MXene flakes
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Fig. 2.10 Schematic representation of MXene flake functionalization with DTPA and subsequent 
chelation with Gd3+ ions. Neubertova V, Guselnikova O, Yamauchi Y, Olshtrem A, Rimpelova S, 
Čižmár E, Orendáč M, Duchon J, Volfova L, Lancok J et al. Covalent functionalization of Ti3C2T 
MXene flakes with GD-DTPA complex for stable and biocompatible MRI contrast agent. Chemical 
Engineering Journal. 2022; 446(2):136,939. Copyright © 2022 Elsevier Masson SAS. All rights 
reserved 

with the help of DPTA-Gd complex inhibits the agglomeration of flakes and 
prevents surface oxidation while stored in blood plasma [98]. Polymeric nanoparti-
cles prepared from mixing of poly (vinylphosphonic acid) based double-hydrophilic 
block copolymers with Gd ions measured high magnetic relaxivities for both in-vitro 
and in-vivo magnetic resonance imaging on rats. Moreover, these polymeric assem-
blies are highly stable to dilution and PH demonstrating their ability as potential MRI 
contrast agents [86]. 

In a study on FeraTrack Direct, a Super Paramagnetic Iron Oxide Nanoparticle 
(SPION), was used to label stem cells. From MRI observations it was very effective 
in tracking the stem cells of mice with glioma tumor [62]. Size of the SPION nanopar-
ticles play a major role in MRI imaging and hyperthermia performance. Lactobionic 
acid (LA) and polyethylene glycol (PEG) modified SPION were prepared by Xia and 
team [150]. with a controlled particle size and dispersion. This enhanced the fluo-
rescent labelling of HepG2 cells and can be suggested as a potential MRI contrast 
agents for in-vivo imaging. In a different study, GE11 peptide modified CSO-SPION 
showed no obvious micellar cytotoxicity with a high EGFR (Epidermal Growth 
Factor Receptor) expression. These modified SPION improved MRI imaging for 
Hepatitic Carcinoma detection. Besides Gd and Fe based contrast agents, Carbon in 
the form of C13, nanodiamonds and nanotubes and graphene are promising for MRI 
imaging [79].
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2.6.4 Computed Tomography 

Computed Tomography uses an X-ray source and detector to form images with high 
spatial and temporal resolution. Despite the higher levels of ionizing radiation expo-
sure, CT has quickly replaced plain-film radiography due to its quicker examination 
speed, lower cost, increased efficiency, and superior spatial resolution for clinical 
imaging [34]. A major drawback for CT imaging is its lack of sensitivity to contrast 
agents compared to other imaging modalities. Moreover, NP based contrast agents 
have to overcome potential issues like renal toxicity, non-specific blood pool distri-
bution and anaphylaxis [34]. There are few promising NP contrast agents explored 
and reported in the literature. 

Gold nanoparticles, attributing to their unique X-ray attenuation characteristics 
and simple surface modification, are one of the widely studied metal contrast agents 
for CT. Gold nanoparticles are functionalized using polymers to produce an effective 
contrast agent. A novel Polyethylene Glycol (PEG) functionalized Au particles with 
star shape (AuNS@PEG) based study demonstrated excellent in-vivo CT imaging 
behavior owing to their properties of ultrasmall sizes, effective metabolisability, 
high computed tomography value and biocompatibility [134]. Dendrimer-entrapped 
gold nanoparticles (DE-Au-NP) decorated with specific ligands for cancer cells can 
provide bifunctional properties. DE-Au-NP can serve as contrast agents for in-vivo 
CT imaging while the ligand attached could deliver plasmids for cancer therapy 
[54]. In another study, it was demonstrated that the PEG-MoS2 nanosheets and 
Ce6 in the PEG-MoS2–Au–Ce6 nanocomposites can be successfully used for dual-
modal imaging of Computed Tomography and Near Infrared Fluorescence Imaging 
respectively. This assists greatly in cancer diagnosis and therapy [74]. Morpholog-
ical properties of the NPs also show a significant effect on CT imaging contrast. 
Comparing porous Au NPs to solid Au NPs in computed tomography scans revealed 
substantially more contrast in a study conducted recently [5]. 

Iodinated contrast dangers have been reduced by using iodine-based liposomal 
nanotechnology. Long used in biomedical applications as a vector, liposomes use a 
lipid bilayer at the nanoscale scale. Iodine based polymer NP contrast agents have 
longer blood life (40 h) that provides better tumor intake and renal clearance in 
comparison to Au NPs. As they have organic structures, biodegradation becomes 
easier which further enhances the renal clearance abilities. Iodine containing diatri-
zoic acid (DTA) and perfluoropentane (PFP) conjugated with glycol chitosan (GC) 
nanoparticles (GC-DTA-PFP NPs) successfully accumulated on the tumor cells by 
enhanced permeation and retention (HER) effects and demonstrated strong X-ray 
CT imaging signals [14]. Apart from Iodine and Au, Bismuth in the form of Bi-
diethylene triamine pentaacetate acid (DTPA) complex and hydrophobic Bi2O3 NPs 
were used for high performance CT imaging [72, 127] (Fig. 2.11).
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Fig. 2.11 In vitro CT images (a) and  values  (b) of KB-LFAR and KB-HFAR cells treated with the 
FA-Au PENPs at different Au concentrations (0–300 μM) for 3 h, respectively. Zhou B, Yang J, 
Peng C, Zhu J, Tang Y, Zhu X, Shen M, Zhang G, Shi X. Pegylated polyethylenimine-entrapped 
gold nanoparticles modified with folic acid for targeted tumor ct imaging. Colloids and Surfaces B: 
Biointerfaces. 2016; 140:489–496. Copyright © 2016 Elsevier Masson SAS. All rights reserved 

2.6.5 Positron Emission Tomography (PET)/Single Photon 
Emission Computerized Tomography (SPECT) 

PET is a dynamic nuclear medicine imaging technique that uses radiotracers to obtain 
images with high sensitivity and real time analysis. Using physiological substrates 
labeled with positron-emitting radionuclides, these tracers can offer information on 
a variety of biosynthetic systems non-invasively [119]. SPECT is another widely 
used nuclear imaging technique which uses gamma rays to evaluate biochemical 
anatomy changes [9]. For nanoparticle PET/SPECT imaging tracers, nuclides with a 
sufficiently long half-life are required. Fluorine-18, which has a half-life of 109.8 min 
and is frequently used in clinical practice for PET, is a radioisotope whose half-life is 
typically too short to be used in nanoparticles due to the time required for synthesis 
and cellular uptake [121]. Thus, other nanoparticle nuclides are widely studied. 

In dendritic-based immunotherapy, monitoring dendritic cell (DC) movement is 
crucial. Gold NPs are one of the efficient PET nuclides which successfully aid visu-
alization of dendritic cell mobility. Extremely low quantities of radioiodine-124-
labeled tannic acid gold core–shell nanoparticles (124I-TA-Au@AuNPs) were used 
successfully to trace the dendritic cell migration in mice with the help of PET. These 
highly stable and sensitive NPs showed excellent DC labelling without affecting 
the cell biological functions [69]. Nuclide embedded nanoparticles aid in antitumor 
immunity property of the labelled DCs. Labelling DCs with radionuclide embedded
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Au NPs enhanced the antitumor immunity of the DCs compared to their unlabeled 
counterparts. PET imaging revealed that the selective migration of labelled DCs to 
the draining lymph nodes was relatively fast (6 h) compared to the NIR fluores-
cent or MRI nanoparticles (12 h). A novel 124I-labelled gold nanostar probe using 
PET demonstrated its superior behavior to other noninvasive imaging techniques by 
penetrating sub mm intracranial brain tumor detection levels [78]. 

Radioactive Cu NPs also form a good radiotracer imaging agent for PET due to 
their low toxicity and high half lifetime of 12.7 h. Radioactive [64Cu]CuS NPs demon-
strated excellent targeting ability and tumor uptake (8.4 ± 1.4% injected dose/tissue) 
when combined with RGDfK peptide through PEG linkers showing its great potential 
in simultaneous clinical imaging, therapeutics and diagnostics [18]. Pharmacokinet-
ically improved 64Cu-labeled polyglucose NPs (Macrin) were prepared and tested 
for quantitative PET imaging macrophages in tumors [60]. A novel renal clearable 
Au NPs labelled with copper-64 (64Cu) to form 64Cu-NOTA-Au-GSH was reported 
by Feng Chen and co [12]. PET studies revealed the renal clearance information 
of both only labelled Au NPs (64Cu-NOTA-Au-GSH) and labelled 64Cu-NOTA-Au-
GSH mixed with cold NOTA-Au-GSH. In vivo PET images at 4 h and 19 h were 
captured which shows that at 19 h the radioactivity reduced completely confirming 
the clearance of nanoparticles which is significantly fast. 

Generally, SPECT requires nuclides with longer half-life time compared to PET. 
Thus Technetium—99 m is the most used radionuclide for SPECT as its half lifetime 
is around 6 h. A combined SPECT/MRI study using 99mTc illustrated the presence 
of metastasis in cervical cancer patients without enlarged sentinel lymph nodes [39]. 
In penile cancer patients, accurate early detection by dynamic sentinel lymph node 
biopsy is highly important. Saad and team [113] investigated the role of SPECT/ 
CT following 2-D planar lymphoscintigraphy (dynamic and static) and reported 
the improved rate of detection of true tracer-avid lymph nodes and described their 
precise (3-D) anatomic localization in drainage basins. In head-and-neck squamous 
cell carcinoma patients, 99mTc nanocolloid tracer enabled SPECT/CT can determine 
the risk level of contralateral nodal failure [21]. 

Other nanoparticles like carboxymethylcellulose-based NPs labeled with 68Ga3+ 

[104], 18F-Macroflor modified polyglucose NPs [52], Cerium oxide NPs coated with 
89Zr [88] were also used for PET imaging. Macroflor increases PET signal simul-
taneously aiding enhanced macrophage monitoring for disease detection. 68Ga3+ 

labeled carboxymethylcellulose based NPs enhances the spatial resolution for PET 
and SPECT. 

2.6.6 Challenges 

Advancements in nanotechnology explored various NPs based imaging contrast 
agents that can be used for a wide variety of imaging modalities. NPs conjugated 
with diagnosis or therapeutics can significantly improve the treatment processes 
like cancer therapy by continuous monitoring through in vivo images. Continuous
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research in nanotechnology would have major in fields of medical imaging, however, 
significant efforts are required to study the limitations of NPs to reduce the side effects 
on humans. Cytotoxicity and biodegradability are still major obstacles for NPs clin-
ical application. Even though in vitro and in vivo studies showed promising results 
for NP usage in bioimaging, there is still a huge scope for comprehensive study on 
NPs properties like composition, formulation, shape, surface charge, hydrodynamic 
diameter, solubility, stability, administration route, distribution, and metabolism to 
translate to commercial clinical practice [34]. Thus, future research should focus on 
solutions to above mentioned challenges along with the exploration of new NP based 
imaging contrast agents. 

2.7 Conclusions 

In this work, we discussed several sections of nanotechnology in biological applica-
tions including tissue engineering, biomedical imaging, drug delivery, cancer treat-
ment, diagnosis. The application of nanotechnology in tissue engineering is growing 
rapidly. it can be used to create, repair, and replace cells, tissues, and organs. 
By combining nanoscale materials with tissue engineering, millions of patients 
may benefit from the resulting treatments and therapies. In this chapter, we have 
discussed the applications and advantages of using nanotechnology-based tissue 
engineering in different fields for different purposes. Although nanotechnology may 
bring undoubted benefits in biomedical applications, the application of manmade 
nanomaterials also has nonnegligible health risks. The development, testing and 
clinical applications of these materials must be conducted according to the precau-
tionary principle to minimize the risk. This requires a large step forward in the 
biosafety, utilization, and stability of nanomaterials. We believe that the develop-
ment of nanotechnologies that are rationally designed will help solve many of the 
current issues in tissue engineering. 

The development of efficient bio-medical tools is a primary goal of the interdisci-
plinary field of nanotechnology, which merges biology, chemistry, engineering, and 
the fields of medicine and health care. Furthermore, nanotechnology is influencing 
many different stages of healthcare. Further research and utilization of nanoparti-
cles in the field of health care, such as, drug delivery system (DDS) can minimize 
maximum chronic diseases and can provide an efficient treatment. Nanotechnology 
has proven to be a useful and pertinent option in the ongoing search for COVID-19 
solutions which requires more attention and elucidation for future research. 

Biomedical fields have seen a tremendous development in recent years due to the 
advancement of nanotechnology in various stages of healthcare. Understanding the 
properties of nanoparticles and the ability to tailor their design for specific appli-
cations has been beneficial and influential. NPs conjugated with diagnosis or ther-
apeutics can significantly improve the treatment processes like cancer therapy by 
continuous monitoring through in vivo images. Although nanotechnology may bring
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undoubted benefits in biomedical applications, the application of manmade nanoma-
terials also has nonnegligible health risks, thus, significant efforts are required to 
study the limitations of NPs to reduce the side effects on humans. Cytotoxicity and 
biodegradability are still major obstacles for NPs clinical application. 

Nanocarriers have offered an extra tool in the fight against this disease and showed 
dramatic improvements in preclinical stage because of their attribute to control loca-
tion and timing of anti-cancer drugs delivery. Additionally, nanocarriers have the 
capability to bond and deliver anti-cancer drugs, or antibacterial agents which can 
prevent tumor growth, repair not healthy tissues. The main challenges that researchers 
must solve in the coming years are based on the degradation and assimilation of 
these nanocarriers inside the body, the insufficient biocompatibility that nanocar-
riers present with certain tumors, and the few numbers of studies about toxicity and/ 
or secondary effects that nanocarriers can cause in the body. Moreover, nanopar-
ticle synthesis processes are required to balance the relationship between structure, 
biological activity, scaled to an industrial level, and therapeutic effectiveness [106]. 

Advancements in nanotechnology explored various NPs based imaging contrast 
agents that can be used for a wide variety of imaging modalities. Even though in vitro 
and in vivo studies showed promising results for NP usage in bioimaging, there is still 
a huge scope for comprehensive study on NPs properties like composition, formula-
tion, shape, surface charge, hydrodynamic diameter, solubility, stability, administra-
tion route, distribution, and metabolism to translate to commercial clinical practice 
[34]. Thus, future research should focus on solutions to above mentioned challenges 
along with the exploration of new NP based imaging contrast agents. 

Nanomaterials have also proven to be a valuable tool in the field of medicine. They 
have the potential to revolutionize the way that diseases are detected and treated, 
allowing for earlier diagnosis and more effective treatments. As research in this field 
continues to advance, it is likely that we will see even more exciting developments 
in the use of nanomaterials. Nanotechnology has proven to be a useful and pertinent 
option in the ongoing search for COVID-19 solutions as well [135], which requires 
more attention and elucidation for future research. We believe that the development 
of nanotechnologies that are rationally designed will help solve many of the current 
clinical approach limitations. 
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Chapter 3 
Functionalized Carbon Nanotubes 
as Gene Carriers 

Jih Ru Hwu, Shwu-Chen Tsay, Uttam Patil, Animesh Roy, 
and Wen-Chieh Huang 

Abstract This chapter covers discussion of the history on the development of carbon 
nanotubes (CNTs) and the updates on their modifications and applications as gene 
carriers. In the first part, it concentrates on the illustration of methods for graft of 
various functional groups and ligands on the surface of single- and multi-walled 
carbon nanotubes (i.e., SWCNTs and MWCNTs, respectively). Emphasis is placed 
on the types of bond formation during the functionalization of pristine CNTs. Many 
established ligands are presented. The second part concentrates on the discussion of 
interactions between functionalized CNTs ( f -CNTs) with genes or oligonucleotides. 
These include electrostatic interaction, hydrogen bonding, π–π stacking, etc. The 
third part outlines the gene targets of f -CNTs. Factors associated with the design on 
the formation of hybrids of genes@f -CNTs and deploy of the genes from the hybrids 
are depicted. The entire strategy and practical methods for the hybrid formation and 
dissociation are the keys to the success on their applications to modern gene therapy. 

Keywords Carbon nanotubes · Graft · Bond formation · Gene carrier ·
Interaction · Delivery 

3.1 Introduction 

Recent advancement in nanoscience and nanotechnology makes nanomaterials 
become more effective therapies than a standard intervention. Applications of nano-
materials in drug delivery, gene therapy, targeted therapeutics, and translational 
medicine are under rapid development [1, 2]. The discovery of carbon nanotubes 
(CNTs) in 1991 by Iijima [3] has expanded the horizons of carbon-based nanoma-
terials like fullerene, graphene, etc. The outstanding characteristics associated with 
CNTs include their electronic, thermal, optical, mechanical, and biological proper-
ties. Some CNTs can be taken up by different types of cells. Moreover, their ultrahigh
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surface area can even reach up to 1700 m2/g [4], which allows CNTs to be an efficient 
carrier of cargo molecules. After being functionalized with suitable ligands on the 
surface, CNTs can exhibit a high degree of specificity toward the target cells and 
tissues [5, 6]. These diverse and flexible traits allow CNTs to be developed as a novel 
nanocarrier for drugs and genes [5]. 

There are three common types of CNTs on the basis of the number of graphene 
layers: single-walled carbon nanotubes (SWCNTs) with one single layer of graphene 
(0.80–1.2 nm wide), double-walled carbon nanotubes (DWCNTs) with two layers 
(1.0–2.0 nm wide), and multi-walled carbon nanotubes (MWCNTs) with multiple 
layers (5.0–50 nm wide). The length of CNTs can be various depending on their 
source and manufacturing process (100–300 nm) or unprocess (2–5 μM) [6]. 
SWCNTs and MWCNTs are the most commonly used CNTs and have been studied 
extensively. MWCNTs once were preferred over SWCNTs because of their high 
surface area [7]. Pristine CNTs (p-CNTs) have several drawbacks during their bio-
applications, such as the lack of solubility in aqueous medium, poor dispersibility 
in most solvents, and, in particular, the intrinsic toxicity toward organs. Different 
degrees of toxicity come from their purity and length of the tubes. p-CNTs often cause 
harm to DNA and rupture the cell membrane [8]. Moreover, their hydrophobicity 
makes p-CNTs with limited applicability in terms of biocompatibility. 

Solubility is the crucial aspect for the CNT-based gene-delivery system. Accord-
ingly, surface modifications of p-CNTs are required and can be performed with delib-
eration. For example, modification with hydrophilic ligands can improve the water 
solubility and biocompatibility of functionalized CNTs ( f -CNTs). Furthermore, a 
homogenous dispersion can be obtained and even well-dispersed in different solvents 
relying on the types of the introduced functional groups and the extent of function-
alization on the f -CNTs [9]. The guideline is to maintain the ratio of hydrophobicity 
to hydrophilicity in the ligands and make the system well-dispersed in polar and/or 
non-polar solvents. 

Size of f -CNTs is another important aspect for the development of efficient gene-
delivery system. As the size, especially the length, of f -CNTs increases, the functional 
and available surface area exponentially decreases and thus becomes less reactive 
toward the surrounding biological components. Moreover, suitable modification on 
length and functional groups can reduce toxicity of f -CNTs. 

In this review article, we first demonstrate a number of examples of functionalized 
SWCNTs ( f -SWCNT) and MWCNTs ( f -MWCNTs). Through modifications with 
covalently or non-covalently (e.g., π–π stacking) functional groups as illustrated in 
Fig. 3.1, p-CNTs possess anchoring sites on their surface.

Often these anchoring sites possess positive charge species to interact with nega-
tive charges of the genes or the neutral species, which can interact with the genes. 
The gene@f -CNT hybrids thus formed have the ability to cross the cell barrier and 
enter the cell membrane as shown in Fig. 3.2. Afterwards, these hybrids release the 
gene and the f -CNTs, which are excreted by exocytosis. The usage of f -CNTs as 
a carrier vehicle requires efficient delivery system to transport the gene or DNA to 
their action within the cell. At the same time, the effective liberation of the gene is 
also crucial.
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Fig. 3.1 Interface between the nanotubes and ligands

Various types of interaction between the f -CNTs and the gene are discussed in the 
second part of this review article. They include electrostatic interaction, ionic inter-
action, hydrogen bonding, covalent bond, π–π stacking, etc. Finally, the delivered 
gene inside the cell membrane interacts with the complimentary gene in the nucleus 
of the cell, which leads to the cure of the cell. Several therapeutic applications of 
f -CNTs to anti-cancer, gene therapy, and other applications are included in the third 
part. 

3.2 Functionalization of CNTs 

Functionalized carbon nanotubes ( f -CNTs) are valuable nanomaterials for biomed-
ical applications. Pristine CNTs exist in the form of bundles through π–π stacking 
[10]. The high lateral interaction among the p-CNTs is responsible for their low 
solubility and dispersibility. One of the major concerns of p-CNTs to be applied in  
biomedical systems is their toxicity toward organs by incurring harmful effects, such 
as inflammatory and fibrotic reactions, and even leading to cell death [5, 7]. Modifi-
cation of the surface of p-CNTs not only provides a solution to this enigma but also 
advances these materials as gene carriers. Some bio-functionalized CNT composites 
[5] can reach the nuclei without being cytotoxic, cross cell membranes, and accu-
mulate in the cytoplasm [5, 11, 12]. Thus new functionalization methods have been 
developed continuously in order to improve solubility and biocompatibility of CNTs.



108 J. R. Hwu et al.

Fig. 3.2 A representative 
diagram for the f -CNTs as 
delivery vehicles for 
therapeutic applications
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Covalent and non-covalent functionalization are the major approaches to intro-
duce different functional groups. The covalent method is based on the chemical 
modification on CNTs sidewalls or ends or both to create a new anchoring site. 
Chemical transformation generates a new reactive moiety; the resultant f -CNTs can 
be used for further modifications. The non-covalent functionalization occurs on the 
basis of π–π and other physical interactions. 

3.2.1 Covalent Functionalization 

A direct method of modification on the surface of sp2-hybridized carbons of CNTs 
is covalent functionalization. It generates strong covalent bonding between CNTs 
and coupling agents. As it alters the state of bond connectivity, the degree of func-
tionalization can be easily assessed by Raman spectroscopy due to the formation of 
sp3-hybridized carbons [13, 14]. 

In general, the choices of chemical bonds formation are quite limited to the forma-
tion of C–C and C–N bonds [15]. Nevertheless, the properties can be improved by 
modifications of the ligands attached further with biomolecules, such as aptamer, 
siRNA, ssDNA, and dsDNA, for efficient gene-delivery vehicle application [16, 
17]. One method is introduction of multiple –NH2 groups [16, 18–20], which can 
be easily protonated to give positively charged groups over the CNT surface. The 
cationic species aids their water solubility. MWCNTs can be covalently functional-
ized with ligands containing terminal –OH groups for increment of their disper-
sion properties [17, 21]. Another covalent functionalization strategy is plant of 
hydrophobic and hydrophilic functional moieties on the surface of the CNTs. Such 
bi-functional approach brings the benefits by the suspension of CNTs in various 
solvents [22, 23]. Recently, Song et al. [24] reported their results on functionaliza-
tion of SWCNT with hydroxyl, amino, and carboxyl groups as well as polyethylene 
glycol. These functionalized nanotubes enhance the dispersive properties of poorly 
soluble curcumin in water. Singh, Mamtimin, Bianco, and their co-workers [25–27] 
used purines and pyrimidines as molecular frameworks to incorporate with SWCNT 
for biocompatibility. 

3.2.2 Non-Covalent Functionalization 

Non-covalent functionalization occurs mainly due to hydrophobic adsorption, van 
der Waals force, or π–π stacking interactions between the CNT surface and the 
functionalization species [23]. It is on the basis of the attachment or wrapping 
of hydrophobic surfactants onto the hydrophobic surface. Polyethylenimine (PEI) 
or its modified derivatives [28], 1,2-dioleoyl-3-trimethylammonium-propane [29], 
PEGylated phospholipids [30, 31], and polyamidoamine dendrimer [32] have been
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used to functionalize the CNTs. Other related advanced methods include the utiliza-
tion of complex proteins, enzymes, antigens, and antibodies to interact with the 
SWCNT [32] as shown in Tables 3.1 and 3.2. Suitably modified SWCNTs exhibit 
biocompatibility, non-immunogenic, and photo luminescent caliber [22, 33, 34]. 
The resultant f -SWCNTs become more dispersible [35] or highly biocompatible 
[36] in aqueous media and organic solvents. These properties display their potential 
as clinical nano-carriers for drug delivery and imaging.

3.3 Interaction of p-CNTs and f-CNTs with Genes 
or Aptamers 

The CNTs have a length from hundreds of nanometers to several micrometers. 
Homma et al. [56] studied the adsorption of DNA directly on the surface of SWCNT 
and investigated the intrinsic effects of DNA on the transition of SWCNT. Wang et al. 
[35] reported the cellular uptake of SWCNT–DNA conjugates, which are localized 
in the nuclei of microvascular ECs. The DNA-coated p-CNTs show permeability 
through the cell membrane [57]. These hybrids become a suitable material to be 
fabricated as a delivery vehicle for gene therapy [58]. Munk and co-workers [59] 
used bovine embryo to study the possibility for pristine MWCNTs to pass through 
the pellucid zone barrier. This animal model shows its similarity with a human 
embryo. 

In advanced approaches, some gene@f -CNT hybrids are stable to sustain the 
enzymic environment so that the hybrids can transport the gene to the target area. 
Besides the successful delivery, detachment of the gene from the surface of f -CNT 
is equally important as its attachment. The release of a gene could be get triggered 
under physiological conditions. The pH of the medium and temperature are the two 
main parameters that define the physiological conditions. Being an ideal carrier, the 
f-CNT can be attached by a gene under certain conditions. 

Moreover, once the conditions change, the gene is released. The hybrid forma-
tion is thus reversible. Interaction between the gene and the carrier must be strong 
enough to carry the gene; meanwhile, the gene can be deployed from the hybrid 
under different conditions. These are essential aspects for the development of effi-
cient gene-delivery vehicles. For application of this strategy in a biological system, 
understanding of the interaction between the f -CNT and the gene is crucial. 

3.3.1 Electrostatic Interaction 

Electrostatic repulsion between the positive charges on the functional groups of 
f -CNTs prevents the nanotubes from aggregation. It makes f -CNTs available to 
interact with the negatively charged genes due to ionic interactions. Accordingly,
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the electrostatic interaction induces the formation of a hybrid [16, 30, 42]. Variation 
in parameters, such as pH and temperature, can release the gene from the hybrid 
by neutralizing the ionic interaction. Surface area and the charge density on the 
nanotubes are also critical parameters that determine the interaction between f-CNTs 
and genes. Nonetheless, larger surface area and higher charge density leading to 
efficient ionic interaction are not necessary for effective gene delivery. It is due to 
the factor that the detachment of the genes should also be taken into consideration. 
McDevitt et al. [16] used ammonium-f -CNTs as DNA and RNA delivery vehicles. 
The assembly of ammonium-f -CNTs and oligonucleotide species involves primarily 
electrostatic and hydrogen bonding interactions as well as to a less extent of π–π 
stacking forces. 

3.3.2 Hydrogen Bonding 

Hwu and co-workers [22] used H-bonding interaction as an efficient way to form 
the DNA@f-SWCNT complex to facilitate gene delivery. Nucleobase-functionalized 
SWCNT interacts with the nucleobases of DNA through H-bonding to form a pseudo 
duplex hybrid. The H-bonds being susceptible to variation in pH and temperature 
offers the possibility for the DNA to be released to the target site. 

3.3.3 π–π Stacking 

The p-CNT are used as a gene carrier. The π electrons of the aromatic purine and 
pyrimidine nucleobases in DNA interact with the π electrons of the CNT surface to 
form π–π stacking. These gene@p-CNT conjugates are stable enough under phys-
iological conditions for gene delivery [36]. Wang et al. [35] observed that pris-
tine SWCNT–DNA conjugate labelled with FITC fluorophore enters the nuclei of 
microvascular endothelial cells of rat skeletal muscles. Xing and Qiu et al. [36] 
proved that the conjugates formed by different secondary structures of ssDNA with 
SWCNTs have different binding affinities and show different permeability through 
cell barriers. Nevertheless, difficulty in release of the gene is the main drawback due 
to the strong π–π stacking interactions. 

3.4 Gene Targets of f -CNTs 

Mutation of a gene or a set of genes is the main cause of most diseases known to 
mankind [60]. A unique technique to correct these mutations gains much attention 
from the research community worldwide. Ever since the article by Friedmann and 
Roblin [61] stated “that exogenous good DNA be used to replace the defective DNA
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Fig. 3.3 Applications of 
CNT mediated gene delivery 

in those who suffer from genetic defects ….” gives birth to a unique technique called 
“gene therapy.” This technique involves treatment of acquired as well as inherited 
diseases. Either through transplant of the absent genes or through substitution of the 
mutated genes by healthy ones [62], a transport system or vector is required. The 
transporter or vector has to be efficient enough to carry and deliver the gene to the 
target cell nucleus without being affected under the physiological conditions. Viral 
and non-viral vectors are used to fulfil the requirement of the transportation. 

Viral vectors are more effective compared with the non-viral vectors, but also 
possess a high risk to the patients’ life due to their immunogenicity and cytotoxicity. 
On the other hand, non-viral vectors are less immunogenic and have simple and 
versatile methods for their preparation [63]. Variable ratios of length-to-diameter 
and the large surface area of CNTs act as a template for chemical functionaliza-
tion. These factors also increase their biocompatibility to make them as suitable 
non-viral vectors [33]. Nowadays, CNTs has been widely studied for applications 
to nanomedicine, including anti-cancer, gene therapy, biosensors, central nervous 
system (CNS) diseases, fibrosis treatment, etc. (see Fig. 3.3). 

3.4.1 Anti-Cancer 

Applications of CNTs for anti-cancer are explored extensively. The CNTs are grafted 
by diverse anti-cancer drugs, nucleobases, or polymers, which are attached covalently 
or non-covalently to the p-CNT surface. SWCNT–PEI–siRNA vector is used for 
efficient siRNA delivery to breast cancer cells [38, 39, 46]. For inhibition of the 
growth of nucleolin-abundant gastric cancer cells, CNT-based nanoplatform with 
high cell selectivity and exceptional anti-tumour activity is developed [37]. Yong et al. 
[30] used an SWCNT-based nanocarrier for gene delivery into pancreatic cancer cells. 
Among the macromolecules, oligonucleotides are the potential candidates for CNT
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functionalization as these oligonucleotides can sense specifically the target of interest 
[15, 44]. Kaufmann and co-workers [17] identified MWCNT-f -OH as a promising 
carrier, which is able to transport and release antisense oligodeoxynucleotide inside 
bladder cells. They used a carrier strand oligodeoxynucleotide adsorbed to MWCNT-
f -OH followed by hybridization with a therapeutic antisense oligodeoxynucleotide. 
Nevertheless, it is impractically applied to p-MWCNTs due to their poor dispersion 
properties. 

3.4.2 Gene Delivery 

The ability to deliver nucleic acids by plasmid DNA, antisense oligonucleotides, 
siRNA, etc. is under vigorous studies [64]. It offers potential to develop potent 
vaccines and novel therapeutics to cure diseases that cannot be remedied by tradi-
tional therapies. Gene delivery becomes a favourable approach for the treatment of 
irredeemable diseases, either assimilated or genetic. Nonetheless, there are many 
challenges to overcome. The requirements of being an effective gene carrier involve 
the capability to have reduced side effects, to enter the cell membrane, and to deliver 
the gene selectively at their target sites. The key to success is to increase the local 
density of a drug inside the target cell. Moreover, an efficient gene-delivery vehicle 
can protect and carry the transgene to the target cells. 

The f -CNTs possess great potential towards gene delivery for animal and plant 
cells. Ramezani et al. [28] developed vectors by using a condensation method to 
functionalize MWCNTs. Resende et al. [50] provided evidence of in vitro gene 
delivery into the Nile tilapia spermatogonial stem cells. Wang et al. [65] applied the 
DNA–MWCNT delivery vehicle for controlling infectious disease in the aquaculture 
industry. Kostarelos et al. [66] used dendron–MWCNT to silence genes efficiently. 
They provide evidence of delivering siRNA in the cytoplasm [66]. 

3.4.3 Other Applications 

The assorted characteristics associated with the surface of f -CNT broaden the appli-
cations in tissue engineering, bio-sensing, bio-imaging, and drug delivery [6, 41]. 
Advances in CNTs-based nano devices lead to a significant breakthrough in detection 
of macromolecules like DNA and proteins. McDevitt et al. [16], Ramezani et al. [28], 
and our group [22] independently developed gene-delivery vehicles that can be used 
for diverse DNAs to form hybrids. They can be used as vectors for targeted gene 
therapy. Furthermore, Wang, Harvey, and their co-workers [35] discovered gene-
delivery vehicles, which can be applied to renal interstitial fibrosis treatment. Uptake 
by microvascular endothelial cells is also possible. Porterfield et al. [67] reported the 
application of SWCNT hybrids with ssDNA. The outcomes are beneficial to the 
development of new micro biosensors.
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3.5 Summary 

This review article aims to highlight the unique properties of various types of CNTs 
as gene-delivery vehicles. Solubility of the p-CNT can be enhanced through grafting 
with proper functional groups that can interact with various solvents and help the 
CNTs to be soluble and dispersible. Furthermore, biocompatibility can be improved 
by optimization of surface modifications. Some f -CNT-gene hybrids are stable 
towards the enzymic environment and carry the genes into the specific targets with 
success. Variations in pH and temperature are controllable in order to offload the gene 
from the hybrid. High loading of genetic cargos, stability outside the target tissues 
or cells, ability to protect the gene against enzymic degradation, intracellular release 
of the gene, controllable gene expression, and minimization of cytotoxicity are hot 
topics to the research. The results will enrich the role of CNTs in nanomedicine. This 
review article shows high potential of grafted CNTs as gene carriers. 

3.6 Further Reading 

For a nice and comprehensive review of carbon nanotubes as drug- and gene-delivery 
carriers published in 2021 [33]. This paper concentrates on the discussion of CNT’s 
cellular uptakes through different mechanisms, phototherapy, toxicology, environ-
mental effects, in vivo and in vitro applications on infectious diseases. There are 
50 references cited in the Tables 1–6 therein. None of those references are listed in 
the two tables of this review article, which concentrates on discussions of design 
and functionalization of CNTs by various chemical methods and the interaction of 
resultant f-CNTs with genes or aptamers. 
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Chapter 4 
Selected Recent Work on 
Endo-Functionalization of Cylindrical 
Macrocyclic Artificial Receptors 
for Mimicking Protein–Ligand 
Interactions 

Yahu A. Liu, Zhuo Wang, Weibo Hu, Mingliang Ma, Hui Yang, and Ke Wen 

Abstract In medicinal chemistry, a significant part of the process involves modi-
fying the way a small molecule interacts with a target receptor, which is typically a 
protein. The objective is usually to enhance or dampen these interactions to achieve 
the desired therapeutic outcome. To gain a better understanding of these inter-
actions, researchers have utilized functionalized macrocyclic receptors as models 
for mimicking protein binding pockets. Recent advancements in the functional-
ization of synthetic cylindrical and vase-shaped cylindrical macrocyclic receptors, 
including cavitands, calixpyrroles, naphthotubes, and pillar [1] arene-derivatives, 
among others, have been noteworthy and thought-provoking. In this short review, we 
present selected examples from a medicinal chemist’s perspective, with an emphasis
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on the endo-functionalization of cylindrical and vase-shaped cylindrical macrocyclic 
receptors and their binding features in model protein–ligand interactions. 

4.1 Introduction 

Proteins are large, complex molecules that perform a variety of important functions 
in biological systems. One of the key roles of proteins is to interact with small 
molecules, or ligands, in order to carry out specific tasks within the cell or organism 
[2, 3]. For example, enzymes are proteins that catalyze chemical reactions in the 
body, and they often require a specific ligand to function properly. Hormones, neuro-
transmitters, and other signaling molecules are also small molecules that interact 
with specific protein receptors in order to transmit information within the body [2, 
3]. Understanding the mechanisms of these interactions between proteins and ligands 
is crucial for the advancement of basic science and drug discovery. By studying how 
proteins and ligands interact, scientists can gain insights into the underlying mech-
anisms of biological processes and develop new drugs that can selectively target 
specific proteins in order to treat diseases [2, 3]. Towards this direction, biochemists 
and biologists frequently study specific proteins and aim to identify the endogenous 
metabolites that bind to them. Conversely, chemists may employ bioactive small 
molecules, drugs, or tool compounds as probes to identify therapeutically relevant 
protein targets. Proteins that recognize ligands include a diverse range of molecules 
such as antibodies, enzymes, lectins, signaling partners, transcription factors, and 
membrane transport proteins [1, 4]. Among others, antibodies and related binding 
proteins are highly desirable in recognition studies due to their broad binding affinities 
and target selectivities. While natural protein receptors can be highly effective, they 
are often costly to produce, have limited storage capacity, and may not be compat-
ible with certain chemical transformations [1, 4]. As a result, synthetic biomimetic 
receptors, which are artificial macrocyclic hosts that mimic the structure and function 
of protein binding pockets, are essential alternatives for studying and testing. These 
model studies can provide valuable complementary methods to those using proteins. 

In general terms, numerous instances of host–guest arrangements might be 
viewed as imitating interactions between pockets and ligands. Synthetic macrocyclic 
receptors, such as crown ethers, cryptands, cyclodextrins, cucurbiturils, cavitands, 
calixarenes, naphthotubes, and pillararenes have been extensively used as hosts in 
molecular recognition [5]. By exploiting the principles of supramolecular chemistry, 
such as molecular recognition and self-assembly, these synthetic receptors can be 
designed to selectively bind to specific targets, making them ideal candidates for 
drug discovery and other biomedical applications. However, the artificial macro-
cyclic receptors that interest medicinal chemists the most are pocket-like structures, 
for example, cylindrical macrocyclic artificial receptors. Despite their widespread 
use, most of the synthetic macrocyclic receptors that are currently well-established 
do not possess the same binding affinity and selectivity as bioreceptors. This discrep-
ancy can be attributed to the lack of functional groups inside the binding cavities.
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Most of the known synthetic receptors contain either a hydrophobic cavity or polar 
binding pockets only, and those with polar functional groups inside a hydrophobic 
cavity are rare [5]. Therefore, the functionalization of now-established synthetic 
receptors through the introduction of functional groups into a hydrophobic cavity 
could be an effective means to create useful artificial molecular pockets that can 
mimic protein–ligand interactions. This review focuses primarily on the most recent 
work (since year 2019) on the functionalization of the synthetic cylindrical and vase-
shaped cylindrical macrocyclic receptors and their application in model studies of 
protein–ligand interaction. As this short review is focused on cylindrical and vase-
shaped cylindrical structures that have been purposely functionalized, other types 
of hosts, such as helical foldamers [6], crown ethers [7], cryptands [8], will not be 
discussed. 

4.2 Functionalization of Cylindrical and Vase-Shaped 
Cylindrical Macrocyclic Receptors 

4.2.1 Cavitands 

A cavitand is a type of cylindrical (or vase-shaped cylindrical) macrocycle consisting 
of an enforced concave cavity surrounded by four aromatic rings. It is synthesized 
by covalently linking neighbouring phenolic hydroxyl groups in a resorcinarene 
(Fig. 4.1) [9–12]. Cavitands can be utilized as a means for examining protein struc-
ture, as they can function as inflexible frameworks onto which novel proteins can be 
attached through chemical means [9]. Additionally, cavitands have the capability to 
mimic certain properties of natural proteins and are proficient in acting as artificial 
hosts [9]. Since cavitands have an open top end and a closed bottom end, function-
alizing the bottom rim of cavitands can change their overall properties, but not the 
binding properties inside the cavity [13, 14]. For example, functionalizing the bottom 
rims with alkyl or aryl groups improves their solubility in organic solvents, while 
adding water-soluble groups increases their aqueous solubility [14]. On the other 
hand, functionalizing the upper rim is often used to modify the binding properties 
of the vase-like cavity, endowing these open-ended molecules to resemble protein 
binding pockets. For instance, Rebek, Yu and co-workers investigated the effects 
of metal complexation on the molecular recognition behaviour of cavitands with 
quinoxaline walls (Fig. 4.2) [15]. They found that complexing Pd(II) with nitrogen 
atoms of the quinoxalines close to the upper rim of the vase-like shape cavitands could 
afford 2:1 Pd(II):cavitand derivative which demonstrated enhanced the binding of 
hydrophobic and even water-soluble guests [15].

Protein pockets interact with ligands in various ways, including hydrophobic 
effect, hydrogen bonding, π-stacking, weak hydtogen bonding, salt bridge, amide 
stacking, and cation-π interaction. To explore the roles of cation-π interaction and 
the hydrophobic effect in controlling recognition in biological systems, Hunter,
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Fig. 4.1 The upper (R2 or R5) and  lower rim  (R1 or R3) functionalization of Rebek’s and Gibb’s 
cavitands (1 and 2). Reproduced with permission from Ref. [11]. Copyright © 2016 Nature 
Publishing

Yu and co-workers studied intramolecular competition between trimethylammo-
nium head group –N+(CH3)3 and tert-butyl head group –C(CH3)3 of molecular 
“dumbbell” guests in cavitand hosts [16, 17]. They found that the host molecules 
consistently prefer binding to the uncharged –C(CH3)3 groups, regardless of the 
presence of anionic, cationic, or zwitterionic groups, because the solvation of the 
polar –N+(CH3)3 group in water outcompeted the cation−π interaction, the attrac-
tion between the positive charge in –N+(CH3)3 and the π-surfaces in the container. 
However, when the “dumbbell” guests had short linkers, the functional groups on 
the rim of the cavitand hosts affected the binding modes of the guests in the hosts 
(Fig. 4.3a). The cationic –N+(CH3)3 head group tended to interact with the polar 
urea groups (red) in cavitand 6 (Fig. 4.3b), but the cation−π interaction between 
the positive charge and the π-surfaces in the cylinder became a predominating inter-
active attraction in the complex 11 where the host has hydrophobic methyl groups 
(green) on the upper rim (Fig. 4.3c) [16].

The discriminatory recognition of neutral hydrophilic molecules in water is 
common in nature, where hydrophilic biomolecules like sugars can be selectively 
recognized by receptors through the cooperative action of hydrophobic effects and 
other non-covalent interactions. However, creating a biomimetic receptor that can 
mimic such recognition has proven to be a challenge. Recently, Yu’s group has devel-
oped two deep cylindrical water-soluble cavitands, and the molecular recognition 
of neutral hydrophilic molecules such as THF and dioxane is enhanced by water-
mediated hydrogen bonds (Fig. 4.4) [18]. In a non-covalent interaction analysis to 
determine the nature of the interaction between the guest (THF) and cavitand, the 
interactions between the guest and the cavitand were identified as weak dispersion 
interactions. Still, THF molecules can form additional favorable hydrogen bonds with 
the water molecules inside the cavitand in the presence of water molecules. These 
interactions may be attributed to the presence of imidazole N or NH on the inner
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Fig. 4.2 Cartoon illustration of the interactions of the Pd-complexed cavitand with n-alkanes, n-
alkanoic acids, n-alcohols, α,ω-n-alkanediols, cycloalkanes, or cyclic alkanoic acids. The chain 
alkyl compounds were inserted into the pocket linearly and cycloakanes tumbled rapidly, while 
cyclic acids were fixed with the carboxyl groups exposed to aqueous environment. Reproduced 
with permission from Ref. [15]
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Fig. 4.3 a Cartoon representation of the two isomeric complexes 8 and 9 formed between cavitand 
host 6 and dumbbell guest 7. b The polar urea groups (red) in 6 attractively interact with 7’s cationic 
head group, forming complex 10. c In complex 11, the hydrophobic methyl groups (green) make 
attractive interactions with 7’s t-butyl head group. Reproduced from Ref. [16] which is available 
online at pubs.acs.org/doi/ https://doi.org/10.1021/jacs.1c06510 

Fig. 4.4 a Chemical structures of cavitands 12a and 12b. b Geometry of the complex of cavitand 12 
with THF optimized by density functional theory (DFT) calculations. Reproduced with permission 
from Ref. [18]. Copyright © 2021 Royal Society of Chemistry. The figures have been published in 
Ref. [18] which is available online at pubs.rsc.org/en/content/articlelanding/2021/cc/d1cc02505h

https://doi.org/10.1021/jacs.1c06510
https://pubs.rsc.org/en/content/articlelanding/2021/cc/d1cc02505h
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surface of the cylindrical tube and the introduction of pyridine functional groups to 
the upper rim [18]. 

4.2.2 Calix[4]pyrroles 

Calixpyrroles are macrocycles made by condensing acetone and pyrrole to form 
tetrapyrrolic structures. They are relatively easy to modify, and the ditopic nature 
of calix[4]pyrrole derivatives endows them to be good receptors and extractants 
for both anions and cations, given the right conditions [19–21]. For example, 
when four hydrogen bonds are formed between an anion and a calix[4]pyrrole 
molecule, the molecule converts from the 1,3-alternate conformation to a bowl-like 
shape which can selectively recognize a variety of analytes, including Lewis basic 
anions, neutral aromatic molecules, and fullerenes. Penuelas-Haro and Ballester 
recently reported the functionalization of both upper and lower rims of the aryl-
extended calix[4]pyrrole derivatives [21]. Functionalization of the bottom rim of the 
calix[4]pyrroles impacted their solubility in organic solvents and aqueous medium. 
For instance, calix[4]pyrroles 13–16, which had pyridinium groups located at their 
bottom rims, were water-soluble, while calix[4]pyrroles 17–20, featuring non-polar 
functional groups (such as 4-chloro-n-butyl) at the bottom rims, were soluble in 
chloroform (Fig. 4.5) [21]. However, it was the modifications made to the upper rim 
that altered the binding selectivity of the pockets. This was shown by differences 
in the binding properties among four different calix[4]pyrrole derivatives: the bis-
phosphonate calix[4]pyrrole cavitand 13, its in–out stereoisomer 14, the methylene 
bridged analogue 15, and the calix[4]pyrrole counterpart 16.

4.2.3 Naphthalene-Based Molecular Tubes 

Naphthalene-based molecular tubes, initially discovered by Glass and co-workers, 
consist of a pair of configurational isomers bearing amide protons in the well-defined 
deep cavity (Fig. 4.6) [22, 23]. In order to generate diverse biomimetic receptors for 
molecular recognition, Jiang and his team replaced the amide moiety with various 
hydrogen-bond acceptors (such as ether, ester, and imine) and hydrogen-bond donors 
(such as amine, urea, and thiourea). As a result, the corresponding naphthalene-based 
molecular tubes, referred to as “naphthotubes” by Jiang, exhibit unique recognition 
capabilities [23]. The unique recognition capabilities of naphthotubes have opened 
up infinite potential for their use in a variety of fields, and their properties continue 
to be explored for further applications.
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Fig. 4.5 Chemical structures of arylextended calix[4]pyrrole derivatives 13–20. Partially repro-
duced from Ref. [21] which is available online at https://pubs.rsc.org/en/content/articlelanding/ 
2019/sc/c8sc05034a

Jiang’s research group investigated the host–guest interactions of two 
naphthalene-based molecular tubes, NT-syn (21a) and NT-anti (21b), with 18 neutral 
molecular fragments and 13 drug molecules in water [24]. In the 17 neutral molec-
ular fragments 23–39 (Fig. 4.7a), attached to the phenyl ring 22 were various func-
tional groups including methyl, methoxyl, methylthio, cyano, methylamino, dimethy-
lamino, nitro, ester, amide, ketone, oxazole, thiazole, and pyrimidine, many of which 
were polar groups. In addition, drug molecules 40–52 (Fig. 4.7b) included in the 
study contained one or two of the above-mentioned 18 molecular fragments in their 
structural backbones. The cavities of 21a and 21b (Fig. 4.6) were deep enough to 
encapsulate both polar and nonpolar groups, and hydrogen bonds formed between 
the polar groups of guests and the amide protons of the hosts. Density functional

https://pubs.rsc.org/en/content/articlelanding/2019/sc/c8sc05034a
https://pubs.rsc.org/en/content/articlelanding/2019/sc/c8sc05034a
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Fig. 4.6 A cartoon model of naphthotubes a and chemical structures b of amide naphthotubes 
NT-syn (21a) and NT-anti (21b). Reproduced with permission from Ref. [23]. Copyright © 2020 
American Chemcial Society

theory (DFT) calculations revealed that the energy gained through interacting with 
the polar groups of guests compensated for the desolvation penalty. In addition, it 
was found that the two amide naphthotubes exhibit an even stronger binding affinity 
towards organic drug molecules with multiple polar groups, comparable to those of 
the corresponding bioreceptors [24]. In particular, 21b was found to be capable of 
improving the aqueous solubility of two poorly soluble drug molecules, which was 
understandable as solubility of the pocket-ligand complexes was enhanced owing 
to the water-soluble carboxylate groups at the rims of the cylindrical receptor. As 
such solubility-enhancing effect was shown to be more effective than that of β-
cyclodextrin, which has been commonly used to deliver poorly water-soluble drugs 
[25, 26], 21b was expected to have potential for applications in drug formulation and 
delivery. Therefore, the amide naphthotubes not only serve as biomimetic receptors 
to facilitate our understanding of biomolecular recognition, but also offer potential 
applications in the field of drug delivery. Overall, the findings demonstrated the poten-
tial of amide naphthotubes as versatile biomimetic receptors for both fundamental 
research and practical applications in the pharmaceutical sciences.

The modulation of luminescence properties in organic dye molecules has the 
potential to enhance their usage in a variety of fields, such as optical devices, biolog-
ical imaging, drug delivery, and sensors. Recently, researchers have been exploring 
the use of macrocyclic hosts to encapsulate fluorescent dyes through supramolecular 
interactions. By binding a luminescent ligand within the host cavity, these inter-
actions can significantly modify the spectral properties, fluorescence lifetime, and 
photostability of the dye. In an effort to further tune these properties, Jiang’s group
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Fig. 4.7 The structures of 18 molecular fragments a and 13 drug molecules b used in the study. 
The figures have been published in Ref. [24] which is available online at https://doi.org/10.31635/ 
ccschem.020.202000288

investigated the use of amide naphthotubes (21a and 21b) to bind a diverse range of 
fluorescent dyes. The study focused on organic dyes 53–65 (Fig. 4.8), which varied 
in both charge and shape, in order to fully understand the range of binding behavior 
and fluorescent tuning effects of naphthotubes 21a and 21b. Results indicated that 
the amide naphthotubes were highly effective at binding fluorescent dyes in water, 
exhibiting higher binding constants than those observed with cucurbit[7]uril and β-
cyclodextrin. Additionally, the inward-pointed hydrogen bonding sites in the amide 
naphthotubes played a critical role in determining the absorption and fluorescence 
spectra of the dye-host complexes [27]. This study demonstrated the potential of 
amide naphthotubes as a versatile tool for modulating the luminescence properties 
of fluorescent dyes, further expanding their potential applications.

Salt bridge bonds are crucial in protein structures as they form through the 
attraction of opposite charges between residues that are in close proximity. These 
bonds are also significant in determining the specificity of protein interactions with 
other biomolecules. To imitate the binding pockets found in bioreceptors, Jiang

https://doi.org/10.31635/ccschem.020.202000288
https://doi.org/10.31635/ccschem.020.202000288
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Fig. 4.8 The strcutures of the watersoluble organic fluorescent dyes 53–65 involved in the study

and colleagues designed and synthesized a pair of naphthotubes that are endo-
functionalized with secondary ammonium groups in their hydrophobic cavities 
(Fig. 4.9) [28]. These endo-functionalized macrocyclic hosts could utilize the buried 
salt bridges and the hydrophobic effect to achieve efficient and selective recogni-
tion of functional carboxylic acids in water. Furthermore, the naphthotube receptors 
could be employed for circular-dichroism-based optical chirality sensing of chiral 
carboxylic acids and fluorescent sensing of phenylpyruvic acid, as demonstrated by 
Jiang’s group. As optical chirality sensing is a powerful tool for studying the role 
of chirality in various fields and has numerous practical applications, naphthotube 
chirality sensors could become increasingly important.

The use of targeted covalent inhibitors has been acknowledged as a crucial aspect 
in drug discovery and therapy for overcoming acquired resistance in oncology [29, 
30]. Cancer is a complex disease that can develop resistance to many different types 
of drugs, making treatment difficult. One potential approach to address this challenge 
is the use of targeted covalent inhibitors, which are designed to irreversibly bind to 
a specific protein target in cancer cells. By forming a covalent bond with the target 
protein, these inhibitors can inhibit its activity, leading to cell death and ultimately 
shrinking or eliminating the tumor [29, 30]. Cysteine residues have been a common 
target for irreversible inhibition due to their nucleophilic properties. However, it
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Fig. 4.9 a Cartoon illustration of an endo-functionalized cavity for binding carboxylic acids in 
water through a buried salt bridge and the hydrophobic effect. b Chemical structures of amine 
naphthotubes 66 and 67. Reproduced with permission from Ref. [28]. Copyright © 2022 Wiley– 
VCH GmbH

has been increasingly recognized that lysine residues, another type of nucleophilic 
amino acid, can also serve as viable targets for irreversible inhibition. By reacting 
with lysine residues, inhibitors can form covalent adducts, leading to irreversible 
inhibition of the target protein [31, 32]. Lysine is nearly three times more abun-
dant than cysteine in the human body, but its basicity presents challenges for this 
strategy as the ε-amino group of in lysine may become protonated at acidic pH or 
even at pH 7.4 [31, 32]. Recently, scientists have been investigating compounds 
that can form reversible covalent bonds with proteins. For instance, Taunton’s group 
showed that covalent inhibitors based on aldehydes are capable of binding to target 
proteins in a reversible manner (Fig. 4.10) [32, 33]. Selectivity of irreversible elec-
trophiles relies only on the attachment rate to the right lysine site, while reversible 
electrophiles depend on both attachment and detachment rates. Due to the basicity 
of the ε-amino group in lysine, protonation of the lysine amino groups can make 
them unavailable for covalent bond formation, especially in acidic or slightly basic 
environments. As such, In drug discovery, lysines that are situated within the inner 
folds of a protein are often targeted because they are less likely to become proto-
nated. To mimic aldehyde-amino interaction in these protein inner pockets, Jiang’s 
group synthesize naphthotube 68 whose the amine side chain is folded into the cavity
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when in water (Fig. 4.11a) [34]. The cavity of 68 had hydrogen bonding sites and a 
primary amine group, making it to some extent analogous to the active site pocket of 
aldolase I. The hydrogen bonding site of 68 was protected by its hydrophobic cavity, 
creating a suitable environment for stabilizing alkyl imine in aqueous conditions. 
Aldehydes containing longer alkyl chains have the ability to form an imine bond 
with 68 (Fig. 4.11b). Longer aldehydes required less saturation than shorter ones, 
consistent with their binding affinities. Longer aldehydes were also able to quickly 
displace shorter ones to form new imines, which demonstrated reversiblility of the 
imine formation. The inner space of naphthotubes is not entirely separated from 
the surrounding aqueous environment, unlike container molecules with completely 
isolated cavities. This means guest molecules can enter and exit the cavity through the 
portals of 68. Furthermore, the cylindrical pocket’s inner surface contains hydrogen 
bonding sites that point inwards, contributing to the stabilization of labile imine and 
hemiaminal molecules. These cylindrical biomimetic receptors were analogous to 
enzyme binding pockets, and their guest exchange kinetics and stabilization mech-
anisms share similarities. The model studies using 68 and aldehydes are useful not 
only in understanding of binding of lysines by aldehyde-based covalent inhibitors, 
but also inspiring designing new compounds that can selectively target specific lysine 
residues in proteins, potentially leading to more effective cancer therapies. 

Another impressive work on naphthotubes recently disclosed by Jiang’s group was 
the enantioselective recognition which was achieved by using chiral naphthotubes

Fig. 4.10 The covalent binding between a small molecule that contains an aldehyde group and a 
lysine residue (yellow segment on the blue ribbon) on a kinase protein. Reproduced from Ref. [32] 
with permission from Professor Jack Taunton (University of California, San Francisco)
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Fig. 4.11 a Structure of naphthotube 68. b Schematic representations of energy-minimized major 
structures involved during the reaction of 68 with propanal in water. (Produced with permission 
from Ref. [34]. Copyright © 2022 Wiley-VCH GmbH)

synthesized through a chirality-directed macrocyclization strategy (Fig. 4.12) [35]. 
Enantioselective recognition is a crucial process that occurs in biological systems, 
where specific molecules must be recognized and differentiated based on their chiral 
properties. Nature has developed several mechanisms for enantioselective recog-
nition, such as enzymes and chiral receptors. These systems can recognize and 
bind to specific enantiomers, promoting reactions with high stereoselectivity. The 
chiral naphthotubes, R2, S2-71 and S2, R2-71, showed the ability to differentiate 
between enantiomers of neutral chiral molecules in an aqueous environment. This 
phenomenon can be explained by the “three-point contact” model developed through 
DFT calculations. The model suggests that the enantioselectivity towards racemic 
guests 72–78 is the result of the varying contributions of hydrogen bonding and weak 
C–H π interactions, which are shielded within the hydrophobic cavity of the naph-
thotubes. Unlike their achiral analogue, R2, S2-71 and S2, R2-71 are both CD-active 
and fluorescent. The chiral naphthotubes exhibited distinctive circular dichroism 
responses towards both chiral and achiral molecules, and had the potential to function 
as fluorescent sensors for determining the enantiomeric excess (ee) values of chiral
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Fig. 4.12 a Chemical structures of amide naphthotubes chiral naphthotubes R2, S2-71 and S2, 
R2-71. b The Chemical structures of the chiral guests 72–78 involved in the study. This figure has 
been published in Ref. [35] which is available online at https://doi.org/10.31635/ccschem.020.202 
000160 

guests. Enantioselective recognition in aqueous environment is extremely important 
in protein–ligand interaction as many biological processes and chemical reactions 
occur in water-based environments. Thus, the chiral naphthotubes R2, S2-71 and S2, 
R2-71 could serve as model binding pockets to explore mechanisms of enantioselec-
tive recognition in nature, which is crucial in the development of new drugs, as many 
pharmaceuticals must target specific enantiomers to be effective and safe for use. 

Stimuli-responsive hosts are molecules or materials that are capable of changing 
their properties in response to external stimuli such as light, temperature, pH, or 
electric fields. These materials have a range of potential applications in areas such 
as drug delivery, sensors, and nanotechnology [36]. Stimuli-responsive hosts can be 
designed with specific binding sites that can selectively capture and release target 
molecules based on the specific stimuli applied. This selectivity can be achieved 
through changes in the shape, charge, or hydrophobicity of the host molecule or 
material, which can alter the strength of interactions between the host and guest 
molecules [36]. Jiang’s team has published research on water-soluble naphthotubes 
79 and 80 that feature a pH-responsive endo-functionalized cavity (Fig. 4.13) [37]. 
These two naphthotubes differ from the most naphthotubes reported before as they 
include an amide group and a secondary amine group in the framework, both of 
which function as inward-directing groups. The naphthotubes remained soluble over 
a broader pH range due to the four carboxylate groups installed at the bottom rim, 
preventing precipitation of the host upon protonation (at pH 7.4) and deprotonation 
(at pH 12) of the secondary amine group. As the inward-directing amine group’s 
protonation and deprotonation depend on the environment’s pH value, the naph-
thotubes exhibited different binding preferences and selectivity in water under the

https://doi.org/10.31635/ccschem.020.202000160
https://doi.org/10.31635/ccschem.020.202000160
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Fig. 4.13 a Chemical structures of the naphthotubes (79 and 80) with the amide and secondary 
amine groups in the cavities. b Cartoon representation of switchable bifunctional molecular recog-
nition in water using the pH-responsive naphthotubes. The sidewalls of protonated naphthotubes 
are colored as blue. c Chemical structures of the guests involved in the study. Reproduced from Ref. 
[37]. The figures have been published in Ref. [32] which is available online at https://www.nature. 
com/articles/s41467-022-30012-4 

protonated and deprotonated states. The differences in charge repulsion, hydrogen 
bonding, and hydrophobic effects were thought to cause the guest-binding dispari-
ties. Hence, manipulating the environmental pH value allowed for the guest-binding 
to be switched between two guest molecules in a ternary mixture [37]. 

4.2.4 Pillar[5]arene-Derived Receptor 

Pillararenes are a distinctive category of macrocyclic hosts used in host–guest 
chemistry, renowned for their superior properties in host–guest recognition. Firstly, 
their symmetrical and inflexible structures provide them with the ability to selec-
tively bind with guests. Secondly, by introducing various substituents on some or 
all of the benzene rings, their guest-binding behaviors can be adjusted. Thirdly, 
pillar[n]arenes are readily soluble in most organic solvents, making them useful 
complements to water-soluble macrocycles with comparable cavity sizes [38–42].

https://www.nature.com/articles/s41467-022-30012-4
https://www.nature.com/articles/s41467-022-30012-4
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While pillar[n]arene homologues with n values between 5 and 15 have been synthe-
sized, pillar[5]arene with five repeating units is the most extensively researched, 
owing to its simplicity of synthesis and thermodynamic stability. The internal pentag-
onal diameter of the cavity of pillar[5]arene is calculated to be 4.7 Å (based on van der 
Waals radii of the atoms), and it has a strong binding affinity for various electron-poor 
or neutral molecules that complement its shape [38–42]. 

Various functional substituents, such as hydroxylimine and amino groups, can be 
linked to the rims of pillar[5]arene derivatives. However, in all previously reported 
cases, the polar functional substituents embedded in the rim of the pillar[5]arene 
pointed outward [38–42]. Recently, a new tubular molecular pocket derived from 
pillar[5]arene, endo-[P4-(OH)BPO] (88), was created with an inward-pointing 
hydroxyl group (Fig. 4.14) [43]. X-ray crystallography data revealed that 88 orients 
its phenyl group towards the exterior of the tubular frame, and the hydroxyl group 
towards the core of the cavity, encapsulating an acetone molecule inside the cavity 
through the formation of a hydrogen bond between the C=O group of acetone and the 
O–H group of 88. H-bonds play a vital role in fragment-pocket complexes, making 
88 an ideal artificial protein binding pocket. The inwardly pointing hydrogen bond 
donor (–OH) at the bottom of the deep cavity and a robust hydrogen bond acceptor 
(C=O) on the tubular inner wall of a primarily hydrophobic surface allow unidi-
rectional interaction with various shape-complementary molecular guests within the 
tubular cavity through a combination of hydrophobic and hydrogen bonding interac-
tions. This mimics a protein–ligand or fragment-pocket interaction event in a protein 
binding pocket [43]. 

Tubular pocket 88 was utilized in a model study of fragment-pocket interaction in 
fragment-based drug design (FBDD) due to its ability to interact with various small 
shape-complementary polar molecular guests through synergistic hydrophobic and

Fig. 4.14 a Cartoon representation of 88. b Crystal structure (lef) and chemical structure (right) 
of 88. Partially reproduced with permission from Ref. [43]. Copyright © 2021 Ameican Chemical 
Society 
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Fig. 4.15 Molecular docking models of 89 and 90 in 88. a 89  was docked into the pocket 88 
with AutoDock Vina. b 90  was docked into the pocket 88 with AutoDock Vina. Reproduced with 
permission from Ref. [43]. Copyright © 2021 Ameican Chemical Society Society

hydrogen bonding interactions within its tubular cavity [43]. A library of structurally 
diverse “fragment ligands” that were shape-complementary to the “target pocket” 
88 were screened, and weak to moderate binding affinities were observed between 
the model pocket and the fragment ligands. To investigate the correlation between 
binding strength (Ka) and properties of the guest fragments, molecular descriptors 
were collected, including the logarithm of the n-octanol/water partition coefficient 
(log P), dipole moment (μ), molecular volume (V), surface area (S), and asphericity 
(Ωa). Using information about how various fragment ligands bind inside the pocket 
of 88, Wen and co-workders designed two “lead molecules”, 89 and 90, which were 
intended to make use of both the hydrogen-bond donating (OH) and accepting (C=O) 
features of the pocket (Fig. 4.15). Both “lead molecules” had much stronger binding 
affinities than the “hit molecules” generated during the initial screening process. 
The model pocket demonstrated its usefulness in understanding FBDD because it 
allows researchers to study the binding behavior of fragments in a simplified system. 
By analyzing the interactions of the fragment 89 or 90 with the model pocket 88, 
researchers can gain insights into how to optimize the fragments’ binding affinity 
and selectivity in FBDD. 
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4.2.5 Anthracene-Derived Receptor 

Jiang’s research group, which has experience in mimicking ligand-pocket interac-
tions during the fabrication of naphthotubes [23, 24, 27, 28, 34, 35, 37], recently 
disclosed new cylindrical pockets that go beyond naphthotubes. Their latest devel-
opment is a novel anthracene-derived host (91), which was constructed by stitching 
two pieces of bent anthracene dimers through a simultaneous construction (Fig. 4.16) 
[44]. With a deep hydrophobic pocket defined by the four anthracene sidewalls with 
the inwardpointing hydrogen bonding sites, host 91 effectively binds p-benzoquinone 
(92) as well as other quinones 93–104 with high selectivity through the cooperative 
effect of shielded noncovalent interactions and the hydrophobic effect. Control exper-
iments, X-ray single crystal structures, and DFT calculations were used to verify these 
findings. Because they were located in a hydrophobic microenvironment, hydrogen 
bonding, C@H··p, and charge transfer interactions were able to persist and contribute 
to the strong binding affinity and high selectivity observed in the system. As a result, 
found that the p-benzoquinone had the highest association constant among all the 
known synthetic receptors, and it was even comparable in affinity to bioreceptors 
[44].

4.3 Conclusions 

The development of macromolecules that mimic protein binding pockets has enabled 
the study of protein–ligand interactions in simplified model systems. However, most 
synthetic receptors currently known possess either hydrophobic cavities or polar 
binding sites only, which do not fully resemble the binding pockets found in proteins 
that typically feature both polar and hydrophobic groups. To address this limitation, 
functional groups can be introduced into hydrophobic cavities via the functionaliza-
tion of synthetic receptors, resulting in artificial binding pockets that more closely 
resemble those found in real protein environments. By endowing synthetic pockets 
with both hydrogen bond donors and receptors at the inner surface, these biomimetic 
receptors can mimic the native-like features of protein binding pockets, providing a 
useful tool for studying host–guest interactions in a way that more closely resembles 
nature.
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Fig. 4.16 a Cartoon representation and chemical structure of the simultaneous construction of 
anthracene-derived receptor with an endo-functionalized cavity. b Chemical structures of 91. c 
Chemical structures of the guests 92–104 involved in the study. Reproduced with permission from 
Ref. [44]. Copyright © 2021 Wiley–VCH GmbH
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Chapter 5 
Singlet Oxygen Photo-Generation 
by Light Irradiation Using 
Metal–Organic Frameworks 
as Photodynamic Therapy Agents 

Sajid Bashir and Jingbo Louise Liu 

Abstract A metal–organic-framework zirconium (pyrene-1,3,6,8-tetryl) 
tetrabenzoic acid (Zr7Pr) was fabricated and evaluated in retinal pigmented 
epithelial cells in vitro for singlet oxygen inactivation of cell function. Cellular 
health was evaluated through the measurement of stress biomarkers. It was shown 
that increases in lactate dehydrogenase (LDH) and mitochondrial membrane poten-
tial (MMP) activity are consistent with singlet reactive oxygen species (ROS). The 
levels of nitric oxide (NO) and peroxynitrite (ONOO−) as possible reactive nitrogen 
species (RNS) were evaluated to identify the site of Zr7Pr’s inhibitory function. 
The analysis indicates that singlet oxygen generates superoxide and nitric oxide, 
which generates peroxynitrite. The most likely site of action of Zr7Pr is through 
the inactivation of mitochondrial pore transitions (MPTs) rather than complete 
membrane peroxidation. The exposed cysteines or histidine in the molecular targets 
of MPTs are modified, which affects the cell’s ability to regulate apoptosis-inducing 
MPTs under oxidative stress. Cells tolerant to hydrogen peroxide poisoning are 
still susceptible to the actions of Zr7Pr, whose efficacy is most likely through 
impairment of mitochondrial function and modification of the pore within the 
adenosine nucleotide translocase protein family (ANT) domain of the MPT. 
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5.1 Introduction 

The inactivation of damaged cells and recycling of cellular material occurs through 
programmed cascade signals, known as apoptosis [1]. Apoptosis occurs in normal 
and pathological conditions and can be induced through photodynamic therapy to 
stimulate cell death in cancerous cells [2]. A specific manifestation of apoptosis 
includes cytochrome c release [3] and changes in nitric oxide production [4], which 
distinguishes it from oxidative stress caused by reactive oxygen species [5]. 

Reactive oxygen species (ROS) induce death through lipid peroxidation, 
DNA fragmentation, and covalent modification of critical proteins [6]. Cancer 
therapy utilizes this process by (a) increasing intracellular ROS levels through the 
addition of agonists to induce tumor necrosis factor (TNF), resulting in cell death [7]; 
(b) generating ROS with photosensitizers [8], or (c) directly adding oxidizing agents 
to induce cell death [9]. ROS-induced cell death is implicated. In cells incubated with 
anti-oxidants and oxidants, cell death is retarded or stopped [10]. Similarly, cells with 
over-expression of enzymes responsible for reducing oxidative stress exhibit similar 
tolerance [11]. 

Reactive oxygen species include oxygen-containing free radicals, hydrogen 
peroxide, and singlet oxygen and often also include peroxynitrite (ONOO−). High 
intracellular concentrations of these chemicals are usually accompanied by high 
caspase-3 activity induced by nitric oxide [12]. It was previously shown that 
methylene blue (MB) and visible light-induced singlet oxygen-induced apoptosis 
in Salmonella typhimurium [13]. What has not been demonstrated is whether singlet 
oxygen can induce nitric oxide or peroxynitrite as the lethal agents in inducing cell 
death or slowing cellular proliferation. This aspect is the focus of the current study. 

5.2 Materials and Methods 

Materials All chemicals were procured from VWR International (Atlanta, GA) or 
Sigma-Aldrich (St. Louis, MO). The buffers used in cell cultures were prepared 
using doubly distilled and sterilized water. CM-H2DCFDA (ROS), a reagent for 
measuring reactive oxygen species [14], DAF-FM Diacetate for NO quantifica-
tion [15], and Singlet Oxygen Sensor dye (SOS) for singlet oxygen determination 
[16], were purchased from Invitrogen/Molecular Probes (Eugene, OR). Tetramethyl 
rhodamine methyl ester (MMP) was acquired to measure mitochondrial membrane 
potential [17]. CytoTox-ONE™ Homogeneous Membrane Integrity Assay (LDH) 
was used to determine cell viability. 

Cell Culture Human telomerase reverse transcriptase retinal pigment epithelium 
(hTERT-RPE) cell cultures [18] were maintained in an essential medium with Earle’s 
salts supplemented with 10% heat-inactivated fetal bovine serum, 100 units/mL peni-
cillin, 100 μg/mL streptomycin, and 1.4 mM L-glutamine. The cells were maintained 
at 35 °C with 95% air/5% CO2 at 75% humidity. The utilized cells were in the
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log-phase growth stage. A membrane integrity assay for lactate dehydrogenase was 
conducted after examining the cells by microscopy. 

Monitoring of Protein Content, NO Activity, ROS, SOS, LDH, and MMP 
Activity The protein content, NO activity, ROS, SOS, LDH, and MMP activity 
was estimated using appropriate kits by strictly following the manufacturer’s proto-
cols. The cell pellets obtained were re-suspended in phosphate-buffered saline (PBS, 
pH 7.4), and the cell placements were kept between 100,000–150,000 cells/well or 
measured [19]. Fluorescence (λEx/λEm) or absorbance (A) was evaluated at different 
wavelengths to determine various cellular activities. The following experimental 
settings were used: NO (Excitation λ495/Emission λ515 nm), ROS (Ex492/Em517 nm), 
LDH (Aλ490–Aλ680 nm), SOS (Ex504/Em525 nm), or MMP (Ex549/Em575 nm), Zr7Py 
NO (Excitation λ432/Emission λ612 nm), and peroxynitrite (Aλ302 nm). The samples 
were incubated in the dark for 45 min, following which fluorescence was measured. 
For inhibitor comparison, the whole cells were suspended in phosphate-buffered 
saline supplemented with 8 mM pyruvate [20] and various concentrations, ranging 
from 1 μM to 900 mM, of specific inhibitors or additives. The actual concentration 
of the inhibitors was explicitly mentioned in the graphs. Water-soluble compounds 
were mixed with phosphate-buffered saline, deionized water, or DMSO. The sample 
volume added to whole cells was always less than 10% (0.5–25 L) to exclude DMSO 
toxicity [21]. 

Metal–Organic Framework Synthesis and Evaluation Metal–organic frameworks 
(MOFs) have recently gained attention as highly crystalline materials with perma-
nent porosity and ultra-high internal surface areas. These frameworks usually have 
inorganic metal nodes and organic linkers with different topologies and chelation 
properties. MOFs find applications in various fields, such as gas storage/separation, 
catalysis, drug delivery, and therapeutic agents. In this study, the experiment aimed to 
construct a MOF motif composed of pyrene, a compound with strong fluorescence 
properties, as the functional group. Hence, the organic linker 4,4',4'',4''-(pyrene-
1,3,6,8-tetryl)tetrabenzoic acid (H4TBAPy), containing pyrene as a backbone was 
chosen. Based on the charge density of hard-soft acid–base (HSAB) theory, zirco-
nium (IV) with a high valence and closed-shell configuration could form a strong 
bond with carboxylate and produce solid fluorescence frameworks. Therefore, the 
solvothermal reactions between H4TBAPy and Zr (IV) resulted in a pale yellow 
crystalline MOF powder named Zr7Py under 120 °C, using DMSO as a solvent. 
Powder X-ray diffraction (PXRD) was employed to measure the crystallographic 
structure, indicating an isoreticular structure. The transmission electron microscopic 
image also showed that high crystalline compounds were produced.
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5.3 Results 

A kinetic repeated scan was conducted on human retinal pigment epithelium cells 
by utilizing fluorescence detection to exhibit that the Zr7Py compound, a zirconium 
metal–organic framework, can prompt the formation of single oxygen species. The 
successive additions of 5 μL of the compound are indicated by arrows in Fig. 5.1. 
The outcomes demonstrate that singlet oxygen was produced and quantified. 

To demonstrate the toxicity of singlet oxygen and other oxidative agents in 
inducing apoptosis, a lactate dehydrogenase (LDH) assay was carried out, and 
Fig. 5.2 shows the results. The findings show that the zirconium metal–organic frame-
work agent and hydrogen peroxide induce higher LDH activities, indicating cellular 
stress. In contrast, the addition of nitric oxide in the form of sodium nitroprusside or 
potassium ferrocyanide [K4[Fe(CN)6]] was protective.

In order to understand the optimal incubation time for the zirconium metal–organic 
framework agent to function, the LDH percent change to unexposed whole cells was 
calculated and summarized in Fig. 5.3. The greatest stress was induced at 2–3 h, 
consistent with the premise that singlet oxygen-activated caspase activity is under 
transcriptional control and reaches a maximum between 2–5 h for most mammalian 
cell lines.

The LDH assay demonstrates that oxidative stress that leads to cell death is a 
summation of all oxidative species and is indirectly influenced by respiration. To 
investigate whether singlet oxygen is attributed to Zr7Py, superoxide, or hydrogen 
peroxide, or alterations in oxidative phosphorylation, the assay was performed with

Fig. 5.1 Zirconium metal–organic framework (5 μL of 10 mg/mL in dimethyl sulfoxide, DMSO) 
was added (shown by the blue arrow) to approximately 50 × 103 cells per well and allowed to 
incubate for 30 s before measurement. The RPE cells were in phosphate-buffered saline (PBS) 
solution supplemented with 8 mM pyruvate. A control with methylene blue (100 μM in water) was 
also carried out. Both agents gave similar profiles, confirming singlet oxygen formation. The SOS 
dye was 1 μM (in  DMSO)  
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Fig. 5.2 A plot of percent change of absorbance of lactate hydrogenase (LDH relative to control) 
for RPE cells at 60 min with zirconium metal–organic framework agent (Zr7Pr). Zirconium metal– 
organic framework (5 μL of 10 mg/mL in dimethyl sulfoxide, DMSO) was added to approximately 
50 × 103 cells per well and incubated for 60 min before measurement. The RPE cells were in 
phosphate-buffered saline (PBS) solution supplemented with 8 mM pyruvate. A control with potas-
sium ferrocyanide (KFerroCN, [K4[Fe(CN)6]], 25 μL, 83 mM stock in H2O); Sodium Nitroprusside 
(Na NitroP, 25 μL, 83 mM stock in H2O), hydrogen peroxide (HP, 25 μL of 3% solution in H2O 
by volume) was used for comparative analysis of the effectiveness of Zr7Pr as a cytotoxic agent

Fig. 5.3 A plot of percent change of absorbance of lactate hydrogenase (LDH relative to control) 
for RPE cells over 0–240 min with zirconium metal–organic framework agent (Zr7Pr). The Zr7Pr 
agent (5 μL of 10 mg/mL in dimethyl sulfoxide, DMSO) was added to approximately 50 × 103 
cells per well. The RPE cells were in phosphate-buffered saline (PBS) solution supplemented with 
8 mM pyruvate. The relative percent difference for LDH, estimated to be 30% for maximal activity, 
is shown
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Fig. 5.4 A plot of change in ROS fluorescence versus time for RPE cells with Oxypurinol (5 μL of  
a 0.21 mM stock in DMSO). The agent was injected into approximately 50 × 103 cells per well and 
allowed to incubate for 30 s before measurement. The RPE cells were in phosphate-buffered saline 
(PBS) solution supplemented with 8 mM pyruvate. A decrease in fluorescence was immediately 
detected. The ROS dye was 1 μM (in  DMSO)  

known respiration inhibitors, including an inhibitor for xanthine oxidase. Xanthine 
oxidase is an enzyme that is known to generate superoxide. 

A kinetic scan was run with oxypurinol to validate this assumption, showing a 
decreased ROS-attributed fluorescence (Fig. 5.4). Zoratti and Szabò have shown 
that singlet oxygen does not induce pore transitions in mitochondria, unlike other 
oxidants such as superoxide [22]. 

In order to understand the effects of Zr7Py on superoxide production, the experi-
ment employed Zr7Ypr and allopurinol during cell incubation. The study also inves-
tigated the potential impact of uncoupling oxidative phosphorylation by utilizing 
an uncoupling agent FCCP and singlet oxygen control species such as oligomycin, 
rotenone, and methylene blue. ADP was not supplemented during cell incubation to 
promote stage 4 respiration. At the same time, oligomycin inhibited the proton pump 
of complex V of the respiratory chain without affecting electron transport (or stage 
IV respiration). 

A small dose-dependent response was observed with oligomycin co-incubated 
with Zr7Py, from 57% increased LDH activity to almost 105% (Fig. 5.5). A slight 
decrease in LDH activity was observed upon adding rotenone, an inhibitor of mito-
chondrial respiratory chain complex I. The generation of reactive oxygen species, 
such as superoxide, by rotenone, is thought to be responsible for this effect. However, 
cellular superoxide dismutase (SOD) seems to counterbalance this effect. An exper-
iment was conducted to understand the impact of methylene blue and Zr7Py on 
LDH activity in cultured RPE cells. The findings suggest that oxidative species were 
converted into hydrogen peroxide or superoxide and that the cellular SOD quenched 
them, resulting in decreased LDH activity. The mitochondria appear to be the site of
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Fig. 5.5 Plot of relative percent change for lactate dehydrogenase (LDH) for RPE cells incubated 
with rotenone (Rot, 25 μL of a 100 μM stock in DMSO) was co-incubated with Zr7Py (0.5 μL 
of 10 mg/mL in DMSO); Methylene blue (MB, 25 μL of a 100 μM stock in H2O with 0.5 μL of  
Zr7Py); oligomycin (Oligo, 5 or 25 μL of a 100 μM stock in DMSO with 0.5 μL of Zr7Py) were  
measured after 60 min using LDH assay and percent change relative to unexposed controls shown. 
The FCCP (17 μM in DMSO) alone was 24-fold higher than controls suggesting depolarization of 
the mitochondrial membrane potential

inhibition of Zr7Py, and oxidative stress at the mitochondria leads to apoptosis via 
the release of cytochrome c and activation of caspases. A plot of nitric oxide (NO), 
shown in Fig. 5.6, exhibited a relative increase upon adding NO-releasing agents 
such as sodium nitroprusside. However, Zr7Py itself did not lead to an increase in 
NO. Its activity may be directly oxidative via singlet oxygen, not nitric oxide, or the 
excess nitric oxide with hydroxyl radical might be converted to peroxynitrite, which 
lowers the measured NO. 

The change in mitochondrial membrane potential using tetramethyl rhodamine 
methyl ester (83 μM) was also examined and shown to increase for FCCP (12.5%), 
HP (6.25%), and oligomycin 5 μL with Zr7Py, normalized to the relative change for 
control (set at 0%). The fluorescence of Zr7YPr was also measured and increased to 
116% with [MB+ Zr7Py] and decreased to 50% with [OxyP25 + Zr7Py], suggesting 
that some superoxide from Zr7Py was converted to superoxide and that superoxide 
was quenched using cellular SOD. 

To evaluate whether the mitochondria was the stress site, the absorbance of 
cytochrome c oxidase, cytochrome b oxidase, and cytochrome a + a3 oxidase was 
measured after 16 h with Zr7Py and other select agents. For example, adding sodium 
cyanide led to an overall absorbance increase of cytochrome a + a3 of 2.5 fold, 
normalized to control. An increased absorbance of 17-fold was observed with Zr7Py 
alone or 18-fold in conjugation with methylene blue. The absorbance for cytochrome 
b increased 34-fold relative to increases for methylene blue with Zr7Py, strongly 
confirming that the site of action was the mitochondrial respiratory proteins.
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Fig. 5.6 A plot of relative percent change for nitric oxide fluorescence change (Control normalized 
to 0%) for RPE cells incubated potassium ferrocyanide (KFerroCN, [K4[Fe(CN)6]]), sodium nitro-
prusside (Na NitroP), hydrogen peroxide (HP, 3% v/v in H2O), Zr7Py (5 μL,10 mg/mL in DMSO), 
Rotenone (Rot, 25 μL of a 100 μM stock in DMSO) was co-incubated with Zr7Py (0.5 μL of 10mg/  
mL in DMSO); Methylene blue (MB, 25 μL of a 100 μM stock  in  H2O with 0.5  μL of Zr7Py); 
Oligomycin (Oligo, 5 μL of a 100 μM stock in DMSO with 0.5 μL of Zr7Py) were measured after 
60 min

5.4 Discussion 

The above data demonstrates that singlet oxygen stimulates apoptosis and that the 
degree of apoptosis can be controlled through the production of nitric oxide since 
cells incubated with sodium nitroprusside or potassium ferrocyanide exhibited higher 
NO fluorescence and lower mitochondrial membrane potential absorbance, where 
the membrane potential is a measure of the degree of apoptosis. Studies by Zhuang 
have shown that singlet oxygen in leukemia cells stimulates caspase-3 [23]. The 
cells incubated with Zr7Py exhibit caspase-mediated inhibition of oxidative phos-
phorylation as shown with rotenone and oligomycin, consistent with observations 
by Tao, who showed that the pan-caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-
fluoromethyl ketone was able to block caspase-mediated inhibition and lower mito-
chondrial permeability transition and presumably membrane potential [24]. In a 
separate study by Vargas, they showed that oxypurinol could scavenge hydroxyl 
radicals but not singlet oxygen [25]. Both singlet oxygen and hydroxyl radical 
can facilitate lipid peroxidation. In the presence of either oxypurinol, vitamin C, 
or vitamin E, the degree of lipid peroxidation was lessened by 30, 65, and 70%, 
respectively. While vitamins A and E are anti-oxidants, allopurinol was thought 
to be a quencher of hydroxyl radicals, lowering the ROS pool for lipid peroxida-
tion [26]. The result of lipid peroxidation is loss of membrane fluidity, the release 
of cytochrome c, and cell death. Therefore allopurinol may be able to redistribute 
the oxidative load. The results with oligomycin suggest that one possible site of 
interaction is ATP-synthase (complex V of the respiratory since the co-addition of
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Zr7Py and oligomycin increases LDH activity, resulting in the inhibition of oxida-
tive phosphorylation and cell death. The effect of singlet oxygen on mitochondrial 
respiration was also investigated by Atlante, who used FCCP, would, that singlet 
oxygen targeted the adenine nucleotide carrier, impairing oxidative phosphorylation 
[27]. Since the carrier is near complex V, this would suggest the likely mode of 
inhibition is the mitochondrial cytochrome a + a3 (complex IV) and cytochrome b 
oxidase. It is suggested that the mode of inhibition is the mitochondrial cytochrome 
a + a3 (complex IV) and cytochrome b oxidase because the carrier is located close 
to complex V. To understand the role of calcium release in/from the mitochondria, 
an experiment was conducted using DAF-FM DA to measure NO fluorescence with 
BAPTA. This cytosolic calcium chelator does not affect mitochondrial calcium levels 
[28]. Other cofactors used were supplemental CaCl2 (to the cytoplasm), supplemental 
adenosine triphosphate (ATP) [29], and methyl ornithine, a competitive inhibitor of 
L-arginine [30]. The latter is a substrate for nitric oxide synthase for NO production 
[31]. The results relative to control (no treatment) showed an overall decrease in 
measured nitric oxide fluorescence of 18% (BAPTA), 9.5% (Ca2+), 31% (ATP), and 
67% (methyl ornithine). The results suggest the site of action is not inhibition of 
mitochondrial Ca2+ transport proteins [32] but pore-transition proteins or residues. 
Under conditions where the mitochondria cannot maintain a proton gradient, calcium 
ion leaves the matrix by reverse operation of the uniporter due to stress imposed by 
rotenone, which inhibits respiration [33]. The ratio of ATP/ADP determines cellular 
activity, where ATP levels are high, the addition of supplemental ATP is inhibitory 
in terms of NO production [34], while methyl ornithine supports the contention 
that nitric oxide synthase [35] synthesize NO. The experiment was conducted to 
understand the relationship between methyl ornithine and arginine in nitric oxide 
(NO) production. The results suggest that NO is initially produced by nitric oxide 
synthase (NOS) and is unaffected by singlet oxygen. However, as NO concentration 
increases, peroxynitrite generation occurs, decreasing measured NO levels. Pueyo 
et al. [36] confirmed this discovery by measuring the relative percent decrease of NO 
and the percent increase of peroxynitrite for both the Fe(III)_ascorbate system and 
Zr7YPr. The changes observed were − 47% NO/ + 219% ONOO (for Fe(III)-Asc) 
and − 34% NO/ + 34% ONOO (for Zr7Py), with changes in fluorescence (for NO) 
or absorbance for (ONOO−) control cells normalized to 0%.The data indicate that 
in the initial stages (within 2 h), the respiratory capacity of the mitochondria is unaf-
fected; the data with calcium also supports the contention that the steady-state Ca2+ 

accumulation maintained by the mitochondria was unaffected and that pore opening 
and closing to facilitate a membrane potential [37]. The results with the respiration 
inhibitors and monitoring of cytochrome absorbance suggest that the respiratory 
chain electron increased [38]. From the above considerations, superoxide and singlet 
oxygen interact in a district manner since the LDH, MMP, and NO measurements for 
hydrogen peroxide, Zr7YPr, are dissimilar. The site for Zr7Ypr may be the inactiva-
tion of pore domains in the mitochondria due to the increased activity after adding 
FCCP [39]. Superoxide is believed to undergo conversion with NO to produce perox-
ynitrite, resulting in reduced NO fluorescence. Singlet oxygen chemistry suggests 
that protein cysteine and histidine residues, which control pore transition opening
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and closing, are the prime targets. Oxidized cysteine may be produced, and oxidized 
glutathione to the corresponding dithiol. The experiment was conducted to gain a 
better understanding of these processes. The other accessible residue in mitochon-
drial pores is histidine, which may undergo ring opening and cycloaddition by singlet 
oxygen. The histidine would no longer be able to become deprotonated, and pore 
opening would be altered [40]. The adenine carrier is another likely candidate since 
oxidation of this carrier would inactivate mitochondrial pores and lead to inhibition 
of respiration. The work by Ricchelli has previously shown that singlet oxygen was 
capable of oxidizing proteins within the mitochondria [41] and that cysteines [42] 
and histidine [43] are critical to mitochondrial pore transition opening and closing. 

Earlier research has shown that the co-administration of cells with rotenone [44] 
induces apoptosis by releasing cytochrome c and activating caspase 3, resulting in 
DNA fragmentation. Rotenone is known to decrease ATP production, and it has 
further been demonstrated that ATP/ADP ratio determines whether the cell under-
goes apoptosis [45] or necrosis [46] or recovery  [47]. Sweet and Singh also showed 
in HL-60cells that co-administration of rotenone or oligomycin lowered ATP to 
approximately 20% of control [48]. In addition, in HT1080 cells, it was demon-
strated that rotenone-induced cell death by increased reactive oxygen species [49]. 
Under a high ROS environment, superoxide can react with hydrogen peroxide to 
generate singlet oxygen and hydrogen radicals [50]. Cell lines which express Mn-
SOD were more tolerant to rotenone-induced apoptosis due to the conversion of 
superoxide to hydrogen peroxide, since Mn-SOD is mitochondrial bound, the site 
of action of rotenone was confirmed to be within the mitochondria [51] and was 
consistent with our results. A plausible chemical mechanism and site of action are 
summarized in Figs. 5.7 and 5.8, respectively.

Oxygen+ē [from electron transport chain, (ETC)]→O2
−+NO 

[from NOS]→peroxynitrite A Set A reactions are centered on perox-

ynitrite. Examples include: O2
−+O2

−+2H+→HOOH+1O2; ONOO
−+H+→ONOOH; ONOOH→NO2

•; ONOO−+HOOH→NO2
−+H2O+1O2; and 

O2
−+HOOH→OH•+OH−+1O2. 
Zr7Py catalyzes singlet oxygen generation by accepting an electron from the 

electron transport chain (ETC). The ETC facilitates the transfer of electrons, 
which follows the redox potential gradient from complex I (NADH-ubiquinone 
oxidoreductase) and complex II (succinate-ubiquinone oxidoreductase). Subse-
quently, ubiquinone (coenzyme Q) participates in the redox reaction, producing 
ubisemiquinone and ubiquinol. The experiment aimed to understand that singlet 
oxygen production by Zr7Py was greater than known stressors. The electrons are 
then carried by ubiquinol to complex III (ubiquinol-cytochrome c oxidase reduc-
tase), which further passes them to cytochrome c. Then, cytochrome c transfers the 
electrons to complex IV (cytochrome a+a3 oxidase) to donate an electron to oxygen, 
creating water. ATP is also produced by the enzyme apart from generating nitric 
oxide, especially when adenosine triphosphate (ATP) is required to be lessened.
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Fig. 5.7 Summary of the reactive oxygen species that can be generated. Molecular oxygen is the 
terminal electron acceptor in the mitochondrial electron transport chain (ETC). Electrons react 
with oxygen to form water catalyzed by cytochrome a+a3. Electron (ē) can leak from the ETC 
and combine with molecular oxygen to form a superoxide radical anion. This radical’s oxidative 
influence is minimized through the enzymatic action of Mn superoxide dismutase (Mn-SOD). The 
generated hydrogen peroxide is broken down by catalase or peroxidase enzymes to produce water. 
Electrons can also form singlet oxygen or other reactive oxygen species (ROS). When nitrogen is 
the heteroatom, peroxynitrite anion can be formed from hydroxyl radical and nitric oxide. The latter 
is formed from nitric oxide synthase using arginine as a substrate. The collective effect of ROS is 
lipid peroxidation and denaturation of proteins or nucleic acids resulting in apoptosis ( )

Chemical energy in the form of ATP is produced by the transfer of electrons down a 
redo gradient from complexes I to V [52]. This drives protons (H+) out of the mito-
chondrial inner membrane into the intermembrane space, resulting in a mitochondrial 
membrane potential that is coupled to ATP synthesis from adenosine diphosphate 
(ADP) and inorganic phosphate (Pi). In exchange for cytosolic ADP, ATP is released 
from the mitochondria using the carrier adenine nucleotide translocator (ANT). Mito-
chondrial permeability transition pores of voltage-dependent anion channel (VDAC), 
ANT, and cyclophilin D regulate ion mobility like calcium. Singlet oxygen is linked 
to covalent modification of critical amino acids within the MTP, like cysteine or histi-
dine, leading to a loss of membrane potential, cytochrome c release, and apoptosis 
[53] (  ).
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Fig. 5.8 The overview portrays the inhibition and induction of mitochondrial ROS. Complex I and 
III on the matrix side and both sides of the inner mitochondrial membrane produce superoxide. 
The study aimed to have a greater understanding of the oxidative singlet process. Complex I am 
inhibited by rotenone, while the conversion of superoxide to hydrogen peroxide is facilitated in the 
matrix enzyme by manganese superoxide dismutase (MnSOD) or the mitochondrial intermembrane 
space and cytosol enzyme, copper/zirconium SOD (Cu/ZnSOD). Hydrogen peroxide can activate 
signaling such as caspase by diffusing outside the mitochondria. Glutathione peroxidase detoxifies 
hydrogen peroxide in water. In reduced iron hemes (such as Fe2+), the Fenton reaction converts 
hydrogen peroxide to hydroxyl radical (OH.). These reactions also decouple nitric oxide synthase 
[NOS], and instead of generating nitric oxide (NO), superoxide gets produced, which, with hydroxyl 
radical, results in peroxynitrite [ONOO−]

5.5 Conclusion 

In conclusion, the data presented in this paper support the view that the singlet 
oxygen action of Zr7Pr results in an increase in lactate dehydrogenase (LDH) and 
mitochondrial membrane potential (MMP) activity of cultured controls relative to 
untreated control RPE cells. Further evaluation of nitric oxide and peroxynitrite and 
selective use of mitochondrial inhibitors places the site of Zr7Pr’s catalyzed inhibi-
tion in the mitochondria. The results indicate that while singlet oxygen is a strong 
oxidant and can facilitate oxidative stress and apoptosis through the activation of 
caspases, the indirect action of singlet oxygen also generates superoxide. High levels 
of superoxide and nitric oxide generate peroxynitrite. Cells with a high absorbance 
for peroxynitrite had a low fluorescence of nitric oxide, suggesting the conversion 
of one oxidant to the other. Through analysis of similar studies in the literature, we 
hypothesize that the most likely site of action of Zr7Pr is through the inactivation 
of mitochondrial pore transitions (MPTs) rather than complete membrane peroxi-
dation. The likely molecular targets are the exposed cysteines or histidine, which 
have been postulated in other molecular studies and appear to be consistent with our
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trends in adenosine triphosphate levels, calcium homeostasis, and using a chelating 
agent. Upon modification of critical residues, the mitochondria are unable to regulate 
MPTs appropriately and undergo apoptosis through the well-documented pathway 
of caspase-cytochrome c. Our results show that cells tolerant to hydrogen peroxide 
poisoning may be susceptible to the actions of Zr7Pr, whose efficacy is most likely 
through impairment of mitochondrial function and covalent modification of the pore 
within the ANT domain of the MPT. 
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Chapter 6 
Chemical Looping for CO2 Conversion 
and Utilization—Recent Advances 
and Perspective 

Zhuo Cheng, Pinak Mohapatra, Anuj Joshi, Rushikesh K. Joshi, 
and Liang-Shih Fan 

Abstract A massive increase in the emissions of CO2 is contributing to global 
warming and negatively impacting Earth’s ecosystems. To achieve CO2 removal or 
carbon neutrality, significant development of CO2 conversion and utilization tech-
nologies is needed. Chemical looping is an emerging clean energy technology with 
inherent CO2 separation. It involves the reaction and regeneration of solid materials 
termed as looping carriers. In recent years, the novel chemical looping processes 
and looping carriers were proposed, aiming at CO2 utilization as a partial substitute 
for hydrocarbon feedstock or a soft oxidant for looping carrier regeneration. This 
article describes the advances on this subject with a focus on the fundamentals of 
CO2 conversion during the redox reactions. It is expected that these new advances 
will accelerate the large-scale deployment of CO2 utilization technologies. 

Keywords Chemical looping · CO2 conversion · Looping carrier · Redox 
reaction · Carbon neutrality 

6.1 Introduction 

Global carbon emissions have been increasing steadily for decades due to the contin-
uous exploitation and use of fossil fuels [1]. Carbon dioxide (CO2), a key greenhouse 
gas, accounted for about 76 percent of total emissions in 2019 [2]. To address this 
issue, a wide variety of CO2 capture technologies have been developed to reduce its 
level in the atmosphere [3–5]. Once captured, CO2 would be compressed and then 
sent to a suitable place for long-term storage in geological formations, or injected into 
the ocean [6, 7]. In comparison to CO2 capture, CO2 utilization is a more attractive
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route towards carbon neutrality since it not only directly consumes the greenhouse 
gas but also produces fuels or valuable chemicals [8]. 

The main available approaches for CO2 conversion are homogeneous catalysis [9], 
heterogeneous catalysis [10, 11], biocatalytic reduction [12], electrocatalytic reduc-
tion [13, 14], and photocatalytic reduction [15, 16], and combination approaches 
(Fig. 6.1). However, both homogeneous catalysis and heterogeneous catalytic hydro-
genation require hydrogen, which is mainly produced via methane steam reforming, 
and thus produces a significant amount of CO2. Biocatalytic CO2 reduction reactions 
are cost-effective as they do not require high temperature and pressure, but the process 
is slow compared to other chemical reactions, and enzymes or bacteria, which are 
commonly used as biocatalysts, are only effective in an aqueous medium [17, 18]. 
Electrocatalytic reduction of CO2 can generate CO, HCOOH, C2H4 and other valu-
able chemicals by using appropriate electrocatalysts. Nevertheless, it is difficult to 
achieve a high selectivity to target products. Additionally, the electrolysis process is 
energy-intensive and currently relies on conventional energy sources [19]. Photocat-
alytic reduction of CO2, which can directly convert photon energy to chemical energy, 
has also been attracting considerable interest worldwide. However, the current light-
to-fuel conversion efficiency of this approach is very low (<1%). As a result, there is 
still a significant amount of progress required to achieve commercial-level success 
[20, 21]. 

Chemical looping is an emerging clean energy technology with an intrinsic capa-
bility of highly efficient CO2 capture and separation, which is being advanced towards 
commercialization [22, 23]. In a typical chemical looping process, a two-step redox 
reaction occurs where redox looping materials are first reduced by carbonaceous fuel 
in the fuel reactor, then oxidized in the regeneration reactor. During the reduction 
step, oxygen carriers supply lattice oxygen atoms to the fuel, resulting in the creation 
of oxygen vacancies in the bulk. Recent studies have shown that oxygen vacancies

Fig. 6.1 Approaches for 
CO2 conversion into 
valuable chemicals and fuels 
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significantly impact the activity of oxygen carriers for hydrocarbon conversion reac-
tions [24, 25]. When the formation energies of oxygen vacancies are too low, it 
becomes easy for the oxygen atoms to detach from the surface and bulk of oxygen 
carriers. This leads to the overoxidation of carbonaceous feedstocks, which in turn 
produces unwanted by-products. If their formation energies are too high, the surface 
activity would be unfavorable for the adsorption and oxidation of gaseous reactants 
[26]. Therefore, an ideal oxygen carrier should have appropriate formation ener-
gies of oxygen vacancies to ensure that the required amount of oxygen atoms can 
be transported to the surface to produce targeted chemicals. In addition, the oxygen 
carriers should possess properties like long-term stability, resistance to attrition, good 
recyclability, adequate heat capacity and tolerance to toxicity [27]. Several research 
efforts have been made towards developing highly active and robust oxygen carriers, 
which is critical for the success of chemical looping technology [28, 29]. For instance, 
Chung et al. recently designed an Fe-based oxygen carrier supported on Al-based 
skeleton and revealed that the skeleton support can drastically enhance its stability 
more than 3000 TGA redox cycles while maintaining low attrition rates and high 
physical strength [30]. Donat and Müller developed a perovskite type oxygen carrier 
(La0.85Sr0.15Fe0.95Al0.05O3−δ) which is structurally and compositionally flexible. The 
redox tests showed it can last ~ 4050 redox cycles and achieve complete conver-
sion of CH4 with a syngas selectivity of > 99% [31]. These advances demonstrate 
that chemical looping technologies are economically sustainable and commercially 
viable. 

In recent years, the combination of chemical looping and CO2 utilization has been 
attracting increasing attention. Generally, to ensure an efficient chemical looping 
technology for CO2 utilization, the process should enable high conversion of CO2 

into fuel or valuable chemicals without incurring high costs or energy consump-
tion. This article surveys the development of chemical looping technologies with 
CO2 utilization and provides fundamental insights into the structure–activity rela-
tionships for CO2 activation and conversion in various loop materials with views on 
the challenges and unique opportunities. 

6.2 Chemical Looping Development and Process Schemes 

In the nineteenth century, Arthur Brin developed a redox air separation process, 
which is regarded as the first chemical looping concept. The process involved using 
BaO-BaO2 cycles in fixed bed retorts to capture and release oxygen via temper-
ature and pressure swing [32]. In 1897, Franz Bergmann developed a Mn-based 
redox process for producing calcium carbide, using a blast furnace as the reducer, 
where manganese oxide reacts with coal and calcium oxide [33]. In the early 1900s, 
Messerschmitt and Lane developed an iron ore filled fixed bed for hydrogen produc-
tion, which was referred to as the steam-iron process [34]. In the 1950s, Berg and 
Reed improved the efficiency of the steam-iron process by enhancing the interaction 
between solid and gas phases using fluidized beds [35]. In the 1970s, Institute of
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Gas Technology (IGT) developed a FeO-Fe3O4 based looping process for syngas 
generation using two-stage countercurrent fluidized beds [36]. The term of chem-
ical looping combustion (CLC) was first introduced by Richter and Knoche in 1983 
based on the idea of improving the efficiency of irreversible combustion processes. 
Their theoretical study showed that avoiding immediate contact between oxygen 
molecules and fuels could reduce the irreversible entropy produced from combustion 
[37]. Since then, various CLC processes have been extensively investigated in labo-
ratory scale experiments, and also quickly developed at bench and pilot scales [38]. 
In 2002, Chalmers University designed and built a 10 kWth CLC system containing a 
bubbling fluidized bed as the fuel reactor and a circulating fluidized bed as the regener-
ation reactor. This system allows long-term operation at combustion conditions with 
continuous natural gas feed [39], and provides a reliable database for CLC scale-up. 
In the 2010s, several large CLC systems were built and tested under the operation of 
> 250 kWth, including a 250 kWth coal direct CLC pilot plant between The Ohio 
State University and the Babcock & Wilcox research center [40], a 1 MWth coal-
fueled CLC pilot at Technische Universität Darmstadt [41], and a 3 MWth limestone 
CLC pilot plant unit operated by Alstom [42]. These large pilot tests further demon-
strate the feasibility of chemical looping processes under industrial conditions and 
provide important principles for the design of larger chemical looping units [43, 44]. 
The rapid advancement in CLC technology also facilitates the development of other 
chemical looping processes, including chemical looping partial oxidation (CLPO) 
[45–47], chemical looping selective oxidation (CLSO) [48, 49], and hybrid chemical 
looping [50, 51]. The continuous interest in the implementation of chemical looping 
technologies reflects their importance in the modern industrial society. 

Figure 6.2 schematically shows chemical looping processes with different looping 
carriers and feedstocks. Despite major efforts made towards their development, the 
design and synthesis of highly active and selective looping carriers remain chal-
lenging. An efficient looping carrier should have three basic functions: generating 
metal ions and vacancies/defects, favoring their movement in the solid phase and 
possessing active sites for feedstock reactions [52, 53]. For metal oxide based 
looping carriers, the active components are mainly metal species and oxygen species, 
although dopants or supports can improve their functions [54]. Oxygen carriers can 
be used not only as redox materials for CLC, CLPO and CLSO, but also as catalytic 
materials for hybrid looping processes. With recent advancement in engineering, 
material science and catalysis, novel chemical looping systems with various high-
performance oxygen carriers have been developed for efficient CO2 conversion and 
utilization.

6.3 CO2 as a Partial Substitute for CLPO 

The significant increase in atmospheric CO2 concentration and CH4 production due to 
fracking has spurred interest in utilizing these greenhouse gases and converting them 
into valuable chemicals using catalysts. However, several drawbacks have limited the
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Fig. 6.2 Chemical looping processes using metal-based materials as looping carriers

commercial application of this approach. Conventional dry reforming, for example, 
is limited by a poor H2:CO ratio and requires further down treatment. Additionally, 
carbon deposition issues have been reported, affecting the catalyst’s reactivity and 
resulting in a higher net heat requirement for catalyst regeneration. Furthermore, 
the endothermicity of the reaction necessitates the burning of CH4, which generates 
CO2 and increases the energy penalty. To address these challenges, a novel clean 
energy technology called CLPO coupled with CO2 dry reforming (CLPOD) has been 
developed. This process combines methane partial oxidation and CO2 reduction in 
the fuel reactor and has recently attracted increasing research interest because it uses 
low-cost looping carriers to simultaneously convert CH4 and CO2, while producing 
high-quality syngas [55, 56]. 

Cheng et al. conducted a study on CO2 conversion over ilmenite-based oxygen 
carriers in a CLPOD system that utilized concurrent moving bed reactors as looping
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reactors (Fig. 6.3a) [57]. The thermodynamic profile (Fig. 6.3b) shows that the gas-
phase transforms to a high-purity syngas stream from CO2 with the formation of 
FeTiO3-Fe at the bottom of the reducer, indicating a significant correlation between 
the reduction of CO2 and the phase transition of oxygen carriers. In the co-feeding 
tests, the concentration of CO2 as a partial substitute for CH4 feedstock was reduced 
by adding N2 while maintaining a constant total flow rate, resulting in a consistent 
gas residence time across all runs. Figure 6.3c depicts the equilibrium performance 
of the CLPOD system under steady state conditions (950 °C and 1 atm) for the 
different CH4:CO2 ratios. It demonstrates that the conversions of both CO2 and CH4 

increase in a sigmoidal pattern with the rise in CH4:CO2 ratio. When the CH4:CO2 

ratio increases to 8.75, 95% CO2 conversion can be reached in the CLPOD system. 
It is worth noting that the dry reforming of methane (DRM) on solid catalysts 

are fundamentally different from the CLPOD using solid oxygen carriers, where the 
morphological structure and active sites of oxygen carriers could change significantly 
due to oxygen vacancy formation and ionic diffusion both on the surface and in 
the bulk [58]. Thus, understanding the mechanism behind the evolution of CO2 in 
CLPOD is critical for the development of oxygen carriers which can achieve highly 
efficient CO2 utilization. Cheng et al. conducted a density functional theory (DFT) 
based Bader analysis and found that a net charge of 0.785|e| is transferred to CO2 

upon its adsorption onto the (0001) surface of FeTiO3. The calculated C-O distance 
between adsorbed CO2 and the nearest surface O lattice atom is 2.229 Å, indicating

Fig. 6.3 a Schematic representation of the CLPOD system. b Thermodynamic profile across the 
length of the fuel reactor for the solid-phase and gas-phase. c CH4 and CO2 conversion over FeTiO3 
oxygen carriers under steady state condition with different CH4:CO2 ratios [57] (reproduced with 
permission from American Chemical Society) 
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weak interactions between CO2 molecules and FeTiO3 oxygen carriers. However, an 
increase in oxygen vacancy concentration will significantly enhance CO2 adsorption 
on the surface of FeTiO3. It is because excess electrons resulting from the introduction 
of oxygen vacancies on the surface redistribute around the adsorption sites. There are 
three possible reaction paths for CO2 conversion over looping carriers in the CLPOD 
system: direct CO2 decomposition, CO2 hydrogenation via the COOH* (carboxylate) 
route, and CO2 hydrogenation via the HCOO* (formate) route as shown in Fig. 6.4a. 
To map the energy profiles of these paths, climbing image-nudged elastic band (CI-
NEB) calculations were carried out. It was found that breaking the C-O bond of 
CO2 needs to overcome a high reaction barrier. Thus, CO formation from direct CO2 

dissociation on the oxygen carriers is kinetically inhibited. In contrast, the reaction 
barriers of the HCOO* and COOH* route are relatively low, as depicted in Fig. 6.4b 
[57]. It can therefore be asserted that both the oxygen vacancies and hydrogen atoms 
play critical roles in enhancing CO2 activation and conversion in the CLPOD system.

Although the CLPOD process using ilmenite-based material as oxygen carriers 
is a promising alternative to conventional DRM, its efficiency for the simultaneous 
conversion of CH4 and CO2 to syngas is not high. This is because that adding CO2 

as a partial substitute for CH4 inhibits the reduction of Fe [59]. The doping-induced 
surface modification is considered to be an efficient strategy for the enhancement of 
CLPO. Recently, Qin et al. modified iron oxide-based oxygen carriers using a low 
concentration isovalent dopant. Multiple redox tests showed that 1% Lanthanum 
dopant significantly enhanced the reactivity of Fe2O3 in each cycle [60]. The modifi-
cation of oxygen carrier properties by means of aliovalent doping has also been widely 
investigated. Guo et al. conducted a DFT combined experimental study to analyze the 
effect of cobalt dopants on the activity of Fe2O3 oxygen carriers, and found that the 
addition of 2% cobalt increases the CH4 conversion rate by 526% at 700°C [61]. Chen 
et al. designed a Ni-doped WO3− based oxygen carrier Ni0.5WOx/Al2O3 for CLPO, 
and demonstrated that the Ni modification significantly promotes the production of 
CO [62]. Ni-based materials are also regarded to be the most effective dry reforming 
catalysts [63, 64]. Thus, it is anticipated that the addition of Ni into oxygen carriers 
will improve the CLPOD process. Kang et al. investigated the performance of 1 wt% 
Ni-doped Al2O3 supported Fe2O3 oxygen carrier during CLPOD processes. The 
materials were prepared through impregnation synthesis (C-Fe2O3/Al2O3) and sol– 
gel synthesis (CP-Fe2O3/Al2O3). The structural characterization revealed that the Ni 
aluminate forms in CP-Fe2O3/Al2O3, while NiFe2O4 forms in C-Fe2O3/Al2O3. The  
formation of the Ni aluminate phase indicates improved interaction between the metal 
and support of CP-Fe2O3/Al2O3, which could facilitate CO production and inhibit 
carbon deposition. Therefore, CP-Fe2O3/Al2O3 displays lower carbon deposition and 
H2:CO ratios than C-Fe2O3/Al2O3 as  shown in Fig.  6.5a. The schemes of CLPOD on 
C-Fe2O3/Al2O3 and CLPOD on CP-Fe2O3/Al2O3 are shown in Fig. 6.5b. It can be 
observed that Ni aluminates of CP-Fe2O3/Al2O3 promote DRM during CLPOD [65]. 
More recently, Sun et al. developed a NiO-modified ilmenite ore oxygen carrier. The 
evaluation of its performance in CLPOD revealed that the introduction of Ni species 
into the ilmenite oxygen carrier causes the formation of the metallic FeNi alloy which
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Fig. 6.4 a Proposed reaction scheme and b energy profile for CLPOD. Purple, red, grey, black and 
white balls denote Fe, O, Ti, C and H atoms, respectively [57] (reproduced with permission from 
American Chemical Society)

is highly active for CH4 partial oxidation and CO2 reduction [66]. These findings 
enrich the knowledge of redox chemistry, and provide a theory-guided design and 
fabrication strategy of high-performance oxygen carriers for CLPOD.
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Fig. 6.5 a Comparison of CLPODs on Fe2O3/Al2O3 and Ni-enhanced Fe2O3/Al2O3 oxygen 
carriers (average O:CH4 ratio is 0.24 and CO2:CH4 ratio is 0.38). b CLPO on C-Fe2O3/Al2O3 
and CLPOD on CP-Fe2O3/Al2O3 [65] (reproduced with permission from Elsevier) 

6.4 CO2 Conversion via Chemical Looping Tri-Reforming 

DRM for syngas production is an attractive CO2 and CH4 conversion process. 
However, its industrial implementation remains challenging due to high endother-
micity of the reaction and severe coking formation tendency. Additionally, the low 
quality of syngas product (H2: CO ratio ≤ 1) prohibits its direct use for some desir-
able downstream processes such as Fischer–Tropsch synthesis. Introducing steam 
as a cofeed has been studied advantageous resulting in an improvement in H2:CO 
ratio alongside limiting carbon deposition. However, the endothermicity of reaction 
still requires burning CH4 thereby affecting the process economics. Addition of O2 

can improve heat of reaction but it requires an additional air separation unit (ASU) 
which is extremely energy intensive. Kathe at. al. proposed a novel chemical looping
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tri-reforming (CLTR) process which combines methane partial oxidation, DRM and 
steam CH4 reforming (SMR) in a chemical looping system as depicted in Fig. 6.6a 
[67]. The oxygen carrier employed in this process is a composite metal oxide-based 
material comprising of iron and titanium (ITCMO). The ITCMO particle consists 
of an inert support and a Fe2O3–TiO2 mixture providing reaction sites and lattice 
oxygen atoms. This oxygen carrier circulates between the fuel reactor where CH4 is 
partially oxidized by lattice oxygen atoms of ITCMO, CO2 and H2O, and the regen-
erator where the reduced ITCMO is replenished by air. The overall reactions in the 
fuel reactor and regenerator are endothermic and exothermic, respectively. Thus, the 
whole process benefits from friendly thermodynamics, leading to optimized energy 
efficiency. Figure 6.6b presents the change in the H2:CO ratio observed in systems 
utilizing molecular O2 and ITCMO as oxidants, respectively. It can be seen that 
ITCMO-based CLTR system for CO2 utilization in conjunction with a steam and 
CH4 feedstock can yield hydrogen rich syngas with a maximum H2:CO ratio of 
~ 3.25. The uniqueness of the CLTR system is based the looping material and looping 
reactors. The looping material needs to possess not only high oxygen permeability 
during reduction and oxidation, but also high attrition resistance withholding its 
physical strength across multiple redox cycles. The fuel reactor used in CLTR is a 
co-current moving bed reactor. The moving bed gas–solid contact generated single 
oxidation state carrier after reduction which is an effective way to operate the reactor 
close to thermodynamic regime. Unlike fluidized bed, the particles in a moving bed 
are subjected to a single residence time that determines its reduced oxidation state 
at reducer outlet. 

Fig. 6.6 a Schematic representation of the CLTR. b H2: CO ratio for the tri-reforming system using 
ITCMO at 1000 °C and 5 atm [67] (reproduced with permission from Royal Society of Chemistry)
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To expand on this concept, Park et al. conducted additional experiments in a 
15 kW sub-pilot plant, which utilizes a co-current moving bed as the fuel reactor and 
a fluidized bed as the regenerator. CH4 is introduced at the top of the fuel reactor 
and flows downward through the packed moving bed. The oxygen carrier is also 
introduced at the top of the reactor and uniformly moves in the same direction as the 
methane stream. This arrangement prevents gas bubble formation and thus minimizes 
channeling over the bed, favoring a higher methane conversion. The test results 
confirmed that the CLTR process can generate a high-quality syngas with a purity 
of over 91.97% and an H2:CO ratio from 1.19 to 2.50 under all conditions, while 
overall consuming CO2 [68]. Even though this process for CO2 utilization presents an 
attractive alternative to conventional reforming processes, achieving higher process 
efficiency and syngas yield remains a challenge, which must be overcome before 
further scaling-up to industrial scale. 

6.5 CO2 as a Soft Oxidant for Oxygen Carrier 
Regeneration 

In the CLPO process, methane is converted to syngas with oxygen carrier reduction 
in the fuel reactor and the reduced oxygen carriers then are oxidized by air in the 
regenerator. Instead of using air as the oxidant, CO2 can be used as a soft oxidant for 
the regeneration of some oxygen carriers. Shah et al. investigated calcium ferrite-
based oxygen carriers for syngas production with CO2 splitting in a CLPO system as 
shown in Fig. 6.7a [69]. The Ca2Fe2O5 oxygen carriers with different ratios on MgO 
support were tested for multiple redox cycles with CH4 conversion of near 100% 
and CO2 conversion of ~ 78%. Figure 6.7b displays the variation in solid conversion 
during the oxidation using CO2 for 0, 10, 20 and 40% MgO supported Ca2Fe2O5 

samples over 10 redox cycles. The results indicate that all samples achieved consistent 
solid conversion rates exceeding 90%, demonstrating that CO2, as a soft oxidant, 
can efficiently provide oxygen for the regeneration of reduced Ca2Fe2O5. Ca2Fe2O5 

possesses a brownmillerite-type structure with surface layers alternating between 
corner-sharing tetrahedra and octahedral as illustrated in Fig. 6.7c. DFT calculations 
reveal that alternating octahedral and tetrahedral sites of Ca2Fe2O5 play a critical 
role in the formation of oxygen vacancies serving as the active sites for CH4 partial 
oxidation and CO2 reduction. There are three chemically distinct lattice oxygen 
atoms in Ca2Fe2O5: O(t) in tetrahedral, O(o) in corner-sharing octahedral, and O(ot) 

between corner-sharing octahedra and tetrahedral. Their vacancy formation energies 
are 259.85, 205.81 and 311.72 kJ/mol, respectively. This suggests that the oxygen 
vacancy located at the octahedral site is primarily responsible for the activation of 
CO2 [70]. Nevertheless, it is still difficult to modulate the concentration of surface 
oxygen vacancies and control their distribution. Thus, a deeper understanding of 
factors that can affect the oxygen vacancy formation and migration is needed.
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Fig. 6.7 a Schematic representation of the adiabatic CLPO process using calcium ferrite as oxygen 
carrier and CO2 as soft oxidant, [69] (reproduced with permission from Royal Society of Chemistry) 
b solid conversion with CO2 splitting across 10 isothermal redox cycles at 1000 °C and 1 atm. 
c crystal structure of Ca2Fe2O5 (001) surface [70] (reproduced with permission from Elsevier) 

The incorporation of Ni dopants into Fe-based oxygen carriers has been found 
to enhance their reactivity during the chemical looping partial oxidation (CLPO) 
process, especially at lower temperatures. To investigate the effect of these dopants 
on the oxygen carriers’ regeneration capability under CO2, the performance of Ni-
doped and undoped Ca2Fe2O5 was studied using extended redox cycles with CH4 

and CO2 as the reducing and oxidizing agents, respectively. The results demon-
strated that increasing the concentration of Ni in the sample resulted in improved 
oxidation performance during CO2 oxidation at 750 and 900 °C. Furthermore, the 
Ni-doped samples exhibited superior reduction performance over 15 redox cycles 
when using CO2 compared to air. Figure 6.8d displays the energy profiles associated 
with CO2 conversion to CO on reduced Ca2Fe2O5 and reduced Ca2Fe1.95Ni0.05O5 

slabs. The calculations reveal that Ca2Fe2O5 has a higher energy barrier for C–O bond 
cleavage of CO2 than Ca2Fe1.95Ni0.05O5. These findings suggest that Ni doping not 
only enhances methane partial oxidation but also improves CO2 conversion during 
the regeneration process, which align with the results obtained through TGA tests.

To date, it remains unclear how incorporating Ni dopants into the oxygen carriers 
may impact their strength and attrition resistance. These are critical factors to consider 
given that the carriers will undergo high temperatures and repeated cycles of reduc-
tion and oxidation during the CLPO process. By gaining a deeper understanding of 
the relationship between reactivity and structure, it may be possible to determine 
the optimal concentration of dopants and preparation methods that can improve 
both the reactivity and mechanical properties of the oxygen carriers. Ultimately, this 
knowledge will be essential for developing next-generation technology that can more 
efficiently utilize CO2 as a soft oxidant for oxygen carrier regeneration.
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Fig. 6.8 a Solid conversion during oxidation with CO2 b CH4-CO2 redox cycles at 900 °C and 
1 atm.  c The relationship between CO2 adsorption energy and the number of oxygen vacancies, 
d the energy profile for CO2 conversion to CO on Ca2Fe2O5−x, and  Ca2Fe1.95Ni0.05O5−x [69] 
(reproduced with permission from Royal Society of Chemistry)

6.6 CO2 Utilization Through CaO-Assisted 
Carbonation-Calcination Route 

The carbonation-calcination route in Fig. 6.2 represents the CaO-assisted calcium 
looping process, which has been demonstrated to be efficient for CO2 capture and 
utilization [71]. Calcium looping involves selective CO2 capture in the carbonator 
reactor where CO2 reacts with CaO (used as a sorbent) to form CaCO3. The CaCO3 

is then sent into the second reactor, calciner, where the calcination reaction proceeds 
for the sorbent regeneration. The overall calcination reaction occurs in two steps: the 
initial rapid carbonation controlled by the chemical reaction kinetics on the surface 
of the oxygen carrier, and the slow carbonation controlled by the diffusion kinetics 
in the bulk [72]. The slow step is attributed to the accumulation of CaCO3 layer 
on the surface which prevents CO2–CaO interactions [73]. However, an increase in 
temperature can enhance the solid conversion and calcination rate, thus improving 
the efficiency of the calcium looping [74]. 

Coupling calcium looping with CH4 dry reforming is a novel technology which 
realizes CO2 capture and conversion in an integrated process. During the CO2 conver-
sion and CH4 reforming step, CaCO3 dissociates to release CO2, which is subse-
quently employed for reforming CH4 on the Ni catalyst, resulting in the production
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of syngas. Subsequently, the material reverts to its original state, ready for a new 
cycle. An important advantage of this process is its ability to use feedstocks with any 
CO2-containing gas composition, particularly flue gases containing up to 20 vol.% 
of CO2. The integration of CO2 capture and conversion into a single process reduces 
energy consumption through improved process heat management and the elimina-
tion of CO2 transport from the emission point to the utilization site [75]. Galvita 
et al. demonstrated the combined chemical looping coupling CO2 sorption to oxygen 
storage reduction/oxidation in a lab-scale test [76]. Such chemical looping process 
can be described as a series of chemical charge and discharge cycles, as depicted in 
Fig. 6.9a. During the charge process, a feed containing CH4 and CO2 is introduced 
over a mixture of Fe3O4 and CaO. In this step, CH4 reduces Fe3O4 to metallic iron. 
Simultaneously, CaO reacts with CO2 to form CaCO3 through carbonation. During 
the discharge process, CaCO3 decomposes into CO2 and CaO. Simultaneously, the 
released CO2 will be reduced to CO by interacting with metallic iron. In their test, an 
equimolar mixture of CH4 and CO2 was sent to a fixed bed reactor containing NiO– 
Fe2O3/CeO2 and CaO–Al2O3 mixture. Figure 6.9b shows the space–time yields of 
CO2, CO,  CH4, and H2 at 650 °C. During the initial stage, CO2 reaches a minimum 
as it is absorbed by CaO and also consumed during DRM. However, when the CaO 
sorbent is fully saturated, the CO2 space–time yield will increase with the other prod-
ucts. Figure 6.9c shows the space–time yield for decarbonation of CaCO3 and CO 
production. It can be seen that the both CO2 and CO production increase in the initial 
stage then decrease toward to 0. This combined chemical looping process exhibits 
considerable flexibility in terms of both energy storage/release and fuel type. 

Fig. 6.9 a Schematic representation of combined chemical looping coupling CO2 sorption to 
oxygen storage reduction/oxidation. b space–time yield against time for CaO carbonation and 
Fe3O4 reduction with CH4:CO2 of 1:1 at 650 °C, and c space–time yield versus time on stream for 
decarbonation of CaCO3 and CO production [76] (reproduced with permission from Elsevier)
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6.7 Concluding Remarks 

To reduce greenhouse gas emissions, a variety of CO2 utilization strategies such 
as thermal catalysis, biocatalysis, electrocatalysis and photocatalysis, etc. have 
emerged in recent years. Among these technologies, chemical looping stands out 
as a promising approach for CO2 utilization because of its potential for achieving 
high energy efficiency, scalability, flexibility, and low cost. The solid material, 
which serves as the looping carrier for multiple redox reactions, is the foundation 
for successful operation of a chemical looping system with CO2 utilization as it 
significantly influences the desired product quality and reactant conversion. Exten-
sive efforts have been made for decades to discover robust and efficient looping 
carriers for chemical looping processes, leading to a large number of materials 
being reported including single metal oxides, bimetallic oxides, mixed-metal oxides, 
perovskites, metal sulfides, metal nitrides and hybrid oxide nanoparticles. Transition 
metal-based oxygen carriers have been extensively synthesized and used, owing to 
their high oxygen capacity, ease of availability, good recyclability, and relatively low 
cost. Recent advancements have shown that these materials can efficiently convert 
CO2 into CO through various reaction routes during chemical looping processes, 
such as tri-reforming of methane, dry reforming, direct reduction, and combined 
carbonation-calcination. 

The redox reactions over oxygen carriers involve the formation and annihilation 
of oxygen vacancies in the bulk and surface phases, which could affect the electronic 
structures and chemical properties of the host system. An ideal carrier should allow 
for proper transportation of lattice oxygen atoms to sustain sufficient concentrations 
of surface oxygen vacancies, which plays a critical role in CO2 adsorption and acti-
vation. In addition, the oxygen carriers need to have appropriate oxygen vacancy 
formation energies so that the surface can release a suitable amount of oxygen atoms 
for the production of targeted chemicals. Over the past decade, oxygen vacancies 
have been intensively investigated using a variety of techniques. Strategies such as 
doping, adding supports and utilizing electric field/solar energy have the potential 
to tune the oxygen vacancy population of oxygen carriers, and thus enhance the 
selective conversion of CO2 into valuable products such as methane, formic acid and 
methanol, as illustrated in Fig. 6.10. Further research in these directions would be 
more attractive. In addition, it remains challenging to completely understand the rela-
tionship between the CO2 reaction path and the morphological evolution of oxygen 
carriers. In-situ and operando studies which can characterize the surface oxygen 
vacancies and reaction intermediates coupled with advanced computational tools are 
highly recommended to advance the understanding of the mechanism and dynamics 
of oxygen vacancy-induced CO2 conversion in chemical looping processes. These 
fundamentals are crucial for the development of superior chemical looping systems 
capable of selectively and economically converting large quantities of CO2 to a vast 
array of value-added chemicals.
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Fig. 6.10 Potential strategies for CO2 conversion to value-added chemicals using novel oxygen 
carriers 
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Chapter 7 
Diversity Oriented Synthesis 
of Metal-Organic Frameworks 

Yu-Chuan Hsu, Kun-Yu Wang, Kui Tan, Joshua A. Powell, 
and Hong-Cai Zhou 

Abstract Metal–Organic Frameworks (MOFs) are an emerging class of novel 
porous materials bearing unique high surface area and structural tunability. Post-
synthetic functionalization plays a pivotal role not only in facilely diversifying MOF 
structures but also in meeting the requirement in practical applications. Herein, we 
explore the utility of diversity oriented synthesis (DOS) in the MOF field, summa-
rizing the various post-synthetic modifications and pore engineering techniques and 
discussing how they regulate the pore environment and sizes of MOFs. 

Keywords Metal–organic framework · Structural engineering · Post-synthetic 
modification 

Metal–organic frameworks (MOFs) are advance porous materials constructed with 
organic linkers and metal nodes. Due to their high surface area and structural 
tunability, MOFs feature great application potential in various fields, including gas 
storage/separation, catalysis, and biomedicine. Driven by the practical applications 
and enthusiasm of MOF researchers, a library of ca. 99,000 MOF structures has been 
established to date. During the enrichment of the MOF library, researchers often 
autonomously capitalize a strategy named Diversity Oriented Synthesis (DOS), a 
methodology widely applied in organic chemistry, to achieve unprecedented MOF 
structures. In organic chemistry, DOS, or divergent synthesis, can prepare a library 
of molecules with an emphasis on skeletal diversity. For instance, starting from a 
compound A, a set of new compounds containing A1, A2, A3, etc. can be prepared 
as generation 1 through reacting with different reactants. On the basis of generation 
1, a generation 2 of A11, A12, A13, etc. can be synthesized. As a result, the starting 
compound A diverges rapidly to a large number of compounds. Similarly, a MOF
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Scheme 7.1 Different synthetic approaches to building MOFs. MOFs can be directly synthesized 
through reticular chemistry and post-synthetic modification. Diverse MOFs are proposed to be 
constructed through stepwise post-synthetic modifications

can also be manipulated to produce a large variety of structures. As a material with 
a tunable skeleton, a MOF can be readily functionalized, modified, or even disin-
tegrated into other materials. This chapter will provide a retrospect and summary 
of methodologies for DOS of MOFs. Discussions are made on how these method-
ologies, such as linker functionalization and linker exchange, endow MOFs with 
structural complexity and functionality. The applicability and limitation of all these 
methodologies are evaluated. Besides, advanced tools, including automated synthesis 
and data mining, can be introduced into the DOS of MOFs. In summary, this chapter 
briefly introduces how various post-synthetic methodologies promote the discovery 
of diverse MOF structures, which will provide guidance and inspiration for future 
design and synthesis of MOFs (Scheme 7.1). 
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7.1 Functionalization of MOF Subunits 

The ligand of MOFs can be functionalized post-synthetically, to introduce new func-
tional groups, especially those that may be inaccessible by direct synthesis, into 
MOFs framework without the disruption of the MOF structure. One of the methods 
is called post-synthetic modification (PSM). Although PSM is a strong tool for the 
functionalization of MOFs, there are many criteria that need to be concerned. Most 
ligands used in this strategy should contain functional groups that do not interact 
with metal cluster but can be use as site for further functionalization. The candi-
date reaction for post-synthetic modification should also be chemically compatible 
with the MOF backbone. Pore size of the MOFs must be large enough for the reac-
tant to diffuse sufficiently throughout the MOF crystal. Several methods have been 
successfully applied to create new covalent bond on the organic linker, including 
formation of amide, imine and ester, reduction of olefin, cyanation of aryl halides, 
ring-opening reaction, click reaction, and photochemical reactions. PSM has become 
more accessible with the development of much stable MOFs. 

Another common post-synthetic modification technique is post-synthetic metala-
tion, which can also refer as coordination modification, which incorporate another 
metal into the MOF structure. Many functional groups such as bipyridine [1], thiol 
[2], phosphine [3], porphyrin [4], and N-heterocyclic carbene have been implanted 
in MOF system as coordination site for a wide range of metal substrates [5]. The 
major challenge for this method is to avoid potential coordination of metal cluster 
with secondary coordination site on the ligand. One method is to utilize the hard-
soft acid-base theory. In 2010, Yaghi and Long reported UiO-67-bipy, which utilize 
2,2-bipyridine-5,5-dicarboxylate as linker which contain carboxylate group that can 
coordinate with hard metal ions for the construction of MOF structure with bipyri-
dine stays free to coordinate with soft metal ions [1]. This system has become one of 
the most used strategy for post-synthetic metalation and has been used to coordinate 
a wide range of metal substrates to form the corresponding metalated frameworks. 
Another method is to perform a two steps PSM, the first step produces a new coor-
dination site, follow by the introduction of metal at the second step. The advantage 
of this method is that the initial linker doesn’t require a secondary coordination site, 
only a functional group need to be present for PSM. 

A multi-step post-synthetic functionalization, or so-called “tandem PSM” intro-
duced by Cohen in 2008, can be achieved with a modified sequence of reactions 
[6]. A notable example is the seven-step post-synthetic reaction sequence to install 
tripeptide on IRMOF-74-III reported by Yaghi [7]. With four thermal deprotection 
reactions in step 1,3,5,7 and three imine formation reactions in step 2,4,6 with amino 
acid, a specific tripeptide sequence can be installed in MOF. However, some limits 
of the sequential PSM also need to be concerned. Incomplete conversion of the func-
tional groups produces MOF with multivariant set of linkers, which may interfere 
with following reaction sequences. With the functionalization sequence proceed, the 
number of functional sites for further modification may also decrease. The negative
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impact of the structure integrity may also increase with each subsequent modifi-
cation. With these limitations, the tandem PSM involving more than two types of 
reactions are mostly limited with very stable MOF. In 2011, a nitration–reduction– 
urea formation sequence on MIL-101(Cr) was reported by Stock [8]. In 2013, a 
nitration–reduction–azidation–click reaction sequences MIL-101(Cr) is reported by 
Zhao, which increased the CO2 adsorption in MIL-101 [9]. In 2015, Li took a step 
further with introduction of terpyridyl moiety in the click reaction step and add 
an additional metalation step to generate heterogeneous Ru(III) catalyst with MIL-
101 for oxidation of alcohols [10]. In 2020, a depretection-azidation–click reaction 
sequences was performed on UiO-66-NH3 for adsorption of palladium [11]. With 
less stable and water sensitive IRMOF-9 analogue, a epoxidation–ring opening azida-
tion–ring closing aziridine formation PSM sequence was achieved by Richardson 
[12]. With tandem PSM, the final MOF shows higher surface area and crystallinity 
then the directly synthesized IRMOF-9 analogue using aziridine functionalized 
biphenydicarboxylate acid, demonstrating the advantage of tandem PSM. 

Multi-functional MOF can also be achieved via post-synthetic functionaliza-
tion. The first method is to perform PSM with a non-excess amount of reactant 
to preserve some of the functionable sites, and the second reagent can transform 
the remaining sites [6]. Another method is to install ligands with different func-
tional sites that can perform different PSM reactions. The major challenge for these 
methods is to construct a well-defined, multi-functional environment in the MOF 
pore. In 2019, Gadzikwa introduce a method to create a bifunctional MOF KSU-1 by 
using two ligands with independent functional sites and coordination environments 
[13]. Using 2-amino-1,4-benzenediacarboxylic acid (BDC-NH2) and meso-α,β-di(4-
pyridyl)glycol (DPG), orthogonally coordinated to the Zn-paddlewheel. The two 
functional site amine and hydroxyl group can then individually go through PSM to 
add additional functionality. This method enables the generation of confined spaces 
that are uniformly decorated with multiple functional groups. 

In addition to ligand functionalization, the inorganic SBUs of a MOF can also 
be modified to obtain new materials. This can be done either by performing a 
post-synthetic metal exchange or by functionalizing the existing metal node using 
processes such as atomic layer deposition (ALD) in MOFs (AIM). 

Post-synthetic metal exchange is one technique by which inorganic SBUs can 
be further functionalized. In this process, the MOF is suspended in a solution of 
a metal precursor for several days, sometimes at elevated temperatures, to allow 
the exchange process to occur. The first example of complete metal metathesis was 
reported by Kim in 2009, in which a Cd-MOF with a tritopic linker was immersed in 
a lead(II) nitrate solution for a week, leading to complete substitution of the Cd ions 
in the framework for Pb [14]. Since this study, other studies have similarly shown 
complete metal metathesis, including works by Kim [15], Zhou [16–18], and Kaskel 
[19]. However, depending on the stability of the framework, post-synthetic metal 
exchange is more often incomplete [20], with the extent of the exchange able to be 
carefully controlled by adjusting the reaction time, temperature, and metal precursor 
identity and concentration to obtain mixed-metal MOFs. The ability of a given metal
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ion to exchange with another metal ion is largely dictated by the relative thermo-
dynamic stabilities of the metals in the framework, with labile metals being more 
easily replaced than more stable ones [19]. Furthermore, as metal exchange begins 
at the surface of the crystals, core-shell structures can be obtained via incomplete 
metathesis, as the process is diffusion-limited [21, 22]. 

MOF-5, comprised of basic zinc acetate clusters and BDC (benzene dicarboxylate) 
linkers, is a common platform for divergent synthesis using metal exchange, as the 
labile Zn2+ ions of the cluster can be readily replaced post-synthetically with other 
metals. One such example is work by Dincă, who studied the effects of solvent on 
the efficacy of the metal exchange reaction in this system. In their first study of this 
system, Ni2+ ions were substituted into the clusters in a 1:3 Ni/Zn ratio by soaking the 
Zn-based framework in a Ni(NO3)2 solution for one year [23]. In a later study, Dincă 
found that solvents with higher ligand field parameters for the solvated Ni2+ ions were 
more effective at replacing the Zn ions and demonstrated that partial replacement 
could be achieved in as little as one week [24]. Unexpectedly, Ni-incorporation into 
MOF-5 resulted in a distortion of the lattice to produce octahedrally coordinated 
Ni2+, rather than the tetrahedral geometry that would be suggested by the topology 
of the framework [23]. However, upon heating under vacuum, the solvent (DMF) 
molecules were released, affording a tetrahedrally coordinated Ni2+ ion and minimal 
lattice distortion in the framework. Further treatment with sterically bulky ligands 
could afford a five-coordinate square pyramidal geometry around the Ni2+ ion [23], 
demonstrating that divergent synthesis can be used to obtain unusual coordination 
geometries that may otherwise be inaccessible. Examples of divergent synthesis 
via metal exchange are less common for highly stable frameworks such as UiO-66, 
comprised of highly stable Zr6O4(OH)4 clusters and BDC linkers, due to the stability 
of the metal-linker bonds, however a small number of studies do exist [25, 26]. 

While incomplete metal metathesis is often random [20, 27], in some cases, differ-
ences in the relative stability of metals in the clusters of the parent MOF can result 
in site selective metal exchange. An early example of this is a work by Volkmer, 
in which the four tetrahedral Zn ions in MFU-4 l could be replaced with Co, but 
the central octahedral Zn atom of the cluster could not [28]. Other works by Dincă 
and Long have likewise shown that metal ions can be substituted in different sites 
within a cluster depending on the identity of the metal ion and their relative binding 
strength in the different sites [29, 30]. More recently, Yao and Liu have demonstrated 
that metal exchange can be selectively performed on a MOF containing two unique 
In sites, with only the In(II) paddlewheel being exchanged with Cu, leaving the 
mononuclear In(III) site unaffected (Fig. 7.1) [31]. This type of site specific metal 
exchange presents opportunities for controlled divergent synthesis in MOFs.

More recently, emphasis has been placed on techniques that graft additional 
metal species onto the periphery of the inorganic SBU instead of performing metal 
exchange, as this can further diversify the structures that can be obtained. One such 
technique is solvent-assisted metal incorporation, also known as solvothermal depo-
sition in MOFs (SIM). This technique solvothermally deposits a secondary metal onto 
the surface of the inorganic SBU and is advantageous compared to post-synthetic
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Fig. 7.1 Structural illustration of JLU-Liu40-In and JLU-Liu-40-In/Cu. a Inorganic and organic 
SBUs in JLU-Liu40-In and JLU-Liu40-In/Cu. b Three types of polyhedral cages in the MOFs. 
c Crystal structure of JLU-Liu40-In. d Crystal structure of JLU-Liu40-In/Cu. Reproduced with 
permission from Ref. [31]. Copyright 2020. RSC Publication

metal exchange due to the ability to incorporate metal species that are otherwise diffi-
cult to incorporate in an SBU, such as Ti. Due to the solvothermal conditions required 
for this type of metalation, Zr-MOFs such as UiO-66 (comprised of 12-connected 
Zr6(μ3−O)4(μ3−OH)4 nodes and ditopic BDC linkers) and NU-1000 (comprised 
of 8-connected Zr6(μ3−O)4(μ3−OH)4 nodes and 1,3,6,8-tetrakis(p-benzoic acid) 
pyrene linkers (see Fig. 7.1c) are particularly suited to this process, as they are 
highly stable even at elevated temperatures [32, 33]. Since Hupp and Farha’s orig-
inal report on SIM, they, along with others, have performed SIM with a wide range 
of metals [32–36]. 

In recent years, atomic layer deposition (ALD) has proven an effective tool for 
the metalation of MOFs materials [37, 39, 40]. ALD is a vapor phase technique 
based on sequential, self-limiting surface reaction between multiple precursors on 
substrates and thus enables the growth of nanomaterials with excellent controllability 
on composition and thickness, high conformity, and superior uniformity (Fig. 7.2a)



7 Diversity Oriented Synthesis of Metal-Organic Frameworks 197

[41]. The surface chemistry of substrate is essential to activating the initial reac-
tion and ensuring subsequent materials growth. The chemical tunability of MOFs 
surface makes it possible to graft various metals onto the parent metal oxide nodes 
with atomic precision (Fig. 7.2b) [39]. Implementation of ALD to functionalize 
MOF materials has been successfully demonstrated in numerous structures espe-
cially Zr6-based MOFs (Fig. 7.2c) [37, 40, 42–45]. The most notable example is 
ALD on NU-1000 pioneered by Hupp and co-workers [37, 38, 40, 43, 44, 46], 
NU-1000 features large hexagonal channels (~3 nm) constructed by 8-connected 
Zr6(μ3−O)4(μ3−OH)4 octahedral node and 1,3,6,8- tetrakis(p-benzoic acid) pyrene 
linkers (see Fig. 7.1c) [37]. The mesoporous channels allow for accommodation 
of large-sized organometallic precursors and facile diffusion of the reaction prod-
ucts. Furthermore, the vacancies present on under-coordinated zirconium clusters are 
compensated by terminal-OH and H2O, which serve as the active sites to initialize 
ALD growth. These merits, together with its high hydrothermal stability, make NU-
1000 a promising ALD platform. The first metalation work on NU-1000 was done 
with trimethylaluminum (TMA) and diethylzinc (DEZ) precursors. Exposure of acti-
vated NU-1000 to TMA and DEZ between 110 and 140 °C results in their fast reac-
tion with OH groups and therefore incorporation of Al and Zn to the Zr6-cluster 
[37]. Interestingly, TMA was found to react readily with all terminal OH species 
during a moderate precursor exposure, achieving a high metal loading up to 8 Al 
atoms for every Zr6-node in NU-1000. Large or prolonged TMA exposure induces 
the further reactions with extra-nodal oxygens and thus causes noticeable degrada-
tion of framework crystallinity and loss of internal surface area [46]. In contrast to 
TMA, DEZ preferentially reacts −OH group pointing into the small cavities that 
connect the large hexagonal channels (see Fig. 7.1c), leading to a regioselective 
deposition during the subsequent cycles as revealed by in situ synchrotron X-ray 
powder diffraction [43]. Such unusual selectivity for ALD reaction within NU-1000 
is attributed to be driven by the local dispersion interactions that favor the binding 
of DEZ precursor prior to reaction. Different from TMA which reacts excessively 
beyond the hydroxylated node within NU-1000, another trivalent metal precursor 
trimethylindium (TMIn) was found to exhibit the strict self-limiting behavior in reac-
tion with only the node hydroxyls and ligated water [46]. DFT simulation predicted 
a highly symmetric structure having two In metals deposited on each of four faces 
of the Zr6-node, which was corroborated by experimental PDF analysis [46]. It 
is worth noting that, by a combined ALD and metal-exchange approach starting 
with Zn-NU-1000, various dispersed single atoms including Cu, Ni, and Co can be 
successfully installed into NU-1000 [47]. In such a two-step approach, the econom-
ical precursor DEZ was employed first to deposit Zn on Zr6-node; the resulting Zn-
NU-1000 samples were soaked in methanolic solutions of metal salts CuCl2, NiCl2, 
CoCl2 at various temperatures for exchanging Zn2+ with M2+ ions to obtain the porous 
materials with uniform target metal distribution [47]. In addition to grafting transi-
tion metal ions, noble metal platinum (Pt) has also been successfully deposited on 
the Zr6-nodes of NU-1000 in the form of single atoms and few-atom clusters using 
trimethyl(methylcyclopentadieny)platinum(IV) precursor at moderate temperature 
(115 °C) [44]. Remarkably, these Pt clusters exhibit strong resistance to sintering
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up even under harsh catalytic conditions, e.g., strongly exothermic hydrogenation 
reaction of ethylene, due to their site-isolation by organic linkers [44]. To establish 
a materials data base for ALD modification of NU-1000, Martinson and co-workers 
have screened and investigated the deposition of a large library of ALD precursors 
which span metals across group 6–13 of the periodic table [40]. With such a compre-
hensive study [40], the trends in the compatibility of metal precursor classes for 
ALD in NU-1000 has been established, which is of great importance to guide the 
future efforts in metalation of MOFs via ALD. Beside NU-1000, a number of other 
Zr6-MOFs such as UiO-66, UiO-66-NH2, and MOF-808 have also been investigated 
for installing metal to the Z6-nodes by ALD [45, 48]. Compared with NU-1000, 
UiO-66 processes much smaller channel size and higher Z6-node connectivity (12-
linker coordinated). Thus, it is not surprising to observe that reaction of bulky ALD 
precursors such as bis(N,N'-di-Butyl-acetamidinato)Ni(II) occurs predominantly in 
the near-surface region of the samples since diffusion into the bulk of crystallites 
is severely hindered [49]. For the smaller-sized precursor such as TMA, increasing 
temperature above 200 °C and modification of organic linker with amine moiety 
(−NH2) [45], was found to facilitate the precursor diffusion and reaction at the Zr6-
node of UiO-66 in that −NH2 catalyzes ligand-exchange process by anchoring TMA 
molecule in close proximity to μ3−OH group [45]. 

In addition to these techniques, more traditional inorganic chemistry techniques 
have been employed to modify inorganic SBUs, exemplified by the work of Lin. 
Lin’s work typically involves first deprotonating µ-OH sites in the inorganic SBU 
with n-BuLi or a Grignard-like species, before treating the deprotonated framework 
with a metal salt [50–54]. This technique has been especially successful in UiO-
type structures, due to the presence of the aforementioned µ-OH sites decorating 
the cluster [53, 54]. Similarly, a study by Quadrelli demonstrated the post-synthetic 
grafting of a Au(I) species onto the µ-OH groups, however the reactivity was such 
that it was not necessary to deprotonate the cluster to bind the Au(I) species [55].

Fig. 7.2 a Scheme of ALD process on a flat surface; b Metalation by ALD In a MOF (AIM); 
c Structure of NU-1000 frameworks with the Zr6-node and organic linker, and modification by 
ALD. The blue, red and black spheres represent zirconium, oxygen and carbon, respectively. a and 
b are reproduced with permission from Ref. [37]. Copyright 2013. American Chemical Society; 
and c from Ref. [38]. Copyright 2015. Nature Publishing Group 
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7.2 Pore Engineering in MOFs 

Linker exchange is a one effective approach to differentiate MOF structures. During 
a typical ligand exchange process, organic linkers of a substrate MOF will be 
replaced by other linkers, while integrity of the MOF is maintained. This inter-
esting phenomenon was initially observed by Kitagawa and co-workers during the 
epitaxial growth of MOF-on-MOF architectures, when ligand exchange occurred 
only on MOF surface [56–58]. Through continuous efforts, the linker exchange was 
developed as a common and imperative method to modify MOF structures by Cohen, 
Hupp, Farha, Matzger, Choe, and other researchers. Linker exchange is driven by 
entropy changes and needs to overcome the energy barrier of coordination bonds’ 
dissociation. Based upon the distribution of the linkers in substrate MOFs, linker 
exchange can be divided into two sorts, namely anisotropic and isotropic linker 
exchanges. During the isotropic linker exchange, organic linkers in the substrate 
MOF will be replaced gradually without preferred orientation or spatial selectivity. 
In contrast, the anisotropic linker exchange occurs in specific crystal faces of MOFs. 
Discussions are made here on how MOF types and reaction conditions affect the 
final MOF structures. 

The anisotropic linker exchange usually occurred in mixed-linker MOFs. For 
instance, in 2011 Choe and co-workers synthesized a layered MOF PPF-20 
(PPF = porphyrin paddlewheel framework), which contained a pillar ligand 
DPNI and 2D layer with TCPP ligand and Zn2(COO)4 paddlewheel cluster 
(DPNI = N,N'-di-4-pyridylnaphthalenetetracarboxydiimide, TCPP = tetrakis(4-
carboxyphenyl)porphyrin) [60]. After immersed in solution with excess BPY, inter-
estingly, the pillar ligand DPNI was replaced by the shorter BPY, resulting in a 
lattice with a contracted c parameter (BPY = 4,4'-bipyridine). Later, Farha, Hupp, 
and co-workers successfully utilized solvent-assisted linker exchange (SALE) to 
insert longer pillars into layered MOFs and continuously increase the c parameter 
and solvent accessible space of MOFs [59] (Fig. 7.3). These works indicate that 
anisotropic linker exchange can stretch or contract MOF lattices in specific directions. 
The versality of this method has been confirmed in diverse layered MOFs, in which 
not only the topologies of MOF layers vary, but also the pillar ligands are diverse [61– 
64]. As a result, the combination of various MOF layers and pillar ligands dramati-
cally increase the diversity of MOFs. Notably, through the SALE, the non-catenated 
nature of MOFs can be well-maintained, while the catenation control of MOFs is 
usually challenging through direct synthesis [65, 66]. Besides, after linker exchange, 
MOFs still feature high structural tunability and can be sequentially functionalized 
to afford MOFs inaccessible through direct synthesis. For instance, in 2013, Takaishi 
and coworker reported the construction of a porphyrin-based layered MOF through 
SALE, which can be further functionalized by linker metalation and metal exchange 
[67]. Furthermore, Hupp, Farha and coworkers combined the linker exchange, linker 
metalation, and layer-by-layer assembly to prepare thin-film MOFs with diverse 
structures [68]. Moreover, Cao and coworkers reported that the pillar ligand of an 
interpenetrated MOF could be sequentially exchanged, resulting in a fivefold length
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Fig. 7.3 Linker exchange to afford pillared MOFs with varied lattice parameters. Reproduced 
with permission from Ref. [59]. Copyright 2013. American Chemical Society 

reduction [63]. In 2016, Hupp, Farha, and coworkers learnt from the thought exper-
iment “Ship of Theseus” and fully uncovered the potential of SALE by converting 
a MOF into one with completely different components [69]. As a short summary, 
anisotropic linker exchange is one effective method to tune MOF lattice parameters, 
functionalize frameworks, and enhance structural diversity, without damaging the 
integrity and crystallinity of MOFs. 

The isotropic linker exchange can take place in MOFs with various ligands, 
including imidazole, carboxylate acid, and even benzoquinone. During the linker 
exchange, there is usually no specific spatial selectivity for the ligand replace-
ment, affording one isostructural MOF as a result. Besides, as a dynamic process, 
linker exchange is highly reversible and sensitive to the solution concentration, 
which contribute to the ligand free energy [70]. Dynamic studies confirm that linker 
exchange is usually rapid at the initial stage and then slows down by the interactions 
between ligands and frameworks [70, 71]. Dynamic control over exchange process 
will generate various products. In 2017, through the linker exchange of MOF-5 with 
deuterated linker, Matzger and coworkers uncovered the coupling between the diffu-
sion and linker exchange, which would affect the linker distribution in the final MOF 
[71]. If the diffusion is more rapid than the linker exchange, the new linker will be 
distributed uniformly within the MOF [70, 72]. In contrast, if the linker exchange is 
more rapid, only linkers near the MOF edges will be replaced, arising a core-shell 
MOF architecture. In 2020, Matzger and coworkers further investigated the influence
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of solvents on the linker exchange, indicating that the solvent species can tune the 
shell thickness and exchange ratio in the core-shell product [73]. 

Linker exchange of UiO-type MOFs has been extensively studied (UiO = Univer-
sity of Oslo). As MOFs constructed with high-valence Zr clusters, UiO-type MOFs 
used to be described as an “intact” material difficult to functionalized. In 2012, 
however, Cohen and coworkers performed post-synthetic linker exchange of UiO-66 
at the presence of solvent and successfully introduced functional linkers into the MOF 
[74]. Interestingly, the linker exchange can take place between solid/solid or solid/ 
liquid. In 2015, Kaskel and coworkers introduced redox-active tetrazine linkers into 
UiO-66 by linker exchange, endowing the MOF with redox-active properties [75]. 
In 2019, Hecht and coworkers introduced an azo-containing photo-switchable linker 
into UiO-68 through linker exchange, generating a light-responsible core-shell MOF 
[76]. Upon irradiation of green or blue light, the azo-containing linker would experi-
ence photoisomerization between Z- and E-configurations, changing the gateway 
sizes for guest molecules’ diffusion. Notably, linker exchange is one effective 
approach to incorporate organometallic components into MOFs, producing catalytic 
MOFs difficult to obtain through direct synthesis. For instance, in 2013, Cohen, 
Ott, and coworkers incorporated a ligand [FeFe](bdt)(CO)6 bearing the active site 
of [FeFe]-hydrogenase into UiO-66 (bdt = benzenedithiolate) [77]. The as-formed 
UiO-66-[FeFe](bdt)(CO)6 featured improved rates and production in photocatalytic 
hydrogen generation, compared to the molecular complex [FeFe](bdt)(CO)6. In  
2015, Fontecave and coworkers immobilized a Cp*Rh-based ligand into UiO-
67 and produced a MOF for photocatalytic CO2 reduction (Cp* = pentamethyl-
cyclopentadiene) [78]. In 2015, Zou, Martin-Matute, and coworkers investigated 
different synthetic approaches of UiO-68 doped with an iridium N-heterocyclic 
carbene (NHC) linker [79]. It turned out that the MOFs prepared by linker exchange 
featured higher metal loading and better behavior in catalysis than the one from 
direct synthesis. In 2019, Fei, Wei, and coworkers also incorporated NHC linkers 
into UiO-68 through linker exchange [80]. Interestingly, the final MOF contained 
a metal-free NHC moiety, enabling transformation from CO2 to methanol under 
ambient conditions. Moreover, in 2018, a series of chiral metallosalen linkers were 
immobilized onto UiO-68 by Cui and coworkers [81]. The presence of chiral catalytic 
sites endowed the MOF with superior performance in asymmetric catalysis. In 2018, 
Taddei and coworkers systematically studied the significance of defects in UiO-
66 linker exchange [82] (Fig. 7.4). There are usually two types of defects within 
as-synthesized UiO-66, namely missing-linker and missing-cluster defects. During 
linker exchange of UiO-66 with missing-linker defects, the incoming linker will 
replace the two monocarboxylate modulators on the adjacent clusters. Subsequently, 
the missing-linker defects will be healed. In the case of UiO-66 featuring missing-
cluster defects, the incoming linker will replace only one modulator on the defects. 
As a result, the dangling linker will decrease the UiO-66’s porosity. Therefore, this 
work confirmed the capability of linker exchange to engineer MOF defects. Later, 
Ameloot and coworkers further studied the linker exchange mechanism of UiO-66 
and uncovered that the solvent, such as methanol, played an essential role in the 
linker exchange [83]. According to time-resolved characterization and simulation,
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methanol molecules can cap on the [Zr6(μ3-O)4(μ3-OH)4]12+ clusters and stabilize 
the intermediate status with dangling linkers during the exchange. Once generated, 
the dangling linker can undergo fast exchange to immobilize the incoming linker. 
Notably, the presence of missing-cluster or missing-linker defects may not have 
significant effects on the MOF compositions after exchange. 

Zeolitic imidazolate frameworks (ZIFs) are a large subclass of MOFs, which 
are generally comprised of single-metal nodes and deprotonated imidazole linkers 
[84, 85]. Due to the ~ 145° bridging metal-imidazolate-metal angle, ZIFs adopt

Fig. 7.4 Potential outcomes 
of linker exchange in UiO-66. 
a Defect-free UiO-66 
can only exchange one 
terephthalate linker with the 
incoming linker. b, c UiO-66 
containing missing-linker 
defects can either exchange 
one terephthalate linker 
or two modulator acids per 
incoming linker. d, e UiO-66 
containing missing-cluster 
defects can either 
exchange one terephthalate 
linker or one modulator 
acid per incoming linker. 
Reproduced with permission 
from Ref. [82]. Copyright 
2018. John Wiley and Sons 
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identic topologies with zeolites, indicating a diverse library of ZIFs. Through direct 
synthesis, however, only thermo-dynamically stable ZIF phases can be achieved, 
occupying a small amount of all the potential ZIFs [86]. Herein, linker exchange 
has been applied to synthesize novel ZIFs and enhance their structural diversity. For 
instance, in 2012, Farha, Hupp, and coworkers synthesized a cadmium-based ZIF 
CdIF-4 with eim linker (eim = 2-ethylimidazole) [87]. Through linker exchange 
with mim, the CdIF-4 can be converted into an unprecedented ZIF SALEM-1 
(mim = 2-methylimidazole). The researchers then prepared another novel ZIF 
SALEM-2 Zn(im)2 by SALE of ZIF-8 Zn(mim)2 with im (im = imidazole) [88]. 
During the linker exchange, the SOD topology of ZIF-8 was retained. Notably, 
Zn(im)2 with the SOD topology is elusive in direct synthesis and thermodynamically 
unstable according to calculation [89]. Furthermore, the researchers systematically 
studied the exchange in a series of mixed-linker ZIF, namely ZIF-69, ZIF-78, and 
ZIF-76, featuring both imidazolate and benzimidazolate linkers [90]. Interestingly, 
only the benzimidazolate linker was replaced, indicating the first example of selective 
linker exchange in ZIFs. 

In 2017, Nair and coworkers reported that core–shell structures would arise during 
SALE of ZIF-8 and OHC-im linker (OHC-im = imidazole-2-carboxaldehyde) [91]. 
Similar to carboxylate-based MOFs, the generation of the core–shell morphology 
was attributed to the limited diffusion rates [71]. If the exchange was under harsher 
conditions, the initial ZIF-8 crystals would be partially etched to form hollow defects. 
Similar phenomena were also observed during SALE of MOF-5 and mim linkers [92]. 
According to the recent work from Wu, Xu, Ajayan, Cui, and coworkers, when MOF-
5 crystals were placed in mim solution at room temperature, single-shell hollow ZIF-8 
would be generated. If the temperature was slightly increased, the MOF-5 would be 
evolved into double-shell hollow ZIF-8. The formation of the diverse architectures 
should be attributed to the diffusion-controlled exchange process. The deprotonated 
mim ligand was prone to destruct the MOF-6 and react with the zinc node to produce 
ZIF-8 nuclei, while the diffusion of mim inward the crystal was not favored. As a 
result, the destruction of the MOF-6 was slower than the recrystallization of ZIF-8, 
yielding the void structures. 

In 2019, Cohen and coworkers functionalized ZIF-8 nanoparticles with a surface 
capping imidazolium ligand, which could serve as initiator for atom transfer radical 
polymerization (ATRP) [93]. After polymerization reaction with methyl methacry-
late (MMA), core–shell ZIF-8-PMMA particles were achieved, which can be self-
assembled into layered superstructures. In addition, Rzayev and coworkers reported 
another linker exchange approach to prepare MOF-polymer hybrids [94]. A carboxy-
late linker with the polymer backbone can be exchanged with surface ligands of proto-
type MOFs, including ZIF-8, MOF-5, and UiO-66, producing a composite with a 
high MOF loading ratio. 

Although most examples of MOF linker exchange took place in solution, vapor-
phase linker exchange (VPLE) on ZIFs has been discovered [95, 96]. In 2019, 
Ameloot and coworkers reported that the mim linker of ZIF-8 would be partially 
replaced when exposed to the vapor of another linker, including im, OHC-im,
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bzim, NO2-im, and 4,5-dCl-im (bzim = benzimidazole, NO2-im = 2-nitro imida-
zole, 4,5-dCl-im = 4,5-dichloro imidazole) [45]. Interestingly, kinetic studies on the 
VPLE process demonstrated an independent relationship between crystal sizes and 
exchange ratios, in contrast to the solvent-based linker exchange of ZIF-8 limited 
by diffusion [91]. The VPLE also requires that the incoming linkers should be more 
acidic than the framework linker and both the linkers need to be volatile. In 2020, 
Li and coworkers incorporated a series of halogen-containing linkers into ZIF-8 via 
VPLE, producing materials with a high selectivity for gas separation [46]. 

Precise regulation of functional building units is a long-term challenge in materials 
science. In 2019, Zhou and coworkers reported a series of imprinted ZIFs (iZIF), in 
which the apportionment of function groups were manipulated by pre-locked linkers 
[97]. Initially, interlocked imidazolate linkers were incorporated into ZIF-8 through 
linker exchange and templating linkers were subsequently cleaved through hydrol-
ysis. Structural simulation indicated that the length of the interlocked linker would 
determine the substitution locations, paving the way for predictable arrangement of 
function groups within multicomponent MOFs. 

Linker exchange has been recognized as an efficient method to engineer MOFs 
with diverse linkage types [98, 99]. For instance, Rosi and coworkers performed step-
wise linker exchange on bio-MOF-101 analogues to expand the pore sizes progres-
sively [100]. Bio-MOF-101 featured Zn8Ad4O2 

8+ clusters and NDC linkers, which 
can be exchanged with the longer linker BPDC to afford bio-MOF-100 (Ad = adeni-
nate, NDC = 2,6- naphthalenedicarboxylate, BPDC = 4,4'-biphenyldicarboxylate). 
Through stepwise exchange, the BPDC linker can be replaced with ABTC and NH2-
TPDC, accompanied with volume expansion of crystals (ABTC = azobenzene-4,4'-
dicarboxylate, NH2-TPDC = 2'-amino-1,1':4,1''-terphenyl-4,4''-dicarboxylate). 
Furthermore, Rosi and coworkers performed sequential linker exchange on bio-
MOF-100 and installed three different functional groups into the MOF scaffold [101]. 
Notably, the three functional groups can be modified orthogonally (Fig. 7.5). Besides, 
in 2020, Harris and coworkers successfully prepared a rare class of amidic MOFs 
through linker exchange [102]. Due to the strong metal-nitrogen bond, crystalline 
amidic MOFs are difficult to achieve through direct synthesis. Herein, this work 
represents a new approach to prepare MOFs with relatively irreversible bonds. 

Fig. 7.5 Orthogonal 
functionalization in a meso-
porous MOF bio-MOF-100. 
Reproduced with permission 
from Ref. [101]. Copyright 
2015. ACS Publication
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Sophisticated chemical processes in biological systems often require a precise 
sequence of binding moieties. To further regulate the apportionment of building 
units of MOFs to mimic the biochemical processes’ conditions, the Zhou group 
raised a strategy to pre-incorporate interlocked linkers into MOFs [97]. ZIF-8 was 
adopted as the example MOF material due to its excellent tolerance toward post-
synthetic modification. 2-imidazolecarboxaldehyde (Im-CHO) was chosen as the 
prototype and linked with diamines (CX, X = 2, 3, 4, 6, 8 and 12) to form pre-labile 
locked linker template (LX, X = 2, 3, 4, 6, 8 and 12). The pre-locked composite can be 
easily dissociated through hydrolysis, with the coordination bonds between Zn nodes 
and imidazole linkers robust enough to stand mild aqueous treatment. ZIF-8 with 
various exchange ratios were obtained, while N2 adsorption isotherms suggest no 
mesopore formation due to MOF partial decomposition and total release of template 
molecules from the framework. Another strategy utilizing thermolabile cross-linkers 
for templating was developed by the Xiao group to address the limitation due to the 
imines’ decomposition under MOF synthetic conditions [103]. A chemically stable 
cross-linker was successfully installed in Mg2dotpdc, an expanded MOF-74 analog 
with carboxylic acid sites in pristine framework structure, after which the thermolysis 
of cross-linked MOF was showcased to yield the pristine MOF. Dramatic increases in 
both the BET and Langmuir surface areas were observed with infrared spectroscopy 
shift indicating a transformation from ester to free carboxylic acid. 

The Zhou group provided a method to control the hierarchy of PCN-222@Zn-
AzTPDC composites by simply tuning the ratios of the two MOF precursors 
[104, 105]. The concept of modular programming was developed, which isolates 
the functionality of a system into independent, interchangeable modules. Multi-
variate polymer/MOF hybrid composites are formed via the cross-linking of linkers 
and the removal of metal clusters. Through centrifugal precipitation, core PCN-
222 powders stabilized at the bottom of the vials allow for the heterogeneous 
nucleation and anisotropic growth of Zn-AzTPDC. Increasing the concentration 
of Zn-AzTPDC precursors in the hierarchical MOF synthesis promotes the evolu-
tion of center-concentrated core–shell PCN-222@Zn-AzTPDC structures. The same 
strategy was extended to other representative MOFs, including PCN-224, MOF-801, 
UiO-66, UiO-67, PCN-160, and PCN-250 as the core MOFs, and stepwise instal-
lation of organic linkers and Zn4O clusters outside the core MOFs, leading to the 
formation of MOF@Zn-AzTPDC. The complexity of the hierarchical systems was 
enhanced in three-module hierarchical MOFs. In addition, the modular programming 
can be further applied in other MOF@polymer composites containing polystyrene 
and polymethylmethacrylate [106]. Initially, a three-module MOF@MOF@polymer 
composite was prepared via stepwise synthesis, in which the two MOFs had distinct 
stability. Through modularly manipulating chemical compositions, the labile MOF 
portion could be selectively removed, generating a MOF@polymer composites inher-
iting the morphology and distribution of pristine MOFs. Such a transformation 
emulates the DNA transcription in nature, indicating a facile approach to passing 
MOFs’ structural information to other materials. The functionalities in different 
modules of hierarchical MOFs and MOF-based composites may also sequence the 
substrates and promote tandem catalysis.
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Chapter 8 
The Promise and Reality of Sustainable 
Fuels 

Robert Luckett and Jingbo Louise Liu 

Abstract Challenges of world’s energy supply and fuels consumption are highly 
dependent on the use of fossil fuels, coal, petroleum, and natural gases. The deple-
tion of these resources is a major challenge as it leads to an increase in prices and a 
decrease in the availability of energy. Therefore, renewable energy sources, partic-
ularly sustainable fuels become critically demanding. Renewable sources of energy 
and fuels are abundant and do not emit greenhouse gases or contribute to climate 
change. The promotion of efficient energy use techniques promises to reduce energy 
consumption, thereby conserving fuel supplies. The diversity of sustainable fuel 
supplies is another driving force for the stakeholders to explore in this direction 
to fostering development and commercialization. The exploration and production 
of more diverse energy sources like natural gas, nuclear power, and biofuels help to 
sustain a diverse and secure energy supply. This chapter summarized the background 
of energy development, different families of fuel supplies, Geopolitical instability 
and grand challenges of sustainable aviation fuels. 

Keywords Sustainable fuels · Diversity of fuel supply · Aviation fuels · Fuel 
consumption 

8.1 Overview 

Research has demonstrated that in the quest for zero emissions, there is no such thing 
as zero exploitation. However, many studies indicate that there are applications of 
green technology that will benefit not only the environment, but also stakeholders, 
who range from investors, to unskilled laborers. This is especially welcome news 
given the current pace of global warming, and the fast-approaching climate crisis.
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The chance to get it right this time was a missed opportunity 100 years ago when 
the American automobile industry established oil as the most reliable fuel source. In 
addition to failing to predict pollution, was a lack of true understanding of oil as a 
finite resource. To be fair, science at that time had little to offer in informing us of 
potential environmental damage from gasoline that could be permanent. 

Now science can give us a solution to the climate crisis, and improve so many 
other problems at the same time, such as environmental damage, low employment, 
and complications of use of plants deemed unsuitable for consumption, or grown 
in quantities to meet both agricultural and energy needs. Different economies have 
different energy needs, and different cultures have different approaches to labor. 
Unfair working conditions in the U.S. are not the same as unfair working conditions 
in developing countries. Oil drilling in the U.S. is exploitative to the environment 
and to labor, but not to the same extent as oil drilling in the Middle East. Challenges 
to getting it right this time include being sure we obtain the most efficient feedstock, 
and refine and deliver it, in a clean way, so as not to offset gains expected to be 
achieved from a boom in green energy, as opposed to fossil fuels. There may not be 
another chance for a trifecta of cleaning the environment, creating jobs, and putting 
low demand plant life to work for providing long-term growth of energy for the 
billions of residents of the planet. Those with power, whether political or financial, 
are the lynchpin that gets it all started, if it ever is to take off. 

Promises of clean energy solving all of society’s ills have been made before. 
New advances in technology seem to be very close to delivering clean fuel, but we 
are still enduring old problems with outdated fuel sources, such as school children 
breathing air polluted by nearby coal mines. Sadly and predictably, levels deemed 
acceptable vary by location, with lower SES nations exposed to the most harmful 
levels, sometimes in violation of their own regulations [1]. Even prospects of using 
plants as feedstock for energy has unforeseen risks, from inedible plants harvested 
to the point of threatening green landscapes, to the potential of people losing food 
crops to biofuel refineries. People of Ghana endured more limits to access to land 
for growing their own food, as profiteers negotiated land deals with local leaders. On 
balance, there was general appreciation of biomass farming, because it brought jobs, 
and economic and food security [2]. Some have concerns that the promise of the 
benefits of biofuels are unrealistic. Considering that shifting from under-subsidized 
food production to support for biofuel from food crops risks displacing farmers, land 
encroachment, land exploitation in the form of farmers having their property taken 
by industry, to deforestation, and damage to soil. The need for 70–100% more food 
by 2050, by 2011 estimates, compounds the problem even further [3]. It might be 
helpful to review what has been attempted, and assess the best options for green 
energy, keeping in mind that not all solutions are viable for every population. As it is 
unlikely that one biofuel will be appropriate for all economies, it will be necessary 
to meet the challenges of integrating several biofuels to suit international needs. 

While biofuel use has been indicated to be advantageous to most people, 
researchers in Brazil believe that there should be limits to participation in the biofuels 
industry, citing risks to rain forests, food agriculture, and social impact on working 
conditions. This should be taken into consideration along with respect to advantages
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gained in air quality, global climate improvement, and economic advantages such as 
reaching the goal of energy independence [4]. This consideration comes after years 
of Brazil’s establishment as a very successful ethanol producer and exporter as a 
solution to oil prices in the 1970s [5]. 

Perhaps the critical complications with the least margin for error exist in the 
quest for Sustainable Aviation Fuel (SAF), because air travel presents challenges 
that stationary users do not encounter. Even electric and hybrid cars can break down 
or run out of fuel, which is frustrating for drivers, but disastrous for fliers. While 
SAF is the focus of this chapter, it is worth reviewing related advancements in green 
energy, since a final application for SAF has not yet been made. On September 15, 22, 
and 29, 2022, the American Chemical Society (ACS) hosted a three-session event to 
promote SAF research and development, communication and analysis, deployment. 
The policy and sustainability and the commercial flight also play critical roles in the 
international SAF activities. The ACS-SAF event started with an overview of the 
SAF given by Dr. Valerie Sarisky-Reed, the director of the Bioenergy Technologies 
Office (BETO) in the Office of Energy Efficiency and Renewable Energy (EERE). 
Dr. Reed pointed out that “Biden Administration put the American economy on an 
irreversible pattern of net zero emissions” no later than 2050 as soon as taking to 
the office. The near-term target aims to reduce CO2 emissions by over 50% as soon 
as 2030, compared to 2005 because energy is the heart of greenhouse gas emissions 
without affecting competitiveness. The DOE has been the leading agency to develop 
strategies to avoid carbon being released into the atmosphere while still providing the 
goods and services our country needs to function. Dr. Reed offered a few examples of 
creating new innovative building technologies across the continuum from production, 
storage, and transportation to utilization. The administration examined the US and 
“Renew Europe” standards to see how better the DOE can manage the conversion of 
waste feedstock to SAF and value-added molecules. The Aviation industry advocated 
SAF production from “wood and agricultural products, solid waste, landfill gas and 
biogas, and alcohol fuels.” to lower CO2 and meet current Jet Fuel A specifications. 
The SAF production, storage, mass balance and global distribution were shown in 
the Fig. 8.1.

According to the United Nations (UN), 24 million new green jobs could be created 
internationally, given enough support from stakeholders [6] but given past estimates 
of progress on green fuels, it is appropriate to maintain a healthy skepticism about 
its future, if it is not managed ethically, and responsibly. The goal to reach the 50% 
mark for all jet fuel is 2030, at 3 billion gallons per year, and one option is Fats, 
Oils, and Greases (FOG). By 2050, the goal is 100%, which is expected to be 35 
billion gallons per year, accounting for growth [7]. Tax incentives might prompt 
industry where ethics have not, thus the Biden administration’s encouragement of 
the use of SAF blending to reduce Greenhouse Gas (GHG) by incentivizing industry 
through tax credits. Known as the Inflation Reduction Act (2022), it includes the 
human element of raising tax credits when private industry locates their efforts in 
lower Socioeconomic Status (SES) areas, pays employees a living wage, and creates 
apprenticeships [8]. Green energy jobs from the Inflation Reduction Act estimate 
the need for over 200,000 jobs by 2030, with credentials ranging from high school
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Fig. 8.1 Sustainable aviation fuels, a production and storage, b the mass balance and c map of 
SAF distribution

(or equivalent) to bachelor’s degree. The lowest pay is estimated at over $47,000 per 
year. Not all of these jobs directly relate to jet fuel, but it would be difficult to claim 
that any are without connection at all, given the focus on use of electricity, often 
powered by refineries currently using fossil fuels. Thus, future refineries powered 
by wind, solar, and hydro, for example, could support refinement of blended and 
fully SAF in the future. This would be making use of renewable energy to create 
renewable resources [8] to mitigate the GHG emission, which will take the effort 
from different sectors (Fig. 8.2). 

Fig. 8.2 Sustainable aviation fuels also defined as waste-derived aviation fuels, which involved 
in efforts from six sectors, a Coordination of plans in research, development, demonstration, and 
deployment through collaborations between different stakeholders and b The facility map, adapted 
from International Civil Aviation Organization (ICAO)
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Since global warming is expensive to combat, solutions are necessary that meet 
current prices, or ideally are cheaper. Using carbon emissions trading is not a long-
term solution, and at best moves the problem around the globe [9] which eventually 
spreads pollution farther. Carbon credits may be cost effective for big business in the 
U.S., but it only reduces environmental damage minimally, at best, arguably simply 
kicking the can down the road, which could be the most impactful procrastination of 
all, if it irreparably damages the planet. 

Regarding industry’s incremental advances, and the aviation industry’s carbon 
footprint, reducing CO2 emissions and other progress being accomplished by 
blending current fuels with new fuels, can also be a cost benefit to industry, and 
bring savings to end users [10]. Reduced use of fossilized fuels benefits industry 
by experimenting with manufacturing processes currently in use that offer flexibility 
leading to adaptation of established techniques, rather than those invented anew [11], 
and the process of phasing in new fuels gradually is already underway. 

Distribution of biofuels is an important consideration regarding infrastructure’s 
role in the transition away from fossil fuels, and into biofuels. Since specific equip-
ment is needed to transport biofuels, investment could bring more jobs in designing 
and maintaining such equipment [12], but would this benefit people as well as 
industry? Drop-in biofuels, designed to be used with existing infrastructure, such 
as pipelines, and shipping containers used by trucks, trains, and ships [13], could be 
a preferable strategy, as opposed to all new equipment that may require significant 
changes, even to the point of creating new vehicles, especially if not suitable for use on 
interstate highways, train tracks, and ships requiring redesigns that might eliminate 
use of certain ports. The benefits of global interconnectedness in transitioning away 
from fossil fuels creates additional complications that must be addressed. Distribu-
tion planning in manufacturing SAF is an important step, but so is coordination of 
flight routes at the international level. To be most safe and efficient, jets that must 
be refueled using SAF must have as many airport stops available as currently exist 
for fossil fuels, and must also plan for anticipated growth. The Port of Seattle has 
been active in supporting SAF by leading in planning of flight routes and creation of 
infrastructure required of biofuels that differ from fossil fuel methods [14]. 

Policies to support all aspects of SAF, including technology and business appli-
cations in the aviation industry that is growing both in demand and committed to 
avoiding environmental damage, could bring interference from capitalist interests 
between global markets competing to control the technology, if stakeholders fail to 
work together to create workable policies to support the global effort, as identified 
by a study in the U.K. [15]. In 2022, research was conducted to explore the reason 
for the slow growth, given the rate of climate damage predicted by 2050, claiming 
that nothing short of total abandonment of fossil jet fuels would ultimately be effec-
tive. The authors cite the Paris Agreement is an example of essential collaboration 
among global stakeholders that is critical to the success of buy-in from government 
and industry, especially considering the improvement to the climate that SAF could 
bring [16]. These declarations, leading to the deadlines, prompt evaluation of what 
industry has discovered thus far, in the quest for SAF.
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Since it is still undecided which new fuel will suit jet fuel applications, it might 
be helpful to review related advances in biofuel development, i.e., what has worked, 
and what has not. For example, research so far has discouraged use of kerosene as 
a sustainable source of CO2 capture [17], which is important to note as all fossil 
fuels are targeted for elimination. Availability of feedstock must be addressed if 
renewable sources are to replace finite energy derived from fossil fuels, thus the 
relatively short-term phasing in of decarbonation by 2030, meant to be a benchmark 
for further planning to assess how to prepare for the 2050 deadline. Some areas of 
the world already impacted by decreases in fossil fuel production could benefit from 
upgrades to existing refineries to instead transition to promising renewables such 
as algae, potentially reducing GHG in the 68% range by one study’s estimate [18], 
and 98% using a chemical process in another [19]. Conversion of existing refineries, 
specifically biorefineries, along with efficient management practices, is essential to 
the success of SAF [20]. In 2019, a study on the viability of biofuels predicted success 
if government funding continues, as costs associated with upgrading refineries are 
high, and if fossil fuels remain relatively low. Jet fuel being a more challenging 
undertaking, success in biofuels for other uses offer hope [21]. 

It is unclear what industry may learn from energy advances in personal trans-
portation, as jet fuel is believed to be essential, with demand only growing during the 
entire phasing in period leading to 2050. Airplanes are not automobiles. Aviation adds 
complications of temperature limitations on fuel in flight that ground transport does 
not experience, which, for airplanes, has meant blending fossil fuel with options such 
as cooking oil waste, gradually increasing biomass and decreasing the fossil content. 
Current experiments are limited by undeveloped infrastructure needed to support the 
fuel blending process. Delays in making biofuels available bring reminders of early 
automobile limitations such as lack of refueling stations, as airlines must carefully 
plan their stops where blended fuels are available [22]. Coordination of upgrading 
airport infrastructure, with the added challenge of efficient placement of locations 
where SAF is available on different continents, is far more complicated than adding 
electric car recharging stations to convenience stores around the U.S. Further commit-
ment to SAF would require a shift by the commercial airline industry, which is now 
less focused on sustainable fuels for environmental benefits, and more on cheaper 
fuel, with some studies estimating biomass fuels not reaching a cost benefit per liter 
until 2035 [23]. Where there is adequate support and resources, success has been 
achieved. New Zealand pioneered tests of a jet fuel blend that was half jet fuel, and 
half jatropha plant, running a commercial aircraft successfully for two hours [24]. In 
the United Arab Emirates (UAE), Seawater Energy and Agricultural Systems (SEAS) 
sustainably grows seafood, and yields a biomass byproduct that can be processed 
as a fuel that contributes to SAF and green diesel. Tested on a commercial flight in 
2019, it appeared to be efficient enough to be cost effective by 2020 [25]. 

In the early 2000s, solutions to environmental concerns were being explored some-
what in the U.S., motivated by combined concerns of pollution, energy independence 
and availability of fuels. Science and government began a collaboration on biomass 
options, with an eye on cost effectiveness, job creation, and inclusion of business 
interests [21]. This effort now extends far beyond the U.S. A 2002 article covered
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two decades of efforts by Sweden to address biofuel introduction to their economy, 
calling on flexibility of stakeholders, especially those willing to go beyond limiting 
themselves to raw material production [26]. In the U.K. in 2014, the government 
required a decrease in the use of unsustainable biofuels in favor of biofuels designed 
to reduce harm to the environment, and address disputes over use of land for devel-
opment of biofuel feedstock. Liquid fuels became a focus as biofuel technology was 
to be developed, and growth of that technology was to spur investment from other 
countries to help further establish the U.K. as an industrial and technological leader 
[27]. A study in 2009 outlined the risks associated with competition by industry’s 
attempt to triumph in profiting from addressing global warming. Absence of inter-
national agreement and legal complications of international collaboration tends to 
motivate irresponsible practices, such as exploitation of workers, and access to water 
and food, as these resources are overtaken by economic interests at the expense of 
society [28]. 

Developing nations are also participating in green energy growth. Brazil, as the 
most prolific global producer of soybeans, has concentrated their efforts, and mostly 
for export, but deforestation has impacted hopeful results thus far. Still, plans to create 
a vertical supply chain could improve success of soybean production there [29]. Like 
Brazil, Indonesia has suffered political upheaval, leaving behind unemployment, high 
energy prices, and poverty, motivating them to develop energy technologies with the 
goal of addressing all of these social ills at once [30]. Industrial growth in Indonesia 
has led them to a significant increase in oil imports since 2004. In 2006, Indonesia 
increased palm oil biodiesel production to offset dependence on oil imports. By 
2030, their goal is to save over $4 billion in energy costs, and create over 10,000 new 
jobs [31]. Indonesia also has begun to address negative environmental complications 
associated with their use of palm oil, and dependence on it for export. This is a case of 
starting with fossil fuel replacement, then improving the quality of biomass options 
[32]. 

For developing nations with plenty of land to offer, challenges remain even if 
they possess natural crops that can be used for feedstock. Caution has been advised 
regarding microalgae that are genetically engineered for biofuels, because their 
ability to survive if left unchecked has not been established, which could create an 
environmental problem [33]. Energy is used in land preparation, such as clearing by 
use of heavy machinery. Some crop production pollutes air at levels that can exceed 
forest fires in Brazilian rain forests. At the time of this study, land preparation was 
responsible for the most GHG emissions in all of Indonesia. Neighboring Thai-
land, Malaysia, and Singapore complain that their air quality is affected. Indonesia’s 
economy benefits too much from palm oil to phase it out completely, and losing 
the vast U.S. palm oil consumption market is a significant threat to their economy 
[32]. Recent concerns in the west regarding exploitative labor practices have had an 
impact on palm oil production in Kuala Lumpur, but a two-year import ban by U.S. 
Customs was recently lifted [34]. 

Success in producing biofuels has exceeded predictions around the world, so 
further investment in different feedstocks is justified, as it has the potential to improve 
quality of life, and not just for the wealthy. There are methods available to reduce
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these heavily polluting methods, and unfair labor practices, but who will commit to 
this expense? There are limits to how green energy can be, especially depending on 
the application. To meet energy needs on the ground, options such as wind and solar 
can be factored in, but any type of jet fuel must be contained and flown, limiting solar 
and wind to benefit aviation only to processing fuel on the ground. Another reason 
palm oil as jet fuel does not appear to be competitive is because a glut in palm oil 
created by aviation’s thirsty needs could drive the price down further, which could 
be a serious economic issue for farm owners. Without an appropriate and effective 
domestic use for palm oil rich countries, economists argue that increased dependence 
on palm oil is not a good investment [32]. 

A study in Thailand considered both social and economic factors related to 
biofuels production compared to petroleum production, finding that 10–20 times 
the number of workers can be employed in the creation of green energy, and even 
when labor costs were factored in, green energy was the cheaper option [35]. The 
European Union (E.U.) found similar results in 2018 [36]. 

Sub-Saharan Africa is the center of a significant struggle to afford fossil fuels, 
and as is the case all over the world, demand for energy there is increasing. Mozam-
bique decided to make use of its ample land supply to address poverty, with some 
attention to gender and employment [37], but could still be targeted by capitalists 
interests in controlling land to grow biofuels where labor is cheap. While some of 
the most impoverished Sub-Saharan African countries do produce oil, even those 
local economies cannot balance demand for fuel, poverty, and diesel’s cost, so wood 
remains the only affordable energy source there. Economies looking ahead to 2030 
predict likely growth potential for green energy alternatives, but note that it would take 
collaboration from many countries to make production of biofuels viable, requiring 
reductions in taxes and other subsidies [38]. 

A study in Botswana claimed that most plant life available for biofuel production 
damages their environment at a level similar to that of invasive species [39]. Malawi 
studied poverty and their very common use of wood for energy, estimating that 
biofuels could overtake wood consumption, and continue to push fossil fuels out 
of the market, given their poverty, eliminating fossil fuels is an option, while also 
providing jobs in the production of biofuels [40]. Increased output of sugarcane on 
Brazilian plantations could improve their economy, but the requirement to expand 
irrigation for the crop could be an environmental problem in close proximity to rain 
forests [41]. Politics and limited technology hinder access to vast quantities of wood 
that could become biofuel in West African countries [42]. The forestry profession 
in China and India considered extracting feedstock from their forests, but found 
limitations due to lack of technology and lack of supportive policies [43]. The needs 
of some poor nations are more urgent than others. For example, biofuel production 
in the wake of war-torn and significantly impoverished Sierra Leon is projected to 
be an economic solution that can also serve pro poor development [44]. 

For wealthier nations, the more common obstacle to SAF is encouraging invest-
ment, and securing funding streams, despite indications that energy, environment, 
labor, and business could all benefit. Australia explored how to effectively wean them-
selves from fossil fuels in their quest for energy independence. A study concluded
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that negative impact is offset by benefits to employment and the economy. Employ-
ment benefits would include more jobs for skilled labor, leading many to relocate 
domestically. If this step succeeds, the need for further economic development would 
follow, including improvements in infrastructure, creating even more jobs. A favor-
able Energy Return on Investment (EROI) is indicated, which is necessary to attract 
investors, and to justify government spending. Transportation of feedstock can be 
a financial issue in rural Australia, but these needs could be met by building new 
refineries, and locating them strategically, thus simultaneously potentially leading to 
a short-term boom in construction, and a long-term boost to local employment [45]. 

Efforts in Sweden to make the best use of biofuel resulted in careful planning in 
production by resisting limiting themselves to raw material production, and producers 
making use of the biofuels they produce for their own needs, in addition to marketing 
them [26]. A study in 2010 found that biofuel depends on supportive policies, a 
knowledge base on refineries, and government funding [46]. For example, although 
corn stover is the most abundant feedstock in the U.S., evaluation of its potential 
has yet to be completed. Support for this initiative has been expressed by Illinois, 
Indiana, Iowa, Minnesota, Nebraska and South Dakota [47]. Support for industry 
also tends to be clouded by perceptions of governmental and employment interests 
outweighing environmental impact [48], and it is difficult to determine the long-term 
effects of changing crops since ethanol from corn does not appear to be the most 
viable feedstock, and exploitation in land sales is a risk to struggling farm families. 
A 2017 study took into account what is needed to reach the 2030 goal for green 
energy, and indicated that over one million jobs could come from it, and profits 
would be significant [49]. A study in Poland found that refining biogas waste could 
significantly reduce carbon emissions, and called for government funding [50]. 

Developed nations have been experimenting with waste produced from their 
higher standard of living. A 2020 study in Spain argued that waste could be used 
from existing industry to create biofuels, such as from beer, dairy, bricks, and lime. 
The study claims that between 2018 and 2050, Small- and Medium-Sized Enterprises 
(SMEs) show promise using brick and lime waste. Beer and dairy show even more 
promise, and solid biofuels (SBFs) were predicted to create significant green jobs for 
all industrial waste tested [51]. Cheese whey, one of many feedstocks, is particularly 
useful in green energy because it is abundant in developed nations, yet currently 
disposed of in a manner that is environmentally harmful. Currently used in animal 
feed and food additives, it shows potential for use in biomass fuel [52]. 

Before the Biden administration’s time, industry’s attempts to dominate global 
energy were well underway. Kansas, Missouri, Oklahoma, and Texas all were 
exploring job creation possibilities in a 2015 study [53]. The Biden administra-
tion’s continued support led to the discovery of indigenous crops that could benefit 
the farm industry in the U.S. A renewable option in development for SAF fuel is a 
bioenergy crop known as carinata, which is available in the southern U.S. This could 
invigorate production and economic opportunity for farmers in Georgia struggling 
with dependence on cotton and peanuts, as carinata could rotate in as an annual crop. 
Fixing the agreed contract price to reduce risk to growers could prompt commitment 
of 28–85% of farms there [54]. This support could come from government entities
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seeking improvement of carbon footprint, production costs, profits, and job creation 
[55]. Given the estimate that carinata could reduce aviation’s carbon footprint by up 
to 65% in the U.S. Alone, government support is of particular importance, up to and 
including the creation of reliable supply chains [56] if this high yield, low fertilizer 
crop is to be fully successful as an affordable and environmentally advantageous 
SAF and contributor to the farming industry [57]. 

Common crops could serve to ease complications of SAF availability for intercon-
tinental flights. A 2016 study on feasibility of cellulosic biofuel production in Iowa, 
Georgia, and Mississippi, found that it could boost employment in the construction 
of new biorefineries alone, and that full biomass production would create more jobs 
than fuels blended with diesel. Once construction jobs conclude, employment would 
endure in agriculture, trade, and biorefinery operation [58]. The U.S. south could 
learn from Iran’s experience with Okra, a plant common to both countries. Okra, an 
annual crop that is plentiful in Iran, was explored for use in biofuel production to 
address employment and increasing their technical job sector [59]. 

Many developing nations that are experimenting with biofuels are taking cues from 
developed nations. An article from Spain covering 2007–2013 discussed running a 
biodiesel plant, increasing employment, and raising their GDP nearly 10% [60]. 
A 2019 study in Uruguay predicted successful green job production, attributing 
the nation’s satisfaction to taxes resulting from green energy, and contribution to 
energy security. Availability of sugarcane and sorghum were sources of their biodiesel 
production. This process was found to be more costly than the production of fossil 
fuel, but benefits to the economy more than balanced the equation in the end. There 
remain concerns about global market fluctuations that may impact that balance in 
the future, but job creation and climate improvement are assured [61]. 

Different countries have different indigenous plant life, and some of these could 
be on the cusp of becoming a more valuable resource than ever. Castor bean is a crop 
in plentiful supply in Mexico that shows potential as a biofuel source, as it is resilient, 
and resistant to pests. Mexico’s biorefineries use less than 11% of turbine production, 
and produce 300 times what Mexican airports require, but the per gallon price for 
this biofuel is far from competitive at this time [62], a result shared by another 
lignocellulosic biomass study [63]. This is not necessarily completely unfortunate, 
as blended and other fuel options began as cost prohibitive, and became profitable 
as markets changed around the world. 

Ironically, development of green applications can also create environmental prob-
lems themselves. For example, plant life making its way around the globe by SAF 
to generate more SAF could contain invasive species that could lead to biological 
invasion [64]. This could be a consequence of global trade that could create further 
tensions if not addressed appropriately. More support from different interests is an 
opportunity that can be gained by addressing numerous social needs along with 
energy needs. 

There are more impoverished than wealthy nations, and profiteers are focused on 
them as green energy increases in viability, both commercially, and in addressing indi-
vidual national interests. Thus, advantages from participation in biomass production 
by developing nations could be wiped out by international investors. A 2018 study
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investigated legitimacy of energy policies in Latin American countries, critiquing 
whether there is true commitment to addressing global warming, or if instead mere 
appeasement is being offered by using fossil fuels to serve people. The interests of 
politics and business could determine whether social and societal impact are factored 
into addressing global warming. Brazil’s president in 2007 declared that advances in 
fuel should be an energy revolution, with specific attention to social justice, protecting 
food crops, and jobs in the plan. The biofuel industry was to advance their economy, 
and benefit their people. Brazil had been exploited by policies made by past leaders 
with North American politicians at the expense of their people, by failing to fulfill 
promises of employment growth, and other social inequities. Wealth redistribution 
was promised, and progressivism was to reject use of family farms for foreign profit, 
in favor of becoming a vital link in their national economy that would prioritize 
their own people’s needs instead. Issues related to Brazil’s acceptance of the need 
to accomplish sustainable energy access, while simultaneously addressing compli-
cations of alleviating poverty, and improving the environment, resemble interests in 
other countries [65]. 

A common thread in all of these formulas is the need for capital that businesses 
are unwilling to shoulder on their own, and they seem to be waiting for government 
investment before committing their own capital. Few airline passengers are willing 
to pay extra for SAF. While attitude, social trust, and perceived risks have an effect, 
resistance remains. Campaigns by big business are underway to build awareness 
and acceptance of the importance of SAF [66], but they are unlikely to convince 
travelers that they should be the ones paying for improvements only to see profiteers 
become even richer. Most strategies around the world call for both taxes and private 
investment, but there is a higher likelihood in lower SES countries that profits, no 
matter how substantial, will not be used to alleviate poverty. Full energy independence 
is not considered realistic by economists, and dependence on only one crop carries 
risks that could devalue such a crop, along with the risk that one crop could suffer 
yield and other problems that could lead to a crisis, impacting trade with other 
countries. Regardless of the nature of a government’s relationship with its people, no 
government can reliably address social needs of the general population without some 
control over individual private enterprises, such as family farms, i.e., the government 
should control what crops are grown to benefit the overall economy, and the individual 
[65]. 

8.2 Diversity of Fuel Supplies 

The fuels are divided into two families, natural fuels and artificial (or prepared) 
fuels based on their occurrence. These fuels occur naturally in nature are considered 
primary fuels, whereas artificial fuels are defined as secondary fuels. The secondary 
fuels can be prepared by different processes by treating these primary fuels. Based on 
the DOE standard, the fuel supplies include biodiesel, electricity, ethanol, hydrogen, 
natural gases, renewable diesel, sustainable aviation fuel and emerging fuels. The
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sustainable fuels can be broadly classified into three categories, biofuels, synthetic 
fuels and renewable electricity according to the origin and production process. 
Biofuels are normally derived from organic matters, which include these substances 
from the plants (for example algae) and animal waste (manure). These biofuels 
include ethanol, biodiesel, biogas, and other biofuels. They can be produced through 
fermentation, distillation, or other chemical processes (such as esterification). The 
SAF is one of the biofuels, which will be discussed in Sect. 8.3 (Sustainable Avia-
tion Fuels). Synthetic fuels can be produced by synthesizing carbon dioxide (CO2) 
and hydrogen (H2) or carbon monoxide (CO) from renewable sources. They include 
synthetic gasoline, diesel and jet fuel as well as hydrogen and methane produced 
from renewable sources. Renewable electricity includes electricity generated from 
renewable sources such as wind, solar, geothermal and hydropower. It can be used to 
power electric vehicles, heat pumps and other electrical appliances. In the Table 8.1, 
the authors summarized the characteristics of selected fuels with an emphasis on 
renewable fuels.

8.3 Sustainable Aviation Fuels 

As mentioned above, the ACS hosted a SAF discussion in September of 2022, starting 
with an overview of the ACS mission to support not only research and development, 
but also deployment and career training, given by Dr. Judith Gordian, the ACS presi-
dent. She led a core group of professionals from different technical divisions of ACS 
(Fig. 8.3) in organizing the pre-president event series to provide solutions to climate 
change and explore new approaches to be independent of fossil fuels. Dr. Giordan is 
the co-founder of the Chemical Angels Network, Managing Director of ecosVC, Inc., 
and former Fortune 100 executive. Judy is a board member, co-founder, advisor, and 
investor in seed and early-stage start-ups and the 2023 ACS President. Dr. Jinxia Fu is 
an Assistant Researcher at Hawaii Natural Energy Institute, University of Hawaii at 
Manoa, Honolulu, Hawaii. She researched biomass resources, processing of biomass 
materials, thermochemical conversion of biomass, fuel characterization, and biofuel 
product development. Jinxia holds a Ph.D. degree in Chemistry from Brown Univer-
sity. Ms. Lisa Houston is Vice President at PAC, LP, an analytical instrumentation 
company, where she is responsible for the financial success of the Process Analytics 
instrumentation segment. Lisa is an experienced analytical and petroleum chemistry 
professional with over 30 years of increasing responsibility in business management, 
directing scientific personnel, product management, and project management. She 
received her bachelor’s degree in biochemistry from the University of North Texas 
in 1986. Lisa has been an active American Chemical Society (ACS) volunteer at 
all levels including Local Section, Division, Regional Meeting and National since 
becoming a member in 1990. In 2013, she was named an ACS Fellow for her contri-
butions to the profession and to ACS. She is currently serving on the ACS Board of 
Directors representing District IV. Dr. Matthew L Grandbois is a Strategic Partner-
ship Manager for DuPont where he leads business development efforts focused on
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the automotive electronics and telecommunications industries. Prior to this role, Matt 
held positions within R&D and Marketing for Dow Chemical. He received his Ph.D. 
in Chemistry from the University of Minnesota and his B.A. in Chemistry (ACS 
Approved) from Augustana College (Sioux Falls, SD). Matt is a long-time member 
and active volunteer leader within the American Chemical Society at every level of 
governance. He is currently the Chair of the Central Massachusetts Local Section 
(CMSACS), General Co-Chair of the 2023 Northeast Regional Meeting (NERM), 
Councilor for the ACS Division of Professional Relations (PROF), Programming 
Chair for the ACS Division of Business Development and Management (BMGT), 
and elected Member of the ACS Committee on Council Policy (CPC). Matt is a Six 
Sigma Black Belt, former Fulbright Scholar to Norway, author of 10 peer-reviewed 
publications, holds 14 granted U.S. patents, and has been a featured ACS Webinar 
presenter on topics related to the professional development of scientists. Jennifer 
Maclachlan is the co-owner and Managing Director of PID Analyzers, LLC, founder 
and organizer of the Cape Cod Science Cafe and STEM Journey. Jennifer is the co-
Chair of the American Chemical Society’s (ACS) Committee on Chemical Safety’s 
(CCS) Partnership Subcommittee and the 2022 recipient of the ACS Grady-Stack 
Award for Interpreting Chemistry to the Public. Dr. James Skinner is the Chairman of 
the Board of three companies–one public, two private. He is the member of the Board 
of Directors of several public and private firms including Chairman of the Compen-
sation and Stock Option Committee and Member of the Finance Committee. He is 
responsible for or involved with raising more than $200 million in public and private 
transactions. Dr. Jarrod Cohen is a Scientist II at Secant Group in the Translational 
Product Development Group. His current work focuses on building sustained long-
acting implantable platforms for the delivery of small molecules in multipurpose 
prevention technologies and ocular therapies. He has been responsible for Analyt-
ical method development for all drug delivery applications as well as the formula-
tion and characterization of implant devices. Dr. J. Louise Liu is a Full Professor of 
Chemistry and the Director of the Center for Teaching Effectiveness at Texas A&M 
University-Kingsville. She is affiliated with the Texas A&M Energy Institute due 
to her contributions to the field of engineered nanomaterials in alternative energy. 
Dr. Liu has co-authored patents, books, book chapters, and peer-reviewed journal 
articles (>150). Currently, she serves as the elected Councilor of Energy and Fuels 
technical division, certified Career Consultant, and DEIR Experts Panel, American 
Chemical Society (ACS).

The keynote speaker, Dr. Valerie Sarisky-Reed, has been the director of the Bioen-
ergy Technologies Office (BETO) in the Office of Energy Efficiency and Renewable 
Energy (EERE). She manages efforts to improve performance, lower costs, accel-
erate market entry of bioenergy technologies, and oversees strategic planning and 
development budget (annual: $250 M). Dr. Reed summarized what the administrators 
are trying to do and what the DOE supports. She pointed out that Biden Adminis-
tration put the American economy on an irreversible pattern of net zero emissions 
no later than 2050 as soon as taking to the office. The near-term target has been 
created to reduce CO2 emissions by over 50% as soon as 2030, compared to 2005
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Fig. 8.3 The organizing team was fostering sustainable aviation fuels to reduce greenhouse gas 
emissions

because energy is the heart of greenhouse gas emissions without affecting competi-
tiveness. The DOE has been the leading agency to develop strategies to avoid carbon 
being released into the atmosphere while still providing the goods and services our 
country needs to function. Dr. Reed offered a few examples of creating new innova-
tive building technologies across the continuum from production, storage, and trans-
portation to utilization. The administration examined the US and “Renew Europe” 
standards to see how better the DOE can manage the conversion of waste feedstock 
to SAF and value-added molecules. The Aviation industry advocated SAF produc-
tion from “wood and agricultural products, solid waste, landfill gas and biogas, and 
alcohol fuels” to lower CO2 and meet current Jet Fuel A specifications. 

Dr. Reed has decades of experience working with these feedstocks to convert them 
into final fuels. Due to the higher production costs, incentives are needed for SAFs, 
including promoting emerging industries. These are necessary to reduce prices and 
manage risk in the emerging industry. The DOE can leverage its expertise in scale-
up and infrastructure build-up to test and evaluate catalyst development and synergy 
between carbon utilization and processes to generate liquid fuels, including SAFs, to 
lower the overall cost by using diverse sources such as bio-crude, solid wastes, fats, 
greases using gasification, syngas to hydrocarbons. She also shared that the political 
will in Washington, DC led to the passage of the inflation reduction act with incentive 
programs and packages to help support the production of SAF and renewable diesel to 
meet many markets, which will be critical in the next 5–10 years. Beyond near-term 
options, Dr. Reed mentioned that we would need 300 million metric tons (MMT) 
of renewable carbon if we can meet aviation’s needs, the chemical sector, and other 
places where biomass is an important commodity. The DOE is working hard to 
support technology development for the next generation. By increasing the number 
of feedstock and pathways to produce SAF, we will ultimately be able to reduce the 
cost of the fuels. Due to the regional nature of the feedstocks, people all over the
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country can benefit from this emerging industry since the conversion processes would 
be decentralized. These feedstocks in a different region may be slightly different. We 
will have the technology to meet those needs and help to produce the fuels where 
they can be utilized. 

The Sustainable Aviation Fuel Grand Challenge will be announced in September 
2022. This grant challenge gives us a series of goals as we move toward government 
and industry partnerships. The grand challenge looks at 3 billion gallons by 2030, 
which will be about a 20% reduction in greenhouse gas in the aviation sector (current 
production is 5–7 million gallons). By getting there, we need to show that this industry 
is possible and will lead us to the future growth of 35 billion gallons by 2050. The 
road as we get together as a government, the work being done in DOE, coupled 
with our partners with USDA, FAA, and CAFFI. We created a roadmap examining 
the technical, feedstock, and political and policy barriers we must overcome if this 
industry becomes a reality. We already established that life-cycle assessment working 
group that comes together to take the models to evaluate the greenhouse emissions 
coming to us from international spaces and US space. We come together to look at 
these models and determine the commonalities and differences and how it ultimately 
impacts our ability to certify aviation fuels and provide incentive programs based on 
the amount of CO2 we were able to reduce. DOE is very active in trying to scale up 
the technologies. We must go to the demonstration scale for the research to become 
a commercial product. DOE’s funding helps provide the cost-sharing necessary for 
the industry to take the risk in using these technologies, build large-scale facilities, 
and demonstrate that they can produce the fuels they expect. 

Beyond biomass, we are also looking towards increasing our consideration of 
the use of CO2 emissions. Over the last year, carbon capture and carbon capture 
sequestration to value molecules has focused on utilizing CO2 for sustainable aviation 
fuel effectively, liquid fuels, and liquids to heat and power. Capturing CO2 from 
existing biorefineries or generally from industry (steel industry) will enable us to 
exceed 300 MMT of carbon needed to meet anticipated demand. However, this 
comes to a huge amount of technology and R&D that we still need to continue to 
meet the aviation and energy demands over the next three decades. You will see our 
programs not only funding demonstration as near-term possibilities but also research 
that reaches back and gives us options to take us to 2050, the ultimate. 

Mr. Steve Csonka (CAAFI) shared the ideas of “drop-in fuels”, commonly known 
as renewable hydrocarbon biofuels. Aviation has an entity that is the first industry 
sector to commit to decarbonization. Dr. Fenwick provided three key points on focus 
on low carbon fuel solutions, (1) to maintain the airworthiness of the existing fleet, 
which is certified to operate with a certified fuel; (2) to require the fleet to upgrade 
or complete replacement of the existing fleet with the same chemical and physical 
properties; and (3) bio-jet fuel or blended fuel at the producer level meeting the jet 
fuel specification without infrastructure or airport redesign. As long as the synthetic 
fuel meets the ASTM specification D1655 standard and must be pure (normal, iso, 
cyclo) hydrocarbons from C7–C17 with a defined aromatic content without oxygen 
that meets the current physical and chemical characteristics of Jet Fuel A (flash point, 
viscosity, autoignition temperature, freezing point, density, specific energy, defined
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in specification ASTM D4054) is the molecular toolbox which can be derived from 
lignins, sugars, greases, oils, diesel, and other hydrocarbon sources. 

Jieun Kirtley pointed out that to support the aviation industry’s goal of reaching 
net-zero CO2 emissions by 2050, GE will develop regulations and technologies to 
keep alternative fuels that meet D1655 specifications and operational improvements 
through a mix of revolutionary aircraft and propulsion technologies. The biggest 
lever to pull is SAF, which is the compatibility of aromatic content, storage stability, 
and stability with the injection, transmission, engine, and exhaust, as well as meeting 
the ASTM standard. GE Aviation has been actively assessing and qualifying SAF 
since 2007 and works closely with producers, regulators, and operators to help ensure 
SAF can be widely adopted for use. Seven approved pathways to allow 50% blending 
have overcome the technical barriers of mixing with Jet Fuel A. Steve: airline barriers 
and limitations from the aromatic content may come from other aspects of the spec-
ification; seven approved pathways require blending with jet fuel. Since the ASTM 
requires a specific composition of aromatics, research has shown that certain C7 
cyclic kinds of paraffin can be excluded without degrading physical or chemical fuel 
performance. The advantage is that such processes would not need blending with 
current Jet Fuel A and enhance SAF production and availability as a drop-in fuel 
without blending. 

Mr. Joseph Ran, VP of Business Development at World Energy, LLC, discussed 
his spots, scaling, impact, and necessity and came to this point of the energy bases of 
sustainable aviation fuels. He talked about the challenges that the world is confronted 
with today. World Energy addressed the climate changes due to carbon emissions 
and developed and scaled up the technology on how SAF can manage the energy 
challenge to achieve zero emissions and improve air quality. The goal is to produce 
35 million gallons of SAF at Jet Fuel A pricing, which is currently feasible from a 
chemistry standpoint but not a price point. The price can be lowered by examining 
different chemistries to convert bio or low-cost wastes to liquid fuels using cost-
effective conversion technologies in terms of CAPAX infrastructure costs which 
guide the selection of feedstocks. 

Aviation alone contributes to 2% of global anthropogenic carbon emissions today. 
In the future, that sector aims to reduce CO2 emissions by 25% by 2050. To meet the 
expected reduction in CO2 means replacing the hydrocarbon fossil fuel technologies 
developed over 100 years within the next 30 years to utilize multiple feedstocks, 
unlike fossil fuel technologies which only use petroleum hydrocarbons. When other 
sectors continue to electrify, the aviation field to power aircraft still uses liquid 
fuel, primarily fossil fuel. Meeting anticipated CO2 reduction targets also means an 
emerging technology deployment cycle of 3 years instead of the traditional 20 years to 
meet the stated goals. Without doing anything, the field will create a carbon footprint 
introduced by the sector. CO2 emission reduction is not a choice anymore but an 
obligation, particularly in aviation. World Energy focuses on a new form of energy 
to reduce aviation’s net carbon emissions and aims to push decarbonizing and scale 
up the advanced low-carbon fuels network. Hydrogen is a hot topic. By illustration, 
we are not only sacrificing by focusing on carbon reduction and will bring green 
hydrogen into the market by 2025 and 2050. By 2027, we will be producing green
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hydrogen. Another company in Germany, the wind energy consortium. World energy 
will be a part of the consortium to bring green hydrogen to Europe by the earliest date 
of 2025. Ultimately the green liquid hydrogen will be obtained by 2030 by capturing 
CO2 and producing aviation energy fuels: world energy, the world’s leading company 
committed to zero-emission technology. World Energy took actions to get green 
energy to commercial scale by 2026; working with other partners, and value chain 
partners, the company will bring 500 million annual gallons of SAF. By 2030, the 
1-billion-gallon goal will be achieved. To completely replace jet fuel consumption 
today, 21-billion-gallon domestic and commercial jet fuel will be needed. 

8.4 Conclusion 

There are no reasonable arguments in conflict with the existence of global warming 
and its associated risks. It is also universally understood that current energy sources 
widely used are not only threatening the earth, but also finite. This creates an obvious 
and critical need to accomplish more than one goal simultaneously. We must have 
a plan if we are to have reliable energy long term, and the new source of energy 
must be safe to the planet, in development, production, implementation, and use. 
Though the problem is older than are efforts to address it, universal acceptance 
of the situation as a crisis is growing. Those who have thought ahead of others 
have been predicting different methods to resolve it, and estimating intentional and 
unintentional outcomes. 

With the future of the planet hanging in the balance, a global effort is the only 
option. This will require international agreements, and flexible collaboration between 
diverse nations. Taxes will be an essential resource if pollution, employment, and 
energy needs are to be met simultaneously. Capitalists are unlikely to move forward 
without government funding, which is far more likely to be able to secure control of 
private investment to include addressing social needs. 

Consideration of the needs and wellbeing of all economies (not just the west) are 
more assured if supply chains include as many nations as possible. This enormous 
shift in energy production is a once in a lifetime opportunity for developing nations 
to secure their futures, if they are not shut out by wealthy investors. Information is 
updated frequently on the progress of green energy with a few clicks on the internet. 
If the West is to lead in this initiative, then other nations could look to the U.S. Bureau 
of Labor Statistics’ assertion in 2022 that there will be more significant growth in 
green jobs (24 million of them), and that labor will not be excluded, as so many 
of these jobs do not require a college degree [8]. This is especially important in 
countries rich in land and feedstocks, but lacking in higher education. Imagine if 
advances in green energy ushered in further development of everything related to it 
(construction, shipping, etc.), using the very fuels to build that are designed to serve 
long-term. Even failing that, it would be of benefit for fossil fuel to die on the vine 
as it contributed its own demise on its way to obsolescence.
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Chapter 9 
Thermal Analysis During Metallic 
Additive Manufacturing 

Gaoqiang Yang, Zheng Chen, Yaji Huang, Jingke Mo, Zhenye Kang, 
and Feng-Yuan Zhang 

Abstract Due to its ability to produce 3D parts with anfractuous and complex 
structures with limited post-processing and minimal wastage of raw materials, addi-
tive manufacturing (AM) technology opens a new route for manufacturing without 
tooling and/or machining limits. Therefore, it is constantly used in industrial and 
research sectors all over the world with expanding prospects. However, the temper-
ature distribution and heat transfer during AM processes directly affect the proper-
ties and structures of the printed parts, especially for metallic components. Herein, 
a comprehensive summary of thermal analysis and heat transfer during metallic 
AM processes is presented. Metallic AM methods are divided into several cate-
gories, including powder bed fusion (PBF), direct energy deposition (DED), and 
other metallic AM processes. The challenges of heat transfer in each metallic AM 
process are fully discussed, and the energy insertion and material thermal properties 
are also discussed for better fundamental understanding. Finally, the experimental 
and computational studies of thermal analysis in different metallic AM methods are 
summarized, and a view of the future research is provided.
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9.1 Introduction 

Additive manufacturing (AM) technology, also called 3-dimensional (3D) printing, is 
a process developed in the late 1980s to produce 3D parts in a layer-by-layer manner 
with freeform fabrication [1, 2]. AM can be used to fabricate anfractuous components 
with complex inner features and almost zero raw material wastage from 3D digital 
models. It is an economical and rapid manufacturing method that is used in several 
industries now, including aerospace, energy conversion devices [3–6], automotive 
[7], medical [8] and other industries [9]. Due to its advantages and applications, AM 
technology is constantly spreading all over the world, and this booming is expected 
to continue for the next few decades. According to a recent report [10], the sales of 
metal AM machines had a dramatic growth in 2017, as shown in Fig. 9.1, and this 
increasing trend is likely to continue over the next several decades. 

The metallic AM processes involve complex physical changes and transfor-
mations, such as melting, solidification, and heat/mass transfer. Thus, it is chal-
lenging to achieve good quality and reproducibility of fabricated items. Moreover, 
the process parameters could have significant impact on the morphology, microstruc-
ture, mechanical and chemical properties of AM parts, such as the percentage of 
different grain phases and mechanical strength. To overcome these challenges, it 
is necessary to have an accurate control of parameters, such as input power loca-
tion, power density, scanning speed, melt pool size, etc., to achieve higher quality of

Fig. 9.1 Metal AM machine annual sales [10] 
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products. In fact, the manufacturing process parameters determine the thermal energy 
distribution, as well as the fusing or melting regions of materials during fabrication. 
This is because the temperature fields can directly impact the properties and struc-
tures of the parts, and a homogeneous temperature field during manufacturing could 
improve the quality of parts. For example, during the powder bed fusion method, 
a laser or electron beam is used to heat the materials to melting point. Then, rapid 
cycles of heating and cooling lead to convective and radiative heat transfer between 
the molten pool and the surroundings. If the density of molten powder exceeds the 
threshold point, deep cavities would appear as a result of localized overheating and 
evaporation of the powder without an accurate control of temperature distribution 
on the powder bed. If the relevant thermal analysis is identified and modeled, it can 
be used to decide the process parameters, and to improve the quality of AM parts. 
Thus, a clear understanding of the thermal transport and analysis is essential for the 
further investigation and optimization of AM processes. 

Numerous studies about thermal analysis have been published to improve the 
thermal analysis during metallic AM processes. However, the literature and past 
efforts have not yet been compiled to provide a clear summary and categorization of 
metallic AM systems. This chapter provides an introduction of metallic AM systems, 
discusses the challenges of heat transfer, and presents the energy insertion and mate-
rial thermal properties during metallic AM. Then, a summary of thermal analysis is 
presented with regard to three categories of metallic AM: powder bed fusion (PBF) 
process, direct energy deposition (DED) process, and other manufacturing processes, 
such as electron beam freedom fabrication (EBF) and sheet lamination. This compre-
hensive summary on the thermal analysis is expected to be helpful for the further 
development of metallic AM systems. 

9.2 Metallic Additive Manufacturing Systems 

Different kinds of categorizations of AMs exist in literature, which are based on 
raw materials, energy resources, building methods, etc. In this chapter, the material 
feed system is employed to categorize the AM processes. There are three broad 
categories: PBF process, DED process, and other processes. Figure 9.2 shows the 
different categories of metallic AM processes which will be discussed in detail in 
the following sections.

9.2.1 Powder Bed Fusion 

The PBF process is illustrated in Fig. 9.3. A roller or rake creates a layer of powder 
bed of different thicknesses across the substrate or component. Then, focused energy 
sources (laser or electron beam) selectively irradiate the surface of the powder and 
heat it to melting or sintering temperature. The melted metal powders form the
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Fig. 9.2 Overview of the different metallic AM processes

Fig. 9.3 General schematic 
of the PBF system 

components, while the unmelted powders remain behind to support the upper struc-
tures. This process is repeated until the 3D part is completely manufactured. It should 
be pointed out that vacuum or inert gases are used in the building chamber in order 
to avoid oxidation of metal powders. This method could provide parts with high 
resolution features, internal patterns, etc. Commercial PBF-based systems mainly 
include selective laser sintering (SLS), selective laser melting (SLM), and electron 
beam melting (EBM). 

9.2.1.1 Selective Laser Sintering 

The SLS technology is a type of powder bed laser melting process dealing with 
materials such as metals, plastics, and ceramics. It is also called direct metal laser 
sintering (DMLS) when it is applied to alloys. Before sintering, the entire powder
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bed is preheated to a temperature slightly below the melting temperature of the mate-
rials, which can reduce the thermal distortions and improve the fusion of the previ-
ously printed layer. SLS has high accuracy and can provide parts with better surface 
structure, higher porosity, and thinner layer. However, this process is relatively slow 
compared with other processes, such as EBM. 

9.2.1.2 Selective Laser Melting 

Similar to SLS, the SLM method is another kind of powder bed laser melting process. 
During the SLM process, the powder is melted completely instead of being sintered 
to increase the density of the part. The laser beam power (typically 400 W) in this 
method is much higher than that in SLS. Other PBF processes, like laser curing, are 
very similar to the typical laser-based PBF processes that have been introduced. For 
laser curing, the laser beam is reflected by drive motors and mirrors to control the 
direction and the irradiation area. 

9.2.1.3 Electron Beam Melting 

EBM technology was first proposed at MIT in 1995. Since then, ARCAM, a Swedish 
company, has manufactured several products based on EBM [11]. EBM is a powder-
bed based AM process, in which an electron beam generated by a high voltage range 
from 30 to 60 kV is used as the energy source to melt metal powder. The EBM 
process is conducted in a near-vacuum chamber to reduce the oxidation of metal 
materials, and the convective heat transfer during EBM is also significantly reduced. 
A variety of materials have been used for producing raw powders, such as Ti-6Al-3 V, 
aluminum, copper, stainless steel, etc. During EBM process, the vacuum chamber 
is kept at a relatively high temperature of 700–1000 °C, which could reduce the 
induced stresses and offer uniform temperature distribution during the heating and 
cooling cycles. Besides, the EBM process also has a faster build rate. However, it 
yields products with lower accuracy and a rougher surface. 

9.2.2 Direct Energy Deposition 

The DED process, also called the metal deposition technology, uses the same energy 
source for irradiation as the PBF process, but this process employs a different metal 
powder feed mechanism. In PBF, the powders are pre-laid on the substrate or powder 
bed before melting or fusing. On the other hand, during the DED process, a deposition 
head or powder nozzle is used to jet powders with the carrier gas onto the work area, 
as shown in Fig. 9.4. The energy source, the laser or electron beam, comes out from 
the guidance system and melts the added materials. There are two types of moving 
parts in the DED system: the moving deposition head and the moving aim part. DED
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Fig. 9.4 General schematic 
of DED process 

usually provides a larger build volume, and the surface of the substrate could be 
any shape. It could be used for rapid prototyping, cladding or refurbishing damaged 
parts. 

Commercial DED processes include laser engineered net shaping (LENS), 3D 
laser cladding, 3D laser welding, directed light fabrication (DLF), direct metal depo-
sition (DMD), etc. These processes follow the general approaches, while different 
powers, materials, powder delivery approaches, and different types of moving 
platforms are utilized to meet the different requirements. 

9.2.2.1 3D Laser Cladding 

The 3D laser cladding process takes advantage of laser powder injection technology 
and is also known as direct metal deposition (DMD) or laser welding. It has been 
widely used for complex coating, repairing damaged parts, and rapid prototyping. 
In this process, the metal powder is jetted into the laser beam and melt pool through 
a coaxial nozzle. Typical physical changes of metal powders include laser-powder 
interactions, heat transfer to powders, melting, fluid flowing and cooling. 3D laser 
cladding can provide a much thicker additive layer compared with conventional 
techniques, and provide better binding between the coating material and surface. 
Moreover, various materials can be used for laser cladding, such as copper, stainless 
steel, aluminum, magnesium, titanium alloys, etc. 

9.2.2.2 Laser Engineering Net Shaping 

The LENS technology is another kind of laser powder injection process, which was 
first proposed by Sandia National Lab. LENS can be used to manufacture fully dense,
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near-net-shaped and complex metal implants with interface between different mate-
rials. Therefore, it can be used for rapid prototyping and joining of dissimilar metal 
materials. Many metal materials, such as stainless steels, nickel-based alloys, tita-
nium, and intermetallic compounds, can be used as raw feedstock. The difference 
between LENS and other laser AM processes is the lower laser power, which could 
provide a smaller heat-affected area. Other DED processes include laser consol-
idation, directed light fabrication (DLF), etc. However, these processes are very 
similar to the DED processes introduced previously, and they have been developed 
by different institutes or companies for different applications, such as medicine and 
aerospace. 

9.2.3 Other Metallic AM Processes 

In addition to PBF and DED processes, other metallic AM processes have been 
developed by using other types of heating sources, materials, and/or different material 
feed systems. Some examples include electron beam freedom fabrication (EBF), 
laminated object manufacturing (LOM) or sheet lamination, binder jetting (BJ), and 
wire arc additive manufacturing (WAAM). For these processes, the typical difference 
is that metal wire and film are fed instead of powders, as shown in Fig. 9.5, which 
will lead to different thermal properties and heat transfer processes. 

9.2.3.1 Electron Beam Freedom Fabrication 

EBF technology is another kind of electron beam-based AM, but the raw material is 
metal wire instead of metal powder. NASA Langley Research Center first developed 
the EBF process to manufacture unitized structures with high-reflectance aerospace

Fig. 9.5 Schematic of 
electron beam freeform 
fabrication system 
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alloys, such as Al or Ti. In EBF, the metal wire is fed into a melt pool, which is contin-
ually irradiated by an electron beam, and then parts are produced layer by layer. EBF 
is a suitable method for manufacturing parts with protruding structures. However, 
traditional manufacturing methods need to cut a large volume of raw material away 
to form protruding structures, which leads to a large wastage of raw material. It is a 
fast method which can be used for on-orbit repairing of parts on space ships or space 
stations. 

9.2.3.2 Laminated Object Manufacturing 

LOM technology involves a layer-by-layer lamination of foils. In LOM, each material 
foil is a cross-sectional layer of the component. The foils are cut by energy source 
and bonded with each other using gluing, adhesive bonding, or thermal bonding. For 
thermal bonding, the cut foils are bonded together in an inactive atmosphere, and 
heated slightly above the melting point of the materials. But thermal-based defect 
is one of big issues of WAAM processes, so the thermal analysis is urgent for the 
quality improvement of WAAM. 

9.2.3.3 Wire Arc Additive Manufacturing 

Other than using laser or an electron beam as energy source, WAAM use electric arc 
as an energy source and welding wire as feedstock, and this technology is nowadays 
gaining much attention from both academic and industrial sectors because of its high 
deposition rate, low costs of production, and low costs of equipment investment. The 
heating sources mainly include gas metal arc, gas tungsten arc, and plasma arc [12]. 
The commonly commercially available wires are titanium alloys, aluminum alloys, 
steel, and nickel-based superalloys [13]. 

9.3 Challenges of Heat Transfer During Metallic AM 

The AM processes involve a large variety of parameters, including power type (laser 
or electron), beam diameter, the spatial energy distribution of laser or electron beams, 
shielding gas flow rate, gas flow rate for powder delivery, beam scanning speed, 
powder or wire feeding rate, material property changes (absorptivity, melting point, 
thermal conductivity, etc.), material characteristics (size distribution and structure of 
powder/wire), raw material feeding method (powder bed, side injection, and concen-
tric injection), toolpath patterns, etc. These variables significantly affect the compli-
cated physical processes, such as melting and cooling (solidification) cycles, and fluid 
flow phenomena. All these physical processes entail comprehensive heat transfers, 
so there are great challenges involved in heat transfer during metallic AM.
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Fig. 9.6 314S single track process map produced using a laser spot size of 1.1 mm [14, 15] 

SLS and SLM processes using metallic powders usually have a “balling” 
phenomenon. When parameters are not appropriate or the process of heat transfer 
is too radical, the powders are not melted fully and fuse into a large drop instead of 
forming a flat layer. A single track process map was developed for SLM with different 
laser powers and scanning speeds, which shows the effect of different parameters on 
the balling and round surface, as shown in Fig. 9.6 [14]. 

Large thermal stresses caused by non-uniform cooling and thermal distortion 
can lead to volume shrinkage and thermal gradients, which in turn would result in 
errors in the manufactured parts. A drawback of AM process is delamination, as 
shown in Fig. 9.7a. In PBF process, the top powder layer is selectively fused and 
solidified. If the heat source inserted into the powder bed is highly non-uniform, the 
temperature gradients will cause residual stresses. When the residual stresses are 
greater than the binding force between two layers, the two layers detach from each 
other and delamination occurs [16]. Cavities and pores are also challenging during 
the AM process, as shown in Fig. 9.7b. When localized over-heating and evaporation 
of metal materials occurs, the material density is higher than the threshold point, 
and a deep vapor cavity forms in the melt pool [17]. Such a cavity could reduce the 
mechanical strength of the part, and even lead to breakage.

Cracks frequently occur on metal grain boundaries during typical ‘low energy’ 
fabrication, as shown in Fig. 9.7c [20]. Warping defects usually occur during the rapid 
solidification in melt pools where the thermal stress is extremely large, as shown in 
Fig. 9.7d. When the thermal stress overcomes the material strength, warping occurs. 
Therefore, analyses of heat transfer and temperature profile during AM processes 
are essential for improving the overall properties of printed parts.



246 G. Yang et al.

Fig. 9.7 Defects produced in metallic AM. a Delamination [18, 19], b Holes and voids [17], 
c Cracking [20], d Warping [21]

9.4 Energy Insertion and Material Thermal Properties 

9.4.1 Energy Distribution of Heat Sources 

During AM processes, the energy distribution of heat source has a great impact on the 
temperature distribution, deposition geometry, and solidification of the heat-affected 
zone (HAZ). For different heat sources, the energy distribution and absorptivity of the 
beam vary significantly with different temperatures, diameters, and powers. During 
thermal analysis of the AM process, different models used for energy sources would 
result in different temperature profiles for the substrates and materials. 

Laser is a kind of electromagnetic radiation, and the incident photons provide high 
energy density and better focusing characteristics. In the AM application, the most 
widely used lasers include Nd:YAG laser, CO2 slab laser, and disc lasers. The CO2 

laser has a wavelength of about 10 µm in the infrared range, which has a reliable 
power distribution and better efficiency. Nd:YAG lasers provide two pulse modes; the 
long pulsed mode is suitable for machining thicker materials, while the short pulse 
mode provides a shorter wavelength which is suitable for highly reflective metals. 
The electron beam is another kind of fine beam manipulated by electric and magnetic 
fields, which can convert into heat when irradiated on solid-state surface.
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Fig. 9.8 Gaussian beam mode profiles [22, 27] 

The accuracy of the energy insertion model is important for thermal analysis, and 
various laser and electron beam models have been proposed for simulation during AM 
processes. Gaussian model and double ellipsoidal model are commonly used methods 
for simulating beam energy insertion, as shown in Fig. 9.8 [22]. The Gaussian model 
provides symmetrical distribution of laser irradiance. The double ellipsoidal model 
is certified to be used in the welding process [23]. 

Yan et al. developed a new model based on Monte Carlo simulation to obtain the 
energy distribution of an electron beam with the kinetic energy of 60 keV irradi-
ated on a Ti-based substrate [24]. Thermal simulation was conducted for comparison 
with conventional surface and volumetric energy flux models. Their results showed 
a different peak temperature, and the model could explain the eruption and explosion 
phenomena observed during EBM AM process. Tong et al. showed that parabolic 
model and Gaussian model of thermal sources resulted in two different heat distri-
butions on the material surface [25]. Fachinotti et al. provided exact analytical solu-
tions for double-ellipsoidal heat source, and compared double-ellipsoidal and double 
elliptical models [26]. Their results showed that this heat source model provided an 
analytical solution for the double-ellipsoidal case with higher accuracy and less 
computational cost. 

9.4.2 Feedstock Properties 

The absorption of heat by feedstock affects the temperature distribution during AM 
processes. Thus, a quantitative evaluation of the feedstock properties is needed. The 
metal materials used for the AM include a wide range of pure metals and alloys,
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such as Ti-based, Ni-based, Fe-based, Al-based, Co-based and Cu-based materials. 
Due to their limited mechanical properties and corrosion resistance, pure metals are 
not commonly used. Alloys are considered as the most promising materials for the 
AM process. During AM, metallic materials go through intense temperature cycles 
and physical changes. The material properties, including absorption, thermal conduc-
tivity, viscosity, porosity, density, and enthalpy, will change with the temperature and 
phase. Thus, the heat transfer processes affected by these property changes will in 
turn have a significant influence on the manufactured parts. For example, the absorp-
tivity values of carbon steel for CO2 laser are 4, 30 and 90% at room temperature, 
melting temperature and vaporizing temperature, respectively [28]. Figure 9.9 shows 
the changes in specific heat, density, and thermal conductivity of Ti-alloy (TiAl6V4) 
with temperature [29]. It can be seen that the thermal conductivity of TiAl6V4 above 
the melting temperature is several times greater than that at low temperatures. The 
increase in thermal conductivity with temperature can be used to model the heat 
convection process in the melt pool [30].

Numerous models have been developed to investigate the interrelation between 
raw materials and solid thermal conductivities. Field properties are dependent on the 
porosity and pore geometries, as given by Eq. (9.1): 

λp = λ(1 − ϕ) (9.1) 

where λp, λ,  and φ are effective thermal conductivities of the powder bed and solid 
metal, and the porosity, respectively. The effective thermal conductivity of porous 
raw powders is determined by the porosity of powder bed. Roberts et al. studied the 
light extinction phenomenon in loose powders, and discovered the independence of 
powder effective thermal conductivity with material properties [22]. More impor-
tantly, they found that the conductivity was highly dependent on the particle size, 
morphology, void fraction, and gas thermal conductivity. 

9.5 Theoretical and Experimental Studies of Thermal 
Analysis in Different Metallic AM Methods 

There are many challenges during metallic AM processes, as discussed in Sect. 9.3. 
Thus, overall thermal analysis is required for overcoming these problems and opti-
mizing metallic AM processes. The process parameters, such as heat source geom-
etry, speed, power, and melt pool geometry, will determine the solidification kinetics 
and thermal energy transfer. Thermal analysis can be achieved by either experimental 
analysis or modelling simulation. A large number of research groups have published 
their efforts on thermal analysis of metallic AM processes.
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Fig. 9.9 Variation of 
thermophysical properties 
for Ti-alloy (TiAl6V4) with 
temperature [29, 31]

9.5.1 PBF Processes 

Due to the nature of PBF processes, solid powders remain in the powder bed, and 
the working atmosphere is a vacuum or inert gas. The gas movement is driven by 
the temperature difference during manufacturing, so the convection heat transfer 
is relatively small compared to other kinds of heat transfer. Thus, convection heat 
transfer is seldom considered in the literature.
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9.5.1.1 SLM Process 

Early studies focused on measuring the temperature distribution in the melt pool 
by using infrared sensors during the laser-based PBF process. A dichroic mirror 
was employed to combine the beam path of laser and camera light, in order to 
determine the temperature [32]. Childs et al. [14] reported an experimental study 
on the effects of CO2 laser beam powers and scan speeds on the printing track. 
Subsequently, they developed a 314S single track process map, which showed 5 
regions: continuous and flat topped, continuous and rounded, occasionally broken, 
balled and only partially melted, as shown in Fig. 9.6. The results indicated that good 
performance was obtained if materials were melted over wide temperature ranges. 
Later, Kruth et al. [33] set up coaxial cameras with illumination sources to record 
the temperature distribution coaxially with laser beams, and then established the 
relationship between temperature distributions and scanning patterns. Islam et al. 
[34] used a setup with camera and pyrometer to measure temperature distribution 
on EOS PH1 stainless steel powder layer for analyzing the balling phenomenon 
during PBF process. This study helped to define the process characteristics of balling 
phenomenon. Other researchers also tried to study the thermal phenomena on the 
powder bed by using thermocouples and two-wavelength pyrometers [35, 36]. For 
those thermal measurement systems, thermal results are influenced by the distance 
of the infrared imaging devices and powder bed, which bring errors for thermal 
analysis. In addition, thermal cameras are unable to capture the temporarily higher 
skin temperature at specific conditions, and the temperature below threshold will 
present in the camera data, which will need to be solved in the future. 

Modeling and simulation methods provide many benefits for thermal analysis 
during SLM processes. Figure 9.10 shows the schematic of heat transfer during 
SLM processes. The general energy balance equation in the printing system can be 
written as [22, 38]:

�QH = �QIS − �QCD − �QCV − �QR (9.2)

where �QH , �QIS, �QCD, �QCV, and �QR are the heat accumulation and vector heat 
energy insertion due to laser or electron beams, conductive, convective, and radiative 
heat transfers, respectively. 

The commonly used governing equations can be written as: 
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Initial condition: 

T (x, y, z, t = 0) = T0 (9.4)
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Fig. 9.10 Schematic 
representation of heat 
transfer during SLM process 
[37]

where T is the material temperature, λ is the material conductivity coefficient, ρ is 
the material coefficient density, c is the material heat capacity. 

The boundary conditions are chose based on the assumption for specific case, 
which include the conduction/convection/radiation heat transfer with the gas atmo-
sphere, heat conduction to the powder bed and bottom, and heat convection in the 
liquid melting pool. 

Williams and Deckard [39] proposed a 1D finite element (FE) model for predicting 
the heat transfer during SLS processes, and the solution was derived by using a basic 
feed forward finite difference (FD) method. But 1D model is always insufficient to 
investigate the details of the thermal properties and heat transfer due to the oversim-
plified assumption. Employing the Galerkin method with the backward difference 
scheme, Matsumoto et al. [40] further established an elastic 2D FE model for simu-
lating the temperature and stress profiles of a single layer of nickel based alloy during 
SLM process. The 2D model is not as time-consuming and expensive compared to 
3D, and can provide a more precise result compared to 3D. But it is not able to 
fully deliver the complex SLM process and the thermal field in heat affected zone. 
For better understanding, Kolossov et al. [41] proposed a 3D finite element thermal 
model, which considered non-linear thermal conductivity and specific heat due to 
temperature and phase changes. This method helped to simulate temperature fields 
on a single layer of titanium powder bed during SLS processes. The simulation 
showed that the thermal model using temperature-dependent properties of materials 
accurately predicted temperature profiles of manufactured parts, which had a good 
agreement with experimental results. This publication verified the 3D model can 
provide a precise results, which can reflect the thermal process during PBF process. 
Furthermore, Zeng et al. [42] modified a dynamic meshing framework called fine and 
coarse mesh method with ANSYS and Matlab based 3DSIM algorithms. This method 
predicted thermal distributions during SLMs and improved the computational speed 
and model size. Yang et al. [43] proposed a 3D transient finite element model with 
a moving Gaussian laser beam to simulate temperature profiles of Ti6Al4V during 
PBF process. The simulated results were compared with the depth and width of the
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heat affected zone from experiments. They found that the depth and width increased 
with the increase in laser power, and decreased with the increase in laser spot size 
and scan rate. 

However, 3D model has limitations due to its time-consuming and expensive 
nature. Li et al. [44] presented a computational fluid dynamics (CFD) method under 
the framework of the volume of fluid (VOF), which could predict rapid temperature 
changes and the solidification process. This study also provided cross-section shape 
changes of metallic powder beds, which were induced by rapid temperature change. 
Yuan and Gu [37], Gu et al. [45] found that Marangoni convection was of great 
importance for heat transferring and altering the melt pool geometry. They also 
demonstrated that the applied laser power had a greater influence on the maximum 
temperature gradient within the melt pool than the laser scan speed. Their work 
provided a guideline on how to control the temperature gradient and to reduce the 
defect during PBF process. Panwisawas et al. [46] performed mesoscale modelling 
of thermal fluid dynamics during SLM, and proposed a particle dropping model 
to predict the thermal fluid and powder-laser interaction, as illustrated in Fig. 9.11. 
They found that particle size distribution was important for SLM modelling, and they 
developed the relationship between thermal fluid flow and microstructure evolution. 
Other PBF processes, such as laser curing, are very similar to typical PBF processes. 
Thus, their thermal analysis processes are almost identical and not discussed in 
this paper. Overall, 2D model is not as time-consuming and expensive compared 
to 3D, however, it is not able to fully deliver the complex SLM process and the 
thermal field in heat affected zone. For 3D model, it remains absolutely necessary to 
fully understand the thermal process during SLM, regardless its time-consuming and 
expensive nature. So far, the relative error between the experiment and simulation 
results can be less than 5%, which still have limitations for its application to predict 
the thermal filed for fabricating precision type instrument due to the simplification 
of thermal analysis. 

Fig. 9.11 A multi-scale model for selective laser melting [47]
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9.5.1.2 EBM Process 

Previous reports have demonstrated that the operating parameters of EBM process 
have great impact on the thermal distribution of manufactured parts. Kobryn and 
Semiatin [48] investigated powder microstructures with the changing part geometry 
and processing conditions, and proposed a solidification map for Ti-based materials 
which showed the relationship between process parameters and thermal distribution 
and solidification. The map could be used to estimate prior-beta grain morphology 
and estimate grain size, which helps researches on predicting the printing results 
during EBM processes. Mireles et al. [49] used an infrared camera to investigate 
the temperature distribution of a part in an Arcam A2 EBM system. They showed 
that temperature stabilization during the AM process could result in a more uniform 
microstructure and better mechanical properties. Furthermore, complete spatial and 
temporal control of thermal distribution would benefit the production of controlled 
microstructural architectures. But the relationships between instantaneous temper-
ature changes and the final grain size are still remained unexplored. Raplee et al. 
[50] established a method to calibrate temperature profiles gathered from thermo-
graphic data. This method could monitor the emittance change between the manufac-
tured surface and the powder bed, and the produced thermographic data is shown in 
Fig. 9.12. By employing this approach, the thermal gradient and solid–liquid interface 
velocity were predicted, and the influence of thermal conditions on the microstructure 
of parts was monitored. To expand the application of this method, inferred thermog-
raphy also can help to measure the repeatability of printing parts, and it feasibility 
for detecting defects can also be explored, even for other AM processes.

Numerical modeling is an effective tool for thermal analysis during the EBM 
process. Körner et al. [51] developed a 2D lattice Boltzmann model to investigate the 
melting and solidifying processes of a powder bed irradiated by a Gaussian electron 
beam. However, 2D simulation cannot accurately reflect the actual printing process. 
Mahale [52] further proposed a 3D model with FD method and finite difference 
method for the EBM process with Al alloy. The electron beam was simulated as a 
point heat source, and the moving pattern was defined by MATLAB. The properties 
of temperature-dependent materials were considered, and radiation and metal powder 
densification were neglected. However, the neglection on radiation and metal powder 
densification will lead to the error to simulate the temperature distribution and mate-
rial properties during EMB process, which will result in the defects, such as holes 
and voids as a result of overheating. Shen and Chou [30], Sahoo and Chou [53] also  
provided a 3D FD model for investigating the transient heat transfer in 3D printed 
parts, which irradiated by a moving heat source with a Gaussian volumetric distri-
bution. The effects of powder porosity and beam size on the melt pool geometry and 
temperature distribution were evaluated. Nevertheless, a constant preheat tempera-
ture was assumed for the entire powder bed, while the preheat temperature would be 
nonuniform due to the insufficient time. Moreover, the heat convection as a result of 
flow in molten pool was not considered in this paper. In order to investigate the flow 
effect, Jamshidinia et al. [54] developed a 3D thermal-fluid flow model to study the 
flow and temperature distribution in the melt pool. The effect of flow convection was
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Fig. 9.12 Thermal gradients of layers a, interface velocity b, and CET curve c [50]

also investigated. The results showed that neglecting the convection inside the melt 
pool led to an error in predicting the melt pool geometry. However, a better under-
standing of fluid convection and temperature distribution will be gained if a CFD 
model can be employed and coupled with finite element method. Liu et al. [55] incor-
porated the linear six-node “Tri-Prism” element during transient nonlinear thermal 
analyses of EBM with Ti-6Al-4 V alloy. They employed the Goldak double-ellipsoid 
volumetric heat source and a backward difference technique, which facilitated the 
simulation of beam and feedstock interactions. Besides, they used the accelerated 
Newton–Raphson method (ANRM) to overcome the challenges in material nonlinear 
properties and radiation. This development discretized the geometry complexity by 
extruding as-obtained 2D triangle meshes, and provided a more efficient way than 
the isoperimetric hexahedron element method. 

Furthermore, the influence of material properties was also investigated. Sahoo and 
Chou [53] investigated the influence of powder porosity of Ti-6Al-4 V on its thermal 
characteristics in the EBM. The results showed that larger powder porosity would 
increase the peak temperature and melt pool size, and brought a new insight into the 
thermal analysis for EMB process. Romano et al. [56] proposed a model including 
both powder melting and solidification processes to predict the geometry of melt
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pool and temperature profile. This model can be used for different materials, such 
as titanium, steel, and aluminum powders. Comparison of the results demonstrated 
that titanium experienced higher local temperature and larger melt pool than steel 
and aluminum. This work provide a guideline for selecting parameters, which can 
bring the optimal local temperature with different materials. 

9.5.2 Directed Energy Deposition (DED) Processes 

During the DED processes, the materials are jetted into the beam and melt pool 
through a coaxial nozzle and then deposited onto the surface of the previous layer. 
The interaction between materials and beams would change the thermal properties 
of materials and further influence the thermal distribution of the parts. Thus, the 
thermal analysis of DED processes is different from that of PBF processes. 

9.5.2.1 3D Laser Cladding and Welding 

Several experimental studies have been conducted on the thermal analysis for 3D 
laser cladding and welding. Akbari et al. [57] used thermocouples to measure the 
temperature change due to welding speed. They also examined how welding speed 
affect the temperature profile and weld depth/width. Courtois et al. [58] proposed 
a series of dedicated experiments using thermocouple, pyrometry, and high-speed 
camera for validating the change of temperature distribution and fluid flow in a 
keyhole during laser welding. The direct thermal visualization can provide a complete 
validation for the numerical simulation. 

Numerical simulation provides an effective way for exploring the heat transfer 
and thermal profile during 3D cladding process. Michaleris [59] employed both 
quiet and inactive element methods for minimizing calculation errors in 1D and 
3D models of heat transfer analyses, and developed a hybrid quiet inactive metal 
deposition technique. Results showed that these methods provided similar temper-
ature profiles, and both surface convection and redaction heat transfers were non-
negligible. This method shortened the running time, and reduced the computation 
cost. Gouge et al. [60] simulated the heat transfer during DED cladding and inves-
tigated different convection boundary condition effects, including no convection, 
natural convection alone, forced convection measured by lumped capacitance exper-
iments, forced convection data extracted from literature, and forced convection data 
from hot-film anemometry experiments. Quantified error analyses indicated that the 
three forced convection boundary conditions led to more accurate results, and that 
surface-dependent hot-film anemometry was the best method. This work provided 
a guideline on choosing suitable convection boundary condition for different cases 
during DED process. Rai et al. [61] reported a comprehensive model for 3D tran-
sient heat transfer and fluid flow, which considered the interaction between laser 
beam and flying powder particles. They also studied the keyhole mode laser welding,
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and developed a quasi-steady state model for welding systems with different Peclet 
numbers. 

Bannour et al. [62] implemented the heat source model from Goldak’s method 
into finite volume thermal (FVM) simulations. This method was able to simulate 
the temperature distribution in melt pools, and study the influence of shielding gas 
and temperature-dependent material properties, such as absorption coefficient and 
thermophysical properties, on the temperature profiles and dimensions of melt pools. 
The melt pool geometry and temperature profile were greatly influenced by the 
absorption coefficient and effective thermal conductivity of powders. The shielding 
gas strongly affected the solidification of melt pools. Devesse et al. [63] also reported 
a numerical simulation method to study the interaction between powder flow and 
laser beam during laser cladding by generating a set of powder particle trajectories 
using the Monte Carlo method. This work provided an approach for investigating 
the effects of powder flow-laser beam interaction on thermal distribution. 

9.5.2.2 LENS 

LENS is different from other laser processing techniques, which uses laser beams 
with low power, and the low laser power reduced the size of heat-affected zone [64, 
65]. Unocic and DuPont [66] studied the effect of different process parameters on 
the laser beam absorption by substrate material during LENS process, in which H-13 
tool steel and copper powders were deposited on steel substrates. They introduced 
dimensionless parameters, Ry  and Ch, to build a relationship between the weld 
size and the fabricating parameters, and the observed � parameter, V̇

/(
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/
S
)
, 

was correlated reciprocally with the deposition efficiency. The measured process 
efficiencies in this study helps to develop accurate heat flow and solidification models 
for LENS in the future. Hofmeister and Griffith [67], Griffith et al. [68] tried other 
experimental thermal analyses including in-situ thermal imaging of the melt pool 
and temperature monitoring with thermocouple. These analyses were conducted 
for understanding the solidification process, residual stress of the melt pool and 
deposition process. The study provide a guideline on how to control the laser power 
real time for achieving an optimal molten pool size, cooling rate, and microstructure. 
To provide a more accurate control during the LENS process, Marshall et al. [69, 
70] employed an in-chamber infrared camera and a dual wavelength pyrometer to 
monitor the thermal history of manufactured parts and temperature distribution in 
melt pool. 

The thermal inspection system and thermal images are shown in Fig. 9.13. The  
cooling rate and temperature gradients were measured, which helped to under-
stand the process-property relationships during LENS. Based on this research, in 
the future, the IR data of previously deposited layers, and current melt pool data 
(superheat, average temperature, shape, etc.), would be mathematically ‘extrapo-
lated’ to upcoming geometrical features so as to predict and compensate for thermal 
disturbances. Furthermore, due to the disadvantage that finite element incorporation
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Fig. 9.13 a Image of the LENS printing system with IR camera. b Side view of the IR camera 
focal plane from vertical direction. Melt pool image was captured by pyrometer (left) and IR (right) 
simultaneously during deposition of layer 1 c and layer 85 d. e Pyrometer (left) and IR (right) data 
gathered at the end of manufacturing Ti-6Al-4 V thin wall [69, 70] 

is not probable for the inherently small time scales of DED processes, the predictions 
would be of low fidelity, which need to be improved in the future. 

Zheng et al. [71] employed an alternate-direction explicit (ADE) FD model to 
numerically simulate the thermal behavior during LENS process, which involved 
numerous reheating cycles. The thermal history of printed parts was assumed as 
discrete pulses in the study. They found that a rapid quenching effect appeared with a 
low temperature substrate, which weakened or disappeared when the deposited layer 
was thick enough. Manvatkar et al. [72] developed a 3D FE method to investigate 
the layer-wise changes in thermal cycles and melt pool geometry in a multilayer 
wall steel part. The prediction of temperature distributions showed good agreement 
with the actual deposition process. However, further investigation is required to get 
more reliable data on how to control heat transfer parameters for the more accurate 
prediction of layerwise hardness distribution.
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9.5.3 Other Metallic AM Processes 

9.5.3.1 WAAM 

During WAAM, evaporation of low melting point elements and adsorption of atmo-
spheric gases as a result of heat accumulation or overheating, will lead to the compo-
sition change and oxidation of printed parts, so the thermal analysis is important for 
the development of WAAM [13]. Wang et al. [73] studied the temperature cycles 
to calculate the cooling rates of different deposition layers. To protect thermoelec-
trode from fusing at high temperature, a Type-K thermocouple with shielding was 
buried through a hole and below the bottom of different deposition layers to record 
the temperature history, which provide a guideline for the visualization of thermal 
process during WAAM. It is also found that the peak temperature on the deposi-
tion layer increase with increasing deposited height as a result of greater cooling 
rates. Wu et al. [74] employed an infrared pyrometer to monitor the in-situ interpass 
temperature during gas tungsten WAAM. Couple with a high speed camera, the heat 
accumulation and other optical phenomena on deposition layer were evaluated to 
improve the bead formation, arc stability and metal transfer behavior. They found 
the impact of heat accumulation of manufacturing stability is significant, indicating 
that proper interpass temperature is crucial for the quality control of WAAM parts. 

Chen et at. [75] studied the influence of weave frequency and weave amplitude 
on temperature distribution in butt-welded plates using 3D symmetric finite element 
simulation with ABAQUS. Higher weave frequency and weave amplitude decreased 
the peak temperature and the average temperature, due to the changed energy density 
and welding speed. This work can bring an insight on improving the weld bead and 
increasing weld efficiency. But the influence of temperature change as a result of 
changing weave frequency and amplitude on the welding quality is still unknown. 
Recently, Hejripour et al. [76] developed 3D transient thermal models to simulate 
simulated thermal cycles on the wall and tube during WAAM. Compared with exper-
imental results, they found the complex thermal cycles and cooling rates greatly 
impact the microstructure, due to the changed maximum temperature and size of 
molten pool at different conditions. However, the accuracy of the simulation results 
is still high enough, which need to be further improved. 

9.5.3.2 LOM, UAM and Other Processes 

Tang et al. optimized a 3D transient heat source model by incorporating free surface 
evolutions of weld pool with the Level Set method during single track EBF of 
Ti6Al4V [77]. They found that the regular impact of molten droplet affected the 
heat transfer in the melt pool, and the high-frequency irradiation of the electron 
beam reduced its temperature gradient, while the recoil pressure has a weak impact 
on the fluid flow during EBF process. For LOM technology, it can produce 3D parts 
through the metallurgical bonding of successive layers of metal foils or films at a
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Fig. 9.14 Delamination location examined with low values in spatial thermal diffusivity mapping; 
the circled darker part indicates the delamination [78] 

low temperature [78]. Schick et al. [79] used a FE method to predict thermal diffu-
sion rates and derived the effective thermal diffusivity during ultrasonic additive 
manufacturing (UAM) process. Embedded thermocouples were used to reveal the 
thermal history throughout all interfaces of the UAM build, and the simultaneous 
heating phenomenon was initially documented, which will enable other researchers 
to develop more accurate models of UAM process. 

Plotkowski et al. [78] also studied the spatial distribution of thermal characteris-
tics of hybrid AA6061 + water parts during the UAM process by using infrared flash 
diffusivity testing. It was found that flash thermography could effectively measure the 
spatial dependence of thermal performance of hybrid materials, as well as estimate 
the local effect of manufacturing characteristics. For example, the delamination loca-
tion, confirmed by stitched optical micrographs, was examined by identifying the low 
values in the image of spatial thermal diffusivity mapping, and the circled darker part 
indicated the delamination, as shown in Fig. 9.14. However, in this research UAM 
processing parameters was not used to tune the thermal performance of compo-
nents by affecting the interlayer bonding characteristics, which need to be studied 
in the future. Kelly et al. [80] developed another FE method to predict the weld 
energy during the UAM process. They also used infrared thermography to record the 
welding process and to establish a relationship between input energy and mechanical 
properties of the manufactured aluminum part. But this work mainly focused on the 
thermal analysis in the steady-state weld regions, future research may include the 
transient temperature region and exploring the potential of employing an IR camera 
for monitoring and for real-time feedback control of bond strength. 

9.6 Summary 

AM technology is constantly growing all over the world. This expansion is expected 
to continue due to its ability to produce parts with anfractuous and complex internal 
structures with limited post-processing and no wastage of raw materials. The temper-
ature fields during AM processes directly affect the properties and structure of the
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printed parts, and determine the quality and detect. This chapter provides a compre-
hensive summary of thermal analysis during metallic additive manufacturing. Various 
metallic AM systems, including SLM, EBM, 3D laser cladding, LENS, EBF, WAAM, 
etc. were introduced and categorized. The commonly used energy insertions, material 
thermal properties, and defects of these methods were compared and the heat transfer 
challenges during metallic AM processes were presented. Most importantly, the 
computational and experimental studies of thermal analysis in different metallic AM 
methods were categorized and discussed, and the influence of parameters, modelling 
methods and thermal visualization methods were provided in the paper. 

Although many efforts have been made on thermal analysis in AM processes, 
further studies and investigations are needed for improving the AM processes and 
microstructures. Some aspects to be considered for future work include the following: 
(1) Raw materials go through complex thermal cycles during AM. Thus, it is neces-
sary to develop further correlations between microstructure, processing, and material 
properties for printed parts, and to establish a database for different AM materials. 
Considerable efforts have been focused on Ti-based materials, while only limited 
studies have considered other metals. (2) Further studies could explore the use of 
element birth and death in the study of thermal and residual stresses in multi-layer 
LM parts. (3) More effective simulation models capable of processing a large data 
stream are in high demand for accurate thermal analysis of AM processes. Due to the 
nonlinear nature of the physics-based FEA, a heavy computational burden will be 
presented. Therefore, adapted meshing technology should be employed for thermal 
analysis models. Despite the efforts made on thermal analysis models, other chal-
lenges in the AM process are still unsolved. For example, a better understanding 
is required regarding input energy model including laser power distribution, diffu-
sivity of material, and energy penetration ratio. (4) More well-developed temper-
ature monitoring systems are desired to validate the numerical modelling results, 
which will help to optimize the process parameters of metallic AM processes. Hence, 
advanced infrared cameras, thermocouples, or other sensing systems should be in-situ 
investigated in the future. 
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Chapter 10 
Single Atom Catalysts for Environmental 
Remediation 

Jieming Yuan and Xingmao Ma 

Abstract Single-atom catalysts (SACs) represent an advanced class of catalysts 
that contain well-dispersed metal atoms on a support material. Recent studies have 
demonstrated the enormous potential of SACs in environmental applications. In addi-
tion to the metal atoms, the supporting material also plays an important role in the 
catalytic properties of SACs. The most commonly employed support material for 
SACs in environmental applications is the nitrogen-doped carbon due to its active 
chemoelectrical property, adjustable surface functional groups, porous structure, and 
eco-friendly nature. In environmental applications, SACs are mostly used as an acti-
vator of hydrogen peroxide, peroxymonosulfate and peroxydisulfate, extending the 
reaction pH limitation from less than 4.0 to a wider range of 4.0–10.0 and generating 
highly reactive radicals. This chapter briefly discussed the common characterization 
technics of SACs, the role of supporting materials and focused primarily on the acti-
vation mechanisms of common oxidants by SACs. At the end, research gaps and 
future needs are discussed. Overall, the unique properties and exceptional catalytic 
performance of SACs offer great potential for addressing the persistent environmental 
challenges that threaten our planet. 

Keywords Single-atom catalyst · Organic contaminants · Environmental 
remediation · Carbon support 

10.1 Introduction 

The rapid progress in nanotechnology has spurred extensive applications of metal-
based nanomaterials in diverse fields such as battery technology [57], sensing [2], 
biomedicine [12], and catalysis [14]. However, the tendency of metal nanoparti-
cles to aggregate owing to the increased surface energy at the nano-scale [55] has 
impeded their broad uses and increased their cost, particularly for precious metals
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such as platinum, gold, silver, palladium, and ruthenium utilized in catalysts [59]. 
Consequently, considerable endeavors have been made over the last two decades to 
decrease the size of metal particles in catalysts from nanoparticles to single atoms 
[54]. The first thorough investigation of single-atom catalysts (SAC) can be traced 
back to 2011, when an atomically dispersed Pt/FeOx catalyst was synthesized to 
oxidize CO and showed a 300% higher efficiency than the bulk Pt [48]. SACs are 
catalysts that contain well-dispersed, catalytically active single-atom sites that are 
stabilized by a solid material. The catalytic process of SAC involves each metal atom 
in the catalyst, leading to 100% metal utilization in theory. Thus, the success of SAC 
can lower the cost of metal-based nanocatalysts by improving the usage of incorpo-
rated metal while reducing the risk of metal ion leakage that can negatively affect 
human and ecological health [12]. Most studies on SACs focus on CO oxidation, 
hydrogenation, and CO2 reduction [7, 33, 50]. For instance, a FeOx-supported plat-
inum single-atom catalyst was shown to be 20 times more efficient in hydrogenation 
than the best reported platinum-based catalyst [72]. A manganese dioxide-supported 
silver single-atom catalyst achieved 95.7% Faradic efficiency at −0.85 V vs. RHE, 
resulting in stable electrochemical CO2 reduction [85]. Recent studies have demon-
strated that SACs have great potential in removing contaminants from water [4, 36, 
87]. For example, a carbon nanotube-supported Fe SAC was reported to achieve 
100% bisphenol A degradation via the activation of peroxymonosulfate (PMS) in 
one minute [47], while a nitrogen-rich carbon-supported Fe SAC achieved over five 
times faster phenol degradation than the Fe nano-catalyst via the activation of PMS 
[87]. 

While SACs have attracted a lot of attentions and many solid reviews have been 
available, they mostly focus on oxygen reduction reaction, hydrogeneration and CO2 

reduction [7, 33, 50]. This book chapter aims to fill the gap by summarizing the oppor-
tunities and potential challenges of applying SACs in environmental applications. 
Because reviews discussing the synthesis and characterization of SAC [24, 34] have  
been available [7, 16, 53], this chapter will focus on the applications of SACs in 
water treatment. A brief introduction of characterization technology will be given, 
followed by a discussion on the importance of supporting materials, and the applica-
tions and mechanisms of SAC in different contaminant degradation processes. The 
challenges and further research need of SAC will be discussed toward the end of this 
work.
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10.2 Single Atom Catalyst Characterization 

10.2.1 High-Angle Annular Dark-Field Scanning 
Transmission Electron Microscope (HAADF-STEM) 

Transmission electron microscopy (TEM) is a common technique for material char-
acterization [56]. However, the conventional TEM is not capable of visually detecting 
the morphology of the single-atom sites in the catalyst due to the resolution limita-
tion. With the rapid advancement of TEM technology in the last decades, high-angle 
annular dark-field scanning transmission electron microscope (HAADF-STEM) was 
developed based on the atomic number contrast between metals and the support mate-
rials [34]. Recently [70], a carbon black based single-atom cobalt catalyst (CoN4-CB) 
was synthesized and characterized with HAADF-STEM. As shown in Fig. 10.1a, the 
bright spots representing metal atoms can be clearly identified in the image. Energy 
dispersive spectroscopy (EDS) affiliated with TEM is typically used for element 
mapping. Figure 10.1b shows the ultra-fine distribution of N, C, and Co atoms in 
the catalyst [70]. Similar images were obtained by many recent single atom studies 
via HAADF-STEM [51, 84, 85]. However, the development of a higher resolution 
HAADF-STEM is still an urgent need in this field to identify every single atom active 
site.

10.2.2 X-ray Adsorption Spectroscopy (XAS) 

XAS provides more direct information on the chemical structure and coordination 
environment of SACs. XAS collects the information of transmitted X-ray and the 
signal of scattered electrons to generate a XAS spectrum [53]. Based on the spectral 
region, XAS can be divided into X-ray adsorption near-edge structure spectroscopy 
(XANES) within the range of 30–50 eV and extended X-ray adsorption fine struc-
ture spectroscopy (EXAFS) in the range of 50–1000 eV [80]. XANES contains the 
information of chemical state of the targeted metal element as shown in Fig. 10.2a, 
indicating that Fe in the SAC has a valance state close to Fe2O3. EXAFS is capable 
of providing information on the coordination conditions of metal atoms in SAC, 
which includes the number of different coordinating species, binding energy, bond 
length, bond angle and so on [6, 80]. XAS can accurately capture the signal of the 
backscattered atoms based on the path-length criterion [6]. However, it is difficult 
to distinguish the backscattered atoms with the same path-length. The assistance 
of wavelet transform (WT) is essential to identify the specific backscattered atoms 
based on the information of the k position [54]. Therefore, with the help of WT, FT 
(Fourier transformed) EXAFS can reveal the metal coordination environment, and a 
further fitting can reveal the coordination structure of the targeted element as shown 
in Fig. 10.2b, c.
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Fig. 10.1 a HAADF-STEM image of CoN4-CB, b elemental mapping of CoN4-CB [70]

Fig. 10.2 a Normalized Fe K-edge XANES spectrum of Fe foil, Fe2O3, and Fe SAC b Fourier 
transformed EXAFS of Fe foil, Fe2O3, and Fe SAC c EXAFS fitting results of Fe SAC data [86]
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10.2.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a widely used characterization technique to determine the elemental compo-
sition of SAC as well as their surface electron structure [8, 71]. XPS cannot provide 
direct evidence on the formation of single-atom metal active sites. However, it can 
measure the elemental composition of metal single atom catalysts in the parts per 
thousand range, revealing information on the chemical state and electronic state 
of metals in the catalyst that can be used to gain insight into the electronic and 
coordination environment [34]. 

10.2.4 Other Techniques 

In addition to the above-mentioned three techniques, new characterization techniques 
are also emerging. For example, the in-situ Fourier transform infrared spectroscopy 
(FTIR) has been used to verify the existence of single-atom sites in carbon-based 
catalyst. The unchanged band position of adsorbed CO on the catalyst by in-situ 
FTIR analysis after the CO pressure increase indicates the weak interaction between 
CO molecules and isolated single-atom sites [48]. Therefore, the band position of CO 
is used as an indicator of the presence of single metal atoms. Due to the importance 
of metal loading rate, which affects the active metal sites on SACs, inductively 
coupled plasma (ICP) is a powerful tool to measure the total content of metals in 
the single atom metal catalyst [64]. Other more traditional methods such as X-ray 
diffraction (XRD), Raman spectroscopy, scanning electron microscope (SEM) have 
also been used in the literature for SAC characterization, however, outputs from these 
techniques are often used as supporting evidence of the formation of SACs [54]. 

10.3 Supporting Materials of SACs 

The composition of SAC support is essential for the performance of SACs. Various 
materials such as TiO2, FeOx, ZnO, carbon nanotubes, graphitic nitrogen, biochar, 
and polymer have been used as supporting materials, and they can be mainly divided 
into metal-based and carbon-based [23, 25, 48]. Metal-based support materials for 
SACs offer several advantages such as the high thermal stability, mechanical strength, 
and catalytic activity [28]. However, the controlled dispersion of metal atoms on 
metal-based support materials can be a significant challenge, leading to the formation 
of metal clusters which reduce the catalytic activity and selectivity of SACs. Further-
more, metal-based support materials can be relatively expensive and the metal ion 
leaching problem could add new pollution to a water system, which limits their appli-
cation in environmental processes. On the other hand, carbon-based materials have
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high specific surface area, porosity and tunable surface, excellent electrical conduc-
tivity, and low cost [16]. Carbon-based SAC supports are highly tunable and other 
elements can be easily doped into the carbon structure to greatly enhance the activity 
of the metal single atom sites as a result of the increased impact of coordination envi-
ronment on the behavior of the metal atom [66, 67]. Among all carbon-based support 
materials, nitrogen-doped carbon (N-doped carbon) was very popular because of the 
highly stable metal-nitrogen-carbon bond and the active chemoelectrical nature of 
N-doped carbon [7, 13]. The N-doped carbon have higher metal loading and stability 
than pure carbon materials because the valance shell of N atom has one more electron 
than C atom and it provides higher binding energy between N and metal atoms [29]. 
Additionally, N-doped carbon has an excellent chemoelectrical property comparable 
to the expensive platinum (Pt) based electrode in oxygen reduction reaction [17]. 
N-doping could also alter the local coordination environment of the metal single-
atom sites, and greatly enhance the oxidization efficiency of carbon-based SACs 
[45, 46]. Thus, the incorporation of SAC into N-doped carbon becomes the most 
popular combination for carbon-based SACs. Additional modification of N-doped 
carbon support can further enhance the catalytic performance of produced SACs. 
For example, the extra doping of oxygen into N-doped carbon support boosted the 
catalytic efficiency of Fe SAC on nitrogen-rich carbon by 5.13 times [87]. In addition, 
fluorine doping on the N-doped carbon was reported to increase the charge density of 
the nearby pyridinic N, and an outstanding CO evolution rate of 1,146 mmol g–1 h–1 

was achieved by the produced nickel (Ni) SAC [18]. Metal organic framework (MOF 
as a special category of N-doped carbon has been extensively applied in environ-
mental applications, and the combination of SACs and MOFs can better exert their 
catalytic effects [30, 74]. The well-organized structure of MOF makes it an excel-
lent support material for the ultrafine distribution of single atoms, and the highly 
designable structure can further provide a precise control of the binding location 
for the single-atom sties [83]. However, the cost of MOF is higher than traditional 
carbon-based materials, making it less cost-effective. Silica (SiO2) is also employed  
as a support material for SACs because of its remarkable thermal stability, enabling 
SACs to perform well in harsh environments [44]. However, the research on silica-
based SACs is still limited. A better understanding of the fundamental interaction 
between single-atom sites and the silica support is needed. 

10.4 Application and Mechanisms 

10.4.1 Photocatalysis 

Recent efforts in photocatalysis primarily focused on exploring advanced materials 
that can enhance the efficiency of photocatalysis by higher light harvesting and 
greater charge separation. SACs provide a promising solution to the future devel-
opment in this field and the photocatalytic degradation of organic contaminants by
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SAC is gaining increased attention in recent years [35, 52, 67]. To be photocatalytic, 
SACs usually require a semiconductor support with the semiconductor functioning 
as a light harvesting unit and single-atom sites providing unique electronic struc-
tures to boost the photocatalytic process [13]. The natural sunlight consists of 52% 
infrared light, 43% visible light, and 5% UV light. Great efforts have been made 
to design catalysts that can utilize visible light or even infrared light to achieve a 
better light utilization [60]. The incorporation of SAC into a light-harvesting support 
can modify the energy band structure that shifts the catalyst from UV-responsive to 
visible light-responsive [68]. For example, the coordination of single-atom Pt into 
g-C3N4 resulted in a visible-light active photocatalyst, and the light absorption range 
was expanded from λ < 460 nm for bare g-C3N4 to the range of 460–900 nm for Pt 
SAC on g-C3N4 [30]. Similar result was reported for an Ag SAC on g-C3N4 support, 
and a 100% bisphenol A degradation was obtained under visible light irradiation 
within 60 min [65]. The metal single-atom site can enhance the separation of photo-
generated electrons and holes at the interface of the semiconductor. Metal single-
atom sites that are very chemoelectrical active can induce a much faster transfer of 
the photogenerated electrons to the targeted contaminants to reduce the electron/hole 
recombination [68, 77]. Photoluminescence spectroscopy was used to monitor the 
separation of photogenerated electrons and holes in a Pd SAC on g-C3N4, and a much 
lower charge recombination rate was found with Pd SAC/g-C3N4 than the g-C3N4 

only [5]. Furthermore, the introduction of single-atom sites into semiconductor can 
also modify the structure of the catalyst to achieve a faster electron transfer. The local 
light-harvesting units in g-C3N4 was found to be enhanced by the incorporation of 
single atom Cu into the catalyst, leading to the decrease of the charge transfer distance 
between light-harvesting units and thus enhanced photocatalytic activity [27]. The 
mechnisms of SAC enhanced photocatalysis were summarized as Fig. 10.3. 

Fig. 10.3 Schematic illustration for the roles of single-atoms in enhancing the a light-harvesting, 
b charge separation and transfer [13]
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10.4.2 Activation of H2O2 

Hydrogen peroxide (H2O2) is a powerful oxidizing agent which is commonly used 
in environmental remediation [15, 41]. For example, H2O2 could be activated by 
the Fenton and Fenton-like reaction to produce highly reactive •OH with a redox 
potential of +2.8 V (vs NHE) [40] to react rapidly and non-selectively with organic 
contaminants [76]. Unfortunately, the classic activation of H2O2 via Fenton reaction 
still suffers from many drawbacks including the requirement of low pH < 4 [61], and 
the leaching of iron ions into the water system [42]. 

SACs outperform traditional metal-loaded catalysts in the activation of H2O2 

because of the abundant active single-atom sites, relative stable structure with less 
metal leaching, and a wider pH window for the activation [79]. Due to the aggregation 
of traditional metal nanoparticles, only a small amount of active metal sites is exposed 
to H2O2 [76]. In contrast, SACs can greatly enhance the activation of H2O2 to generate
•OH thanks to the utmost utilization of ultrafine single-atom metal sites [21]. For 
example, a Copper (Cu) SAC on g-C3N4 was applied to active H2O2, leading to a 
99.97% degradation of rhodamine B (RhB) in 5 min while less than 40% of RhB 
was removed by nano Cu-containing catalysts. [76]. The SAC could also result in 
an enhanced H2O2 activation via stronger absorption of H2O2 onto the single-atom 
sites. The M-Nx sites was reported to have a strong free binding energy with H2O2 

for a rapid adsorption [79] And similar result was reported by another study that 
synthesized Fe, Co, Ni, Cu SAC on N-doped carbon, and found that Fe-N4 has the 
fastest •OH generation from H2O2 activation because of the highest d-band center 
value [11]. Furthermore, the introduction of SAC into H2O2 activation also extend 
pH limitation of the Fenton/Fenton-like reaction to a boarder pH range [61]. The 
SAC Cu synthesized on mesoporous silica support was reported to have an efficient 
activation of H2O2 to generate •OH in a wider pH range of 4.0–7.0. Additionally, 
the immobilization of single-atom Fe on the combination of graphitized carbon and 
g-C3N4 was found to have an excellent H2O2 activation in a wide pH range of 4.0–10.0 
[37]. However, the field of SACs catalyzing H2O2 has been relatively under-studied, 
and it is crucial to further elucidate the catalytic mechanisms of H2O2 activation by 
SACs. 

10.4.3 Activation of Peroxymonosulfate (PMS) 

Peroxymonosulfate (PMS) has been extensively researched for its ability to 
generate free radicals, specifically SO4

•–, which is effective in breaking down 
organic contaminants [38, 43]. The SO4

•– has a higher redox potential (+2.5– 
3.1 V vs NHE) and a longer half-life (~40 μs) than •OH with a potential of 
+1.8–2.7 V (vs NHE) and half-life of 1–100 ns [10, 69]. In addition, the activa-
tion of PMS is less pH sensitive and can proceed in a wider pH range of 2.0–8.0
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[54]. Thus, the application of SO4
•–-based reaction is more suitable in various envi-

ronmental conditions. The recent introduction of SACs into the activation of PMS 
has garnered significant attention in the field of environmental remediation [39, 78]. 
SAC showed a greatly enhanced PMS activation than metal nano-particle catalysts. 
For instance, 33 times higher phenol degradation was observed via the PMS acti-
vation by Fe-SAC than Fe3O4 nanoparticles [32]. Similar conclusion was drawn in 
another study that 100% removal of Orange II was achieved in 60 min via PMS 
activation by Fe-SAC while only 29.5% removal was obtained by Fe3O4 nanopar-
ticle and PMS [82]. The activation of PMS by SAC can be mainly divided into two 
pathways: radical-based and non-radical based pathways. Firstly, the PMS can be 
activated by SACs to generate radicals, predominantly SO4

•− and •OH [19, 63, 75, 
84]. The generation of these radicals was via the activation of PMS by a carbon 
supported cobalt SAC for the fast degradation of atrazine, nitrobenzene, bisphenol 
A, phenol and 4-chlorophenol [63]. A Cu-SAC on reduced graphene oxide system 
was also found to be highly effective in degrading various antibiotics including sulfa-
furazole, sulfamethoxazole, and meropenem in a wide range of pH, and SO4

•− was 
found as the dominant reactive species [6]. It also exhibited a remarkable miner-
alization capacity, with a removal efficiency of up to 99% of total organic carbon 
after 120 min of reaction [6]. The generation of singlet oxygen (1O2) and the direct 
electron transfer are important non-radical pathways of PMS activation [45, 49, 78]. 
1O2 is highly reactive with a redox potential of +2.2 V vs NHE [88]. A graphitic 
carbon nitride (g-C3N4) supported Fe single-atom catalyst with 11.2 wt% Fe loading 
was reported to have a highly selective generation of 100% 1O2 by activating PMS 
and achieved a first order rate constant of 1.43 min−1 in p-chlorophenol degradation 
[84]. 

The direct electron transfer is another main degradation mechanism that a PMS-
SAC complex forms upon the adsorption of PMS on SAC, and the further contact 
between this complex and targeted contaminant induces the direct electron transfer 
between them [45, 73, 78]. Direct electron transfer was identified as the dominant 
mechanism for the degradation of naproxen by a SA Co on N-doped carbon, while 
the generation of reactive oxygen species was confirmed as a minor pathway as 
Fig. 10.4 shows. Similar result was found in the chloroquine phosphate degradation 
by PMS activated by a biomass carbon-based cobalt single-atom catalyst, and 98% 
chloroquine phosphate was degraded in 30 min [46].

10.4.4 Activation of Perdisulfate (PDS) and Sulphite 

Peroxydisulphate (PDS) is another persulfate compound with a structure that includes 
a peroxide O–O bond length of 1.322 Å, providing higher stability compared to the 
asymmetric PMS. The distinctive structures of PDS and PMS contribute to differ-
ences in their activation mechanisms leading to a more active PMS activation by a 
wide range of carbonaceous materials and transition metal catalysts [62]. However, 
PDS has a lower bond dissociation energy of 92 kJ mol−1 compared with 377 kJ mol−1
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Fig. 10.4 The activation mechanism of PMS by SA Co on N-doped carbon [49]

of PMS [3], resulting in an easier activation of PDS by energy transfer [54]. Recent 
advancements in catalysts have aimed to enhance PDS activation, with SACs outper-
forming conventional catalysts due to their highly dense and reactive single atom 
metal sites [20]. The activation of PDS is similar to PMS in terms of the reactive 
radical species. A cobalt SAC stabilized on N-doped carbon effectively activated PDS 
to generate SO4

•− to achieve a high specific activity of 0.067 Lmin−1 m−2 for the 
degradation of bisphenol A [26]. Notably, instead of the activation of PDS by SAC 
to oxidize contaminants directly, PDS can oxidize the metals in SAC to generate 
high valence metals to react with pollutants. One study found the generation of 
Fe (V) in PDS activation by Fe (III) SAC on N-doped carbon [22]. The Fe (III) site 
was oxidized by the PDS via a two-electron abstraction to Fe (V) as a metastable 
oxidant (Fig. 10.5), which enables selective 97% degradation of 2,4-dichlorophenol 
in 90 min [22]. 

Sulphite has gained recognition as a more environmentally friendly alternative 
to PMS and PDS in the production of oxysulphur radicals such as SO3

•−, SO4
•−,

Fig. 10.5 The generation of Fe (V) via the activation of PDS by SAFe on N-doped carbon [22] 
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and SO5
•− to break down refractory organic compounds [9, 81]. Unlike PMS and 

PDS, sulphite has lower chronic biotoxicity and cost, leading to a more sustainable 
and environmentally friendly treatment process. However, the traditional transition 
metal-based catalyst is not able to achieve an efficient sulphite activation [54]. The 
introduction of SACs into sulphite activation greatly enhances this process. A Co-
SAC on MOF resulted in a 2.6 times higher oxidization rate than other Co-based 
nanoparticles, and SO4

•− radical was detected as the dominant reactive species [31]. 
SO5

•− radical was reported as the dominating reactive specie generated by a Fe SAC 
supported on molybdenum disulfide, and a 90% degradation of propranolol was 
obtained in 30 min. 

PDS and sulphite represent promising oxidizing agents in environmental reme-
diation due to their low cost, widespread availability, and high oxidation capacity 
[1, 22, 31]. While PMS and H2O2 have been extensively studied in advanced oxida-
tion processes (AOPs), the catalytic potential of SAC in PDS and sulphite-based 
systems remains relatively unexplored. Therefore, the development of cost-effective 
and efficient SACs for PDS and sulphite activation is highly desirable. 

10.5 Future Research Needs 

The development of single atom catalysts encounters multiple challenges that must 
be tackled to further improve their stability and performance. The first challenge is 
the precise control of the uniform dispersion of single atoms on the support, which 
necessitates precise control over the synthesis process. The utilization of MOF as 
support material for SACs could be a potential solution because the highly organized 
structure of MOF can be easily designed to load desired single-atom sites [83]. The 
atomic layer deposition method can have the precise control of the distribution of the 
single-atom sites in the produced catalyst, however, efforts are needed to cut down 
the cost of this method [58]. Furthermore, optimizing interactions between single 
atoms and the support is necessary to ensure efficient charge transfer and catalytic 
activity. Doping of two or more elements simultaneously into the catalyst could be 
a promising method to further enhance the catalytic activity of SACs. The doping 
of oxygen and nitrogen into carbon support was found to result in an improved 
catalytic performance [87], while the double-doping of fluorine and nitrogen on 
carbon support was reported to increase the charge density of the produced SAC 
[18]. However, the scalability and cost-effectiveness of the SAC synthesis process 
are still at a low end. The synthesis of the SAC is still limited to lab scale due to the 
strict reaction conditions and the complicated synthesis method. Addressing these 
challenges would unlock the potential of carbon-based single atom catalysts for a 
boarder application in the environmental field.
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10.6 Conclusions 

In summary, SACs have shown great potential in environmental applications, partic-
ularly in water treatment. Their unique properties of high efficiency, selectivity, 
and 100% atom utilization have made them a promising alternative to conventional 
metal-based catalysts. Various studies have demonstrated the successful application 
of SACs in the degradation of environmental contaminants via photocatalysis or 
the activation of H2O2, PMS, PDS and sulphite, showing their excellent stability 
and outstanding catalytic performance. However, there are still many challenges to 
overcome, such as the low control of the distribution of the single-atom sites, low 
scalability and cost-effectiveness of the SAC synthesis process. Overall, the poten-
tial of SACs in environmental applications is enormous, and the development of 
SACs holds great promise for the future of sustainable and green technology in the 
environmental field. 
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Chapter 11 
Topological Interpenetrative Covalent 
Anchored Network (TIP CAN) for H2S 
Detection, Storage, and Remediation 
Relevance to Shipboard Wastewater 

Sajid Bashir Liu and Jingbo Louise Liu 

Abstract Hydrogen Sulfide (H2S) can be generated on ships from seawater with 
sulfates storage or oil-bilge tanks containing hydrocarbons with sulfur and sulfur-
containing detergents or gray- and blackwater storage tanks, where H2S is gener-
ated microbiologically. This workplace hazard requires carefully venting these 
tanks before inspection and maintenance. Here we report the synthesis and eval-
uation of iron peroxide (FeOOH), silver reduced with ascorbate [Ag(ASC)], copper 
tricarboxylate metal–organic framework (CuMOF), chromium terephthalate metal– 
organic framework doped with silver [MIL101(Cr)Ag) or silver and magnesium 
[MIL101(Cr)AgMg] demonstrated excellent removal of H2S from an offline slurry  
reactor, eliminating 100% of 100 ppm H2S under 35 min, at 90 °F. The adsorbents 
were evaluated for different concentrations of H2S using pulsed injections. The time 
was taken to reach 0 ppm, including regeneration using hydrogen peroxide to oxidize 
the surfaces of this catalyst. Regeneration after 5 cycles showed H2S effectiveness 
of around 75% relative to the new catalyst averaged over the top five adsorbents. 
The sulfur binding capacity of at least 78 mg/g was shown, and a catalyst mass of 
even less than 100 mg was effective at removing 100 ppm of H2S. The slurry reactor 
workflow has the advantages of speed of operation, simplicity of design, and ease 
of use. It would suit a ship with a general crew who would not require a specialist 
degree to operate the offline slurry reactor to remove H2S. The kinetics of the reaction 
were modeled on a shrinking model, and the lowering of the effectiveness of H2S 
was attributed to the formation of elemental sulfur and sulfate indirectly confirmed 
using x-ray photon electron spectroscopy which could block active hydroxyl sites 
that are avenues for attracting the H2S molecule. The surface adsorption of H2S 
by the exchange with oxygen is suggested as the main mechanism whereby H2S is  
removed, followed by surface area and catalyst porosity. This study also suggests
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guidelines for developing filter-based ceramics that could be deployed on ships to 
remove H2S from tanks without venting or exposing the crew to possible exposure. 

Keywords Hydrogen sulfide · Abatement · Capture · Conversion · Catalyst 

11.1 Introduction 

Hydrogen sulfide (H2S) [1] is a modulator that serves in several biological [2] and 
pathological [3] processes, including neuronal activity [4] and tissue homeostasis 
[5] in low doses [6]. In moderate to high doses (5–100 ppm), H2S acts as a poison 
and disrupts normal biological functions, and causes disorientation [7], vomiting, 
diarrhea, and nonconsciousness’ including death [8]. The gas is also corrosive, 
flammable, and has a strong odor [9], co-mixed with flammable gases, such as natural 
gas and liquid propane, to detect leaks through the sense of smell [10]. Hydrogen 
sulfide can be generated using anaerobic processes and industrial processes such 
as the generation of biogas, natural gas reforming, and flue gas treatment [11]. On 
ships, H2S is generated in ballast (holding sea water), greywater, blackwater, and 
bilgewater tanks. This results from sulfate-reducing bacteria (SRB) metabolizing 
organics and SO4 without oxygen. As a result, linings of wastewater holding tanks can 
be damaged through microbial-influenced corrosion mechanisms, and the production 
of H2S poses a potentially serious risk to sailors. The MARPOL international guide-
lines stipulate the removal of organics and hydrogen sulfide from gray water before 
discharge to control the emissions of H2S [12]. To control H2S in ballast, bilge, gray, 
and dark water storage tanks, different desulfurization chemistries to remove H2S are  
utilized [13]. These strategies rely on irreversible sulfide conversion [14], displace-
ment of metal ions by the sulfide ion [15], or coordination of H2S to the metal center 
[16]. These chemistries are applied to systems that promote photocatalytic oxidation 
[17], anaerobic digestion [18], and adsorption [19]. 

Materials for adsorption for H2S include first-row transition metal and their oxides, 
of which ZnO is the most common approach [20]. One drawback of using ZnO is its 
low adsorption capacity at room temperature, high enthalpies at higher temperatures 
[21], and reduction to the zero-valent metal [22]. A substitute metal candidate was 
selected in terms of silver, which has been used in medical applications as an H2S 
selective probe [23]; magnesium peroxide (MgOOH) has been used in the elimina-
tion of mercaptan compounds [24], and iron peroxide (FeOOH) as a catalyst in water 
purification [25]. The catalyst has a high equilibrium constant for sulfidation at low 
temperatures [26]. It has previously been demonstrated in H2S adsorption, which 
breakthrough curves within operational parameters (<100 ppm) [27] and would be 
effective at H2S removal from neutral to alkaline pH conditions [28], with an adsorp-
tion capacity of 36.9 g H2S/g absorbent at pH = 8 due to phase change to the alpha 
form of γ -FeOOH, due to the large surface area of the alpha phase in a fixed-bed 
reactor system [29]. A comparison using a fixed-bed reactor system showed that the 
binding capacity was lower than that of ZnO.
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An alternate approach is to utilize a slurry reactor, routinely used to process 
exhaust gas in a gas–liquid and liquid-sold interface, which would be amenable to 
shipboard holding tanks [30]. The slurry reactor can also be operated continuously at 
low pressure and temperature or in limited operations. It can utilize smaller particle 
sizes, larger areas, and lower catalyst loadings, promoting particle diffusion and 
improving the mass transfer coefficient by considering the system as a three-phase 
homogeneous reaction under standard temperature and pressure. 

Here we demonstrate a small-scale laboratory slurry offline reactor design for 
gamma γ -FeOOH and compare this with three different systems: silver, copper, and 
chromium with pulsed H2S injection to simulate duty shifts for generation of oil/ 
water bilge, greywater from the washing of galley pots, and pans, crew showers, 
ballast and black water from the flushing of toilets, all of which can generate and 
store H2S. The operational parameter was to reduce 100 ppm H2S to 0 ppm within 
30 min, limiting exposure to maintenance crews that must service these holding 
or ballast tanks. The iron catalyst was synthesized, characterized, and evaluated for 
removing H2S. The catalyst was also subjected to recycling using hydrogen peroxide. 
The H2S removal efficiency as a function of operating temperature, H2S input load, 
catalyst load, and speed of H2S removal in an offline slurry reactor might be utilized 
on a ship was evaluated. The catalyst was evaluated using Fourier transform infrared 
spectroscopy (FTIR), thermogravimetric analysis, and (TGA) Differential scanning 
calorimetry (DSC). The synthesized catalyst developed high kinetics and adsorption 
capacity and would be useful for offline H2S removal in ships’ ballast with minimal 
redesign and cost. 

11.2 Method 

All chemicals, unless otherwise specified, were obtained from VWR International 
(Houston, TX) and in-house ultrapure water (18 MW). The chemicals were iron 
sulfate (FeSO3.7H20), sodium carbonate (Na2CO3), sodium sulfide (Na2S.9H2O), 
zinc sulfide (ZnS), hydrogen peroxide (H2O2, 30 wt. %), magnesium (Mg) turn-
ings, silver nitrate (AgNO3), Chromium(III) nitrate (Cr(NO3)3.9H2O), copper 
nitrate (Cu(NO3)2.3H2O), terephthalic acid (C6H4-1,4-(CO2H)2), chloroacetic acid 
(ClCH2COOH), glacial hydrochloric acid (HCl), concentrated sulfuric acid (H2SO4), 
dimethylformamide (DMF, HCON(CH3)2), tetrahydrofuran (THF, C4H8O), ethanol 
(CH3CH2OH), dry methanol (CH3OH), and acetonitrile (CH3CN). 

Preparation of γ -FeOOH. The iron peroxide was synthesized using 0.02 mol of iron 
sulfate in 20 mL of deionized water and mechanically stirred at 70 °C for 35 min in 
a three-necked flask with aluminum foil wrapped to limit light. During the moving 
processes and 0.035 mol (~3.7 g) of sodium carbonate was added slowly. The sample 
was stirred for 25 min with a pH of 7.5 by adding sulfuric acid or sodium hydroxide 
solution. The sample was allowed to cool to room temperature and washed thrice with 
ice-cold ethanol and distilled water. The filtered samples were oven dried at 70 °C
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overnight. This sample was designated γ -FeOOH. An illustration of the synthesis 
scheme is shown in Fig. 11.1a.

Preparation of MIL101(Cr). 2 g of chromium(III) nitrate and 0.82 g of terephthalic 
acid were dissolved in deionized water. The sample was mechanically stirred for 
30 min at room temperature. The sample was refluxed at 85 °C for 6 h, transferred 
to a Teflon-sealed tube, and heated in a vacuum oven at 125 °C overnight. The 
sample was allowed to cool to room temperature and washed with ice-cold water, 
methanol, and THF three times and then with ice-cold water twice more. The sample 
was then redissolved in DMF, refluxed for 6 h at 70 °C, filtered and washed with 
ice-cold water twice, and used as the base catalyst MIL101(Cr). An illustration of 
the synthesis scheme is shown in Fig. 11.1b. 

Preparation of MIL 101(Cr)-COOH. The 0.5 g of sample was vacuum oven dried 
at 110 °C for 4 h, allowed to cool to room temperature in a sealed three-neck flash 
on ice, and dissolved with 5 mL of THF injected using a hypodermic needle syringe 
and stirred for 15 min. This solution added approximately 0.5 g of chloroacetic acid, 
which was also dissolved in 15 mL of THF using a second hypodermic syringe 
dropwise with continuous stirring. The sample was stirred for an additional 20 min, 
filtered, and washed with ice-cold deionized water and room-temperature methanol. 
The sample was redissolved in ethanol for 6 h and dried at 70 °C for 6 h. 

MIL 101(Cr)COOAg. The sample (0.42 g) that was modified with chloroacetic 
acid was dissolved in ethanol to which 0.12 g of silver nitrate was previously dissolved 
in 3 mL water/acetonitrile (1:1 v/v) and mechanically stirred for 30 min at room 
temperature for 6 h and washed and filtered with ice-cold water. 

Preparation of MIL 101(Cr)COOAg…Mg. In a three-necked round bottom flask, 
0.1 M Mg(OMe)2 was prepared by adding 0.24 g of magnesium turnings and 100 mL 
of dried methanol and stirred at room temperature for 20 min, with 1 mL of 30% 
hydrogen peroxide in methanol (1:2 v/v), and 1 mL of water–methanol (1:1 v/v) was 
added to convert the Mg(OMe)2 to MgOOH. To this, 0.35 g of MIL 101(Cr)COO-
Ag+ was added, and the sample was filtered and washed with ice-cold methanol a 
dried at 120 °C for 6 h. This final product was tested for the removal of H2S. 

Preparation of Ag(ASC) Nanoparticles (NPs). In a three-necked round bottom flask, 
2 mL of 10 mM silver nitrate was injected using a hypodermic syringe, and 1 mL 
of 100 mM ascorbic acid was injected mechanically, stirring at 40 °C for 3 h. The 
sample was filtered and washed with ice-cold water, methanol, and water and oven 
dried at 120 °C for 6 h. This sample was designated as Ag(ASC) NPs. An illustration 
of the synthesis scheme is shown in Fig. 11.1c. 

Preparation of Ag(Al) Nanoparticles (NPs). In a three-necked round bottom flask, 
2 mL of 10 mM silver nitrate was injected using a hypodermic syringe and 10 mg 
of aluminum (Al) foil. The sample was refluxed at 70 °C for 3 h with mechanical 
stirring. The sample was filtered and washed with ice-cold water, methanol, and 
water and oven dried at 120 °C for 6 h. This sample was designated as Ag(Al) NPs.
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Fig. 11.1 a Synthesis 
schematic of the adsorbent 
γ -FeOOH with the 3D 
structure of crystal lattice. 
b Synthesis schematic of the 
adsorbent MIL101(Cr) with 
the 3D structure of crystal 
lattice. The lattice on the 
upper left is representative of 
silver doping. c Synthesis 
schematic of the adsorbent 
silver nanoparticles with the 
3D structure of crystal lattice 
unit cell for silver metal. 
d Synthesis schematic of the 
adsorbent Cu BTC MOF 
with the 3D structure of 
crystal lattice upper middle 
and void volume (upper 
right)

a : Synthesis schematic of the adsorbent -FeOOH with the 3D structure of crystal lattice. 

b : Synthesis schematic of the adsorbent MIL101(Cr) with the 3D structure of crystal 
lattice. The lattice on the upper left is representative of silver doping. 

c : Synthesis schematic of the adsorbent silver nanoparticles with the 3D structure of crystal 
lattice unit cell for silver metal. 

d : Synthesis schematic of the adsorbent Cu BTC MOF with the 3D 
structure of crystal lattice upper middle and void volume (upper right). 
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Preparation of Ag(Cu) Nanoparticles (NPs). In a three-necked round bottom flask, 
2 mL of 10 mM silver nitrate was injected using a hypodermic syringe and 10 mg of 
Cu-Tape, and the sample was refluxed at 75 °C for 3 h with mechanical stirring. The 
sample was filtered and washed with ice-cold water, methanol, and water and oven 
dried at 120 °C for 6 h. This sample was designated as Ag(Cu) NPs. 

Preparation of Ag(Cu �) Nanoparticles (NPs). In a three-necked round bottom 
flask, 2 mL of 10 mM silver nitrate was injected using a hypodermic syringe and 
10 mg of Cu-Tape, and the sample was refluxed at 75 °C for 3 h with mechanical 
stirring. The sample was filtered and washed with ice-cold water, methanol, and 
water and oven dried at 120 °C for 6 h and reheated in a vacuum oven at 300 °C for 
6 h. This sample was designated as Ag(Cu �) NPs.  

Preparation of Cu/Ag Tape. In a 50 mL breaker with 10 mL of 0.1 mM silver nitrate 
solution, one graphite electrode and one copper tape of 4 cm were immersed, and the 
tape and electrode were connected to an external power source. Approximately 0.4 
A of current passed for 2 h. During this time, the copper was displaced with silver 
on one face of the face, and once the entire face was gray in coloration, the current 
was discontinued. The tape was washed with room temperature deionized water and 
oven dried at 65 °C for 3 h. This sample was designated as Ag/Cu tape. 

Preparation of Cu(BDC) MOF. 2 mmol of terephthalic acid was injected into a 
three-neck round bottom flask with 18 mL DMF and mechanically stirred for 5 min 
at room temperature. Separately 2 mmol of copper nitrate was injected with 12 mL 
of DMF, and the co-mixture was heated to 25 °C and stirred for 15 min; then, the 
filtered cake was immersed in ethanol for 12 h and heated to 70 °C for 6 h. This was 
repeated four times, and on the fourth occasion, the sample was heated to 100 °C for 
18 h. This sample was designated Cu MOF. An illustration of the synthesis scheme 
is shown in Fig. 11.1d. 

Slurry Reactor Design: An offline slurry reactor design was utilized due to its 
simplicity. A borosilicate glass vial of 40 mL with polyurethane inserts and a 
polypropylene cap was used on a hotplate with fixed heating. All experiments 
were conducted at room temperature unless specified. The air from the interior was 
removed using a 15 mL hypodermic needle. This sample added 0.2 mL of zinc sulfide 
and 2.8 mL of 0.2 M HCl. The sample was equilibrated for 3 min at room tempera-
ture of a specific temperature. The outlet H2S concentration was measured using an 
electrochemical H2S detector previously calibrated and certified with gaseous H2S 
from 0 to 100 ppm in increments of 4 ppm, with an overshoot of 118 pm. The H2S 
also had an alarm circuit, activated at 105 ppm, and a LED light lit at 118 ppm. While 
the detector readout was set to 0–118 ppm, samples of H2S at concentrations greater 
than 100 ppm would activate the alarm sooner than when 118 ppm were injected. 
The concentration of H2S was calculated using the ZnS mole ratio and confirmed 
using a calibration from 0 to 118 ppm. The hypodermic needle diameter was 0.1 mm 
and was used to release any potential overpressure within the offline reactor. 

In the initial investigation, the gaseous formation of H2S was generated by adding 
zinc chloride (1.29 mmol/mL, 126 ppm) and 0.2 M HCl into an evacuated 40 mL
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vial. After 90 s, the gas was evacuated using a hypodermic syringe and injected into a 
separate vial with the γ -FeOOH catalyst, where the air was partially evacuated. The 
increase in mass of the γ -FeOOH after a specified duration was measured, and the 
percent conversion was estimated using the relationship (Eq. 11.1) from (Eq. 11.2), 
knowing the quantity of initial ZnS shown in Eq. (11.3a–c): 

H2S removal efficiency = [1 − Mf/Mi] × 100 (11.1) 

where Ci was the initial H2S gas injected using the relationship. 

γ − FeOOH + 1 
1 

2 
H2S → 

1 

2 
Fe2S3 + H2O (11.2) 

ZnS (aq) + 2HCl (aq) → H2S (g) + ZnCl (s) (11.3a) 

1.29 mmol/mL → 1.29 mmol/mL (11.3b) 

126 ppm (in) → 44 ppm (out) (11.3c) 

The mass conversion and increase from the γ -FeOOH to the Fe2S3 can be esti-
mated using the relationship (Eq. 11.4), where 0.200 is a weighted factor experi-
mentally determined to account for the greater hydrogen density sulfide and mass 
increase due to potential humidity. 

% conversion = 
Massfinal − Massinitial 

0.200 × Minitial 
(11.4) 

The sample mass was measured, and the experiment was repeated using a 3 mL  
total volume of ZnS and HCl to determine of adsorption capacities of the other silver 
and metal–organic catalysts. 

11.3 Results 

Desulfurization Study: The stock concentration of ZnS and HCl was kept constant 
at 1.29 mmol/mL for ZnS and 0.2 mmol/mL for HCl. The volume of ZnS was 
fixed at 0.1 mL, and the volume of HCl varied from 0.1 to 1.0 mL. The H2S was  
electrochemically measured and compared with theoretical yield as predicted by 
Eq. (11.3a) and shown by the parabolic curve (in Fig. 11.2, black-filled squares) 
with excellent agreement between measured and calculated H2S concentration. The 
concentration of HCl was then fixed at 1.0 mL, and the concentration of ZnS was 
increased from 0.1 to 1.0 mL to inject up to 500 ppm of H2S, and the time for the 
alarm to trigger was measured as the detector was saturated above 118 ppm. Due to
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detector saturation, this power relationship (red-filled squares) would plateau after 
118 ppm. However, the responsiveness to the triggering of the alarm was related 
to the injected concentration of H2S. For example, an injection of 118 ppm would 
trigger the alarm in approximately 70 s [H2S injector → detection → alarm], but 
would take less than 1 s if 500 ppm (calc) were injected. 

Adsorption kinetics: The adsorption mass and the breakthrough concentration, 
approximately 1 5 th of the initial load was measured. The FeOOH catalyst was approx-
imately 68 mg/g γ −FeOOH using gas-phase injection (Fig. 11.3). This is similar to 
an earlier reported value of 57 mg/g reported for FeOOH [29].

In the gas-phase study, the adsorptive capacity was similar to that published was 
determined. The test was conducted for an offline slurry (0.1 mL ZnS + 2.9 mL HCl, 
calibrated using 0–100 ppm Na2S + HCl) for 90 s. The calculated value was slightly 
higher (78 mg/g), reflecting the additional solution-solid interactions. To investi-
gate the type of kinetics involved in H2S removal, the mass increase, and adsorbent 
conversion were plotted in an offline slurry reactor design and are shown in Fig. 11.4a. 
A 153 mg/g adsorbent of the adsorption capacity was obtained at adsorption equi-
librium, which corresponds to approximately 69% conversion of the γ −FeOOH 
adsorbent, which is consistent with other reported capacities for iron oxide and

Fig. 11.2 Summary of calibration plot between measured (vertical axes) and calculated axes (hori-
zontal). For injection of H2S over 118 ppm, the time until detector saturation (alarm, LED lit time) 
was also recorded. The top black square wave is the H2S pulsed profile 
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Fig. 11.3 H2S adsorption 
breakthrough curve at 300 K, 
γ −FeOOH 7.0 wt.%, 
reaction incubation time 
180 s, initial (C0) H2S 
concentration was 100 ppm

hydroxides (168 mg/g for iron(III)hydroxide [30]). Desulfurization of γ −FeOOH 
in the offline slurry bed exhibited sulfur capacities consistent with published litera-
ture. However, at room temperature and the curves were linearized using a log mass 
difference percent loss against a long time, it was observed that the linearized plot 
had a ‘hockey-stick’ profile with an early stage linear relationship related to reaction 
kinetics and a flat late stage profile related to particle diffusion.

The two curves could be deconvoluted by fitting to a shrinking core model, where 
t = A(x) = A[1-x] 1 3 ]. T = B(x) = B[3-2x-3(1-x) 2 3 ], where t is the reaction time 
(min), x is the degree of conversion of the adsorbent (dimensionless), Mi is the 
sulfur capacity at initial equilibrium, and Mf is the sulfur capacity at the final redpoint 
(mg/g), with A and B as fitting coefficients. The linearised relationship is shown in 
Fig. 11.4b, and the deconvoluted spectra in Fig. 11.4c with the fitting parameters. 

The offline slurry reaction system was evaluated for different adsorbents after 
the initial values for γ -FeOOH were similar to those published for iron oxide 
and oxyhydroxides [31]. The system was applied to a cylinder reactor of 40 mL 
volume with borosilicate constructions to allow for visible inspection of the reaction, 
silver nanoparticles reduced with copper tape [Ag(Cu)], iron peroxide filtered onto 
a glass fiber membrane of area 174 mm2 [γ -FeOOH Paper], Copper metal organic-
framework with terephthalic organic liners [CuMOF], silver reduced with ascorbate 
[Ag(ASC)], silver nanoparticles reduced with aluminum foil [Ag(Al)], chromium 
metal–organic framework with benzene tricarboxylate linkers [MIL101(Cr)], silver 
nanoparticles reduced with copper tape and heated calcinated [Ag(Cu,�)] and copper 
tape with one face with silver nano-electrodeposited of area 155 mm2 [Ag/Cu Tape]. 

Compared with the physisorption of the borosilicate glass, poor sulfur adsorp-
tion was observed for silver reduced with copper, or copper and calcinated, and 
MIL101(Cr). Greater surface area using filtered γ -FeOOH [γ -FeOOH filter_paper]
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Fig. 11.4 a Summary of 
adsorption equilibrium 
capacity for γ -FeOOH 
adsorbent at equilibrium 
using the Shrinking core 
model to categorize the 
interactions involved to 
account for the reduction in 
observed H2S. 
b Linearization of the 
Shrinking core model for 
γ -FeOOH adsorbent at 
equilibrium to distinguish 
between H2S related to 
chemical reactions at the 
gas–liquid and liquid–solid 
interfaces and between ion 
and species transport at the 
surface into the interior and 
void spaces c: Deconvolution 
of the Shrinking core model 
with parameterization of A 
and B to  show  a degree of  
fitness for γ -FeOOH 
adsorbent at equilibrium to 
show that the A and B 
parameters fit with high 
regression for the reaction 
kinetics component and 
internal diffusion/migration 
component, respectively 
which define the intrinsic 
sulfur binding capacity of the 
adsorbent. d The offline 
slurry reactor binding 
capacity of silver-based, 
copper, chromium, and 
γ -FeOOH-based adsorbent, 
including filter and tape 
topologies, to assess 
chemistries and bulk 
material topography binding 
to H2S in an offline slurry  
reactor. The H2S pulsed 
injection square wave profile 
is also shown on top

a 

b 

c 

d 
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exhibited a higher H2S adsorption. However, not as high as powered γ -FeOOH [γ -
FeOOHpowdered], which was not the highest adsorbent in the series of adsorbents 
(Fig. 11.4d). The CuMOF and silver were reduced with ascorbate. The electro-
chemically generated silver copper tape formed at approximately 70 mg/g ratio in 
30 min. This suggests that surface area and pore volume are important but may not 
be dominant as the MIL101 has one of the largest surface areas per gram. Surface 
charges attract and bind to H2S or redox chemistries in generating zero-valent sulfur 
or sulfides more likely to influence H2S removal than adsorbent pore volume. 

Effect of reaction temperature: Three adsorbents were evaluated at three different 
temperatures (90 °F, 135 °F, 190 °F, and 260 °F), as shown in Fig. 11.5a. The 
slurry reactor was injected with 118 ppm H2S, and the free H2S was measured after 
300 s. The Ag/Cu Tape, CuMOF, and Ag(ASC) all had 0 ppm values within 300 s 
and were not evaluated. Only systems that displayed non-zero values were used. 
The graphs suggest that sulfur adsorption drops as the temperature increases. While 
higher temperatures assist with chemical reaction rates and mass transport, higher 
temperatures also decrease H2S solubility in water, limiting gas–liquid distribution 
and lower adsorption.

In the offline slurry reactor, lower temperatures gave the best adsorption capacities, 
as shown in Fig. 11.5b. The trend is related to the type of interactions that dominate 
H2S binding. Higher temperatures assisted with H2S binding on the glass surface, 
while the reverse was true for MIL101(Cr), where lower temperatures w Higher 
temperatures also resulted in less adsorption of H2S for the Ag(Al) system. This is 
due to the different surface chemistries between the three systems reflecting general 
trends. For the other systems, the values were zero over the entire temperature range 
within the 300 s delay. To further explore the type of kinetics, the system H2S after  
injection was measured . 

or after a wait of 30 min. In most adsorbents, 

however, for CuMOF and tape, the binding and removal are almost instantaneous, 
and surface interactions are optimized without particle diffusion. 

Effect of adsorbent catalyst solid mass: To investigate whether the mass of the 
adsorbent is related to the speed of removal of H2S, three adsorbents were tested 
at three masses with repeated injections of H2S into a slurry offline reactor. The 
relationship between the draw-down of H2S after repeated injections of H2S is shown  
in Fig. 11.5c. The results show that for a 10 ppm injection of H2S, all systems except 
the glass vial can reduce the output to 0 ppm within 300 s. A second injection of 
50 ppm shows the non-zero output for silver nanoparticles reduced with copper 
[Ag(Cu)]. The most effective removal was with 103 mg of adsorbent, with higher 
amounts being less effective. This may be due to the availability of active sites 
distributed more effectively at the lower mass relative to the higher masses, where 
adsorbent sites are less accessible due to aggregation or clustering of the adsorbent. 
For the copper MOF, masses of 122 mg or higher result in complete removal of 
H2S, which was also observed for γ -FeOOH, where 111 mg or higher resulted in
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a 

b 

c 

c 

d 

Fig. 11.5 a The effect of slurry temperature on the draw-down of H2S after injection of 60 ppm 
of H2S at 90 °F and 135 °F and a second injection of 100 ppm at 195° F and 260 °F for reactor 
vessel with borosilicate glass lining, silver nanoparticles reduced with aluminum foil [Ag(Al)], and 
MIL101(Cr). A complex relationship is down. H2S reduction occurs at lower temperatures for the 
glass vial but higher temperatures for MIL101(Cr), reflecting different surface chemistries. The H2S 
pulsed injection square wave profile is also shown on top. b the draw-down of H2S after an initial 
injection of 118 ppm for several adsorbents, showing that for the borosilicate glass, greater reaction 
time lowers final H2S, which is also seen for the other systems reflecting that surface adsorption 
requires binding and diffusion, however for CuMOF, Ag(ASC), and the Ag/Cu Tape greater H2S 
residency time does not affect the final H2S concentration suggesting that the elimination of H2S 
at the surface is almost instantaneous c: The reduction of 10, 50, 100, and 118 ppm of H2S for  
three adsorbents of increasing mass (left-hand axis) and the normalized unit effectiveness of H2S 
removal (percent removal per unit mass, right-hand axis). The H2S pulsed injection square wave 
profile is also shown on top. d: The rate of H2S removal after a single pulsed injection of 1000 ppm 
using the time taken to saturate the detector and the total elapsed time for the value to reach zero 
for the γ -FeOOH adsorbent

near complete removal of H2S. These trends were observed when higher amounts 
of H2S were injected where the lower mass of Ag(Cu) was the most effective and 
intermediate masses of CuMOF, and γ -FeOOH resulted in near-removal of H2S. The 
delay time was 300 s between pulsed injections. The total integrated amount was the 
sum of the concentrations, and the percent reduction of H2S to this amount was 
divided by the mass of the adsorbent to determine the unit value. Since the glass vial 
had no adsorbent, the surface area was used and plotted as a bar graph in Fig. 11.5c.
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For copper, the lowest mass was the most effective. It was distributed uniformly, 
with every adsorbent being effective at H2S removal up to a calculated injection of 
500 ppm (Fig. 11.5d). The CuMOF and γ-FeOOH higher masses resulted in greater 
removal of H2S, with the most optimal mass being the lowest evaluated, suggesting 
that most of the adsorbent is being used at lower masses. In contrast, although more 
adsorbent is available for interactions at higher masses, the effectiveness per unit 
mass is less. 

The decrease of H2S to near zero at higher adsorbent solid mass is due to increased 
catalytic sites, which are accessible for sulfur binding, thereby increasing the total 
sulfur capacity per unit volume. However, a greater solid mass of adsorbents would 
also increase the viscosity of the slurry and generate bubble cavitation, leading to 
lower gas–liquid mass transfer and decreased gas holdup, especially if the adsorbent 
resin/powders obscured the lower layers or aggregated, thereby limiting free sites 
for binding. This would result in lower binding per unit mass. Lastly, the higher 
concentrations resulted in faster removal except for Ag(Cu), related to the availability 
of free sites for binding. Higher concentrations will result in greater proportional gas 
dissolving in the liquid phase due to the higher partial pressure of H2S, improving H2S 
solution solubility and mass transfer between the gas and liquid interface. However, 
greater concentrations will also utilize more sites, leaving fewer sites for binding, 
and adsorbents, where particle diffusion is important, will have less time due to the 
greater abundance of H2S, indicating lower initial concentrations of H2S enhance 
the adsorption efficiency of the adsorbents. 

Effect of initial H2S injection concentration on adsorbent removal effectiveness: 
This was further evaluated with γ -FeOOH by injecting a calculated concentration 
of 1000 ppm H2S. As the detector is calibrated to 100 ppm with an overshoot of 
118 ppm, the output reading is leveled at 118 ppm. However, the time taken for 
detector saturation was determined. The H2S test was injected with a residency time 
of 300 s, followed by a measurement of H2S output by either reading the value in ppm 
[up to 118 ppm] or the time taken for the detector LED to be activated (seconds). The 
output was measured every 60 s for 360 s until the final readout was zero. It can be seen 
that at 1000 ppm input, the time taken to reach 118 ppm was approximately 200 s. 
This corresponds to an approximate removal efficiency of 764%/g @ 1000 ppm, 
lower than the corresponding value at 100 ppm of 1595%/g @ an integrated total of 
396 ppm of H2S. 

Regeneration of the Catalytic System by Hydrogen peroxide Treatment: The  
samples were subjected to a 60 ppm injection of H2S, 300-s residency, and measure-
ment of H2S output. Then the samples were washed with 3 mL hydrogen peroxide 
for 30 s, filtration, heating at 110 °C for 1 h, and utilization within the offline slurry 
reactor, followed by a second injection of 118 ppm H2S and measurement with the 
60 ppm. This was repeated until the cycle when 100 ppm was injected. The measure-
ment of H2S output was ratio to the initial input, and the adsorption capacity (mg/g) 
was calculated and is summarised in Fig. 11.6.

There was a slight increase after the first cycle of regenerative wash, but a much 
greater increase after the second cycle was maintained until the last cycle when
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Fig. 11.6 The effect of hydrogen peroxide-assisted regeneration of different adsorbents evaluated 
using pulsed H2S from 60–118 to 100 ppm. The pulsed profile is shown on top, and the initial 
increase, plateau, and decrease in sulfur capacity are observed for most systems

there was a drop. This decrease in sulfur capacity was attributed to a partial loss 
of adsorbent in the oxidation process and the potential formation of OH radical, 
which promotes the formation of sulfate (SO4 

2−) instead of sulfur (S), summarized 
in (Eq. 11.5), lowering the desulfurization capacity. The iron catalyst species is 
regenerated after hydrogen peroxide treatment in this reaction. Water moisture was 
visible inside the reaction vessel when the glass vial was used, supporting (Eq. 11.5a, 
b, e) and bubbles. These bubbles could either be hydrogen from the decomposition 
by-product (Eqs. 11.5d and 11.6e) due to one electron redox from the H2O2, where the 
electron is either from the metal or donated to the metal, which in the air with oxides 
can form sulfate (Eq. 11.5f) instead of sulfur (Eq. 11.5c) and various hydroxide or 
hydroperoxyl radicals shown in (Eq. 11.6a–f). 

2γ − FeOOH (s) + 3H2S (aq) → 2FeS (s) + 
1 

3 
S8(s) + 4H2O (aq) (11.5a) 

Fe2O3(s) + 3H2S (aq) → 2FeS (s) + 
1 

8 
S8(s) + 3H2O (aq) (11.5b) 

4FeS (s) + 2H2O2(aq) → 4g − FeOOH (s) + 
1 

8 
S8(s) (11.5c) 

4FeS (s) + 3H2O2(aq) → 2Fe2O3(s) + 3H2(g) (11.5d)
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2H2S (aq) + O2(g) → 
1 

4 
S8(s) + 2H2O (aq) (11.5e) 

(Fe)S2− + 4O2− → (Fe)SO2− 
4 + 8e− (11.5f) 

HS− + 4O2− → HSO− 
4 + 8e− (11.5g) 

H2O2 + e− 
metal → OH + OH− (11.6a) 

HO− 
2 → HO2 + e− 

metal (11.6b) 

OH  + + e− 
metal →= OH− (11.6c) 

HO2 + +e− 
metal = HO− 

2 (11.6d) 

HO2 + H2O2 → H2O + O2 + OH (11.6e) 

OH + H2O2 → H2O + HO2 (11.6f) 

Upon chemisorption of the H2S species with surface OH−, the species SH− is 
likely generated [H2Sads + OH− → H2O + SH− and H2S + O2− → OH− + HS−] 
and conversion of Fe in γ -FeOOH to Fe3+, as well as oxidation of S2− to S0. The  
electrons can be supplied by hydrogen peroxide or oxygen and are incorporated into 
the catalytic structure [O2 + 2e− → O2−]. Further exposure can generate sulfate 
species [SO4 

2− and HSO4−], lowering the catalytic efficiency of the adsorbent. The 
surface can be loosely considered a weak Bronsted acid, promoting the dissociation 
of H2S, with iron peroxides showing higher OH catalytic sites. Fourier adds this inter-
pretation to transform infrared spectra (Fig. 11.7a–i) that show features diagnostic 
of sulfur species. The FTIR spectra can be categorized into two broad groups and are 
illustrated by the copper/silver tape (Fig. 11.7d, and also observed in Fig. 11.7b–e, h 
(black curve), and Fig. 11.7i) with a weak bond stretch at 1620 cm−1 (δ(HOH)) and 
a much stronger absorption peak at 3600 cm−1 (ν(OH)) [31].

Another peak around 3400 cm−1 is related to surface hydroxyl groups (ν(OH)) 
[32]. Some samples also show a region between 2500 and 1800 cm−1, which is also 
observed for sulfuric acid (ν(OH)) [33]. Smaller peaks at 1280 cm−1 and 1150 cm−1 

are attributed to asymmetric vibrations of bidentate sulfate species [34]. The second 
class illustrated by silver nanoparticles filtered and heated into a thick disc with 
added H2S and reheated to 300 °C to remove physisorbed species (Fig. 11.7a, but also 
observed in Fig. 11.7f–h (red curve)) shows a series of discrete peaks from 3900 cm−1 

to 3400 cm−1 2200 cm−1 to 1300 cm−1, and 1040 cm−1 to 860 cm−1 sulfate stretching 
vibrations, and metal-sulfur vibrations (S–O). Other peaks correspond to physisorbed
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Fig. 11.7 a FTIR of silver 
nanoparticles reduced and 
filtered, with the filtrate on 
the fiber paper heated to 
100 °C and then 1 mL of 
100 ppm H2S added and 
heated to 50 °C. b FTIR of 
γ -FeOOH + H2S heated to 
500 °C (black) and 
γ -FeOOH + H2S heated to 
50 °C (red). c FTIR of 
MIL101(Cr) (blue), 
MIL101(Cr) doped with 
silver (red), MIL101(Cr) 
co-doped with silver and 
magnesium (green), and 
MIL101(Cr) co-doped with 
Ag and Mg after 30–500 °C 
TGA ramp (black). d: FTIR  
of silver/copper tape. e FTIR 
of silver reduced with copper 
and oven heated to 300 °C 
(Cu �). f FTIR of silver 
reduced with copper foil 
(red) and with 100 ppm of 
H2S added and heated to 
100 °C (green) and further 
heated to 300 °C (black). 
g Silver reduced with copper 
foil with the addition of 
10 ppm H2S dried at room 
temperature. h FTIR of 
silver reduced with ascorbate 
(red) and 100 ppm of H2S 
added and heated to 100 °C 
(red). i FTIR of Copper 
metal–organic framework 
(CuMOF) heated at 100 °C

a 

b 

c 
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Fig. 11.7 (continued) d 

e 

f 
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Fig. 11.7 (continued) g 

h 

i 
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hydrogen sulfide at 2560 cm−1 (Fig. 11.7a). However, these peaks are shifted to lower 
wavenumbers reflecting different surface interactions. The degree of surface bonding 
is related to the particle geometry and degree of the surface dipole, hydrophilicity, 
and extent of Bronstead acidity [35]. 

Other peaks are specific to the adsorbent. For example, for MIL101(Cr) 
(Fig. 11.7c), the peaks at approximately 1600 cm−1 and 1400 cm−1 correspond to 
symmetric and asymmetric vibrational stretching modes of COO− groups [36]. The 
peaks at 1155 cm−1, 1013 cm−1, and 743 cm−1 are related to the benzene ring vibra-
tions of the linker [37]. The broad peaks around 3400 cm−1 are consistent with the 
OH vibration of water that is bound inside the framework or generated by binding to 
H2S [MxOy + yH2S → MxSy + yH2O] [38]. The CuMOF (Fig. 11.7i) also displays 
a broad peak around 3400 cm−1 attributed to vibrations of physically adsorbed water 
molecules, and 3000 cm−1 to 2900 cm−1 are the C–H vibrations of the benzene 
linker. Additional peaks from 1200 to 1000 cm−1 are the benzene linker’s in-plane 
and out-of-plane C–H bending modes. The peaks at 1710 cm−1, 1636 cm−1, and 
1386 cm−1 are attributed to the C = C and C = O groups within the BTC framework 
[39]. For the FeOOH (Fig. 11.7b) catalyst, the peak at 892 cm−1 is caused by d(O–H) 
deformation vibrations [40]. The broad peaks around 3000 cm−1 to OH stretching 
frequency. The frequency at 3300 cm−1 and 893 cm−1 are due to O–H and O–Fe 
stretching vibrations [41]. Peaks between 1350 and 1300 cm−1 are due to OH defor-
mations [42], while the region between 1670 to 1500 cm−1 is related to the Fe–O 
vibrations from the crystal lattice [43]. For silver (Fig. 11.7h), the peaks are related 
to the organic coatings and binding agents, not silver directly, as silver interactions 
are observed using ultraviolet spectroscopy. The peaks around 2900 cm−1 are C–H 
stretch vibrations. 

These FTIR observations were also correlated with thermogravimetric analyses 
of the samples exposed to 10 ppm H2S and then heated to 100 °C to drive off 
physisorbed H2S and are all very similar and share three general features in common 
(Fig. 11.8a–f). Mass loss between 20 and 100 °C (Fig. 11.8a, d) corresponds to 
surface-bound water from the environment or is generated by in-situ binding with 
H2S. The second phase is approximately 100–250 °C (Fig. 11.8b, c, e). It is related 
to molecular water bound using hydrogen bonding within the catalyst surface to 
yield the semi-anhydrous state [44]. The last stage is the complete removal of water 
or a phase transition to the thermodynamically more stable phase (Fig. 11.8a, d, e) 
or decomposition of the crystal structure for MIL101 and CuMOF (Fig. 11.8b, f), 
suggesting that the adsorbents are stable up to a bulk temperature of 250 °C, which 
is not the inlet gas temperature, as hotter gases have low residency times with the 
adsorbent and would not lead to disruption of the catalytic sites. The TGA is the 
equilibrium temperature of the adsorbent catalyst system, demonstrating that the 
systems are thermally stable, especially the silver-based nanoparticles [45].

One novel observation was that the MIL101(Cr) removal effectiveness was low. 
However, its surface area and porosity are high due to chromium incorporation as 
metal redox centers. This observation supports the hypothesis that material porosity 
and surface area influence H2S removal. However, the impact is greater for materials 
with surface-exposed hydroxyl groups that can act as Bronstead acid sites. This was
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Fig. 11.8 a TGA/DSC of 
γ -FeOOH + 10 ppm H2S 
heated to 100 °C before 
TGA analysis b TGA/DSC 
of MIL101(Cr) + 10 ppm 
H2S heated to 100 °C prior 
to TGA Analysis (black) and 
silver doped (blue) and 
silver-magnesium co-doped 
(green). Note that silver and 
silver magnesium yield near 
identical profiles, suggesting 
that magnesium has not 
distributed the structure or 
bonding of silver. c TGA/ 
DSC of silver reduced with 
copper (Ag, Cu) + 10 ppm 
H2S heated to 100 °C prior 
to TGA Analysis (blue) and 
silver reduced with copper 
and heated to 300 °C 
[Ag(Cu, ��)] before the 
addition of H2S and  then  
heated to 100 °C prior to 
TGA (red) analysis. d TGA/ 
DSC of silver reduced with 
ascorbate (Ag, ASC) + 
10 ppm H2S heated to 100 °C 
before TGA Analysis. 
e TGA/DSC of silver 
reduced with aluminum (Ag, 
Al) + 10 ppm H2S heated to 
100 °C before TGA 
Analysis. f TGA/DSC of 
copper MOF + 10 ppm H2S 
heated to 100 °C before 
TGA analysis

a 

b 

c 
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Fig. 11.8 (continued) d 

e 

f 
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demonstrated through doping and cooping of the parent MIL101(Cr) with silver 
only [MIL101(Cr).Ag] and silver and magnesium [MIL101(Cr)..Ag.Mg] is shown 
in Fig. 11.9, along with a schematic of the three-dimensional MOF structure. The 
calculated sulfur binding capacities were 12.6 mg/g for MIL101(Cr) and 71.4 mg/g 
for MIL101(Cr).Ag, and 75.6 mg/g for MIL101(Cr).Ag.Mg is statistically significant 
at the 0.05 level of sophistication for the t-test (n = 3, p < 0.05). Since the surface 
area is similar to the pore volume, the differences are the incorporation of silver 
and magnesium that can form ion–dipole. M-OH sites attract the H2S or H2O. H2S 
towards the catalytic surface. 

After H2S and heating, the catalytic samples were subjected to X-ray photon 
spectroscopy (Fig. 11.10a–e) for sulfur. The survey scans for MIL101(Cr) did not 
detect sulfur (Fig. 11.10d). At the same time, those doped with silver (Fig. 11.10c) 
and silver/magnesium (Fig. 11.10d) showed a trace amount of less than 1 atomic 
percent, suggesting that silver and magnesium can interact with the sulfur through 
their orbitals with lone pair of electrons and potential M-OH interactions. The γ -
FeOOH, the first catalyst evaluated, also demonstrated trace binding (Fig. 11.10a), 
as did silver reduced with ascorbate (one of the top candidates in removing H2S, 
Fig. 11.10b).

Lastly, copper MOF has one of the highest sulfur capacities and exhibited the 
lowest atomic sulfur suggesting that more binding occurred at the surface of the 
sulfur, was loosely coordinated with the organic framework, and could be desorbed 
up to 100 °C (Fig. 11.10e). These compounds had a solution sulfur capacity of around 
75 mg/g or greater. However, they had bound S peaks from 0.21 to 0.91 atomic %,

Fig. 11.9 The binding capacity of borosilicate glass (black), MIL101(Cr) (purple), MIL101(Cr)Ag 
(orange), and MIL101(Cr) Ag.Mg (blue) in the speed of binding with 118 ppm H2S. The time taken 
to reach an output concentration of 0 ppm was measured and is shown to be statistically significant 
between the undoped [MIL 101(Cr)] and the single doped [MIL 101(Cr) … Ag+] and co-doped 
[MIL 101(Cr) … Ag+ … Mg2+] derivatives 
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Fig. 11.10 a Survey Scan of 
γ -FeOOH + 10 ppm H2S 
heated to 100 °C prior to 
XPS Analysis with more 
sensitive composition for S 
and Fe listed using multiplex 
scan calibrated to core peak 
for carbon and oxygen. 
b survey Scan of silver 
reduced with ascorbate + 
10 ppm H2S heated to 
100 °C prior to XPS 
Analysis with more sensitive 
composition for S and Ag 
listed using multiplex scan 
calibrated to core peak for 
carbon and oxygen. c survey 
Scan of MIL101(Cr) doped 
with silver + 10 ppm H2S 
heated to 100 °C prior to 
XPS Analysis with more 
sensitive composition for S 
and Cr,  and Ag listed using  
multiplex scan calibrated to 
core peak for carbon and 
oxygen. No S was observed 
for the parent MIL101(Cr) 
compound. d survey Scan of 
MIL101(Cr) doped with 
silver and magnesium + 
10 ppm H2S heated to 
100 °C prior to XPS 
Analysis with more sensitive 
composition for S and Cr, 
Mg, and Ag listed using 
multiplex scan calibrated to 
core peak for carbon and 
oxygen. No S was observed 
for the parent MIL101(Cr) 
compound. e survey Scan of 
CuMOF + 10 ppm H2S 
heated to 100 °C prior to 
XPS Analysis with more 
sensitive composition for S 
and Cu listed using multiplex 
scan calibrated to core peak 
for carbon and oxygen
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Fig. 11.10 (continued)

suggesting that strong binding to the surface is not a prerequisite for efficiently 
removing H2S from the air or the liquid–air interface. 

These catalysts were synthesized without sulfur-containing compounds, but after 
exposure to H2S and heating to remove surface-bound species, trace materials were 
found at around 164 eV. Although the peak intensities were low, these peaks were 
broad and indicative of sulfur species, not zero-valent ones [46]. The metal sulfide 
formation, such as FeS2, sulfate at higher oxygen content, and zero-valent sulfur 
at low oxygen levels, are thermodynamically plausible and have been reported in
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the literature [47]. For γ -FeOOH, two peaks around 714 eV and 725 eV are visible 
even in the lower-resolution survey scan. Examination of the peak areas is consistent 
with the iron reduction from the Fe3+ to the Fe2+ species, which stoichiometrically 
is consistent with FeS2 and not FeSO4 

2−, which potentially terminates with the 
formation of S0 [48]. The higher oxidation of S would also generate sulfuric acid, 
lowering H2S solution solubilities [FeS2 + 3 1 2 O2 → FeSO4 + H2SO4] suggests that 
Fe(III)→ Fe(II)S is the desulfurization step where H2S is removed, H2O is generated, 
and a regeneration cycle where Fe(II)Sx is converted to Fe(III) and the surface or 
bound sulfur converted to zero-valent sulfur or sulfate with hydrogen peroxide or 
molecular oxygen as the oxidizer and source of oxygen atoms. The catalytic surface 
can be regenerated for five cycles with over 75% efficiency retained relative to the 
new catalyst. 

The lower H2S adsorption of Ag(Cu �) relative to Ag(Cu) suggests that calcina-
tion to metallic silver is less efficient than AgO and Ag2O as sorbent sites with the S 
interacting with the M and the H interacting with the O (M), where M is the metal on 
the outer surface and M within the crystal lattice. This would explain why most of 
the H2S desorbed after 100 °C heating but not all and why different S species were 
observed instead of coordinated H2S. A copper Engelhard Titanosilicate-2 complex 
has a sulfur capacity of 30 mg/g [49], while a copper metal–organic framework has a 
20%Cu/MSU-1 sulfur capacity of 19 mg/g [50]. Liu et al. prepared a Fe–Al co-doped 
CuO with the largest reported sulfur capacity of 114 mg/g in 2015 [51]. Wang et al. 
fabricated ZnO nanoparticles incorporated into Santa Barbara amorphous material-
15 zeolites sorbent with the highest reported sulfur capacity published of ~ 436 mg/g 
with 3.04 wt% Zn [52]. Liu et al. synthesized ZnO/SiO2 gel composites with 30 wt% 
ZnO, demonstrating a maximal sulfur capacity of 96 mg/g [53]. A different ZnO– 
Al2O3 composite exhibited a sulfur capacity of 52 mg/g [54]. ZnO/SiO2 composites 
achieved a sulfur capture capacity of 161 mg/g at 30 °C [55]. A Zn-25%Bi mixed 
blend oxide demonstrated a sulfur binding capacity of 80 mg/g [56], and a copper 
metal–organic framework heated at 80 °C exhibited a sulfur binding capacity of 
57 mg/g [57]. 

Recently Liu et al. reviewed approximately 119 publications using metal-based 
sorbents for hydrogen sulfide at lower temperatures and found a modal sulfur binding 
capacity of 41 mg/g, indicating that our average sulfur binding capacity of 78.05 mg/ 
g places these materials in the top percentile in terms of binding effectiveness at 
room temperature. If bulk catalyst mass is taken, as Liu et al. reviewed, indicating 
the adsorbent was 1–8 g range, the present percent reduction of H2S per unit mass 
is even more compelling in terms of their effectiveness compared to a benchmark of 
varying metal/metal catalysts published in the literature and reviewed by Liu et al. 
[57].
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11.4 Conclusions 

We have demonstrated that gamma FeOOH is an effective absorbent for the catalytic 
removal of H2S from water in an offline slurry reactor model test. The γ -FeOOH sites 
have OH- sites that attract H2S through its weak dipole and are converted to elemental 
sulfur and other oxidized species depending on oxygen availability. As the resident 
time is increased, the conversation H2S to FeS and S0 or S8 increases, accompanied 
by the formation of water and a decrease in available Bronsted acid sites, which is 
less sensitive to intrinsic surface area and pore volume, as the degree of Bronsted 
acid sites determines the likely H2S adsorption. Hydrogen peroxide treatment for γ -
FeOOH will likely generate Fe2+ and O2−/OH- species, which can also be generated 
from water that can behave as a co-catalyst from the previously chemisorbed H2S on  
the surface. This regeneration is related to structural changes within the crystal phase, 
which is unlikely in Fe2O3. The generation of elemental sulfur reduces OH- sites 
and likely H2S and, to a lesser degree, O2 uptake, limiting sulfur binding capacity, 
and was visualized through successive H2O2 regeneration cycles of the Fe adsorbent. 
In addition, silver ascorbate, galvanostatic silver/copper tape, copper metal–organic 
framework, and MIL101(Cr) co-doped with silver and magnesium were equally 
effective in removing up to 100 ppm of H2S in approximately 30 min. This was 
confirmed by direct measurement of H2S output and indirectly from FTIR/TGA 
spectra and confirmed with trace amounts of S (around 164 eV) detected in the 
surface scan by XPS. These materials offer low-cost adsorbents to be evaluated in 
ships where storage, bilge, or ballast tanks must vent H2S before inspection and the 
associated health risks. 

Several generalizations regarding catalyst design and understanding the processes 
whereby H2S is removed can be offered. The model to fit the physical binding can be 
based on the shrinking model; although not explicitly modeled, the double log plot is 
consistent with a pseudo-first-order reaction rate concerning temperature in the fixed 
H2S injection model but may be pseudo-second-order for temperature and hydrogen 
sulfide up to a maximum sulfide concentration, for our study was 118 ppm. The 
kinetics and temperature study also indicates that the activation of hydrogen sulfide 
on the metal oxide surface is between 70 and 100 kJ/mol, depending on the metal. 
Upon binding, hydrogen sulfide is decomposed with the reduction of the metals to 
lower oxidation states and the formation of metal sulfides. With weak Bronsted acids, 
at low temperatures, H2S sulfide can be decomposed to HS− and S2− and ultimately to 
sulfuric acid if moist lowering overall binding capacity. At higher temperatures, H2S 
can be composed of elemental sulfur and hydrogen. The FTIR spectra are consistent 
with the hypothesis that two types of interactions occur. The first is the metal oxygen 
on the outer surface, the metal sulfur in the interior, and grain boundaries if calcinated 
at high temperatures. These side reactions ultimately limit overall binding capacity 
and catalyst efficiency. 
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Chapter 12 
Matrix-Assisted Laser Desorption/ 
Ionization Mass Spectrometry 
with Re-Engineered 2, 
a 5-Dihydroxypheny Acid Derivative 

Sajid Bashir, M. Gomez, K. A. Beran, J. L. Liu, and P. J. Derrick 

Abstract Matrix-assisted laser desorption ionization (MALDI) has been a mainstay 
in protein mass spectrometry, imaging, and proteomics. The common approach to 
matrix design and selection has been empirical. The most common matrices used are 
2,5-dihydroxybenzoic (2,5-DHB) and alpha-cyano-4-hydroxycinnamic acid (aCCa). 
Using the known relationship between 2,5-phenyl carboxylic acid and tyrosine amino

It is with profound sadness that SB writes this acknowledgment. There is a word in the Old 
Testament, salah, meaning to pause, reflect and think. As I reflect on what Peter did for me, it is 
almost impossible to believe our previous submission of similar work was [Analyst, 2003, 128, 
1452–1457] twenty years ago! It feels like a few months. Peter was my academic father, and his 
loss is painful now. He will be missed, and I hope that the series of papers we will submit this year 
will act as a posthumous remembrance because individuals like Peter have to be remembered. J. 
Liu writes that the day Dr. Derrick passed away [Feb 06, 2017], I stepped into Dr. Bashir’s office; 
he looked at me with deep sorrow and silence, “Peter di.. di… di…. died……”. The atmosphere 
was frozen, the clock stopped clicking, tears booming, heart pounding...My only feeling at that 
moment was that my blood pressure could be 240, and I asked: “Are you sure?” “Yes, I just 
received an email from Alex.” In a simple, slow, and affirmatively sad manner, Dr. Bashir replied. 
From his eyes, I saw a warrior who suddenly lost his colonel on the battlefront, solemnly dignified 
his academic father, and believed Dr. Derrick’s spirit would continuously lead his way. Dr. 
Derrick was our role model; he was humble and completely devoted himself to the science, 
technology, and chemistry community. Led by his example, we knew our responsibility was to 
build a strong, harmonic society where our young generation could grow. There are three very 
painful experiences in my life: the death of my grandparents, who raised me and taught me to be a 
nice person; the death of my parents, who gave me a life of me and encouraged me to be a strong 
person; the death of Dr. Derrick who I never met, but has been a chemistry hero, guiding me 
through the righteous academic journey. Dr. Peter Derrick will always linger in my future prayer 
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A 2,5-dihydroxyphenylcarboxylic acid molecule based on the hydroquinone core of 
2,5-DHB was designed and synthesized (M10) by using the known relationship 
between 2,5-phenyl carboxylic acid and tyrosine amino acids. The two matrices 
(aCCa and M10) were compared and contrasted using neuronal peptide mixtures, 
tryptic digests from two-dimensional gel spots from culture Escherichia coli, and 
mature green tomato fruit. The peptide mixtures or mass fingerprints were analyzed 
similarly, except only a 30 s analysis time window per sample was allocated for 
M10, whereas 3 min per sample were allocated for aCCa. The results are that M10 
generated greater ion yield, sequence coverage, and probable Mascot identification 
scores over aCCa, or the scores were comparable with less sample acquisition time 
for M10. The n-decanoic acid side chain promotes matrix-to-analyte interactions and 
proton transfer during crystallization. Our findings support the hypothesis of pseudo 
proton transfer from the excited matrix species during crystallization as a dominant 
mechanism for generating protonated and deprotonated analyte ions due to the lower 
proton affinity of M10 that is computed using density functional theory and the 
6–311G** basis set for the protonated matrix species. The enhanced performance 
of matrix M10 will positively impact MALDI research and will extend the lifetime 
and operability of older instruments at hospitals, laboratories, and teaching-intensive 
universities where instrument budgets are stretched. By using M10 as a matrix, the 
sampled runtime is reduced, ion yield is increased, and potential instrument usage 
lifetime is increased. 

12.1 Introduction 

Matrix-assisted laser desorption ionization (MALDI) is a technique with co-
crystallization of organic ultraviolet absorbing matrix [1] and analyte as a binary 
drop (‘dried-drop method’) [2] or two successive later matrices followed by analyte 
(‘sandwich method’). Upon absorption of a UV pulse (λ = 337 nm), ablation, desorp-
tion, and gas-phase ionization occur without extensive fragmentation of the analyte 
[3]. Although the technique has become dominant, progress towards the rational 
discovery of newer matrices has been hindered due to a lack of understanding of the
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mechanisms related to desorption and ionization [4]. Two of the most heavily used 
matrices in protein identification are 2, 5-dihydroxybenzoic acid and alpha-cyano-
4-hydroxycinnamic acid (aCCa) in positive-ion mode; yield the pseudo-molecular 
ion as a protonated species [5]. The ease of this technique and the ability to couple 
peptide mass fingerprint [6] to a database has enabled these techniques to be applied 
to whole cells [7] instead of isolated mixtures [8] and extended its outreach into 
system biology [10], chemical biologies [11], and metabolite profiling [12] as well  
as imaging [13]. In the classic approach, the pseudo molecular ions (e.g., in positive-
ion mode) are generated after the protein(s) is/are subjected to proteolytic digestion 
[14]. Alternatively, specific proteins are subject to enzymatic digestion and analyzed 
as a set of mass-to-charge ratios isolated and subjected to further fragmentation as 
a form of two-dimensional (MS2) mass spectrometry [15]. The fragmented peptide 
mass fingerprint or MS2 generated is compared to stored protein or deoxyribonucleic 
acid (DNA) sequences from which algorithmic matches and putative identities are 
determined [16]. 

The digested peptides are often isolated from spots on a one-or two-dimensional 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) without 
the traditional isolation and crystallization of single proteins [17]. To achieve higher 
throughputs, the gel excitation, digestion, and MALDI sample preparation can be 
automated, in addition to the generation of the peptide mass fingerprint and putative 
search and identification of proteins at 50 fmol levels [18]. The MALDI technique has 
several drawbacks, such as high yield from low mass matrix species [19] or matrix  
clusters [20]. Other technical hurdles from low analyte signal intensities from peptide 
mixtures (‘analyte suppression effect’) for certain peptide components [21]. This is 
due to arginine-rich systems that are ionized more easily than small acidic peptides, 
which are less well ionized, lowering surface coverage and sample identification 
[22]. Other factors are a spot-to-spot signal variation of the analyte [23]. This is due 
to non-uniform crystallization and variations in the matrix-to-analyte ratio across the 
spot area profiled by the laser pulse, which in turn may be due to the non-uniform 
drying of the matrix on a metal surface [24]. 

12.2 Experimental 

All chemicals were purchased from Sigma-Aldrich (Dorset, UK) and were an analyt-
ical grade, except when otherwise noted. 2,5-dihydroxybenzoic acid, bovine serum 
albumin, and pep mix were obtained from Bruker Daltonics (Coventry, UK). Doubly 
distilled deionized water was used, and hydrochloric acid, trifluoroacetic acid, 
acetonitrile, methanol, chloroform, and 16-(2,5-dihydroxy phenyl)-ol and hexade-
canoic acid from VWR (Lutterworth, UK). The rationale for designing the hydrox-
yphenyl carboxylic acid derivative was its interactions with tyrosine and select 
phenols in skin tissue [25]. It was hypothesized that this known interaction in cells 
might also occur in the gas phase and increase the ion yield of acidic peptides, 
which are usually poorly ionized under MALDI-TOF conditions. The synthesis
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Scheme 12.1 Synthesis of 16-(2,5-dihydroxy phenyl)hexadecanoic acid (M10) from hydroquinone 

(Scheme 12.1) was performed using Friedel–Crafts acylation [26] upon hydro-
quinone (1) using boron trifluoride and saturated fatty acid (2) to generate the 1-(2,5-
dihydroxy phenyl)-15-hydroxyalkyl-1-one via Fries rearrangement first step [27] 
followed by a Curtius rearrangement [28] reaction between the 4-methoxy phenol 
and vinyl bromide to generate (3), that is reduced to the 2-(15-hydroxyalkyl)benzene-
1,4-diol (4) due to the proximity of the carbonyl group alpha to the aromatic ring, 
using hydrogen and palladium (H2/Pd) [29]. The primary alcohol functionality in 4 
is oxidized to produce the target compound (5) by oxidation using treatment with 
BBr3 and an excess of periodic acid (H5IO6) in the presence of about 1.2 mol % of 
chromium trioxide (CrO3) [30]. 

The crude product was washed with distilled water and purified by recrystalliza-
tion from the crude mixture that was recrystallized from a mixture of ethyl acetate and 
heptane (50:50), yielding white crystals. The crystallization process was repeated 
twice more. The final product was purified using silica gel columns followed by 
additional recrystallization from acetonitrile/water and 1% isooctane. Overall yields 
were between 65 and 88%. The MALDI determined that the molecular mass was 
365.534 Da for the protonated species and 387.516 Da for the sodiated species. 

Computational methodology: The main objective of this computational study was to 
determine the structural properties of M10 and its ionic derivatives corresponding to 
the global minimum on the potential energy surface. The conformation distribution 
of the molecular species was analyzed at the semi-empirical level using the PM3 
model [31]. This analysis selected the three conformers with the lowest energy for 
further optimization. Geometric optimization of these conformers was then carried
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out using density functional theory without any symmetry constraints. The B3LYP 
was functional with the 6-31G* basis set used for this purpose [32–34]. Subsequently, 
thermodynamic data such as zero-point vibrational energy (ZPVE) [35], vibrational 
energy, and the entropic degrees of freedom were obtained at the same level of theory 
for the subsequent proton affinity (PA) and gas-phase basicity (GB) calculations. 

In order to verify the stability of the optimized molecular structures, vibrational 
analysis was carried out, which confirmed that the geometries of M10 and its deriva-
tives occupy a stationary point with no imaginary frequencies. Theoretical values of 
the zero-point vibrational energy, vibrational energy, and vibrational entropy were 
then scaled accordingly. The single-point energy for each optimized structure was 
determined using the B3LYP/6-311 + G**//B3LYP/6-31G* level of theory. Finally, 
the matrix’s proton affinity (PA) and gas-phase basicity (GB) were calculated using 
the single-point energies. A qualitative assessment of the absorption coefficient for 
derivatives of 2,5-dihydroxybenzoic acid (2,5-DHB) via substitution of the 2-OH was 
conducted by employing DFT-B3LYP/6-31G* housed in the Spartan’08 software 
package [36]. 

Bacterial cell culture: Each experiment was performed in two biological replicates. 
Escherichia coli (E. coli) cells (soluble fraction [37] with Ampicillin plasmid and 
a separate variant with a Rifampicin plasmid) were grown in a 1 L flask containing 
250 mL of minimal M9 media supplemented with L-Lysine [38]. Once an optical 
density (OD) of 0.4 at 600 nm was reached (OD600), the cells were harvested. Toma-
toes that broke color from green to red were also harvested, and proteins were isolated 
[39]. 

Protein extraction and mixing: The process of harvesting cells involved a centrifu-
gation step at 4000 g for 10 min. Next, the media was removed and the resulting pellets 
were resuspended in BPER bacterial protein extraction reagent (Thermo Scientific) 
along with lysozyme (50 μg/mL) [40]. The lysing of cells was done on ice for 
20 min to eliminate DNA and other impurities, which were removed by a second 
centrifugation step at 8000 g for 30 min. A crude protein extract was then obtained 
and precipitated with the methanol/chloroform approach. The collected proteins were 
re-suspended in a denaturation buffer that contained 6 M urea/2 M thiourea in 10 mM 
Tris. The concentration of protein was evaluated using the Bradford assay (Bio-Rad, 
Munich, Germany) [41]. 

Isoelectric focusing: The peptides were subjected to separation using the Biorad 
protein isoelectric focusing (IEF) protocol, after passive rehydration of 200 μg 
protein reconstituted in 200 μL rehydration buffer for 12 h. 11 cm immobiline dry 
strip gel (IPG) Strips possessing a pH separation gradient of 4–7 were used for sepa-
ration, with a maximum of 50 μA at 20 kV,  with a 6 h focusing time [42]. The 
strips were reduced with dithiothreitol (DTT) and alkylated at room temperature, 
after which the second dimension was run using a Bio-Rad Criterion electrophoresis 
cell system with Bis–Tris 4–12% gradient gels and 800 mL running buffer at 200 V 
for 1 h [43]. Subsequently, the gel was washed with deionized water thrice, stained 
using Coomassie Blue (G250) stain for 1 h, and destained in deionized water for 1.5 h
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[44]. The gel was examined using Bio-Rad Molecular Imager, followed by washing 
with 10 mM ammonium bicarbonate and acetonitrile (ACN) (1:1, v/v) for every gel 
spot, with the protein spots in the Eppendorf tube being reduced with 10 mM DTT in 
20 mM (ABC) for 45 min at 56 °C and alkylated with 55 mM iodoacetamide (IAA) in 
20 mM ammonium bicarbonate for 30 min in the dark (Al-foil) at room temperature 
[45]. The gel spots were washed twice with 5 mM ammonium bicarbonate, followed 
by a dehydration step by incubating with 100% ACN at room temperature. 

Standard in-solution digestion with 25 mM ammonium bicarbonate buffer solu-
tion was used to perform tryptic digestion of β-casein from bovine milk as the 
control, as well as the excised gel spots [46]. A 10-μL sample of each peptide 
solution (100 μM) was mixed with 9 μL of aqueous ammonium hydrogen carbonate 
(50 mM) and 1 μL of trypsin solution (1 μg/μl) and left to digest overnight at 
37 °C. The resulting stock solution was diluted with acetonitrile (30%) and water 
(70%) supplemented with 0.5% trifluoroacetic acid (TFA) to a final concentration 
of 0.1 μM [47]. The sample was zip-tipped with the same elution solvent directly 
onto a stainless steel surface that had either 2,5-dihydroxybenzoic acid (DHB) or 
16-(2,5-dihydroxy phenyl)hexadecanoic acid (M10) and allowed to dry [48]. Subse-
quently, 1 μL of Ammonium dihydrogen phosphate (NH4H2PO4) was deposited 
onto the dried spots for 2 s and removed, after which the sample was allowed to dry 
for 5 min at room temperature. The samples were analyzed using matrix-assisted 
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) in 
positive ion mode [49]. 

Mass spectrometry: The Bruker Biflex (Bruker, Coventry, U.K.) was used to perform 
all MS measurements. A nitrogen laser at 337 nm was employed for positive mode 
spectra in the linear mode. Twenty-shot spectra were sampled unless stated otherwise. 
The laser power was adjusted to achieve a signal-to-noise ratio of three or greater. The 
lowest power was restrained between diverse signal-to-noise ratios that were three 
or greater. To obtain high accuracy, a spectrum of twenty shots was saved using a 
calibration of pepmix, dextran, or insulin, depending on the expected mass-to-charge 
ratio of the sample. In some cases, an extraction delay time of 50–150 ns was utilized 
to improve resolution and prevent detection saturation. Spectra containing 20–200 
shots were obtained. 

Data processing: The MS data obtained were processed using Bruker software and 
analyzed with the Mascot search engine. Enzyme specificity was fully enforced, 
allowing for two missed cleavages, and trypsin was employed as the protease [50]. 
The peptide mass fingerprint spectra underwent a search using two algorithms, the 
MOWSE scoring algorithm and Mascot. The search was conducted against a database 
of NCBI, TIGR, and dbEST, using organisms such as Escherichia coli, Solanum, 
and related species. Peptide mass tolerance was kept up to 50 ppm, and variable 
modifications included methionine oxidation and protein N-terminal acetylation [51]. 
Cysteine carbamidomethylation was a fixed modification. Additionally, MS scan 
mass tolerance was maintained at 6 ppm. Confident protein identification was scored 
by Mascot Score and percent sequence coverage, which were calculated for each 
tissue using matrix species analysis [52].
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12.3 Results and Discussion 

12.3.1 Laser Power Adjustment to Obtain Optimal Fluence 

The rationale of the approach was to synthesize M10 matrix candidates by Perkin 
condensation of the benzene-1,4-diol unit. The long alkyl increased the molecular 
hydrophobicity to interact with more hydrophobic residues while maintaining flex-
ibility. The terminal carboxylic was retained as a source of pseudo-proton transfer 
to the analyte during the crystallization process and proton transfer between analyte 
molecules as a disproportionation process. Here, an excited matrix transfers energy to 
the analyte dimer (carboxylic acid of (1) matrix and (2) analyte with (3) amino groups 
of the analyte) to produce a cation and an anion simultaneously. The matrix-to-analyte 
crystal interactions generate ion-pairs and (1 & 2 → 3) protonation/deprotonation 
from the excited matrix species. The 2- and 5-position hydroxyl groups were kept to 
keep the molecules’ optical properties in the ultraviolet range and enable the gener-
ation of the hydroxylate anion to act as a coordination source for sodium to promote 
cationization where protonation was not possible. By separating the alkyl chain from 
the aromatic, it was anticipated that the matrices’ proton affinity might decrease, 
increasing the likelihood of chemical ionization of neutrals in the gas phase if they 
were not protonated during crystallization. For any gas-phase proton transfer, the 
matrix species is expected to have a lower proton affinity than the parent DHB moiety. 
The results were compared and contrasted with α-cyano cinnamic acid (aCCa), the 
primary matrix for peptide analysis and peptide mass fingerprinting-based surveys. 

The relationship between laser power setting and fluence is summarized in 
Fig. 12.1, and the power was kept below 60 since the relationship is approximately 
linear here.

To improve the solubilization of hydrophobic peptides in the matrix and reduce 
spot-to-spot variations in ion signal, a long chain of M10 was designed. The benefit 
of this design is that the laser power can remain constant across multiple digest-type 
samples, eliminating the need to determine the sweet spot with optimal signal inten-
sity empirically. Figure 12.2 illustrates the total protonated and cationized ion signal 
for substance P [53] (2NH- RPKPQQFFGLM-COOH, pI of 11.00, and GRAVY 
score of −0.700 [54]) using commonly used matrices for peptide analysis, including 
2,5-dihydroxybenzoic acid (DHB), Sinapinic acid (SA), M10, and aCCa.

It can be seen that the highest aggregate ion signal was from SA < DHB < aCCa 
< M10, with the laser power variations, to obtain a signal-to-noise ratio of at least 
three, being the least for M10 < DHB > aCCa > SA. 

In order to investigate the correlation between ion yield and laser power, the laser 
power was gradually increased. The point at which the signal-to-noise ratio fell below 
three was identified, and the resulting data was summarized in Fig. 12.3 for model 
peptide SP. For matrix M10, it was observed that the ion yield was highest at around 
25 units of laser power, with detectable levels of cationized species. Conversely, 
aCCa exhibited high ion yields at lower laser power (around 20 units) but failed to 
produce significant ion yields at higher laser powers.
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Fig. 12.1 Relationship between actual fluence and laser power setting on software instrument 
‘panel’

Adrenocorticotropic hormone (ACTH) [55] clip 18–29 (2NH-
RPVKVYPNGAEDESAEAFPLEF-COOH, pI 4.25 and GRAVY score of −0.614) 
was evaluated. The peptide clip has a similar hydrophobicity to SP; however, its 
isoelectric values are lower, with five residues capable of retaining a negative charge 
in contrast to SP, which has zero residues capable of retaining a negative charge. 
A comparison of peptides with varying isoelectric is given in Table 12.1. In eery 
instance, the spread of percent error [(percent deviation/average ion yield value) 
(100%)] to obtain a signal-to-noise ratio of at least three was greater with aCCa than 
M10. However, the medium laser power of M10 was higher than for aCCa (25 units 
versus 21.7 units).

For the proteomic component, 28 spots were identified using E-coli-Amp plasmid, 
and 72 spots were identified with E-coli- Rif plasmid. The spots were excised and 
digested with trypsin, and the peptide mass fingerprint was acquired and searched 
against the national center for biotechnology information division genbank expressed 
nucleotide sequence tag (NCBI db EST) database [56]. 

When conducting proteomics experiments with numerous spots, samples that 
could not acquire an optimal spectrum within the given time limit were either not 
processed or given a spectrum with low signal-to-noise. The acquired peptide mass 
fingerprint was then searched against the NCBI protein database for better database 
match scores, as opposed to searching against the dbEST [57]. Based on the results 
summarized in Table 12.2, aCCa and M10 had higher identification scores and 
sequence match percentages.

A functional break of the proteins identified from the two-dimensional sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (2D-SDS PAGE) gel spots is 
summarized in Figs. 12.4 and 12.5 as analyzed using aCCa and M10 as matrices
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Fig. 12.2 Relationship between laser power and ion yield for substance P (SP, 1) nmol/μL) and 
0.1 M of common peptide matrices. Approximately 1μL of the matrix was deposited onto the slide 
and allowed to dry. For 2,5-dihydroxybenzoic acid (DHB was dissolved in CH3OH) and substance 
P (SP  in  1:1 H2O/C2H3N with 0.05% C2HF3O2 at a DHB: SP ratio of 2000:1). The other matrices 
were prepared analogously, except sinapinic acid (SA was dissolved in H2O/C2H3N with 0.05% 
C2HF3O2) and M10 was dissolved in 2:1:1 ratio of H2O: C2H3N: C3H7NO. The laser power was 
adjusted to obtain a signal-to-noise ratio of at least three and at least twenty spots per spectra. For 
each analysis, ten individual spectra were acquired over three spots. The laser power was adjusted 
for each region, and the standard deviation was obtained. Where the standard deviation was < 5% 
of the average ion yield, the error bar was omitted for clarity

under similar conditions. The bulk of the identified hits were related to the proteome, 
or plasmids or proteins that could be categorized as having a molecular or biological 
function. Using the gene ontology (GO) annotation [58] (depicted in the central pie-
chart), the biggest difference (set at 5% or greater) between the two matrices was 
that the matrix M10 enabled greater identification of proteins classified as having a 
biological (21% vs. 14%), ligand (12% vs. 7%) and nucleotide (29% vs. 38%) role 
between M10 and aCCa respectively (Fig. 12.6).

The percent sequence similarity was analyzed by comparing the peptide mass 
fingerprint obtained from both matrices to compare the ion yield of tryptic digests 
generated by different matrices. Figure 12.7 displays the scatter plot, indicating 
approximately four distinct populations. The major population exhibits similar 
percent sequence scores for both matrices, but matrix M10 shifts it to the right. The
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Fig. 12.3 The relationship between laser power and ion yield for substance P (SP, 1) nmol/μL) 
and 0.1 M of aCCa  and M10

Table 12.1 Summary of common peptides and ion yield error using matrices aCCa and M10 

Matrix LP % LP error ACTH 
(18-39) 
CLIP [A + 
H] + ion 
yield 

% Peptide 
Error 

Somatostatin [A 
+ H] + ion yield 

% Peptide  
error 

aCCa 21.7 11.9 3,528.8 122.3 1,830.0 122.5 

M10 25.0 0.0 4,359.8 65.0 1,073.0 60.9 

Peptide 
property 

Substance P % Peptide  
error 

Angiotensin I % Peptide  
error 

aCCa pI GRAVY 78.6 pI GRAVY 82.3 

M10 11 −0.700 53.3 6.92 −0.200 51.4 

Peptide 
property 

Bombesin % Peptide  
error 

ACTH (1-17) CLIP % Peptide  
error 

aCCa pI GRAVY 93.5 pI GRAVY 84.4 

M10 10.84 −0.738 56.6 10.45 −1.453 0

smaller cluster in the lower left-hand quadrant prefers aCCa. In contrast, the upper 
left-hand quadrant favors aCCa, and another satellite cluster near the main clus-
ters favors neither matrix. The protein database at NCBI generated higher sequence 
similarities than the expressed sequence tags also hosted at NCBI.

A plot can be constructed that is analogous to peptide mass fingerprints generated 
from mature green tomato (Lycopersicon esculentum) fruit (Fig. 12.8).
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Table 12.2 Peptide Mass Fingerprint acquired using aCCa or M10 as matrices and searched against 
nucleotide or protein database. The identified protein score and percent coverage for each matrix 
and standard deviation error is listed 

Average score Score std Percent coverage Coverage std Database/matrix 

15.53 4.45 9.75 4.46 DB EST/aCCa 

28.58 10.87 19.10 18.51 DB EST/M10 

36.96 6.87 22.26 20.26 NCBI/aCCa 

34.16 8.77 23.50 25.74 NCBI/M10

Fig. 12.4 Gene ontology (GO) annotation of E. coli from the UniProt-GOA database acquired 
using a maximum acquisition run time of three minutes per sample using aCCa as a matrix

The plot line for that for Escherichia coli has three general trends. The left upper 
quadrant favors the matrix aCCa. In contrast, the right upper quadrant favors the 
matrix M10, and the central cluster appears to favor neither matrix to any great 
extent; however, the results scores as higher when searched against the database at
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Fig. 12.5 Gene ontology (GO) annotation of E. coli from the UniProt-GOA database acquired 
using a maximum acquisition run time of thirty seconds per sample using M10 as a matrix

TIGR, which may have higher curated protein and nucleotide sequences specific to 
Solanum over the more general database at NCBI. 

To examine if the similarity sequences from the peptide mass fingerprints were 
similar across an annotated class, such as ligands, or membrane proteins, a plot 
percent sequence score versus hit from the nucleotide or protein sequences database 
for each matrix was compared. The larger the area of the circle, the greater the 
standard deviation for the specific functional class, as illustrated in Figs. 12.9 and 
12.10 using the TIGR database. The plot shows tighter circles than the corresponding 
plot with aCCa (Fig. 12.10), indicating that the matrix M10 transfers more energy to
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Fig. 12.6 MALDI-TOF PMF of tomato digests using matrices aCCa and M10 and searched using 
Mascot on the TIGR database

Fig. 12.7 Summary of predicted percent sequence similarity to peptide mass fingerprinted from 
2D gel spots of cultured Escherichia coli obtained using matrices aCCa and M10 when searched 
against expressed sequence tag (EST) nucleotide or protein sequence databases at the National 
Center for Biotechnology Information (NCBI)
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Fig. 12.8 Summary of predicted percent sequence similarity to peptide mass fingerprinted from 
2D gel spots of mature green tomato (Lycopersicon esculentum) fruit obtained using matrices 
aCCa and M10 when searched against expressed sequence tag (EST) nucleotide database at the 
Institute for Genomic Research (TIGR) or the protein sequence database at the National Center for 
Biotechnology Information (NCBI)

the analyte causing more fragmentation, which translates to higher percent sequence 
coverage and match scores.

12.3.2 Design Criteria and Possible Mechanism of Action 
of Matrix 10 

The enhanced ion intensities across different types of analytes from plants, microor-
ganisms, or peptide mixtures are rationalized through improved M10-to-analyte inter-
actions during crystallization. It is hypothesized that the analyte is incorporated into 
matrix crystals during this phase [59], promoting excited matrix proton transfer 
during this phase [60], in addition to chemical ionization after laser desorption in 
the gas plume [61]. Any neutral analyte would become charged through proton 
transfer from the protonated matrix species [62] in the plume. The charging site 
would be near the carboxylic acid (RCOO–) moiety, where the proton can produce 
polar or hydrogen interaction and charge stabilization. The charge can then parti-
tion across the aromatic ring promoted by the electron-donating power of the 5-OH 
group for M10. Our density functional theory electron-density calculations with the 
6-311G** basis set for the protonated M10 species indicate a loss of net positive
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Fig. 12.9 Space diagram of the effect of percent similarity score of mature green tomato (Lycoper-
sicon esculentum) fruit obtained using matrix M10 when searched against expressed sequence tag 
(EST) nucleotide database at the Institute for Genomic Research (TIGR) 

Fig. 12.10 By searching the expressed sequence tag (EST) nucleotide database at the Institute for 
Genomic Research (TIGR) using matrix aCCa, the effect of the percent similarity score of mature 
green tomato (Lycopersicon esculentum) fruit was depicted in a space diagram
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charge around the 2-OH and RCOO– position due to strong electron-withdrawing
-5-OH group. Thus, while 2,5-dihydroxybenzoic acid (2,5-DHB) can be protonated 
with the charge distribution across the entire delocalized pie-system [63], stabilized 
by the proximity between the 2-OH hydroxyl and carboxylic acid, this tendency is 
lessened in M10. The stabilization is weakened due to the long aliphatic chain termi-
nating with the carboxylic acid, resulting in M10 exhibiting a lower proton affinity 
(PA) than 2,5-DHB or aCCa [64]. In the case of aCCa, like in the case of 2,5-DHB, 
the charge is delocalized across the entire pie system promoted by the 4-OH group. 
Suppose PA is a dominant parameter61 in the generation of quality spectra. In that 
case, it is expected that M10 will undergo more efficient proton transfer than DHB 
or aCCa in the gas phase, with low basicity analytes in the tryptic digests [65]. The 
propensity to form cation dimers [A+]×[B–]y, where x > y was not observed. There-
fore, the survival of performed clusters as the main mechanism of ion formation 
was not observed within the 100 ns timeframe with matrix M10 [61]. The study 
by Moon et al. would suggest other factors, such as PA, have a greater influence 
on the quality of the generated spectra [62]. In this instance, smaller proton affini-
ties between aCCa and M10 can lead to significant differences in analyte ion yields 
due to the tendency to undergo gas-phase proton transfer [9], and proton transfer 
during the crystallization process [67]. During the crystallization process, peptide 
(analyte) incorporation into the matrix crystal may favor analyte protonation at the 
most basic residues [68], whereas, in the gas phase, other sites are favored, such as 
the amide bonds, due to the lower interaction time [69]. During plume formation, 
collisions between neutral matrices can facilitate matrix protonation [70] or a back 
reaction favoring re-neutralization [71], which diminishes the charge analyte pool 
and proton transfer between analytes [72]. The enhanced lipophilicity of M10 with 
the alkyl chain terminating with a carboxylic acid enables M10 to exhibit greater 
degrees of freedom than aCCa and a greater probability of proton transfer [73], as 
opposed to ionization from ejection of photoelectrons from the metal or the metal-
matrix interface [74]. This is due to the more efficient coating of the stainless steel 
metal surface, limiting electron ejection and ion formation [75]. The higher ion 
yields are thus either due to preformed ions during crystallization or the net differ-
ence between processes promoting matrix recombination and separation of charges 
in the plume generating charged analyte species and higher ion yields [76]. These 
interactions may also lead to greater energy transfer, resulting in greater peptide 
fragmentation [77], as shown in Fig. 12.6. Other design criteria were considered: 
absorption coefficients, or absorbance intensity, at the laser wavelength, used [78] 
as a function of the type of ring substitution at the second position. For example, we 
theoretically considered derivatives of 2,5-DHB in which substitution of the 2-OH 
by a methyl, phosphate, halide, nitrite, or amine group was considered. Theoretically 
generated UV/VIS spectra, utilizing the Spartan’08 software package, were analyzed 
to assess the absorption characteristics of derivatives of 2.5-DHB. Regardless of the 
substituent group, whether an electron donating group (halides) or electron with-
drawing group (nitrite), there was a decrease in the absorption characteristics of the 
derivative relative to 2,5-DHB at 337 nm. Consequently, there would be predicted to 
be a corresponding decrease in the propensity of the derivative molecule to utilize
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the total fluence [79]. The higher fragmentation allows a lower laser threshold to be 
employed, lowering potential detector saturation [80]. 

The fragmentation data support proton transfer via crystallization as a primary 
mode of charge transfer rather than gas phase processes [81], due to the lower time 
the analyte and matrix are nearby in the gas phase [80]. During the crystallization 
process, approximately 30 min are required to produce discrete crystals or satellites 
of polydisperse crystals. The comparative interaction time in the gas phase would 
be 100 ns, assuming an extraction voltage of 2500 V and a 10 mm distance between 
the sample and the first extraction plate, using laser fluence that promotes desorption 
without fragmentation and space charge effects [82]. Under these conditions, the 
neutral analyte is separated by 1 μm with a velocity of 1.5 × 105 m/s in a conical 
trajectory with the plume density decreasing. Assuming a plume pressure of 1.5 mbar, 
a molecular cross-section of 1 × 10–14 cm2 (σ), a flight time of 60 ns (t), and bulk 
ionization efficiency of 0.01% and 1000 fmol (6 × 1011 analyte molecules) would 
be in the order of 5.4 × 10–7 for protonated [A + H]+ or deprotonated [A-H]– 
species from the protonated matrix dimer [6 × 1011 × 1 × 10–14 × 0.01% × 60 × 
10–9 × 1.5 × 105]. With an upwards revision of 5000, the value increases to 1.6 × 
10–3 which defines the likely lower and upper boundary conditions [83]. Although 
an oversimplification, the values indicate the analyte dimer ion formation should be 
negligible if photochemical ionization processes are the dominant method to generate 
charged ions in the gas phase. Observing such ions would diminish the likelihood 
of this mechanism as the primary mechanism for ionization [84]. Since the cluster 
model is a gas phase phenomenon, the cluster ionization model cannot rationalize the 
occurrence of charged analytes of differing polarities or matrix-analyte’ sweet spots.‘ 
However, charge transfer during crystallization is consistent with the generation of 
sweet spots and higher order analyte aggregates, as well as generate similar levels 
of protonated and deprotonated species, due to excited state matrix proton transfer 
during crystallization to analytes with an equal probability that analytes in equal 
proximity would be protonated and deprotonated by equal measure. The matrix-to-
analyte ratio is known to affect the quality of the MALDI spectra [85]. It can be 
rationalized as competition between neutralization of the ion-pair by the counter-
ions arising from the analyte or matrix, as the concentrations of the analyte (and 
analyte ion-pairs) become similar to matrix ion-pairs, resulting in analyte and matrix 
suppression. For example, when the concentration of [M10][H–] > [SP-Cl]– ion-
pairs H– are more likely as counter ions for [SP+] and [M10+]. When [M10][H–] 
~ [SP-Cl]–, the counter ions from SP increase and can neutralize a significant pool 
of M10+ species resulting in matrix suppression [24]. Chang’s group was able to 
desorb a single Escherichia coli K-12 using MALDI, showing clusters as larger as 
micrometers can occur during MALD as mono-charged ions [86]. It is statistically 
unlikely that singly-charged ions would predominate during the desolvation process 
within a 1 μs flight time of such a large cluster [66]. On the other hand, proton transfer 
predominantly occurred during the crystallization phase [A+-X–] + [M-H]+ → [A]+ 
+ M + HX, where A is the analyte species, M the matrix species, or fragment, such 
as hydroquinone and HX the neutralized anion derived from the analyte. Using the 
collision probability at 10 bar for sodium chloride results in neutral species in the
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form of ion pairs, some of which are dielectrically screened and are released as 
readily formed ions in the gas phase, reliant upon the analyte ion-to-neutral matrix 
ratio [77]. Thus, preformed ion-pairs are amenable to the often observed optimal 
matrix-to-analyte ratio (‘sweet-spot’) phenomena, with excited state proton transfer 
to the nearest analyte neighbor producing more mono-charged rather than multiply 
charged species. Since the ratio of neutrals to charged is approximately 10 million 
to 1 for small organic matrices (< 500 Da), the total number of collisions within the 
100 ns time frame is in the 1 × 10–3, since the bulk of the collisions, are over within 
the first 10 ns [87]. Desolvation of these clusters in the micrometer size range ought 
to produce analytes with multiple charges, which is not the dominant species in the 
MALDI spectra. The singly charged species is the dominant species, supporting our 
contention that preformed ions are generated as ion pairs separated from anions, or 
facile charge transfer occurs in the gas phase between the prior generated ion pairs 
as neutrals facilitated by matrix-derived cations [88]. 

12.3.3 Theoretical Considerations 

See Tables 12.3 and 12.4. 
Proton affinity is determined by the energy change from adding a proton to 

a molecule. The ability of a molecule to accept protons or its basicity can be 
characterized by its proton affinity. The highest proton affinity was observed

Table 12.3 Proton affinities (PA) and Sodium affinities (NaA) for matrix M10 and comparable 
MALDI matrices 

Matrix M + H+ → [M + H]+ [M-H]– + H+ 

→ M 
M + Na+ → 
[M + Na]+ 

[M-H]– + Na+ 
→ MNa 

PA (kJ/mol) NaA (kJ/mol) 

Present work Literature values Present work 

2,5-DHB 852.9 846a=88 857b=89 1363.3 138.7 536.4 

aCCa 845.7 841c=90 N/A 1314.7 184.2 441.6 

ClCCa 821.6 831.7d=91 N/A 1463.4 170.5 635.4 

M10 889.5 N/A N/A 1333.3 200.2 539.2 

Table 12.4 Vertical 
ionization energies (VIE) and 
vertical electron affinities 
(VEA) for matrix M10 and 
comparable MALDI matrices 

Matrix VIE (eV) VEA (eV) 

2,5-DHB 8.18 0.22 

aCCa 8.47 1.23 

ClCCa 8.85 1.59 

M10 7.45 0.57 
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in 2,5-dihydroxyphenylcarboxylic acid (M10) at 889.5 kJ/mol, followed by 2,5-
dihydroxybenzoic acid (2,5-DHB) at 852.9 kJ/mol, alpha-cyano-4-hydroxycinnamic 
acid (aCCa) at 845.7 kJ/mol, and 4-chloro-alpha-cyanocinnamic acid (ClCCa) at 
821.6 kJ/mol. The proton affinity trend observed can be attributed to various factors, 
such as functional groups, aromaticity, and electron density distribution in the 
molecule. The carboxylic acid functional group in 2,5-dihydroxyphenylcarboxylic 
acid contributes to its high proton affinity by acting as a strong proton acceptor 
via the lone electron pair. However, this functional group is absent in the other 
three compounds, explaining their lower proton affinities compared to M10. 2,5-
dihydroxybenzoic acid and aCCa have phenolic hydroxyl groups, contributing to 
their proton-accepting ability [89]. 

Moreover, their aromatic rings increase electron density for greater stability of 
protonated forms of the molecules. However, chlorine attachment to the aromatic 
ring of 4-chloro-alpha-cyanocinnamic acid reduces electron density, increasing the 
instability of its protonated form, which explains its lower proton affinity. In conclu-
sion, functional groups, aromaticity, and electron density distribution of molecules 
affect proton affinity and explain the trend observed among the four compounds. 

In this chemical reaction [M-H]– + H+ → M, the energy difference between the 
initial and final states measures the strength of the interaction between the deproto-
nated matrix and the proton. Proton affinities for different compounds ranged from 
1314 kJ/mol to 1463 kJ/mol for aCCa and ClCCa, respectively. Proton affinity values 
were similar for 2,5-DHB and M10, ranging from 1333 to 1363 kJ/mol. The presence 
of the carboxylic acid group in M10 did not significantly alter its proton interacting 
ability compared to 2,5-DHB. The variance in proton affinities may be due to vari-
ations in electronic and steric properties. In ClCCa, the cyano group may act as 
an electron-withdrawing group, enhancing the anion stabilization and increasing 
basicity or proton affinity. The hydroxyl groups in 2,5-DHB and aCCA can func-
tion as electron donors, lowering the interaction strength between the deprotonated 
matrix and proton [90]. 

The sodium ion affinity (or basicity) of the four compounds is in the order of 
M10 > aCCa > ClCCa > 2,5-DHB. This trend can be explained by considering 
the electronic and steric properties of the compounds. M10 has the highest sodium 
ion affinity due to the presence of two hydroxyl groups and a carboxylic acid group, 
capable of donating electron density to the carbonyl oxygen upon interaction with the 
sodium ion. In addition, the steric hindrance around the carbonyl group is relatively 
low, allowing for efficient coordination with the sodium ion. On the other hand, 2,5-
DHB has the lowest sodium ion affinity as it lacks any functional group capable of 
donating electron density to the carbonyl oxygen. Additionally, the steric hindrance 
around the carbonyl group is relatively high due to the ortho-dihydroxy substitution 
pattern on the benzene ring, making it difficult for the sodium ion to approach the 
carbonyl oxygen. aCCa and ClCCa have intermediate sodium ion affinities due to the 
presence of an electron-withdrawing cyano group and a chlorine atom, respectively, 
which can partially counteract the electron-donating ability of the hydroxyl groups 
in these molecules. The exact order of affinities between these two compounds can 
be attributed to the steric effects introduced by the substitution pattern around the
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benzene ring. The sodium ion acts as a counter-ion, neutralizing the charge and 
forming a heterodimer. The affinity or basicity of the deprotonated matrix for the 
sodium ion is a measure of the tendency of the matrix to form the heterodimer. The 
sodium ion affinity or basicity depends on the structure and chemical properties of 
the deprotonated matrix. In general, the basicity increases with the matrix’s electron-
withdrawing ability or the hydrogen atom’s acidity that is lost during deprotonation. 
The higher the basicity, the greater the tendency of the matrix to form a heterodimer 
with a sodium ion. 

The sodium ion affinity of the studied compounds reveals that 2,5-DHB has the 
lowest affinity at 536 kJ/mol compared to the other three compounds. One explanation 
for this could be the presence of hydroxyl groups in the 2,5-DHB molecule, which 
acts as electron donors, eventually decreasing the electron-withdrawing ability of 
the carboxylic acid group. As a consequence, the acidity of the hydrogen atom 
undergoing deprotonation decreases, thereby leading to a reduction in sodium ion 
affinity. Conversely, alpha-cyano-4-hydroxycinnamic acid has a higher sodium ion 
affinity of 441 kJ/mol. A cyano group, an electron-withdrawing group, enhances the 
hydrogen atom’s acidity lost during deprotonation, increasing sodium ion affinity. 
4-Chloro-alpha-cyanocinnamic acid has the highest sodium ion affinity among the 
studied compounds at 635 kJ/mol. The chloro group’s electronegativity, greater than 
hydrogen, enhances the hydrogen atom’s acidity lost during deprotonation, much 
like the cyano group in aCCa. 

Additionally, the chloro group may also reinforce the electron-withdrawing effect 
of the cyano group, further enhancing the electron-withdrawing ability and acidity. 
2,5-Dihydroxyphenylcarboxylic acid (M10) also has a high sodium ion affinity of 
539 kJ/mol, comparable to 2,5-DHB. The presence of the carboxylic acid group in 
M10 enhances the acidity of the hydrogen atom that is lost during deprotonation, 
resulting in a high sodium ion affinity. However, the presence of the hydroxyl groups 
in the phenyl ring also reduces the electron-withdrawing ability of the carboxylic 
acid group, as in the case of 2,5-DHB, resulting in a sodium ion affinity comparable 
to that of 2,5-DHB. 

The stronger the basicity of a molecule, the lower its ionization energy. In the 
case of 2,5-DHB, it has two hydroxyl groups that can act as hydrogen bond donors, 
making it more basic and easier to ionize than the other matrices. However, it is not 
a strong proton acceptor, which explains its relatively high VIE of 8.18 eV. Alpha-
cyano-4-hydroxycinnamic acid (aCCa) is a stronger proton acceptor than 2,5-DHB 
due to its cyano group, which can stabilize the positive charge of the conjugate acid 
by resonance. The presence of a hydroxyl group in aCCa increases its basicity as it 
donates a hydrogen bond. As a result, aCCa is easier to ionize than 2,5-DHB, leading 
to a VIE of 8.47 eV. ClCCa, on the other hand, has a higher VIE of 8.85 eV owing to 
the electron-withdrawing effect of chlorine, which reduces the molecule’s basicity 
and makes it more difficult to ionize than aCCa. M10, devoid of chlorine or cyano 
group, displays the lowest VIE at 7.45 eV. This can be detailed by its two hydroxyl 
groups, which intensify its hydrogen bond donation and reduce its proton acceptor 
capability. The VEA can be related to a molecule’s electron-attracting ability, which
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may depend on its proton affinity and basicities. 2,5-dihydroxybenzoic acid has a low 
VEA value, indicating a low electron affinity, and does not easily attract electrons. 

The matrix contains two hydroxyl groups that can act as proton donors, reducing 
its proton affinity and basicities. Alpha-cyano-4-hydroxycinnamic acid has a higher 
VEA value than 2,5-DHB, indicating a stronger electron-attracting ability. The matrix 
contains a cyano group which acts as an electron-withdrawing group, leading to its 
high VEA value. The cyano group increases the molecule’s proton affinity and basic-
ities, contributing to its electron-attracting ability. 4-chloro-alpha-cyanocinnamic 
acid has the highest VEA value among the four matrices, implying it has the 
strongest electron-attracting ability. The matrix contains a cyano and a chloro 
group, contributing to its high electron affinity. The chlorine atom is electronega-
tive and can pull electron density towards itself, increasing the molecule’s electron-
attracting ability. The presence of a cyano group enhances the molecule’s proton 
affinity and basicities, contributing to its electron-attracting ability as well. 2,5-
dihydroxyphenylcarboxylic acid has a moderate VEA value but is higher than 2,5-
DHB, indicating its moderate electron-attracting ability. The molecule possesses one 
hydroxy group, which can act as a proton donor. However, it lacks other functional 
groups capable of enhancing its proton affinity or basicities, thereby limiting its 
electron-attracting ability. 

The trend shows an increase in both VIE and VEA values as we move from 2,5-
DHB to ClCCa, indicating that the matrices’ electron affinity and ionization energy 
is more favorable for protonation and deprotonation reactions. This trend suggests 
that ClCCa is the best matrix for protonation and deprotonation reactions compared 
to the other matrices. The interaction of these matrices with sodium ions or the 
formation of the sodium-matrix neutral dimer depends on the specific conditions 
and the experimental setup. However, one can predict that the matrices with higher 
electron affinity and ionization energy values, such as ClCCa, will interact more 
strongly with sodium ions and form more stable complexes. 

In summary, In this study, we investigated four matrices for their proton affinity, 
deprotonation enthalpy, sodiation enthalpy, and electron ionization. We aimed to 
identify the most effective matrix for generating protonation, deprotonation, and 
sodiation species. Based on the proton affinity values, we found that the 2,5-
dihydroxyphenylcarboxylic acid (M10) matrix exhibited the highest proton affinity 
at 889 kJ/mol. The 4-chloro-alpha-cyanocinnamic acid (ClCCa) matrix exhibited 
the lowest proton affinity at 821 kJ/mol. The dissociation enthalpy values for the 
deprotonated dimer suggest that the M10 matrix performs best for deprotonation at 
1333 kJ/mol, while the ClCCa matrix has the highest dissociation enthalpy for the 
deprotonated dimer at 1463 kJ/mol. 

Regarding sodiation, we observed that the 2,5-DHB matrix had the lowest sodi-
ation enthalpy value of 536 kJ/mol, while the ClCCa matrix exhibited the highest 
sodiation enthalpy at 635 kJ/mol. The dissociation enthalpy followed by sodium 
ion attachment values suggests that the ClCCa matrix would form the most stable 
sodium-matrix neutral dimer. Finally, we analyzed the data for each matrix’s vertical 
ionization energies (VIE) and vertical electron affinities (VEA). We found that the 
ClCCa matrix exhibited the highest VEA value at 1.59 eV, while the aCCa matrix
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had the highest VIE value at 8.47 eV. The M10 matrix had the lowest VIE value of 
7.45 eV, while the 2,5-DHB matrix had the lowest VEA value of 0.22 eV. 

Our analysis concludes that the M10 matrix is the best candidate for protonation 
and deprotonation species generation, while the ClCCa matrix is the most effective 
for generating sodiation species. Additionally, the ClCCa matrix can form a doubly 
charged species, making it a promising candidate for applications that require high 
charge density. 

12.4 Conclusion 

A matrix based on a hydroquinone core of 2,5-DHB terminating with an n-decanoic 
acid (M10) was evaluated across three analyte types. In each case, the MALDI opti-
mization time was restricted to 30 s for M10 and 3 min for aCCa. Peptide mass 
fingerprinting using the MOWSE scoring algorithm (12) and Mascot as a search 
engine yielded confident protein identification using Mascot Scoring parameters and 
sequence coverage for M10 comparable or superior to that obtained with aCCa, 
with one-sixth the optimization time. Using proton affinity (PA) calculations from 
density functional theory 6-311G** basis set for the protonated matrix M10 species, 
it was shown that the PA of M10 was lower than that of 2,5-DHB and aCCa and 
contributed to pseudo proton transfer during the crystallization phase, where analyte 
molecules are incorporated into the matrix and can be protonated or deprotonated or 
cationized (or [A + Na -2H + ]-). The enhanced ion yield was attributed to the more 
efficient matrix-to-analyte interaction under the n-decanoic acid functional group. 
The longer alkyl chain extended the degree of freedom of M10 relative to aCCa, 
enabling proton transfer to occur at a greater degree or similar to aCCa but with 
much less MALDI preparation time. The model for proton transfer is unlikely to 
be photochemical ionization due to ns flight times in the source, thereby limiting 
molecular collisions in the gas plume, except for short acidic peptides that can be 
desorbed without organic matrices. The matrix cluster ionization mechanism is also 
favored for certain types of analytes, where analyte molecules are charged by desol-
vation of the matrix from cluster ions that have been documented to occur under 
MALDI conditions. However, multiply charged species are anticipated under such 
conditions since completed desolvation within the source chamber is not expected 
under microsecond flight times. 

Regarding analyte ion yield, peptide mass fingerprint percent coverage, and 
protein identification scores, M10 demonstrated greater efficiency than aCCa. These 
results were comparable to or greater than those obtained with aCCa, with a six-
fold reduction in acquisition and optimization time. The higher ion yield was related 
to the energy transfer from the excited matrix during the crystallization process 
as a primary mechanism for obtaining altered analytes. Furthermore, M10 as a 
matrix can extend the operational lifetime of older mass spectrometers, benefiting 
undergraduate-intensive universities, colleges, hospitals, or clinical laboratories with
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limited instrument budgets; using the M10 matrix results in sensitivity and ion yield 
gains through more efficient proton transfer. 
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Chapter 13 
Hydrophilic/Phobic Tailored 
Multi-laned/Layer Matrix-Assisted Laser 
Desorption/Ionization (HTML-MALDI) 

Sajid Bashir, Jingbo Liu, and Peter J. Derrick 

Abstract This study aimed to enhance ion yield from a protein mixture using 
hydrophobic and hydrophilic structured surfaces to enhance analyte solubilization 
and the spatial separation of matrices to enable multi-matrix desorption and ioniza-
tion of the peptide mixtures. The use of solid-stated anchored compounds can aid 
in sample cleanup and digestion, further improving the signal intensity of digests. 
However, this research suggested that the results were partly dependent upon the 
protein’s basicity. The more basic lysozyme was found to generate the highest sum 
peptide intensities under the dried drop methods. On the other hand, the less basic 
myoglobin produced the highest sum intensities with anchor support. It was critical 
to use the matrix species in the middle lane for optimizing analyte peak intensities, 
although using matrices in peripheral lanes did lead to signal enhancements.
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13.1 Introduction 

Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spec-
trometry is a technique in which an organic aromatic molecule (known as the matrix) 
is deposited independently or co-mixed with an analyte onto a metal surface. Once 
the mixture is dry, the sample is analyzed by irradiance with an ultraviolet (UV) 
laser pulse, in which the analyte ions are desorbed and observed either in the proto-
nated or cationized ([M + H]+ or [M + X]+) forms. The primary advantage of 
MALDI-TOF mass spectrometry is the desorption and ionization of macromolecules 
with the minimal fragmentation of several different classes of compounds such 
as synthetic polymers [1, 2], proteins [3], glycoproteins [4], oligosaccharides [5, 
6] and nucleotides [7] of masses up to 500 kDa [8]. The analytes’ desorbed and 
ionized mechanisms are not fully understood. However, an oversimplification of the 
MALDI process can occur in two discrete steps, the physical process of sublimation/ 
desorption and the photochemical/physical process leading to ionization. Ionization 
can be conceptualized as occurring in two steps, where primary ions, once generated 
during crystallization, interact with the gas plume neutrals or ion pairs leading to 
secondary ion formation. Although a quantitative model has been developed to take 
account of the observed MALDI phenomena [9–12], no single matrix species can be 
used to analyze a wide variety of compounds [13]. 

The advantage mentioned above of high mass detection with low fragmentation is 
off-set with lack of a ‘universal’ MALDI matrix compound and, in some instances, 
large precision in the average ion yield (measured as [M + H]+ or [M + X]+, where 
X represents either a singly charged cation (of a formerly double charge cation 
that has been reduced) for the analyte. Therefore, techniques have been attempted to 
utilize more ‘efficient’ matrices or ‘sample preparation techniques to minimize signal 
variations. The early studies by Tanaka et al. demonstrated that MALDI was a viable 
technique using cobalt powder (as the matrix species) finely dispersed in glycerol 
analyzed at 337 nm [14]. Karas and Hillenkamp, at the same time frame, obtained the 
first MALDI spectra of proteins using 3-pyridine carboxylic acid (nicotinic acid as 
the matrix species) with a 266 nm laser and later introduced 2, 5-dihydroxybenzoic 
acid (DHB) [15], and 2-hydroxybenzoic acid [16] as matrices in the analysis of a 
wide variety of compounds such as proteins, lipids, and carbohydrates [17]. Over 
the years, many other compounds [12, 18, 19] have been used as potential matrices 
in the analysis of specific compounds, such as glycolipids [20] or porphyrins [21], 
or polymers [22–24]. Aside from 2, 5-DHB, carboxylic or cinnamic acid derivatives 
are the most commonly used matrix [25]. The ‘correct’ selection of the matrix is 
empirical and time-consuming. Due to the unpredictability of the optimal analyte-
to-matrix composition, 2-5-DHB [26], α-cyano-4-hydroxycinnamic acid (aCCa) [27]
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or 3, 4-dimethoxy-4-hydroxycinnamic acid [28] is the primary matrices of choice 
[29]. 

Inconsistency in the MALDI spectra arises due to matrix and analyte inhomo-
geneity [30]. This can be minimized by several methods, such as using detergent to 
promote micelle formation of matrix and aid interaction with the analyte [31]. Other 
approaches to minimize analyte signal intensity include synthetic modification of 
the surface, where matrix-to-analyte interaction may be promoted, enhancing the 
signal intensity. The use of pre-structured support surfaces [32] or membranes [33] 
to aid sample retention and desorption has been attempted before with the use of 
Nafion, nitrocellulose [34], self-assembled monolayers [35], silicon-coated surfaces 
[36], nanoscale Fe(III) support [37], carbon nanotubes [38], titanium surface [39] 
investigated the effect of protein growth, protein adhesion as opposed to protein 
signal enhancement and gold surfaces [40] have all been employed to minimize 
signal variance and enhance the average signal intensity of the analyte under investi-
gation. This chapter uses spatial geometry to allow for increased analyte sensitivity. 
This is accomplished by the selective use of hydrophobic and hydrophilic tailored 
anchors (HTML) on the metal surface of the MALDI target plate and the deposi-
tion of different matrices on each type of anchor, thereby examining any synergic 
interaction between the matrices and matrix-to-analyte to aid: 

(a) analyte sensitive by way of identification of unique peptide from a peptide 
mixture of seven peptides (sample coverage), (b) enhancement of the average proto-
nated peak intensity for the peptides or sum of the protonated peak intensities, and 
(c) lowering of the standard deviation of the protonated peak intensity in compar-
ison to the standard dried drop approach (CLASSIC). Furthermore, our approach 
uses a simple setup with no optimization, pre-sample cleanup, or sample prepara-
tion expertise to simulate the typical conditions encountered in a standard laboratory 
setup. On the slide, protein digestion was also attempted (ON) and compared to off-
slide solution digestion (OFF) to determine whether the system could be used for 
sample digestion and analysis in one setup. The parameters to determine whether 
the layering anchors are more efficient than the use of the dried drop approach were 
statistically compared through post hoc ANOVA analysis to determine significance 
at the 95 confidence level (P < 0.05) was also evaluated [41]. 

13.2 Material and Methods 

13.2.1 Chemical and Reagents 

2,5-dihydroxybenzoic acid,alpha-cyano-4-hydroxycinnamic acid (aCCa), nor 
Harman, Sinapinic acid (SA) were all obtained from Sigma-Aldrich and were used 
without purification (Dorset, UK). Trypsin, myoglobin (Myo), ammonium carbonate 
(ABC) and, egg-white lysozyme (EWL), substance P (SubP) were also purchased 
from Sigma-Aldrich. A peptide mixture was obtained from Mr. Phil Green (PGmix)
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and used without modification or pre-treatment. The solvents, such as methanol 
were HPLC grade and used without further filtration; distilled water was used where 
appropriate. The hydrophobic (lauryl methacrylate, LMA, CW ~ 10–4 mM) [42] 
and hydrophilic (glycerol mono-methacrylate, GMA, CW ~ 10–1 mM) [43] poly-
mers were donated by Professor Haddleton (Warwick University, Department of 
Chemistry) [44]. 

13.2.2 Sample Preparation 

1 mg/ml of support polymer (LMA or GMA) was dissolved in the appropriate solvent. 
The stainless steel MALDI slide was heated to 50 °C, then anchored, layered hori-
zontally along the slide, and oven-dried. This was repeated with the other polymer to 
give a three-lane system, described as LMA-GMA-LMA or no treatment [NT] of the 
entire surface or one specific lane. Each lane occupied about a third of the slide (3 mm, 
width-wise). Once dry, the matrices were layered on top of the polymer support. This 
second layer can be described as the matrix alone that is dried and upon which the 
analyte is separately deposited [Matrix 1−Analyte] or the matrix and analyte are 
premixed and deposited [Matrix 1 + Analyte], or the matrix is deposited without the 
addition of analyte [matrix]. In the adjacent lanes, the same matrix, no matrix [NT], 
or a different matrix was deposited and would be indicated as [Matrix 2][Matrix 
3] if different matrices were applied. The classical setup would be [NT]-[Matrix 
1−Analyte]-[NT]. The typical arrangement was DHB-aCCa-(SA or nor-harmane), 
where aCCa always occupied the middle track. The tryptic digest was finally sprayed 
using an internally mixing dual-action airbrush (Hansa 451, Hansa-Technik GmbH, 
Norderstedt, Germany) and air-dried. For comparison with the dried drop approach, 
no polymer support was used, and this system was annotated as [NT]-[aCCa-EWL]-
[NT]. This annotation would denote that the middle lane contained alpha-cyano-4-
hydroxycinnamic acid deposited with the egg while the adjacent lines were empty. 
No polymeric support was used on any lane. 

13.2.3 Enzyme Digestion 

The enzyme digestion was done in an Eppendorf at 40 °C for 5 min in a buffer 
(NH4CO3, at pH 7.0). The reaction was terminated by freezing the system at 
−30 °C. An equal digest volume was diluted with 1:1 methanol/water with a 0.2% 
trifluoroacetic (TFA) acid solvent system. These digest products were co-mixed with 
matrix (1:1 v/v), and the mixture was sprayed onto the slide (OFF) and air-dried. The 
concentration of the matrix was 0.1 M, and that of the digest was 100 μM. Where the 
digest was performed on the slide, the enzyme was placed in the middle track, and 
the system incubated at 40 °C for 5 min in a high humidity environment. The reaction
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was terminated after 5 min by spraying 1:1 methanol/water with 0.2% trifluoroacetic 
acid solvent (ON) and air-dried. 

13.2.4 Maldi TOF MS 

A Kratos Kompact IV was used in positive linear mode (25 kV accelerating potential) 
with a 5 ns pulse width nitrogen laser. The data was collected and analyzed using a 
SunSPARC workstation (Sun Microsystems, CA). 

13.2.5 MALDI Sample Preparation 

The peptide mixture (each peptide was 1 mg/ml stock in 1:1 water/methanol + 0.2% 
trifluoroacetic acid) was deposited either by the dried drop procedure (CLASSIC). 
In this procedure, the matrix was deposited onto the stainless steel (SS) surface with 
a pipette, and once dried, the peptide standard mixture (PGmix) or protein digest 
(EWL or MYO) was deposited. Where the polymer support was used, the above 
procedure was used; the matrix and or analyte were spray coated onto the polymer 
supports. The analyte was only applied to the middle lane (HTML). Generally, 
0.5 μL of matrix or analytes was deposited on the stainless slide and allowed to 
dry using the dried drop approach. For the spray, 100 μL of the stock solutions was 
sprayed onto the surface over 1–3 s. Approximately 0.5 μL of tryptic digest that 
had previously been diluted by 50% with 1:1 water/methanol + 0.2% trifluoroacetic 
acid was deposited (HTML_OFF). Where the digest was carried out on the polymer 
support surface (HTML_ON), the reaction was terminated by adding a matrix either 
by the dried drop procedure or by air spraying. Once dry, the system was analyzed 
using MALDI-TOF (Kratos) mass spectrometer. 

13.2.6 MALDI-TOF Calibration 

The spectra were initially calibrated using the mass peaks for Na (22.99 Da), [DHB 
+ Na]+, (177.11 Da), and [SubP + Na]+ substance P (1370.59 Da) or the protonated 
peptides in PGmix. A minimum of ten experiments were carried out for the peptide 
standard mixture and digests.
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13.2.7 Statistical Analysis 

To assess the relative merits of each system, the number of unique peptides identified 
from the standard peptide mixture, the sum of the protonated peptide intensities, and 
the corresponding standard deviation from each set of experiments (n = 10). Where 
the different formulations were compared, their significance was evaluated using 
the analysis of variance between groups (ANOVA), Student t (assuming unequal 
variances)) and Scheffe’s test at the 0.05 (95% confidence) level. The statistical 
results are summarized as either significant (P < 0.05) or not significant (P > 0.05). 

13.3 Results and Discussion 

13.3.1 Improvement in Ion Yield Using Peptide Mixture 

The threshold for improvement was set at either greater peptide coverage (from the 
standard peptide mixture, PGmix), greater summed peak intensities for the protonated 
peptides, or greater sequence coverage of the model proteins, egg-white lysozyme 
(EWL), or horse heart myoglobin (MYO). In order to evaluate the efficacy of the 
anchor system, we compared and contrasted the polymer-coated slide (known as 
HTML) with the equivalent system utilizing the dried drop method (CLASSIC). We 
employed alpha-cyano-4-hydroxycinnamic acid (aCCa) as the matrix and PGmix as 
the standard mixture for the first investigation. Figure 13.1 illustrates a schematic of 
the HTML slide. The candidate element in focus here is the HTML slide.

The MALDI mass spectrum of PG Mix under CLASSIC and HTML conditions is 
shown in Figs. 13.2 and 13.3, respectively. The peak intensities of the three matrices 
used in the HTML design were detected and are shown in Fig. 13.4. The  mass  
accuracy and peak intensity (in millivolts) are summarized in Table 13.1.

It can be seen that the layered approach was able to resolve and detect all 
seven peptides from the standard peptide mixture PGmix, whereas with the classic 
approach, only five out of seven peptides were detected, some of the very high 
signal-to-noise ratios. The applicability to peptide digests was also evaluated using 
two standard proteins. Egg white lysozyme and myoglobin were used, and the order 
of the anchor and the matrix were varied to determine if there was a difference in 
the sequence coverage and intensity. This was evaluated using a one-way ANOVA 
comparison and two-way student t-test at the 95% confidence limit and by post hoc 
means comparison using Scheffe’s Test (0.05 > p < 0.05). A mass spectrum of EWL 
with alpha-cyano cinnamic acid as the matrix by the dried drop approach is shown 
in Fig. 13.5. The corresponding spectrum with the polymer support and [GMA-
DHB][[LMA-aCCa-EWL]-[GMA-DHB] is shown in Fig. 13.6, and the polymer
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Fig. 13.1 Schematic of layering of hydrophobic (GMA) and hydrophilic (LMA) polymers with 
three different matrices (SA, DHB, and aCCa) and optical micrographs of cross sections of individual 
layers

Fig. 13.2 MALDI-TOF MS in a positive-ion model using the peptide mixture’s dried-drop (clas-
sical) sample preparation method. The specific peptides detected are labeled from the lowest molec-
ular mass to the highest molecular mass. The summed ion intensities of all detected peptides are 
compared and contrasted with an almost identical setup but with LMA-aCCa-GMA hydrophilic/ 
hydrophobic surfaces to promote analyte solubilization. A post hoc statistical analysis indicates that 
the higher summed ion yield under HTML preparation conditions was statistically significant
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Fig. 13.3 MALDI-TOF MS in a positive-ion model using surface tailoring multi-matrix sample 
preparation method. The specific peptides detected are labeled from the lowest molecular mass to 
the highest molecular mass. The summed ion intensities of all detected peptides are compared and 
contrasted with an almost identical setup but without LMA-aCCa-GMA hydrophilic/hydrophobic 
surfaces to promote analyte solubilization. A post hoc statistical analysis indicates that the higher 
summed ion yield under HTML preparation conditions was statistically significant

system with matrix only in the central lane ([GMA]-[LMA-aCCa-EWL]-[GMA]) in 
Fig. 13.7.

A summary of the anchor versus dried drop results is summarized in Table 13.2.
It can be seen that with basic proteins such as lysozyme (pI 9.32), the use of 

polymer surface leads to a decrease in the sum of the peptide intensities with alpha-
cyano cinnamic acid as the matrix species (Group 1 versus Groups 2 and 3), where 
sinapinic acid as the matrix, there is a two-fold decrease in the peptide summed inten-
sities (Group 2 versus Group 1). On-slide digestion with sinapinic acid as the matrix 
was also ineffective (Group 5 versus Group 2), indicating that the protein-surface 
interaction may interfere with the protein-enzyme interaction leading to incomplete 
digestion and lower fragments that were subsequently detected or the on-slide diges-
tion procedure was not optimal for the specific polymer anchors employed. With a 
less basic protein, such as horse heart myoglobin (pI 7.36), the use of the anchor 
added the summed peptide intensities (Group 6 versus Groups 7, 8, and 9), and
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Fig. 13.4 MALDI-TOF MS in a positive-ion model using surface tailoring multi-matrix sample 
preparation method. The protonated molecular ion for the matrices is shown 

Table 13.1 Summary of peptide ion intensities, percent error as a function of surface treatment 

Theoretical [T] Actual [E] Δm [T−E] % error 
[Δm/E × 
100%] 

Pk. Intensity 
(mV) 

Species 

155.4 153.4 2.0 1.3 3.34 [DHB + H]+ [M1] 

169.2 168.0 1.2 0.7 39.25 [norharmane + H]+ 
[M1] 

190.0 190.0 0.0 0.0 49.42 [aCCa + H]+ [M3] 

271.7 275.0 −3.3 −1.2 14.89 [Gly-Gly hydrochloride 
+ Na]+ [P1] 

574.0 576.0 −2.0 −0.3 3.49 [Methionine 
Enkephalin + H]+ [P2] 

867.7 860.0 7.7 0.9 2.79 [[Ser(Ac)7]Demorphin 
+ Na]+ [P3] 

110.7 1110.0 −3.0 −0.3 2.60 [Vasopression + Na]+ 
[P4] 

1358.9 1359.5 −0.6 0.0 2.21 [Angiotension + Cu]+ 
[P5] 

1620.0 1620.0 0.0 0.0 6.40 [Bombesin + H]+ [P6] 
1798.0 1798.0 0.0 0.0 3.31 [Renin Substrate 

tetrapeptide + K]+ [P7]
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Fig. 13.5 MALDI-TOF MS in a positive-ion model using surface tailoring multi-matrix sample 
preparation method. The specific peptides detected are labeled from the lowest molecular mass to 
the highest molecular mass. The summed ion intensities of all detected peptides are compared and 
contrasted with an almost identical setup but without LMA-aCCa-GMA hydrophilic/hydrophobic 
surfaces to promote analyte solubilization. A post hoc statistical analysis indicates that the higher 
summed ion yield under HTML preparation conditions was statistically significant

the use of sinapinic acid as the middle lane matrix with alpha-cyano cinnamic acid 
as the end lane matrices also lead to a two-fold improvement in the summed peak 
intensities (Group 7 versus group 9). It can be seen that the summed intensities can 
be enhanced/degraded by the choice of matrix and choice of polymer support. To 
determine whether the anchor placement affected the average peak intensity of the 
(EWL/MYO) protein digests, additional formulations were used and are summarized 
in Table 13.3.

Comparison of the system with alpha-cyano cinnamic acid as the control (Group 
10 versus Groups 11, 12, 13, and 14, Table 13.3) indicated that Group the choice 
of the matrix was critical in the sum and average peak intensities from the digest 
(Group 12 versus group 13, p < 0.01) and that use of anchor with matrices at the 
peripheral lanes was also statistically significant (Group 10 versus group 12, p < 
0.01). There was no statistical significance between the other sets (Group 10 versus 
Group 11 and 14), indicating that including the matrix in the middle lane was essen-
tial for the high sensitivity of peptide detection. However, the signal was observed,



13 Hydrophilic/Phobic Tailored Multi-laned/Layer Matrix-Assisted Laser … 349

Fig. 13.6 MALDI-TOF MS in a positive-ion model using surface tailoring multi-matrix sample 
preparation method. The specific peptides detected are labeled from the lowest molecular mass to 
the highest molecular mass. The summed ion intensities of all detected peptides are compared and 
contrasted with an almost identical setup but without LMA-aCCa-GMA hydrophilic/hydrophobic 
surfaces to promote analyte solubilization. A post hoc statistical analysis indicates that the higher 
summed ion yield under HTML preparation conditions was statistically significant

indicating that matrices from adjacent lanes assisted them in desorption instead of 
laser desorption. The effect on the analyte’s average peptide intensity and placement 
was also investigated and found to be statistically insignificant (Group 15 versus 
Group 16), as was the anchor placement (Group 17 versus Group 18). The effect on 
the analyte peak intensity of the premixing enzyme with polymer support (Group 19 
and 22) or enzyme and protein (Group 21) was not statistically significant to where 
the layers were added separately (Group 20). Although the average peak intensities 
were greater with additional matrices in the peripheral lanes, this was not statistically 
significant (Group 20 versus Group 23) or premixing of protein and matrix (Group 
24). In the latter case, the matrix may reduce the efficiency of the trypsin.
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Fig. 13.7 MALDI-TOF MS in a positive-ion model using surface tailoring multi-matrix sample 
preparation method. The specific peptides detected are labeled from the lowest molecular mass to 
the highest molecular mass. The summed ion intensities of all detected peptides are compared and 
contrasted with an almost identical setup but without LMA-aCCa-GMA hydrophilic/hydrophobic 
surfaces to promote analyte solubilization. A post hoc statistical analysis indicates that the higher 
summed ion yield under HTML preparation conditions was statistically significant

Table 13.2 Summed ion intensities for MYO/EWL as a function of surface functionalization and 
use of one or multiple matrices. The protein digest was conducted on the slide or in a glass vial and 
oven 

Group System AVG SD 

1 [GMA-DHB]-[LMA-EWL]-[GMA-aCCa]-OFF 1.63 1.15 

2 [GMA-aCCa]-[SS-aCCa-EWL]-[GMA-SA]-OFF 0.63 0.33 

3 [GMA-aCCa]-[SS-SA-EWL]-[GMA-SA]-OFF 0.87 0.92 

4 [GMA-aCCa]-[SS-EWL]-[GMA-DHB]-OFF 2.26 2.34 

7 [SS]-[SS-SA-EWL]-[SS]-OFF 1.37 0.99 

8 [SS-MYO]-[SS-aCCa-MYO]-[SS-MYO]-OFF 2.81 2.86 

9 [SS]-[SS-aCCa-MYO]-[SS]-OFF 4.98 4.87 

10 [GMA-DHB]-[LMA-aCCa-MYO]-[GMA-SA]-OFF 5.15 8.59 

11 [LMA-DHB]-[SS-aCCa-MYO]-[GMA-SA]-OFF 2.26 1.8 

12 [SS]-[GMA + TRYPSIN-MYO-aCCa]-[SS]-ON 2.36 2.55 

13 [SS]-[GMA-TRYPSIN-MYO-aCCa]-[SS]-ON 3.21 2.36 

14 [SS]-[GMA-TRYPSIN + MYO-aCCa]-[SS]-ON 4.35 2.67 

15 [SS-SA]-[GMA + TRYPSIN-MYO-aCCa]-[SS-DHB]-ON 3.24 2.67 

16 [SS-SA]-[GMA-TRYPSIN-MYO-aCCa]-[SS-DHB]-ON 8.25 14.20
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Table 13.3 Summed ion intensities for EWL or MYO as a function of surface functionalization 
and use of one or multiple matrices. The protein digest was conducted on the slide or in a glass vial 
and oven 

Group Sm Pk. Int 
(mv) 

STDEV 
(mv) 

System (where no polymer support is used, the exposed surface 
was stainless steel [SS] 

On/Off 
slide 
digestion 

[P + H]+ Left Lane Middle Lane Right Land 

10 13.83 27.42 [SS] [SS-aCCa-EWL] [SS] OFF 

11 1.63 1.15 [GMA-DHB] [LMA-EWL] [GMA-aCCa] OFF 

12 0.63 0.33 [GMA-aCCa] [SS-aCCa-EWL] [GMA-SA] OFF 

13 0.87 0.92 [GMA-aCCa] [SS-SA-EWL] [GMA-SA] OFF 

14 2.26 2.34 [GMA-aCCa] [SS-EWL] [GMA-DHB] ON 

15 2.81 2.86 [SS-MYO] [SS-aCCa-MYO] [SS-MYO] OFF 

16 4.98 4.87 [SS] [SS-aCCa-MYO] [SS] OFF 

17 5.15 8.59 [GMA-DHB] [LMA-aCCa-MYO] [GMA-SA] OFF 

18 2.36 1.8 [LMA-DHB] [SS-aCCa-MYO] [LMA-SA] OFF 

19 2.36 2.55 [SS] [GMA + 
TRYPSIN-MYO-aCCa] 

[SS] ON 

20 3.21 2.36 [SS] [GMA-TRYPSIN-MYO-aCCa] [SS] ON 

21 4.35 4.26 [SS] [GMA-TRYPSIN + 
MYO-aCCa] 

[SS] ON 

22 3.24 2.67 [SS-SA] [GMA + 
TRYPSIN-MYO-aCCa] 

[SS-DHB] ON 

23 8.25 14.2 [SS-SA] [GMA-TRYPSIN-MYO-aCCa] [SS-DHB] ON 

24 2.49 2.47 [SS-SA] [GMA-TRYPSIN-MYO + 
aCCa] 

[SS-DHB] ON

13.4 Conclusion 

The use of solid anchors to aid in sample cleanup and digestion has been shown 
to improve the signal intensity of digests. In our study, this was also confirmed. 
However, the results were partly dependent upon the protein’s basicity. The more 
basic lysozyme gave the highest sum peptide intensities under the dried drop methods, 
whereas the less basic myoglobin gave the highest sum intensities with anchor 
support. Using the matrix species in the middle lane was critical to optimizing 
analyte peak intensities, although using matrices in peripheral lanes did lead to signal 
enhancements. However, these enhancements were not statistically significant (P < 
0.05). The use of on-slide digestion versus off-slide digestion, order of addition of 
enzyme (with polymer support, with the analyte, or separately) was also investigated. 
Similar results indicated that the order was not critical to high peptide intensities. 
However, the addition of the enzyme to the polymer support or co-addition with 
matrices led to lower signal intensities for the protein digests, indicating that the effi-
ciency of the enzyme digests was compromised due to these additives. Therefore the 
optimal procedure is the addition of the components individually to the central lane
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with alpha-cyano cinnamic acid as the main matrix species. No polymer peaks were 
observed, indicating that the layer was stable and did not cause interference with 
the matrix species. Also, matrices from the adjacent lanes were observed, indicating 
that the laser pulse could be used to desorb matrices without allowing them to mix 
in solution. 

Abbreviations: 2,5-DHB, 2–5-Dihydroxybenzoic acid; ABC, Ammonium bicar-
bonate; aCCa, α-cyano-4-hydroxycinnamic acid; CLASSIC, Dried-drop sample 
deposition method; EWL, Egg white lysozyme; GMA, glycerol mono-methacrylate; 
HTML, hydrophobic and hydrophilic tailored anchors; LMA, lauryl methacrylate; 
MALDI, matrix-assisted laser desorption/ionization; MS, Mass Spectrometry; MYO; 
myoglobin protein; NT, No treatment; OFF, Off-slide protein digestion; ON, On_ 
slide protein digestion; PGmix, “Phil Green” peptide mixture; SA, sinapinic acid; 
TFA, trifluoroacetic acid; TOF, time-of-flight. 
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Chapter 14 
Achievements Made by Professionals 
with Diversified Backgrounds 

Marinda Li Wu, Wei Gao, Chu-An Chang, Lei Li, Yingchun Lu, 
and Jingbo Louise Liu 

14.1 Introduction 

The Chinese American Chemical Society (CACS) was founded in 1981 as a nonprofit, 
professional organization with no political affiliation. The CACS aims to bridge 
chemistry & chemical engineering communities in Asia and America. The member-
ship is open to professionals and students in chemistry, chemical engineering, and 
related fields, individuals and corporations supporting the objectives of the society. 
In 2023, the CACS renewed the ACS-CACS partnership for 2023–2028 since 
established in 2016. 

Currently, the society is composed of 4 major local chapters in North America 
(East, Great Lakes, Southwest, and Northern California Chapter). The new executive 
committee reflects the inclusion, dynamics, and accessibility, including retirees, well-
established professionals, and junior rising stars (Fig. 14.1). The leadership has been
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overseen by Dr. Marinda Li Wu (Board Chair and President of Northern California 
Chapter local chapter), Past President ACS, Dow Chemical (retired) and Dr. Chu-An 
Chang (Treasurer), ThermoFisher Scientific (retired). The well-established scientist, 
engineer and professors are Dr. Yingchun Lu, a senior researcher (Immediate Past 
President); Dr. Wei Gao, R&D/TS&D Fellow, Analytical Sciences, Core R&D, Dow 
Inc., Dr. Lin Zhou (First Vice President), the FCC Technology Leader at Honeywell 
UOP; and Dr. J. Louise Liu (Standing President of CACS), Professor of Chemistry 
at Texas A&M University-Kingsville and Energy Institute. Drs. Gao, Liu, and Wu 
have been certified Career Consultants of the American Chemical Society to provide 
guidance and suggestions for students and young professionals during their career 
development. The junior team members include Dr. Yunlong Zhang (Second Vice 
President), staff scientist at ExxonMobil; Xiaozhou (John) Zhang (President of East 
chapter), Scientist at ExxonMobil; Mengmeng Li (President of Southwest Chapter), 
R&D Manager, at Dow Inc.; Shuai Tan (President of Great Lakes Chapter) Lead 
R&D Engineer/Scientist in Honeywell UOP; and Huping Luo (President-Elect of 
Northern California Chapter), senior research engineer at Chevron. 

Fig. 14.1 The 2023 Leadership team, a The standing presidents and president-elect of four local 
chapters (from left to right: Xiaozhou Zhang, Mengmeng Li, Shuai Tan and Huping Luo, President-
elect), b The senior officers (from left to right: Marinda Li Wu, Chu-An Chang, and Wei Gao), 
and c. The CACS national officers (from left to right: Yingchun Jasmine Lu (2022 President), Ling 
Zhou (1st VP), Yunlong Zhang (2nd VP) and Jingbo Louise Liu (2023 President)
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The CACS hosted a series of invited talks, given by distinguished professors 
from tier 1 institutions in concurrence with ACS and AIChE National meetings 
(Fig. 14.2). The speakers addressed the leading-edge research activities to showcase 
their expertise and empower the future generations to remain in the STEM fields. 

Fig. 14.2 The CACS keynote speeches, a Dr. Lenore Dai, the keynote speaker at the AIChE 
National Meeting, b Dr. Chunshan Song, the keynote speaker at the American Chemical Society 
(Spring 2022), and c Dr. Zhenan Bao, the keynote speaker at the American Chemical Society (Spring 
2021) 

Fig. 14.3 The Women panel discussion, a. Seven panelists who shared their experience and future 
plans during discussion based on the above questions and b. CACS officers to facilitate the event, 
give opening and closing remarks



360 M. L. Wu et al.

Dr. Lenore Dai is a professor of chemical engineering and the director of the 
School for Engineering of Matter, Transport and Energy at Arizona State Univer-
sity (ASU). She presented “Soft Materials: from Fundamentals to Applications” 
(Fig. 14.2a). She pointed out that “the Soft materials are ubiquitous in natural and 
industrial processes”. In the presentation, she elaborated on three groups of less 
explored soft materials: Pickering emulsions, mechanophore incorporated polymers, 
and ionic liquid-based electrolytes. 

Dr. Chunshan Song is Wei Lun Professor of Chemistry and Dean of Science 
at the Chinese University of Hong Kong, and Distinguished Professor Emeritus in 
Fuel Science and Chemical Engineering at the Pennsylvania State University since 
July 2020. He presented a talk on “CO2 Capture and Conversion to Carbon–Neutral 
Chemicals and Fuels (Fig. 14.2b).” He indicated that the capturing of CO2 from flue 
gases and converting CO2 using H2 produced from H2O with renewable energy into 
carbon–neutral chemicals, materials, and fuels, is an important path for sustainable 
development. He also provided new design approaches to CO2 capture/separation 
and catalytic CO2 conversion to chemicals and fuels. 

Dr. Zhenan Bao is Department Chair and K.K. Lee Professor of Chemical Engi-
neering, and by courtesy, a Professor of Chemistry and a Professor of Material 
Science and Engineering at Stanford University. She presented her achievements on 
“Skin-inspired organic electronics (Fig. 14.2c).” She emphasized that the team has 
developed “materials design concepts to add skin-like functions to organic electronic 
materials without compromising their electronic properties. These new materials and 
new devices enable a range of new applications in medical devices, robotics and 
wearable electronics.” 

On March 30, 2023, the CACS hosted a Women Panel Discussion to celebrate 
the Month of Women History. Seven professionals from senior to mid-career and to 
junior levels were invited to serve as the panelists (Fig. 14.3a). The panelists shared 
their insights on the nine topics. Three CACS officers also actively participated in 
this discussion (Fig. 14.3b). Dr. Lu facilitated the discussion where Dr. Wu gave the 
opening remarks and Dr. Zhou closed this event, pointing out that “Women hold up 
half of the sky”. 

The following topics were addressed by the panelists: 

1. What are the sweet spots for you to pursue during your career within chemical 
sciences and beyond? 

2. What are the key skill development areas for you to advance your career? 
3. What are your future priorities as a chemical science professional (researcher, 

scientists, professor and other professionals)? 
4. What are your achievements which encourage you to move forward? 
5. When you encounter barriers (difficult time periods), what are your responses, 

and how do you overcome these difficulties? 
6. What are your strategies to balance career and life as female professionals? 
7. What are your experiences in the DEIR (Diversity, Equity, Inclusivity, Respect) 

perspectives?
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8. Who are the people who protect you the most (close your eyes for 1 min and 
think about)? 

9. Do you have any other thoughts on enhancing women advancement? 

Dr. Jasmine (Yingchun) Lu holds a BS degree in Chemistry from Peking Univer-
sity, an MS from Southern Meth-odist University, and a Ph.D. in Organic Chemistry 
from Dartmouth College. She is currently a Senior Director at WuXi Biologics and 
has been the Senior Alliance Manager at Atomwise, a preclinical pharma company 
revolutionizing how drugs are discovered with AI. Prior to joining Atomwise in 2021, 
she worked for the US Innovation Center of Shimadzu, a top-five global instrumen-
tation company, and AcceleDev, a US-Sino CDMO company, as the Director of 
Project Management. Her earlier careers included as a Senior Medicinal Chemist 
in Morphochem and Pharmacopeia Drug Discovery, focusing on drug discovery for 
oncology and immune suppressants projects. Jasmine is a life member of the Chinese 
American Chemical Society (CACS). She has served on the Board of its Tri-State 
Chapter since 2012 and was the Chair of 2019. She joined the American Chemical 
Society (ACS) in 1994 and has served as an Alternate-Councilor in ACS North Jersey 
Chapter. She has also served on the Board of NJACS Mass Spectrometry Discussion 
Group and was the Chair of 2017. 

Dr. Qiong Yuan received a B.S degree from Wuhan University on Organic Chem-
istry and a Ph.D. from Shanghai Institute of Organic Chemistry (SIOC), Chinese 
Academic of Sciences. She actively promotes Asian culture and heritage and lead 
several organizations including Alliance of Chinese Alumni (ACA, Vice President), 
Chinese American Chemical Society (CACS, Board Director) and Columbus Asian 
Festival Corporation (AFC, Board Director). Currently, she serves as the director 
of CAS Innovation (CAS is a division of ACS). Dr. Yuan currently works in its 
Innovation Division and focuses on developing transformative scientific information 
solutions to help customers accelerate breakthroughs. Since joined CAS in 1999, 
she served the organization through variety roles in Product Management, Sales,
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Research and SciFinder Product Development. She has been working collabora-
tively with ACS other Divisions (Publications, Membership, etc.) to promote ACS 
Core Values and execute ACS globalization initiative in Asia. 

Dr. Wang received her Ph.D. from Peking Union Medical College & Chinese 
Academy of Medical Sciences, and B.S. from Peking University, Beijing, China 
(B.S). She worked as a Postdoctoral Fellow at Emory University, Atlanta, GA, 
1998.2–2000.10. She served as the VP and CSO of BeiGene Startup Factory, BeiGene 
Innovation Center, Guangzhou, since 2021. She acted as the Senior Vice Presi-
dent & Co-founder, Acerand Therapeutics, in Indianapolis & Shanghai from 2020.4 
to 2021.11. She also served as the Program Team Leader, Project Management, 
Business Transformation Advisor; Directo, Eli Lilly & Company from 2000.10 to 
2020.4. Dr. Wang has enriches experiences in industry as the Founder & Head of 
Chemistry and Director, China Chemistry, Lilly China R&D Center, Shanghai, China 
2009.5–2015.6. She is the Progress from Research Scientist, Principal Scientist, and 
Research Advisor to head of chemistry, in Lilly Corporate Center, Indianapolis, IN 
from 2000.10 to 2009.5.
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Prof. Dongling Ma (FRSC, FIAAM), holder of the Canada Research Chair (Tier 
1) in Advanced Functional Nanocomposites, has been a professor at Institut national 
de la recherche scientifique (INRS) since 2006. Her main research interest consists in 
the development of various nanomaterials (e.g., semiconductor quantum dots, tran-
sition metal catalytic nanoparticles, plasmonic nanostructures) and different types 
of nanohybrids for applications in energy, environment, catalysis and biomedical 
sectors. She has co-authored > 170 articles in a broad range of areas, centered on 
materials science, in selective, high-impact journals such as J. Am. Chem. Soc, Nat. 
Commun., Adv. Mater., Adv. Energy Mater., ACS Nano, Adv. Funct. Mater., Energy 
Environ. Sci., Chem. Mater. and Chem. Soc. Rev. with a H-index of 61 (Google 
Scholar). She has co-authored 4 granted patents and 4 book chapters. She has deliv-
ered > 120 invited speeches at international conferences and prestigious universities/ 
government laboratories. She is an associate editor of ACS Applied Nano Mate-
rials and also serves/served on multiple journal editorial advisory boards, including 
the prestigious ACS Energy Lett., Scientific Reports (Springer-Nature), Frontiers 
(Energy), PhotonX (Springer), etc. She also acted as the section Editor-in-Chief for 
the section “Solar Energy and Solar Cells” of Nanomaterials, and acts in Section 
Editor Group of National Science Review (NSR, Materials Science). Her recent 
awards include the 2022 Clara Benson Award from the Chemical Institute of Canada. 

Dr. Lu obtained her PhD in analytical chemistry from the University of Pittsburgh 
and BS in chemistry from Nanjing University. She has authored over 15 high-impart 
journal publications with more than 300 citations. She is serving as an expert reviewer 
for over 10 prestigious journals in the field of analytical chemistry and pharmaceutical 
science. Dr. Dujuan Lu is the Manager/Global Leader-E&L, SGS. Dr. Lu serves as 
the manager for the extractables and leachables (E&L) team at the SGS Health 
Science Fairfield New Jersey facility as well as the global leader amongst the global 
E&L centers of excellence. Before joining SGS, she worked at Fresenius Kabi as a 
research scientist, leading E&L projects to support transfusion and infusion medical 
device and parenteral products. She has extensive CRO and harmaceutical/medical 
device industry experience with more than 700 E&L projects on a broad range of
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packaging systems, including process materials, pharmaceutical finished packaging, 
and medical devices. As a subject matter expert in the E&L field, she is frequently 
presenting at various conferences as invited speakers and technical session chairs. She 
was named one of the top 60 most influential people working in the pharmaceutical 
industry in the Medicine Maker’s 2020 power list. 

Dr. Mi Shen received her Ph.D. in Chemistry, The University of Texas at Austin. 
She is an Assistant Professor, Department of Chemistry, Neuroscience Program, 
Department of Bioengineering, Center for Biophysics and Quantitative Biology, 
Beckman Institute for Advanced Science and Technology, University of Illinois at 
Urbana-Champaign. Her research covers a wide spectrum, Impact of environmental 
pollutants on the gut-brain-axis and on the brain activities, Harnessing the micro-
biome to combat the neurotoxicity of organic mercury, Synaptic neurotransmitter 
release dynamics in real time, In vivo monitoring of chemical transmission activities 
of behaving rodents, Alzheimer’s diseases and Parkinson’s diseases. She received 
dozens of award and honors, such as, 2019–2024 NSF CAREER Award, 2021 ACS 
Arthur F. Findeis Award for Achievements by a Young Analytical Scientist, 2021– 
2022 Scialog: Microbiome, Neurobiology and Disease Collaborative Award and 
Rising Star Award from CACS.
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Dr. Mengmeng Li received her Ph.D. in Chemical & Biomolecular Engineering, 
University of Houston in 2017. She is the R&D Manager, Freeport, Texas. She has 
rich experiences in industry, Associate Research Scientist, Dow Inc, Lake Jackson, 
Texas; Project and platform lead for ACCLAIM™ K-100, UCAT™ B and UCAT™ 
G technologies. Expertise in heterogenous catalyst discovery, scale up and imple-
mentation. She has been managing a pilot scale lab including talent development, lab 
capability expansion and safety. She also in charge of implementing data visualization 
and digitalization tools for catalyst batch reactors. Dr. Li worked as an Engineer in 
Volvo Group Truck Technology, Hagerstown, Maryland. She took different respon-
sibilities, including “Developed multi-scaled global kinetic and reactor models of 
heavy-duty EATS, integrated EATS model into virtual powertrain simulation appli-
cation developed a user-friendly graphic user interface (GUI) for EATS model, and 
studied heterogenous catalyst deactivation process and mitigating field degradation 
issues”.
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Professor Xuan Wang is an instructional associate professor at Texas A&M Higher 
Education at McAllen, where she holds appointments in the College of Science 
at Texas A&M University. Her academic training includes undergraduate study at 
Oklahoma Christian University (B.S., 2011) and graduate study under the direction 
of Professor Hong-Cai Zhou at Texas A&M University (Ph.D., 2016). Her research 
interests include synthesizing and developing metal–organic frameworks and porous 
coordination polymers for chemical sensing and their application in the environ-
mental science field. After graduation, she began an academic career as a visiting 
assistant professor at Colorado State University-Pueblo. 

Dr. Ling Zhou is currently a Principal Engineer and FCC Technology Leader at 
Honeywell UOP in Des Plaines, Illinois. He is responsible for the strategic devel-
opment of FCC technology roadmap, innovation in refinery process/catalyst, new 
product introduction, and breakthrough initiatives. Prior to taking this role, Ling was 
a Principal Engineer in the Manufacturing & Product Technology group responsible 
for catalyst development and scale-up. Before joining Honeywell UOP in 2014, Ling 
worked as a core technology team leader in a startup company KiOR in Houston, 
Texas, which has been developing and commercializing a catalytic pyrolysis process 
to convert biomass to biofuel in a proprietary fluidized-bed reactor system since 
2009. 

Ling received his master’s degree in chemical engineering from the University 
of Petroleum in Beijing in 2001, and his PhD degree in Physical Chemistry and 
Electrochemistry from the University of Hannover, in Germany in 2005. He also had 
a four-year research and development experience at Harvard University, School of 
Engineering and Applied Sciences (2005–2009). In 2014, Ling joined the executive 
committee of the Great Lake Chinese American Chemical Society (GLCACS) and 
has actively served for the society since then. In 2021, Ling was appointed as the 
GLCACS President. He rebuilt the executive committee and reactivated the social 
activities which were forced to stop in 2020 due to COVID-19 pandemic. After a 
successful Annual Conference held in 2022, Ling and the executive committee rein-
stalled the new student committee, established an extended industrial sponsorship, 
in order to set a good foundation for strengthening the society influence in the future.
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The CACS organized a symposium, Crossroads of polymer, composite and 
sustainable energy in collaboration with POLY and ENFL to promote Energy mate-
rials in the 2023 Spring National Meeting. During this national meeting, there are 
82 recipients of awards administered by the American Chemical Society for 2023. 
Among these awardees, seven Chinese-originated professionals received the national 
recognition from ACS. With the exception of the Arthur C. Cope Scholars, recip-
ients will be honored at the awards ceremony on Tuesday, March 28, 2023, in 
conjunction with the ACS Spring 2023 meeting in Indianapolis. The CACS leaders, 
members and friends received recognitions due to their leadership roles, innovation 
and contribution to fields and communities. 

A retired scientist from Dow Chemical Company and former President of the 
American Chemical Society, Dr. Marinda Li Wu was named one of the 2023 
Distinguished Women in Chemistry or Chemical Engineering by the International 
Union of Pure and Applied Chemistry (IUPAC). A ceremony will be held to recog-
nize the honorees for their leadership and community service in August during 
the IUPAC World Chemistry Congress in Hague, Netherlands. Dr. Wu was one 
of 12 women to receive this honor, including two in the United States and three 
Chinese-originated female professionals. These distinguished women are Lidia 
Armelao, National Research Council and University of Padova, Italy; Annette G. 
Beck-Sickinger, Leipzig University, Germany; Chunying Chen, National Center for 
Nanoscience and Technology of China; Bin Liu, National University of Singapore, 
Singapore; Laura McConnell, Bayer U.S., Crop Science Division, USA; Marcia 
Foster Mesko, Federal University of Pelotas, Brazil; Jyotirmayee Mohanty, Bhabha 
Atomic Research Centre, Mumbai, India; Tatjana Parac-Vogt, Katholieke Univer-
siteit Leuven, Belgium; Gill Reid, University of Southampton, UK; Mikiko Sodeoka, 
RIKEN, Japan; Nguy˜ên Thi. Kim Thanh, University College London, UK; and 
Marinda Wu, Dow, USA. Awardees will be honored at the 2023 IUPAC World Chem-
istry Congress in The Hague, The Netherlands. Dr. Wu was recently elected as one 
of three 2023 Fellows for the Federation of Asian Chemical Societies (FACS).



368 M. L. Wu et al.

Dr. Huainan (H.N.) Cheng received two distinguished awards (1) Spencer Award, 
ACS Divisions AGRO, AGFD plus the local ACS KC Section and (2) Charles H. 
Herty 2022, Georgia Section. Dr. Cheng received his Ph.D. degree, Department 
of Chemistry, University of Illinois, Urbana-Champaign, Illinois. arenas. Over 300 
publications, 26 patent publications and edited 23 books. As he stated, “over the years 
I have enjoyed working with colleagues, friends, teachers, and students in the global 
chemistry enterprise. I am proud of being a chemist, and proud to be an ACS member. 
Despite the pandemic in the past three years, I have been working hard, together 
with ACS colleagues and staff, to enhance our profession and benefit our members.” 
His Presidential platform has been “Growth, Collaboration, and Advocacy” (C&EN 
Comment, 12/7/2020). In a highly competitive world, growth is desirable and neces-
sary. Some of the ways we can help grow the chemistry enterprise include: (1) 
Innovation and disciplinary growth, (2) Industrial engagement and entrepreneurship, 
(3) International collaborations, and (4) Advocacy for public and government support 
of scientific research.”
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Liang-Shih Fan received the Warren K. Lewis Award for Chemical Engineering 
Education and he will be be honored at the 2023 AIChE Annual meeting in Orlando on 
November 5–10, 2023. L.-S. Fan is Distinguished University Professor and C. John 
Easton Professor in Engineering in the Department of Chemical and Biomolecular 
Engineering at The Ohio State University. His research fields are in particle tech-
nology and multiphase reaction engineering. He is an inventor of eight clean fossil 
energy conversion processes including OSCAR, CARBONOX, pH Swing, Calcium 
Looping, Hydrogen Looping, Syngas Looping, Coal-Direct Chemical Looping and 
SULGEN Processes for CO2, SO2, and NOx emission control and electricity, syngas, 
hydrogen, chemicals or liquid fuels production. He has also invented the commer-
cially used electrical capacitance volume tomography for three-dimensional multi-
phase flow imaging. Professor Fan is the Editor-in-Chief of Powder Technology and 
has authored or co-authored 460 journal papers, 60 patents, and six books including 
the most recent textbook (2021) “Dynamics of Multiphase Flows” by Cambridge 
University Press. He was named as one of the “One Hundred Engineers in the Modern 
Era” by the AIChE in its centennial celebration in 2008. Dr. Fan is a member of 
the U. S. National Academy of Engineering, Academician of the Academia Sinica, 
National Academy of Inventors, and a Foreign Member of the Chinese Academy of 
Engineering, the Australia Academy of Technology and Engineering (ASTE), the 
Indian National Academy of Engineering, & the Mexican Academy of Sciences. 

Elsevier and the Board of Executive Editors of Elsevier’s Tetrahedron journal 
series are pleased to announce that the 2022 Tetrahedron Prize for Creativity in 
Organic Synthesis has been awarded to Professor Chi-Huey Wong, Scripps Family 
Chair Professor of Chemistry at Scripps Research and Distinguished Professor at 
Genomics Research Center, Academia Sinica. Wong is well-known for Chemo-
enzymatic and programmable synthesis of oligosaccharides and glycoproteins, eluci-
dation of glycosylation effect on protein folding and function, and development 
of glycan microarrays, universal vaccines and homogeneous antibodies against 
influenza, SARS-CoV-2, and cancer. Chi-Huey Wong is the Scripps Family Chair 
Professor, Department of Chemistry, The Scripps Research Institute. He received his
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B.S. (1970) and M.S. (1977) degrees (with KT Wang) from National Taiwan Univer-
sity, and Ph.D. (1982) in Chemistry (with George M. Whitesides) from Massachusetts 
Institute of Technology. He then worked at Harvard University as a postdoctoral 
fellow (with George M. Whitesides) for another year, and became a faculty member 
at Texas A&M University (1983) where he was promoted to full professor in 1987. 
He then moved to the Scripps Research Institute in 1989 as Professor and Ernest W. 
Hahn Chair in Chemistry. From 2006 to 2016, he served as President of Academia 
Sini-ca in Taiwan. He is currently the Scripps Family Chair Professor in the Depart-
ment of Chemistry at The Scripps Research Institute and holds a joint appointment 
as Distinguished Professor at the Genomics Research Center, Academia Sinica. 

Professor Wong received numerous honors for recognition of his accomplish-
ments, including, for example, the Searle Scholar Award in Biomedical Sciences 
(1985), the Presidential Young Investigator Award in Chemistry, USA (1986), the 
Roy Whistler Award of the International Carbohydrate Organization (1994), the 
ACS Harrison Howe Award in Chemistry (1998), the ACS Claude S. Hudson Award 
in Carbohydrate Chemistry (1999), the International Enzyme Engineering Award 
(1999), the US Presidential Green Chemistry Challenge Award (2000), The ACS 
Award for Creative Work in Synthetic Organic Chemistry (2005), Humboldt Research 
Award for Senior Scientists (2006), the FA Cotton Medal (2008), the Nikkei Asia 
Prize for Science, Technology and Innovation (2012), the ACS Arthur C. Cope Medal 
(2012), the Wolf Prize in Chemistry (2014), and the Robert Robinson Award of 
the Royal Society of Chemistry, UK (2015). Dr. Wong is a member of Academia 
Sinica (1994), the American Academy of Arts and Sciences (1996), the US National 
Academy of Sciences (2002) and the US National Academy of Inventors (2014). He 
served as an Editorial Advisory Board member for the Journal of American Chemical 
Society and Angewandte Chemie, Chairman of the Executive Board of Editors of the 
Tetrahedron Publications (2006–2008), Head of the Frontier Research Program on 
Glycotechnology at RIKEN in Japan (1991–1999), and a board member of the US 
National Research Council on Chemical Sciences and Tech-nology (2000–2003). In
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addition, he has received many hon-orary doctor degrees (including one from Tech-
nion), given numerous plenary and named lectures, and served as a science advisor 
to many organizations, including a scientific advisor to the Max-Planck Institute 
(2000–2008), a member of RIKEN Advisory Council (2010–2016), and the Chief 
Science Advisor to the Taiwan. Government (2006–2015). His research interests are 
in the field of chemical biology and synthetic chemistry, with particular focus on 
the development of new methods and tools for the synthesis and study of complex 
carbohydrates and glycoproteins associated with disease progression related to aber-
rant biological glycosylation. He has published over 750 papers and more than 120 
patents, and is a highly cited scientist with an h-index of 148. 

Reuben Jih-Ru Hwu was invited to attend The First Gulf Chemistry Associa-
tion International Conference and Exhibition. Accordingly, he had a chance to visit 
Kingdom of Bahrain November, 2022. The guests were key persons from Kuwait, 
Oman, and Saudi Arabia. Reuben Jih-Ru Hwu received his PhD from Stanford 
University in 1982. He serves in different positions, Associate Professor, The Johns 
Hopkins Univ. (1986–1990); Director of Preparatory Office for College of Biomed-
ical Science and Engineering (2010–2012), Dean of College of Science (2007– 
2010), Chair Professor (2008–2012), National Central University; Distinguished 
Chair Professor, National Tsing Hua University (2015–present); Founder, Well-
being Biochemical Corp. (2000–); Curriculum Director (1996–1999), International 
Foundation for Sciences; President of Chinese American Chemical Society, U.S.A. 
(1991–1993); President of Asian Federation for Medicinal Chemistry (2012–2013); 
President of the Federation of Asian Chemical Societies (2019–2022). 

Dr. Hwu is the Fellow of The Academy of Sciences for the Developing World 
(1999–); Fellow of IUPAC (2000–); Fellow of The Royal Society of Chem-
istry (2005–); Fellow of The Federation of Asian Medicinal Chemistry (2013–); 
Member of the European Academy of Sciences and Arts (2019–). Representative 
Awards: Excellent Senior Teacher with 30 Years of Service (2020); National Chair 
Professorship (2015–2018); National Academic Research Innovation Award (2017); 
Nano Industrial Technology Excellence Award (2013); Outstanding Scholar Award
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(2007–2012); Award for an Outstanding Achievement (2008), Senior Distinguished 
Research Fellow (2005–2007); The 1997 Third World Academy of Sciences Award 
(in Chemistry), The Third World Academy of Sciences; The Outstanding Young 
Persons of the World for 1994, Junior Chamber International; Federation of Asian 
Chemical Societies 1992 and 1993 Distinguished Young Chemist Award; Distin-
guished Research Award (3 times, 1992–2001); Alfred P. Sloan Research Fellow 
(twice 1988–1990), U.S.A.; Stuart Pharmaceuticals Achievement Award (1986), ICI 
Americas Inc.; Ming-Yu-Wen-Hwa Award (1976), Japan. Research fields include 
nano-biomaterials, new drug development, organic synthesis, and organosilicon 
chemistry; published > 228 scientific articles and obtained 50 patents. Invented > 
14 new biochemical products as merchandize being sold on the market. 

Jiali Gao received the national award in the ACS 2023 Computers in Chem-
ical and Pharmaceutical Research, sponsored by the ACS Division of Computers 
in Chemistry. Dr. Jiali Gao is a Professor of Chemistry, University of Minnesota. 
He is a theoretical and computational biochemist, whose work focuses on the struc-
ture and properties of macromolecular systems. This includes the understanding of 
protein dynamics and enzyme catalysis, biomolecular interactions and assembly, and 
biophysical systems biology, as well as the development of quantum and classical 
mechanical methodologies. The major focus of his research in the past few years 
has been the understanding of enzyme catalysis based on analyses of the structure 
and energetics from dynamics simulations in which quantum mechanics is used both 
to represent the potential energy surface and to treat the nuclear tunneling. He is 
currently pioneering an effort to develop a fully quantal force field for simulation 
and modeling of materials, fluids, and biomacromolecules. He recently introduced 
the concept of analytical coarse-graining of macromolecular particles for the study 
of diffusion and assembly of proteins and nucleic acids in cells.
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Younan Xia received the ACS Award for Creative Invention, sponsored by ACS 
Corporation Associates. Younan Xia, Brock Family Chair and Georgia Research 
Alliance Eminent Scholar in Nanomedicine, Georgia Institute of Technology. Dr. Xia 
received his Ph.D. from Harvard University in 1996. The current research centers 
on the design and synthesis of novel nanomaterials for a broad range of applica-
tions, including nanomedicine, regenerative medicine, cancer theranostics, tissue 
engineering, controlled release, catalysis, and fuel cell technology. He published > 
850 papers and received dozens of honors and awards: Outstanding Achievement 
in Research Innovation Award, Georgia Institute of Technology, 2023; Best Scien-
tist 2022 (ranked #48 in the world and #33 in the United States), Research.com; 
Frontier Materials Scientists Award, International Union of Materials Research 
Society (IUMRS), 2022; World’s Top Materials Scientists (ranked #5), Highly Cited 
Researchers in Chemistry, Clarivate Analytics, 2022.
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Qinghuang Lin received the E. V. Murphree Award in Industrial and Engineering 
Chemistry, sponsored by ExxonMobil Research & Engineering. Dr. Lin received his 
B.E. and M.S. degrees from Tsinghua University, Beijing, China and his Ph.D. degree 
from the University of Michigan, Ann Arbor, Michigan, USA. He was a post-doctoral 
fellow at the University of Texas at Austin prior to joining IBM. He also completed a 
MicroMBA Program taught by faculty members from the Stern School of Business 
at New York University and Columbia University Business School at IBM Watson 
Research Center. Dr. Qinghuang Lin is Director of Lam Research, USA. Before that, 
he was Director of Technology Development Center at ASML, a global leader in 
semiconductor lithography equipment, in San Jose, California, USA. Before joined 
ASML, Dr. Lin was a Research Staff Member, a Senior Manager and an IBM Master 
Inventor at the IBM Thomas J. Watson Research Center in Yorktown Heights, New 
York, USA. He has more than 15 years of experience in the semiconductor industry, 
all with IBM. He has held a variety of positions in semiconductor research, devel-
opment, engineering, management and technology strategy for IBM’s 0.25 um to 
5 nm CMOS technologies, IBM’s 512 Mbit & 1 GBit DRAM, novel memory tech-
nologies and other exploratory research. Dr. Lin has more than 90 issued US patents 
with more than 70 pending US patents. He is a recipient of 25 IBM Invention Plateau 
Achievement Awards. A frequent organizer and speaker of professional conferences, 
he is the editor or co-editor of 6 books and 9 conference proceedings volumes and 
author and co-author of more than 70 technical papers. Dr. Lin is an Associate Editor 
of Journal of Micro/Nanolithography, MEMS, and MOEMS and a Guest Editor of 
Journal of Materials Research focus issue on self-assembly and directed assembly 
of advanced materials. He has delivered more than 50 keynote or invited lectures 
worldwide. In 2002, Dr. Lin received an IBM Research Achievement Award for 
“invention, development and implementation of 248 nm bilayer resist technology in 
manufacturing.” This IBM bilayer resist technology was also part of the 40 years of 
innovations in semiconductor technology that won IBM 2004 US National Medal 
of Technology—the highest honor awarded by the President of the United States to 
America’s leading innovators.
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In 2015, Dr. Lin, along with colleagues, received an IBM Research Divi-
sion Outstanding Achievement Award for “Spin Torque Magnetic Random Access 
Memory (MRAM)” and an IBM Research Division Achievement Award for “193 nm 
Negative-Tone Development Process for Advanced Memory and Logic Fabrication.” 
In 2016, Dr. Lin, along with colleagues, received an IBM Research Division Achieve-
ment Award for “Contributions to Fundamental Understanding of Line Edge Rough-
ness in Semiconductor Technology.” In 2014, Dr. Lin was named a Fellow of the 
American Chemical Society (ACS Fellow). In 2015, he was named a Fellow of 
the Division of Polymeric Materials Science and Engineering (PMSE), American 
Chemical Society (PMSE Fellow). He was elected to a Fellow of the International 
Society for Optical Engineering (SPIE Fellow) in 2017. In 2018, he received the 
Industrial Polymer Scientist Award from the American Chemical Society Polymer 
Chemistry Division. A member of AAAS, ACS, MRS, SPIE and New York Academy 
of Sciences, Dr. Lin currently serves as Chair of the American Chemical Society: 
Polymeric Materials Science and Engineering (PMSE) division and a member of 
the PMSE Executive Committee. He was Chairman of SPIE Advanced Etch Tech-
nology Conference in 2015 and 2016, a member of the Executive Committee of the 
SPIE Advanced Lithography Symposium and a past chairman of the SPIE Resist 
Conference. Dr. Lin also served on the Electorate Nominating Committee, Industrial 
Science and Technology Section of the American Association for the Advancement 
of Science (AAAS), the Materials Secretariat of American Chemical Society and 
Co-chair of PMSE Fellows Selection Committee. Dr. Lin has been active in serving 
the scientific communities, having served as conference chair, co-chair, vice chair, 
organizers and organizing committees of more than 60 international conferences. He 
is a member of two engineering honor societies: Tau Beta Pi and Alpha Sigma Mu. 

Drs. Ruizhi “Richard” Li, Qi “Tony” Yan, Ming Zeng, Pfizer along with other 
members Sean O. Bowser, Adam R. Brown, Nga Do, Shane Eisenbeis, Aran K. 
Hubbell, Matthew M. Marchewka, Ryan S. O’Neill, Giselle P. Reyes, Frank Riley, 
Philipp Roosen, John F. Sagal, Omar A. Salman, Karen Sutherland received the 
ACS Award for Team Innovation, sponsored by ACS Corporation Associates. Three 
professionals expressed their gratitude to their family, friends and colleagues, and 
shared their future visions (quotation was listed below).
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Dr. Tianning Diao received Arthur C. Cope Scholar Awards, sponsored by the 
Arthur C. Cope Fund. Other recepients for this award include Javier Read De Alaniz, 
University of California, Santa Barbara; Thorsten Bach, Technical University of 
Munich; Suzanne A. Blum, University of California, Irvine; Kevin Burgess, Texas 
A&M University; Steven P. Nolan, Ghent University; Jennifer A. Prescher, University 
of California, Irvine; Hans Renata, Rice University; Vincent M. Rotello, University 
of Massachusetts; Dean J. Tantillo, University of California, Davis. 

Dr. Diao is an Associate Professor and Director of Graduate Studies, New York 
University. She received her Ph.D. in Chemistry, University of Wisconsin-Madison. 
Her research expertise spans from Organic, Organometallic, Inorganic, to Catalysis. 
She received a dozen of honors and fellowships, such as Camille-Dreyfus Teacher-
Scholar Award (2019), Thieme Chemistry Journal Award (2019), Organometallics-
Editorial Advisory Board (2019), ACS Organometallics Distinguished Author Award 
(2018), Sloan Research Fellowship (2018), NSF-CAREER Award (2016), and 
Charles and Martha Casey Excellence Award in Organic Chemistry Research (2012). 

Dr. Shuai Tan received 2023 RINENG Young Investigator Award, Results in Engi-
neering. Dr. Tan is currently Lead R&D Engineer/Scientist in Honeywell UOP in Des 
Plaines IL, USA. He holds a B.S. in Chemistry from Nankai University (2008), a B. 
Eng. in Chemical Engineering from Tianjin University (2008), and a Ph.D. in Chem-
ical Engineering from University of South Carolina (2013, Prof. Chris Williams & 
Prof. John Monnier). He performed post-doctoral research at Georgia Institute of 
Technology (2013–2016, Prof. Chris Jones), and was appointed as research asso-
ciate in Oak Ridge National Laboratory (2016–2018, Dr. Zili Wu), before joined 
Honeywell UOP. Shuai owns 21 peer-reviewed publications, with 830+ citations. 
He has served on the editorial boards of Trends in Renewable Energy since 2015. 
Shuai’s career progresses through various areas of R&D topics. His research interests 
include development of new catalytic materials for various energy and petrochem-
ical applications, including propane dehydrogenation, acetylene hydrogenation, and 
alcohol conversion.
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Yunlong Zhang was appointed as The Delegate as a Young Observer, IUPAC 
and Associate Member of ACS Committees on International Activities. Dr. Yunlong 
Zhang received his BS and MS in China before he came to the US in 2005 and 
received his PhD in Chemistry from The Ohio State University in 2010. He did his 
postdoc research at Massachusetts Institute Technology before joining the corporate 
research labs of ExxonMobil in New Jersey in 2014. Yunlong is currently a staff 
scientist who leads the advanced characterization of petroleum mixtures and carbon 
materials. Yunlong’s research interests include studying the structure–reactivity of 
hydrocarbons to find sustainable solutions for energy transition. He has published 
about 60 publications and has delivered 50 invited lectures and keynote speeches. 
Yunlong holds several patents and has contributed several book chapters (and books), 
and numerous company reports. His work has been recognized by winning several 
awards, including 2021 Rising Star Award by ACS Energy Fuels, 2020 R&D Excel-
lence Award by ExxonMobil, and the 2019 Glenn Award by ACS ENFL Division. 
Yunlong is the 2022 President of Tri-State chapter of CACS, after serving as a 
board member for over 8 years. He led the executive committee on revising bylaws 
and restructuring the governance to improve organizational efficiency. He has been 
actively involved in the National CACS by serving on the executive committee since 
2020. Yunlong is also actively involved in ACS ENFL and I&EC technical divisions, 
including serving on executive and programming committees, chairing the C&T 
subcommittee, and founding and chairing the industry subcommittee for ENFL. He 
is the main organizer of the PetroPhase International Conference in 2020–2021. 
Yunlong is currently an Associate Editor for ACS Energy & Fuels.
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Dr. Wei Gao was elected as the R&D/TS&D Fellow, Analytical Sciences, Core 
R&D, Dow Inc. and Certified ACS Career Consultant. Wei Gao is a Principal 
Research Scientist in Analytical Science, Corporate Research and Development, 
at Dow Inc. She received her BS degree from Fudan University and PhD in Polymer 
Chemistry and Physics from Peking University. She then worked as a postdoctoral 
fellow and an Associate Professor in the Institute of Chemistry, Chinese Academy 
of Sciences. Employment at the NSF-I/UCRC center for Biocatalyisis and Biopro-
cessing of Macromolecules at Polytechnic University (Now NYU Tandon School 
of Engineering) followed in 2000, and in 2005, she became a Research Assistant 
Professor. 

In 2006, Wei joined Rohm and Haas/Dow. She intensively works on polymer and 
particle characterization, the synthesis—structure—property relationship of poly-
meric and colloidal systems, and sustainable polymers. She has published over 30 
peer reviewed journal articles and book chapters, edited one book, and has more than 
20 patents and patent applications. She has organized American Chemical Society 
(ACS) symposia in the areas of separation and characterization of macromolecules 
and particles, polymer sciences for everyday things, and polymer colloids. She a
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lifetime member of Chinese American Chemical Society (CACS). She also served 
on the scientific program committee for the GPC2015 conference and the Steering 
board member for international symposium on Field- and Flow-Based Separations 
(FFF2018 and FFF2022). She was the recipient of the NOVA Innovation Award from 
Rohm and Haas Company (2008), US EPA Presidential Green Chemistry Challenge 
Awards (2003 and 2013), Vernon A. Strenger Scientists’ Award from Dow (2019), 
and ACS Polymer Chemistry Division (POLY) fellow (2021). 

Jinxia Fu was elected as The ENFL Treasurer & Program Chair-elect and Asso-
ciate Member of Committee on Divisional Activities, ACS. On September 15, 22, and 
29, 2022, the American Chemical Society (ACS) hosted a series of inaugural presi-
dential Virtual Value Chain (VVC) events focused on SAF. The topics are Opportu-
nities and Challenges for Building Market-Aligned Sustainable Aviation Fuels, led 
by Dr. Fu. Due to her extraordinary leadership, she was mentioned by Dr. Judith 
Giordan at the Councilor meeting at the ACS National Meeting, March 29, 2023. 
Dr. Fu is a research faculty with research interests in biomass and waste processing, 
biofuel and fuel additive development, and bioenergy conversion technologies. Dr. 
Fu’s recent research is on biomass resources, processing of biomass materials, ther-
mochemical conversion of biomass, sustainable aviation fuel, and development of 
“green” biofuel additives. Dr. Fu also serves in leadership and steering committee/ 
council roles at University of Hawaii to create and implement policies to foster a 
teaching, research, and work environment that is characterized by shared values of 
diversity, equity, and inclusion. Dr. Fu is also as an associate editor of Fuel- Elsevier 
since 2021. 

Dr. Fu’s group is actively working with the U.S. Navy Fuels Cross-Functional 
Team at Naval Air Station Patuxent River (Pax River) and the Fuel Laboratory at 
Naval Supply System Command Fleet Logistic Center Pearl Harbor (NAVSUP FLC 
Pearl Harbor) on developing novel analytical methods for advanced fuel charac-
terization, including identification and quantification of trace amount heteroatomic 
organic species (HOS) in aviation, maritime, and diesel fuels, and determination of 
the primary precursor compounds that contribute to reduced storage and oxidation 
stability of fuels. The new analytical methods can reliably and rapidly determine the 
composition of fuels currently in use and those stored as strategic reserves and inves-
tigate the impacts of crucial nitrogen and sulfur containing compounds and additives 
on fuel properties. Comprehensive fuel composition information is further employed 
to replace costly experimental measurements by calculating various physicochemical 
properties of fuels. The knowledge gained in this project improves the understanding 
of the influences of HOS and fuel additive deterioration on fuel stability and physic-
ochemical properties, guides efforts to preserve fuel quality, and reduces the cost of 
fuel characterization. To date, the methods for identifying and quantifying nitrogen 
compounds have been developed and passed round-robin tests performed by multiple 
fuel labs and used for Navy operational fuel analysis.
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Dr. Jingbo Louise Liu was named Women of the Year, TX Diversity Council and 
certified Career Consultant & appointed as the Associate Member of Committee on 
Budget and Finance, ACS. Dr. Liu was appointed as the Director of the Center of 
Teaching Effectiveness in 2021 and previously promoted to the rank of Full Professor 
in 2016 at Texas A&M University-Kingsville (TAMUK). She is also affiliated with 
the Texas A&M Energy Institute. Dr. Liu received her Ph.D. in Materials Science 
and Engineering from the University of Science and Technology Beijing in 2001. 
Her research expertise focuses on nanostructured inorganic materials preparation, 
characterization, fundamental physical and chemical properties, and applications of 
engineered nanomaterials in alternative energy and biological science. She estab-
lished the highest power density to advance the performance of proton exchange 
membrane fuel cells and directed a new paradigm to apply metal–organic frameworks 
in disinfection science. During 16-year services in TAMUK, she taught about 12,000 
students; trained more than 200 undergraduate students. She supervised ca. 50 grad-
uate (master & Ph.D.) students. She has hosted and co-hosted 15 visiting scholars to 
conduct leading-edge research on biomedicine, hydrogen fuel cells, photocatalysis, 
and nanotechnology. She served as NSF panelist and chaired the proposal review 
panel. She also served as journal editor and reviewer.
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Dr. Liu was a Woman of the Year Award winner, Texas Diversity Council’s 2023, 
and named as the Fellow of 2022 by the American Chemical Society and awarded 
as the Distinguished Fellow at NSWC—Carderock Division ONR Summer Faculty 
Program in 2022. She was named Distinguished Women in Chemistry or Chemical 
Engineering by the International Union of Pure and Applied Chemistry in 2021. 
She serves as the ACS Certified Career Consultant, elected Councilor of the Energy 
and Fuels Division, Chair of the South Texas Chapter of the American Chemical 
Society. She has been elected as an Honorary member of the Golden Key International 
Society, a Fellow of the Linnean Society of London, a Fellow of the Royal Society 
of Chemistry, DEBI faculty fellow at the US Air Force Research Laboratory. She 
was awarded the Chartered Scientist and Chartered Chemist. She was awarded Japan 
Society for the Promotion of Science Invitation Fellow and worked at the Department 
of Materials Science, University of Tokyo (2010–2011). She has served as a “Faculty 
and Student Team” fellow, collectively funded by the National Science Foundation 
and US Dept. of Energy, Office of Science, and worked at the Argonne National 
Laboratory (2009). She also received Faculty Fellowship Summer Institute in Israel 
(2008) and outstanding research and teaching awards at the university level. She 
directed and participated in projects (> 40) supported by the NSF (USA, CHINA), 
NSERC (CANADA), ACS Petroleum Research Funds (PRF), R. Welch Foundation 
(departmental), Dept. of Education, industrial and TAMUK.
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