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Peer Review Shit

Message from the Editor in Chief

 As scientific research continues to propel humanity further into the future, the problems facing 
scientists and engineers become increasingly complex. With each passing day, we rely ever more on tech-
nology for communication, healthcare, transportation, and a plethora of other tasks vital to everyday life. 
But, despite the magnificent accomplishments made by science, there is still a gap between what science 
can theoretically accomplish and what society at large is able to understand. This barrier between scien-
tific knowledge and popular understanding is primarily a result of inadequate communication and is the 
inspiration behind Reuleaux.
 Reuleaux, the Mines undergraduate research journal, aims to bridge this gap between society 
and science through championing the importance of effective, understandable scientific communication 
backed up by sound scientific methodology and experimentation. With this in mind, Reuleaux has been 
developed as a platform for undergraduate researchers at the Colorado School of Mines to engage with the 
full process of peer review and publication as carried out by the likes of Science, Nature, and many other 
professional scientific journals. 
 Unlike other scientific journals, however, Reuleaux works alongside its authors to help develop 
scientific manuscripts that exhibit professionalism, clarity, and impactfulness in language. Additionally, 
Reuleaux helps guide its authors through a fully-fledged peer review process so as to foster a learning envi-
ronment that dispels common fears and misconceptions surrounding the scientific publication process. It 
is the mission of Reuleaux to help any aspirational author realize their goal of publication in a legitimate 
research journal with the confidence of knowing that they have produced a novel and professional contri-
bution to the scientific community.
 The format of Reuleaux also aims to break down conventional barriers surrounding scientific com-
munication. Reuleaux encourages engagement between its readers and authors by using especially quali-
fied manuscripts as a platform for learning. By providing brief analyses of articles, outlining why they are 
particularly exemplary, Reuleaux hopes to encourage a greater understanding of what the process of sci-
entific publication demands. It is the ultimate goal to make everyone on the Mines campus feel as though 
they could themselves be an active and informed connoisseur of knowledge.
 With this in mind, please take time to enjoy the inaugural publication of Reuleaux: a true showcase 
of the increible undergraduate research occurring at the Colorado School of Mines.

Tyler Pritchard,
Reuleaux Editor in Chief
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Welcome to the Inaugural 
Edition of Reuleaux !

Over the course of the next 35 pages, please take your time and enjoy a brief glimpse into the 
incredible happenings of undergraduate research at the Colorado School of Mines. From lab-
oratory spotlights to original manuscripts written by undergraduate researchers, this journal 

works to cover the entire breadth of the undergraduate research experience. Enjoy!



The Demons of Los Alamos

Sydney Marchando is a sophomore pursuing a chemical engi-
neering degree with minors in biomedical engineering and public 
affairs. She has participated in past research with a dermatology lab 
studying skin cancer. She has always been passionate about histo-
ry, however, and has wanted to investigate research questions in this 
discipline. She chose to research more about the history of science, 
important scientists, and the implications of their work in order to 
gain a deeper understanding of the underlying moral issues present in 
scientific improvement. As an engineering student with the hopes of 
later pursuing research in her career, Sydney has found it important 
to understand the dilemmas that scientists face on a day to day basis. 

She intends to use this insight to better conduct research in a way that is beneficial to both society 
and the scientist.

The Demons of Los Alamos
Sydney Marchando
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 Most people are aware of the Manhattan 
Project: the massive, top-secret rush to develop nu-
clear weapons at the close of World War II. Some 
may even be familiar with lead physicists such as 
Enrico Fermi and Robert Oppenheimer. Howev-
er, little is known about the 120,000 others who 
worked on the project [1]. The story of Louis Slotin 
and the Demon Core, for example, is one narrative 
from the Manhattan Project that has only just re-
emerged. Recently, enough information from a va-
riety of sources has allowed a more detailed picture 
of Louis Slotin to develop, highlighting not only his 
contributions to the Manhattan Project but also his 
character and the human faults that led to his fatal 
accident. Understanding Slotin provides a window 
into a fascinating period of scientific discovery that 
has largely remained shrouded in mystery. Los Al-
amos, New Mexico is the site where the infamous 
atomic bombs dropped on Hiroshima and Nagasaki 
were assembled. A third bomb was being prepared 
at approximately the same time and this bomb’s 
core consisted of a critical-mass sphere of plutoni-
um, about the size of a softball. However, on Au-
gust 15th, 1945, just days before the Louis Slotin 
planned mission, Japan surrendered and this bomb 
was never utilized. The plutonium mass remained 
at Los Alamos where scientists conducted experi-

ments on nuclear criticality. The scientists involved 
in the project were well aware of the dangers but 
became comfortable experimenting with the mass. 
At the time, this single core represented the majority 
of the planet’s existing plutonium meaning the sci-
entists had the power of an atomic bomb at their fin-

Louis Slotin
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The Demons of Los Alamos
gertips. On separate occasions, slight mistakes - lit-
erally slips of the hand - exposed two researchers to 
intense, fatal doses of radiation. Following the sec-
ond incident, the plutonium mass became known 
as the “Demon Core”[2]. One of the 
lead researchers experimenting with 
the core was Louis Slotin, a 35-year-
old Canadian physicist who had 
worked on the project since 
1942. While other scientists 
at Los Alamos were aware 
of the tremendous risks of 
nuclear criticality experi-
ments and described the work 
as “tickling the dragon’s tail,” 
Slotin conducted hands-on re-
search and demonstrations despite 
ominous warnings that he would “be 
dead within a year” if he continued [2]. 
Slotin’s fatal dose was received on May 21, 1946, in 
the second incident at the site, and he died several 
days later.
 The accident itself occurred during a nucle-
ar criticality test to verify that the plutonium mass 
“had the right size and heft - the critical mass - to 
sustain the chain reaction among atomic particles 
that would cause an explosion” [3]. Slotin was in-
structing Alvin Graves, one of his colleagues who 
was supposed to replace him on the site, on the han-
dling of this mass of plutonium. Slotin separated the 
two halves of the metal sphere containing the mass 
with his hand and a screwdriver, and with just a 
slip of his hand, the screwdriver dislodged and the 
hemispheres closed, causing the mass to instanta-
neously go supercritical and “a sudden blue glow” 
to momentarily envelop the room [4]. Slotin, stand-
ing over the sphere, received the largest dose of ra-
diation, far more than other coworkers in the vicin-
ity. His quick reaction to separate the hemispheres 
stopped the reaction, but the “instantaneous ioniza-
tion of the lab’s air particles” had already exposed 
Slotin and others to dangerously high doses of radi-
ation [4]. Slotin died nine days following the acci-
dent, and medical professionals concluded “it was 
a simple case of death from radiation” [4]. Slotin’s 
quick actions and absorption of massive amounts of 
the radiation likely saved the lives of the scientists in 
the room, painting him as a hero.  
 The earliest accounts of the accident were 
prepared by Los Alamos National Laboratories and 

were specifically intended for the scientific com-
munity. These detailed reports of the accident pro-
vided explanations of the plutonium core and the 
experiments being performed. The report also fol-

lowed the “subjects” present at the in-
cident from the time of the accident 

until their deaths or the publication 
of the paper. Illustrations showing 

where each person stood, calcu-
lations of radiation doses, and 

causes of death were care-
fully collected, while names 
and personal histories were 

left unnoted [5]. Slotin’s per-
sonal story only surfaced several 

years after his death. In these ear-
ly accounts, he was presented as a 

champion of science and thoroughly 
dedicated to his work and the war ef-

fort [6].
 The scientific reports about the two acci-
dents involving the Demon Core are written in a 
style typical of most science writing. Both “What 
has happened to the survivors of the early Los Alam-
os nuclear accidents?” and “A Review of Criticality 
Accidents” included minute details of the accidents 
that occurred as well as the effect of the radiation 
on those involved in the incidents. These papers 
even include clinical details of Louis’ agonizing final 
days, yet Slotin is never mentioned by name [5], [7]. 
The intentional omission of individuals is common 
in scientific writing, which uniformly omits personal 
details and restricts the use of personal pronouns. 
While these reports are useful in describing the spe-
cific experiment being conducted, the papers pro-
vide no information about the scientists’ motivation 
to conduct the test or the personality of those in-
volved in the project. By separating the people from 
the incident, these reports dehumanized the event. 
The accident was reported as an experiment on 
the effects of radiation on subject health, where the 
“subjects” are observed in a similar manner to labo-
ratory mice [5]. Without personal details, the story 
of each individual was disconnected from the acci-
dent and could only be pieced together from other, 
obscure sources.
 In the decades following the accident, and 
as new information became declassified, the public 
became more aware of the Manhattan Project and 
the nature of the research conducted at Los Alamos. 
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"Slotin separated the 
two halves of the metal 

sphere containing the mass 
with his hand and a screwdriver, 

and with just a slip of his hand, the 
screwdriver dislodged and the hemispheres 

closed, causing the mass to instanta-
neously go supercritical and 'a 
sudden blue glow' to momen-

tarily envelop the room."



The Demons of Los Alamos

3

The potential of a third atomic bomb and the fa-
tal accidents associated with the Demon Core have 
proved to be intriguing enough to capture the pub-
lic’s interest. Eventually, Louis Slotin’s story man-
aged to resurface through newspaper and magazine 
reports. These stories were intended for general 
audiences and provided additional details about 
Louis Slotin’s personal history and legacy collect-
ed from colleagues and family members, balancing 
new information related to the specific accident and 
aftermath. These personal accounts recall Slotin’s 
childhood, intellectual curiosity, and desire to suc-
ceed [4]. More recently, in 2001, the story again 
resurfaced in the form of a play titled Sonata that 
focused on the life and character of Louis Slotin and 
the tragedy of his death, with less emphasis on the 
science behind the incident [3]. Recent accounts 
can draw from a wider range of historical input and 
provide a more detailed picture of Slotin’s life, char-
acter, and legacy. 
 Still, other accounts dramatize the event 
and attempt to understand the motivations that 
drove Slotin to risk his life and the lives of others in 
a seemingly careless manner. These narratives focus 
on examining the conflict between arrogance and 
curiosity that the scientists who worked with the 
core faced each day [3]. Even an endeavor as tech-
nologically complex as the Manhattan Project was 
still a human undertaking, carefully designed and 
constructed by thousands of real people with real, 
human traits. Shining a light on this one relatively 
obscure scientist better explains their sacrifices and 
contributions, and many similar stories 
are likely to remain buried in declas-
sified documents and lost to time. 
 Because of his mysteri-
ous and unfortunate death, 
a great deal is now known 
about Louis Slotin’s work as 
a scientist and researcher, but 
it is equally important to under-
stand his personal story to develop a 
better portrait of him as a human be-
ing. In general, scientists are a driving force behind 
progress, innovation, and achievement, but behind 
each scientist is a deeper story and life that the gen-
eral public is rarely aware of. The character of a 
scientist provides a glimpse into the motivation of 
their work and the broader impacts of their proj-
ects. While scientific discovery is important in itself, 

there is also value in understanding scientists more 
personally in order to humanize  events and better 
understand innovation. 
 As the story of Louis Slotin and the Demon 
Core has reemerged, a look into the stories that 
history chooses to remember can be witnessed first-
hand. Tragedy, the success of the underdog, and a 
hero’s journey are among the most common stories 
told time and again in history and in literature. The 
tragedy of Louis Slotin and the Demon Core is par-
ticularly analogous to the story of Icarus, and these 
parallels come through in the retelling of Slotin’s life 
in the form of the play Louis Slotin Sonata. The 
play features “a sympathetic protagonist of intellect, 
wit, and fatal hubris. . . telling its central story: a 
good man doomed by his own hand, the tormenting 
experience of his final days, and its emotional reper-
cussions among those around him” [3]. In the myth 
of Icarus, he was cautioned that flying too close to 
the sun would melt his wings, but Icarus ignored 
the warnings and abused his new-found ability. He, 
of course, flew too close to the sun and plummeted 
to his death [8]. Slotin’s story sadly mirrors this leg-
end - he was warned repeatedly of the dangers of 
working with plutonium by his colleagues, but his 
exclusive access to this alluring mass instilled a sense 
of comfort and casual manner when working with 
the dangerous material. Ultimately, overconfidence 
and disregard for safety led directly to his fatal acci-
dent. Often, when conducting  science with intense 
and irreversible implications, scientists can develop 
an “illusion of illimitable power” [9]. As explained 

by Freeman Dyson, when working with 
atomic power, scientists face a “tech-

nical arrogance that overcomes 
people when they see what they 

can do with their minds” [9]. 
  The human side 
of scientific history often 

demonstrates the tremendous 
sacrifice made by scientists to ad-

vance knowledge, and this extends 
even further to their families and oth-

ers closely involved in their lives. Following Slotin’s 
death, doctors spoke to his father and requested an 
autopsy. His father explained “that it was against 
the traditions of the family and that he would be 
criticized for it when he returned to Winnipeg; but 
he gave permission for it now.” His father noted 
that Louis “had been a scientist all his life, and that 

"Even an endeavor as 
technologically complex 

as the Manhattan Project was 
still a human undertaking, carefully 

designed and constructed by thou-
sands of real people with 

real, human traits."
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when it could do him no harm, it would be wrong 
to prevent him adding to knowledge.”  Slotin is also 
remembered for his dedication to science, and as a 
person who “would always insist upon taking the 
greatest risk himself” [4]. Even as he lay dying in 
the hospital, Slotin’s primary concern was for the 
other scientists in the room. Alvin Graves recalled 
Slotin’s words upon arrival at the hospital being an 
apology, stating "I'm sorry I got you into this. I'm 
afraid I have less than a 50 percent chance of liv-
ing. I hope you have better than that” [4]. Scien-
tists make countless sacrifices for their work and are 
rarely rewarded with personal recognition. Their 
legacy is often only defined by the work they pub-
lish or discoveries they make. Knowing the stories 
of successes, but more importantly, accidents can 
serve as a cautionary warning of the power that sci-
ence truly holds. 

 Ultimately, history is more than just a 
chronology of events and science is more than mere-
ly a collection of facts. They are also the product of 
inter-related personal stories of the people behind 
the events and discoveries. By sharing these stories, 
a bridge can be built between people of different 
times, places, and circumstances, revealing just how 
similar they truly are. A deeper meaning and em-
pathy can be felt with this insight into their emo-
tions and motivations. Like most people involved 
in the Manhattan Project, Louis Slotin was not re-
warded for any breakthroughs in his field and not 
remembered as a villain nor a hero. Until very re-
cently, in fact, he was not really remembered at all. 
By all accounts, Slotin was a brilliant scientist but 
also subject to human failings. His tragedy is one 
example and there are certainly many other stories 

that remain untold. The Manhattan Project was 
a triumph of science, but it was also a triumph of 
people, acting collectively and in secrecy, and Louis 
Slotin’s life and tragic death offers a rare glimpse 
into the human side  of the story. 
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 Demons of Los Alamos is a deeply complex historic analysis which focuses on the shortcom-
ings of modern scientific recordkeeping and how these shortcomings negatively impact the potential 
for development beyond mistakes of the past. Overall, Demons of Los Alamos offers many learning 
opportunities as an artifact of undergraduate research on the Mines campus and thus warrants ap-
praisal as a submission to Reuleaux. It is hoped that this evaluation of Demons of Los Alamos may 
inform aspiring authors about how to further develop their own research papers.
 One primary strength of Demons of Los Alamos is its engagement with novel and complex 
issues surrounding the dehumanization of scientists in the context of scientific writing and how curi-
osity and hubris are omnipresent in scientific research. It is precisely these kinds of novel, worldly in-
vestigations that Reuleaux hopes to establish as a cornerstone of every publication. In the end, science 
does not exist outside of human society. Thus, the ability of authors to overlay tangible and relevant 
societal meaning to their research lies at the foundation of worthwhile scientific publications. Demons 
of Los Alamos proves to be exemplary in this regard due to its careful analysis of how the dehuman-
ization of science often leads to the erasure of very real mistakes—mistakes born of overconfidence—
that still impact the progression of science to this day. It is the hope that this example may inspire 
future authors to look for such lofty applications of their research, beyond mundane calculations and 
literature reviews. 
 Demons of Los Alamos does not present an unalloyed example of successful publication, how-
ever. The peer review administered for this manuscript revealed that the logical continuity of the piece 
may have benefitted from the application of a reverse outline. Reverse outlining—as the name im-
plies—involves the synthesis of a paper outline after the final, written product has been completed. By 
developing a reverse outline, an author is given insight regarding how the reverse outline corresponds 
to the original outline. The differences highlighted by this comparison then allow the author to iden-
tify where their writing may have failed to maintain logical continuity or where ideas may have been 
lost in translation. Ultimately, reverse outlining is just one of many approaches to improving paper 
organization that may have benefitted the final version of Demons of Los Alamos. All future authors 
of Reuleaux are encouraged to focus meticulously on the quality of their organization to ensure a clear 
and efficient transmission of their research to Reuleaux’s wider audience.

Ed o  An ysi
The Demons of Los Alamos



Three Years in the CFCC

RESEARCHER SPOTLIGHT  MARCOS HERNANDEZ 
At Mines, there is no single stereotype which typifies an undergraduate researcher. In fact, at Mines 
more so than many other research universities, undergraduates from all backgrounds are given a 
chance to engage first-hand with original research. It is this diversity of backgrounds and relative 
accessibility that makes undergraduate research at Mines so worthy of celebration. 

The following narrative, written by graduate student Marcos Hernandez, celebrates his individual 
journey to undergraduate research. His story is just one of many that illustrate the unique means by 
which all Mines students have a chance to engage with undergraduate research on campus.

Three Years in the CFCC: 
the Story of Marcos Hernandez

Marcos Hernandez

 Three years ago, as a junior in Mechanical 
Engineering, I landed a position in the Colorado 
Fuel Cell Center (CFCC) working on laboratory 
infrastructure and safety. I was particularly fasci-
nated by the energy-storage applications of these 
devices, as they may permit increased penetration 
of clean-but-intermittent solar and wind power into 
our nation’s energy portfolio. Three years later, I’m 
personally conducting the very same cutting-edge 
research that once captured my imagination as a 
master’s student. While the promise of flow batter-
ies continues to grow, they, as with all types of bat-
teries, exhibit issues with performance degradation. 
I am working to understand and solve these degra-
dation problems.
 These devices are of interest for both clean, 
continuous electricity production and long- term 
energy storage. Flow batteries efficiently convert 
renewable electricity into chemical energy in the 
form of high-value, commodity chemicals. Our flow 
batteries differ from conventional batteries in that 
the product chemicals are stored in external storage 
tanks. A schematic of the process is shown in Figure 
1, where electricity generated from a wind turbine 
is used to drive a chemical reaction within the flow 
battery that converts nitrogen and water reactants 
into ammonia. The ammonia can then be sold on 

the commercial markets for later use in “green” 
electricity generation or agriculture.

Figure 1: Flow-battery application where renewable elec-
tricity, nitrogen and water are converted to ammonia that 
is sold on the open market.

 While Figure 1 depicts an application where 
ammonia is formed, alternate chemicals could also 
be formed: hydrogen, methane, and/or other car-
bon-containing fuels. If successful, this technology 
could provide a much-needed solution for efficient 
storage of intermittent renewable energy sources in 
the form of easily transported, “green” chemicals. 
In other words, flow batteries continuously produce 
fuels from “green” electricity without a practical 
limit, while conventional batteries would quickly 
become fully charged like cellular telephones, limit 
ing energy-storage capacity. 6
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Figure 2: Development of proton-conducting ceramic flow batteries from lab-scale "button" cells to full cells to multi-cell 
stacks.

 The development plan for the flow-battery 
group at Mines is shown in Figure 2. We have suc-
cessfully developed small button-cell protonic-ce-
ramic flow batteries with high-performance, of 
which we have tripled flow battery size. The next 
steps are to integrate multiple flow-battery cells into 
stacks, much like stacking batteries within a flash-
light, to increase chemical throughput. While low 
in cost, these protonic ceramics must operate under 
demanding environmental conditions, such as high 
operating temperatures near 600 °C (1100 °F). Such 
challenging environments can bring high rates of 
performance degradation so that our batteries do 
not work for very long. The sources of the problem 
are unclear, but include the stack-packaging mate-
rials (e.g. interconnects), which have been found to 
poison the flow batteries due to these conditions. 
Further understanding of performance degradation 
of our battery materials is required to realize the po-

tential applications of flow batteries.
 My Masters research is focused on under-
standing the fundamental mechanisms behind this 
performance degradation and discovering methods 
to preventing it. Accurate measurement of battery 
degradation requires painstaking experiments over 
long time periods. To understand degradation, we 
must measure very small changes in battery voltage 
over thousands of hours. Working with my advisor, 
Professor Neal Sullivan, and his colleagues at the 
Université de Bordeaux in France, we have designed 
and built precision equipment to execute carefully 
controlled measurements on these flow batteries. 
Our experiment is shown in Figure 3, which isolates 
a single battery electrode to understand the degra-
dation mechanisms that may be at work in the elec-
trode. The protonic-ceramic cell (left) is packaged 
within a carefully designed alumina ceramic assem-
bly that provides a constant compressive weight on 

Figure 3: Schematic of the Degradation Test Stand: At left is the battery-electrode test coupon; Center is the test coupon 
assembly with alumina packaging; Right is the complete reactor with furnace, quartz isolation tube, and gas supply.

(Image by Max Pisciotta)
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the sample (center). This ensures consistent, repeat-
able electrical contact over the thousands of hours 
of testing. Additionally, the alumina ceramic pack-
age will not contaminate the cell during testing, as 
alumina is inert under our testing conditions. The 
battery is sealed from the ambient environment 
within a quartz tube and placed within a furnace 
(right) that can heat the battery up to the target 
temperatures (400 – 700 ºC). The reactor presents 
a controlled atmosphere, so that the battery can be 
exposed to a wide range of corrosive gases. Along 
with my undergraduate colleagues, Cassandra En-
glish and Richard Villa (BSME 2018), I have built 
three such Degradation Test Stands in the Colora-
do Fuel Cell Center using equipment and materials 
donated by a local company (ITN Energy Systems, 
Littleton, CO).
 Our battery performance and degradation 
could be measured using simple “DC” techniques, 
where a constant electrical current is supplied, and 
voltage is continuously measured, much like the 
performance of a car battery is tested. However, 
we use more advanced “AC” techniques, where al-
ternating current is supplied. This is a well-estab-
lished technique called Electrochemical Impedance 
Spectroscopy (EIS), and enables us to gather more 
information on battery operation. EIS allows us to 
distinguish different chemical reactions and degra-
dation mechanisms that are underway during bat-
tery operation, as well as the electrical properties of 
each component in the cell (resistance, capacitance, 
and inductance). 
 Our initial focus was to understand the be-
havior of our protonic-ceramic batteries when ex-
posed to different steam-air environments at 550 
ºC (1000 ºF), as these are the common conditions 
to which our batteries are exposed.  A characteris-
tic result is shown in Figure 4, where time is shown 
on the x-axis, and electrical resistance is shown on 
the y-axis. Under 50% steam, battery resistance 
drastically increases within 250 hours of exposure. 
In practical operation, this high internal resistance 
would prevent any electricity from driving an elec-
tric load, and is how many old batteries meet their 
end. In contrast, resistance is low and steady at 10% 
steam. This type of result informs the research team 
of the operating windows in which our new materi-
als can be used.

Figure 4: Protonic-ceramic battery resistance over time 
when exposed to air steam environments. Resistance in-
creases dramatically under 50% steam, but is steady and 
low at 10% steam.

 I began my research in the CFCC with fi-
nancial support from a Mines Mechanical Un-
dergraduate Research Fellowship (MURF). The 
MURF program presents an outstanding route to 
becoming engaged in cutting-edge research while 
an undergraduate. I am now funded through the 
U.S. Department of Energy, Office of Energy Ef-
ficiency & Renewable Energy (EERE), through 
Award #DE-EE008376. The project is titled “Pro-
ton-conducting ceramic electrolyzes for high-tem-
perature water splitting.” My current research at the 
CFCC involves a large group of students and facul-
ty focused on these protonic-ceramic flow batteries. 
Partners include the Université de Bordeaux, and 
FuelCell Energy, the oldest fuel-cell company in the 
United States. My undergraduate research journey 
has led me to my current high-end research position 
in fuel cell technology; by starting out small, my re-
search opportunity grew along with my experience.
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LABORATORY SPOTLIGHT  CARREON LAB

Group members left to right; James Crawford, Moises Carreon PhD, Shurraya Denning, Courtney Smoljan, Jolie 
Lucero, Taylor Self, Ricardo Ocampo, Carla Osuna

Carreon Lab Spotlight

Welcome to the Carreon Lab!
 Here at the Carreon lab in Chemical Engineering, our research is focused on the development and 
application of functional porous materials on the nanoscale. In essence, porous materials are those made 
up of a skeletal matrix that frames geometric pockets of fluid, ultimately forming a highly ordered structure. 
On the very small scale, these materials have many functional applications ranging from binary and higher 
order gas separations, heterogeneous catalysis, and effective gas storage. Some notable porous materials 
studied by our student researches include zeolites, porous organic cages (POCs), and metal organic frame-
works (MOFs).

Zeolites are a crystalline material composed of 
alumina and silica, organized in a three-dimension-
al tetrahedral structure. Zeolites display microsized 
pores, making them ideal for use in molecular gas 
separation. The most common application of zeo-
lites in this field is therefore in selective membranes.

FIGURE 1: An example nanoscale framework of a 
porous material

Porous Organic Cages are covalently bond-
ed structures that assemble into crystalline micro-
porous materials as discrete particles. POCs are an 
emerging material with promising potential. Nota-
bly, they have been employed in gas chromatogra-
phy separations and in the separation of rare and 
expensive noble gases such as Xe and Kr.  

Metal Organic Frameworks are crystalline 
compounds that consist primarily of metal clus-
ters which coordinate to rigid organic structures. 
A special type of MOF is the zeolite imidazolate 
framework, or the ZIF. ZIFs use transition metal 
ions within their clusters and offer a large, accessi-
ble pore volume for gas separation and storage.

9
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Current Members
Moises Carreon PhD, Principle Investigator
Associate Professor, Colorado School of Mines 
Chemical and Biological Engineering Department
B.S. Chemical Engineering, U.M.S.N.H. Mexico 
M.S. Materials Science Engineering, U.M.S.N.H. Mexico 
Ph.D Chemical and Materials Engineering, University of Cincinnati

– Learn more at carreonlab.mines.edu! –

Jolie Lucero, PhD Candidate
My research revolves around porous crystals, in particular Porous Organic 
Cages CC2 and CC3. This material is a subset of functional microporous 
materials which can be used for a variety of applications such as gas ad-
sorption, gas separations, chiral separations, catalyst supports, sensors, etc. 
These cage molecules are discreet, purely organic, solution processable, 
and have uniform micropores which make them attractive for membrane 
separations. My thesis work is to understand the nucleation and growth 
mechanisms of these porous crystals, to improve their structural, textural, 
and morphological properties. Recently, we have published a time-depen-
dent growth study of CC3, in which we have concluded that experimental synthesis time (in conjunction 
with simulation studies), effects final material properties such as gas adsorption, Brunauer-Emmet-Teller 
(BET) surface areas, crystal morphology, and crystal lattice expansion/contraction.

J. Lucero, S.K. Elsaidi, R. Anderson, T. Wu, D. A. Gómez-Gualdrón, P. K. Thallapally, M. A.
Carreon.  Cryst. Growth Des. 2018, 18, 921−927.

James Crawford, PhD Candidate
I am interested in understanding catalysis at the molecular level. By tailor-
ing green chemistry approaches, we are able to tune both the architecture 
and the chemistry of our systems at the sub-nanometer scale. We are apply-
ing these catalysts to the deoxygenation of bioderived products in pursuit 
of renewable and scalable biofuels. In our most recent work, we have been 
focusing on the use of low cost, earth abundant, and highly active tran-
sition metals including nickel and cobalt for the production of biodiesel 
[1]. Continued research on non-noble metal catalysts could change the 
technoeconomic outlook for fatty acid derived biofuel by replacing the cost 

prohibitive platinum or palladium [2]. In future work I am interest in pursuing in-situ analysis of both 
chemical reactions and catalyst characterization.

[1] Crawford, JM; Carreon, MA. Decarboxylation of Diunsaturated Linoleic Acid to Heptadecane over 
Zeolite Supported Pt/ZIF-67 Catalysts. Ind. Eng. Chem. Res. 2018, 57 (47), 15991–15997

[2] Crawford, JM; Smoljan, CS; Lucero, J; Carreon, MA. Deoxygenation of Stearic Acid over Cobalt-Based 
NaX Zeolite Catalysts. Catalysts 2019, 9(1), 42.10
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Shurraya Denning, PhD Candidate
The research I am conducting involves determining if gas hydrates can act 
as a membrane to remove impurities from natural gas, such as carbon diox-
ide, nitrogen, and hydrogen sulfide. Gas hydrates consist of water molecules 
that form a hydrogen bonded crystalline structure around a guest gas mol-
ecule, typically under the conditions of high pressure and low temperature. 
If harnessed properly, a gas hydrate may form around one type of gas mol-
ecule and not another. Preliminary simulations from the Colorado School 
of Mines Gibbs Energy Minimization algorithm (CSMGem) indicate that 
by fine tuning the temperature and pressure conditions, gas hydrates can 

selectively form using the impurities found in natural gas rather than the desired product, methane. This 
separation process is advantageous due to its environmentally benign nature as it only requires water, high 
pressure, and low temperatures to form the hydrates. My thesis work consists of investigating the hydrate 
phase equilibria for common raw natural gas compositions, designing a gas hydrate membrane process, 
characterizing and determining the kinetics of the gas hydrates, and optimizing the separation perfor-
mance of the gas hydrate membrane.

Carla Osuna, Undergraduate Researcher
My research in Dr. Carreon’s lab has been dedicated to better understand-
ing the characteristics of Porous Organic Cages. POCs are microporous 
crystals with high surface areas and uniform micropores. POCs have ap-
plications in many chemical processes including gas separations, catalysis 
driven reactions, and even water desalination, as recent studies have found 
[1]. I have examined the effects in morphology and particle size of CC3 
when pyrolyzed in an inert gas environment. Additionally, I have been syn-
thesizing CC2 and experimenting with various synthesis conditions in order 
to produce a crystalline material of high quality and yield with consistency.

[1] Kong, Xian, and Jianwen Jiang. “Porous Organic Cage Membranes for Water Desalination: a Simulation
Exploration.” Physical Chemistry Chemical Physics, Royal Society of Chemistry, 28 July 2017.

Ricardo Ocampo, Undergraduate Researcher
My research focuses on zeolite imidazole frameworks, or ZIFs, which are 
a subclass of metal organic frameworks, or MOFs, that have drawn signifi-
cant research interest in recent years. Due to higher levels of CO2 emissions 
and an increased demand for natural gas as a global fuel source, which re-
quires CO2 extraction, the need to develop new ways of removing CO2 has 
significantly increased. Membranes are an excellent alternative to conven-
tional methods of removing CO2. Membrane-based gas separations offer 
an energy-efficient, economical, and environmentally friendly alternative 
to traditional separation methods (e.g., cryogenic distillation). ZIF-12, in 

particular, has proven to be successful in separating CO2 and CH4 [1]. As part of my research, I have been 
creating ZIF-12 membranes through various methods (e.g. solvothermally, room temperature, microwave, 
etc.) and characterizing it using: XRD, BET, TGA, and SEM.

[1] G. Yilmaz, A. Ozcan, and S. Keskin, “Computational screening of ZIFs for CO2 separations,” Molec-
ular Simulation, vol. 41, no. 9, pp. 713–726, 2014. 11
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Taylor Self, Undergraduate Researcher
In the lab, my work also primarily deals with ZIFs. I have studied many 
different kinds of ZIF, including ZIF-8, ZIF-67, and ZIF-11. The primary 
differences between these materials is the metal ions which serve as a key 
component of their structure. In ZIF-8 and ZIF-11, the metal clusters are 
comprised of zinc ions, whereas in ZIF-67, they are comprised of cobalt. 
I have explored the effects of adding crystal growth inhibitors to my ZIF 
recipes in considerable detail. The idea here is to add some type of polar 
solvent, such as olyemine or P123 surfactant, which will create micelles 
in solution. These micelles incapsulate ZIF crystals, and thus standardize 

their size and morphology. Uniform crystal size lends itself to increased crystal intergrowth and ultimately 
more continuous membranes. In past years I have also worked with a type of zeolite called SAPO-34, again 
with very promising applications as a membrane for binary gas separations. Currently, I have turned my 
focus back to ZIF-11, and will be exploring the effects of microwave synthesis versus the traditional solvo-
thermal process on crystal morphology and functional properties [1].

[1] T. Wu, J. Lucero, J.M. Crawford, M.A. Sinnwell, P.K. Thallapally, M.A. Carreon, Journal of Mem-
brane Science 2019, 573, 288-292

J. Sánchez-Laínez, B. Zornoza, Á. Mayoral, Á. Berenguer-Murcia, D. Cazorla-Amorós, C. Téllez, J. Co-
ronas, “Beyond H 2 /CO 2 Upper Bound: One-step Crystallization and Separation of Nano-sized ZIF-11 
by Centrifugation and its Applications in Mixed Matrix Membranes,” Journal of Materials Chemistry A, 
vol. 3, no. 12, pp. 6549-6556, 2015.

Courtney Smoljan, Undergraduate Researcher
My research involves the synthesis and characterization of new non-noble 
metal, porous media catalysts and the conversion of biomass to hydrocar-
bon chains over these catalysts. The purpose of the project is to find an eco-
nomical renewable fuel produced over an inexpensive catalyst that can help 
reduce CO2 emissions and leverage new bio-resources. Recently, we have 
documented an example of these novel non-noble metal catalysts [1]. I am 
currently exploring the synthesis of mesoporous catalysts.

[1] Crawford, JM; Carreon, MA. Decarboxylation of Diunsaturated Lin-
oleic Acid to Heptadecane over Zeolite Supported Pt/ZIF-67 Catalysts. 
Ind. Eng. Chem. Res. 2018, 57 (47), 15991–15997

References
S.R Venna, M.A. Carreon, Langmuir 2011, 27 (6), 2888-2894.
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Abstract
 This work sets the foundation for prelimi-
nary modeling of water ice extraction from lunar 
permanently shadowed craters. Analysis of the re-
search results indicates that (1) favorable phase 
changes at low temperatures and pressures (though 
not in-situ conditions) occur and lead to the upward 
migration of water vapor through the regolith and 
out of the crater surface, (2) the appearance of the 
liquid phase significantly reduces the timesteps in 
the simulation and limits predictive modeling capa-
bilities, (3) adjusting the reservoir model to true lu-
nar conditions requires specific modification of the 
Fortran base code of TOUGH+, (4) the lack of a 
void-like phase prevents realistic modeling of mass 
and energy balance in lunar permanently shadowed 
craters, (5) a stepwise heat source may yield great-
er water production for deeper ice reservoirs than a 
single heat element. The reservoir simulation inves-
tigated phase saturation changes of water iced bur-

ied in lunar regolith over a three-day period from a 
25 W continuous heat source.

Background
 In 2009, NASA launched its Lunar CRater 
Observation and Sensing Satellite (LCROSS) and 
identified the presence of hydrogen at the lunar 
South Pole via the impact of LCROSS’s Centaur 
rocket inside Cabeus crater. The concentration of 
water ice was determined from infrared spectrosco-
py imaging of the vapor plume that followed the im-
pact. Theories suggest that the deposition of water 
on the lunar surface results from the collision be-
tween hydrogen bearing asteroids and the moon ap-
proximately 3.9 billion years ago [1]. Today, water 
ice is solely found at the polar regions inside perma-
nently shadowed craters where evaporation evapo-
ration of the resource is inhibited. One year after 
LCROSS, the estimated total in-situ water volume 
in lunar permanently shadowed craters amounted 
to 1.3 trillion pounds [2].

Lunar Ice Extraction

Daniela Machnik is a graduating senior at Colorado School 
of Mines earning her B.S. in petroleum engineering with a minor in 
computer science and a McBride honors minor in public affairs in 
May 2019. Daniela's interest for drilling in extreme environments 
and the exploration of new horizons drew her to the opportunity 
of modeling water ice extraction from the lunar South Pole as an 
undergraduate researcher with Dr. Luis Zerpa, research professor 
in the Petroleum Engineering department at Mines. In May 2018, 
Daniela and her teammates won the NASA RASC-AL engineering 
competition presenting the lunar polar sample return architecture 

POSEIDON and an innovative approach to capturing icy regolith cores from lunar permanently 
shadowed craters. After earning her M.S. in computer science next year and obtaining valuable in-
dustry experience, Daniela wants to return to academia to pursue a PhD in data science and artificial 
intelligence.

Preliminary Modeling Evaluation of Water Ice 
Extraction from Lunar Permanently 

Shadowed Craters by Direct Heating of Icy 
Regolith

Daniela Machnik, Dr. Luis Zerpa
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Lunar Ice Extraction
 The discovery  of extraterrestrial water re-
serves in our solar system has motivated many 
studies on the possibility of using said reserves on 
future cislunar missions. Unencumbered by water 
restraints, human exploration could expand far be-
yond the reach of Earth’s closest celestial neighbor.

Objective
 Two extraction methods may be suitable for 
the retrieval of useable quantities of lunar water ice: 
the removal of bulk material followed by extensive 
rock processing, and the capture of gaseous water 
via heat induced in-situ phase changes and phase 
migration through regolith. The latter method takes 
a petroleum engineering approach to the problem 
leveraging extraction principles, whereas the for-
mer method involves methodologies from mining 
engineering. While both methods have merit, the 
latter approach presents the potential for greater ef-
ficiency as it does not require the transport of bulk 
material, facilitating remote controlled lunar oper-
ations. This study aims to test the viability of apply-
ing extraction principles to extracting gaseous water 
from icy lunar regolith.

Approach
 In 2006, a study on thermally induced flow 
of water in Martian permafrost was explored using 
the simulator TOUGH+ by researchers George J. 
Moridis and Karsten Pruess of Lawrence Berkeley 
National Laboratory [3]. The practical similari-
ties of this study to the issue of lunar water ice ex-
traction inspired a similar approach in this paper.
The TOUGH+ code environment consists of a base 
code, with methods characterizing the physiochem-
ical properties of water and the geomechanical 
properties of reservoir rock, and a hydrate mod-
ule describing the equation of state of the hydrate 
phase. TOUGH+ is written in Fortran 95/2003 and 
is run directly from the command line.

System Description
 The reservoir characteristics in the model 
were developed from published geologic data [4], 
[5]. Research conducted by NASA and Honeybee 
Robotics indicate that the distribution of water ice 
in lunar permanently shadowed craters varies with 
depth. It is expected that the greatest ice saturations 
are located within the first 2.5 m of the crater sub-
surface and decrease significantly below the mixed 

ice and deep ice layers. Below a depth of 5 m, rego-
lith has a negligible water saturation [6]. The ge-
ology of this work’s reservoir model was designed 
to replicate lunar polar regolith with  ice saturation 
estimates ranging from 23 % in lunar top soil to 
below one percent in deep regolith. The reservoir 
was split into five water ice bearing zones that are 
bounded by a high density breccia formation below. 
The upper zone consists of loose rock fragment and 
features low density, high porosity and high per-
meability. As regolith becomes more compacted at 
greater depths, rock density increases while matrix 
porosity and permeability decrease.
 Above the crater surface, regolith is exposed 
to the lunar atmosphere (a thin layer of gas) and a 
water ice collection plate. Similar to the condensa-
tion of gaseous water on cold surfaces at standard 
conditions, gaseous lunar ice is expected to depos-
it on a cold collection plate above the regolith and 
grow to collectable ice chunks. In the simulation, 
the plate has a 15 cm clearance to the ground.
 The flow of lunar water ice was modeled 
with an in-situ reservoir temperature of -90 C and 
a reservoir pressure of 2.89E+04 Pa (4.19 psi). The 
pressure of the atmosphere in the simulation was 
2.89E+03 Pa (0.419 psi) which approximated the 
lowest pressure allowed with TOUGH+. The atmo-
sphere was treated as a rock medium with 100% po-
rosity (the permeability was low at one Darcy  and 
calls for refinement in future simulations). A cylin-
drical 25 W heat source was buried in the rock and 
emitted heat at depths between 0.15 m and 0.65 
m below the crater surface. The model consisted 
of 2500 grid blocks in the Cartesian XZ plane (2D 
model). The vertical axis encompassed z = +0.25 m 
to z = -4.65 m and the horizontal axis x = 0.1 m to 
x = 9.90 m. The mesh was altered throughout the 
study for XZ and YZ coordinate systems and visual-
ized in MATLAB.

Results
 The 25 W heat source continuously emitted 
thermal energy into the reservoir over a three-day 
period. The temperature difference between the 
outer reservoir and the heated rock in the vicinity of 
the source reached 340 C after three days. The ice 
phase disappeared entirely around the heat source 
within the first 24 hours of the simulation and the 
saturation continued to decrease over the course of 
the following two days. The gaseous phase spread 
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spherically outward from the heat source, and liquid 
water was formed in the transition regions between 
ice and gas. The total ice mass inside the reservoir 
decreased by 8.913 kg, while the liquid and gas mass 
increased by 8.904 kg and 0.009 kg, respectively. Ice 
accumulated below the heat source and completely 
disappeared at the crater surface after three days. 
Simultaneously, the saturations of liquid water and 
water vapor assumed lower values below the heat 
source and greater values in the upper regolith. The 
spreading of water ice below the source derived 
from newly produced  vapor that deposited as ice 
upon contact with cool regolith. The mobile liquid 
and gaseous phases horizontally beside or directly 

above the heat source thermally expanded and mi-
grated upward towards the lunar atmosphere and 
were not cooled as quickly, thus reducing the satura-
tion of ice in those regions. The endothermic phase 
change resulted in a slight lowering of the ambient 
temperature and could have facilitated the depo-
sition of newly formed water vapor in regions far 
enough from the heat source. The liquid saturation 
after the third day indicates the spreading of liquid 
into the atmosphere, where z > 0 m. Under lunar 
conditions, these quantities would be gaseous and 
the collection plate above the reservoir could cap-
ture the escaped gas. The pressure around the heat 
source increased from 2.89E+04 Pa to 4.0E+04 Pa 



Lunar Ice Extraction
following the thermal expansion of sublimed in-situ 
water ice. The following figures demonstrate the dy-
namic reservoir conditions of icy regolith during the 
three-day heat injection.

Discussion
 The appearance of the liquid phase during 
the first day reduced the timestep of the simulation 
due to failed computational convergences. The in-
stantaneous “thermal shock” of the reservoir from 
the introduction of the heat source at time zero sig-
nificantly increased the complexity of the numeri-
cal model. Greater intensities reduce the simulation 
time but result in faster water recovery.
 The accumulation of water ice below the 
heat source marks an important observation in the 
results (Fig. 4). The deposition of water ice around 
a single source could lead to a significant reduction 
of available pore space for outward water vapor 
movement. An elongated source, consisting of sev-
eral independent heat stages, could potentially solve 
this problem via timed heat source operation. The 
source stack could carry water ice quantities upward 
sequentially and, thereby, increase the production 
yield in (deep) crater reservoirs.
 The greatest limitation of the code for this 
specific application lies in the restrictions of reser-
voir temperature and pressure inputs. The numeri-
cal foundations of the hydrate module in TOUGH+ 
are based on the experimentally observed pressure 
and temperature behaviors of hydrate. The lowest 
tested temperature, -124 C, is the minimum allow-
able temperature for the Moridis correlations de-
scribing equilibrium hydration pressure and hydra-
tion dissociation heat. Reservoir simulation at - 124 
C lead to the appearance of liquid water in lunar 
regolith, which does not reflect true phase behav-
ior at cryogenic conditions in permanently shad-
owed craters. The allowable temperature range in 
TOUGH+ is encoded in while loops in the hydrate 
properties module. The base code should be mod-
ified (e.g. reduction of minimum temperature and 
pressure) such that water extraction can be correctly 
modeled with TOUGH+. Finally, to simulate water 
production from a high intensity heat source with 
TOUGH+, it is recommended to investigate the 
possibility for time-sensitive heat injection by means 
of continuous updating of the initial conditions 
during the simulation. 

Conclusions
1. Heat injection into icy regolith creates favorable 
phase changes at low temperatures and pressures, 
subliming and melting water ice. Water vapor ex-
pands radially outward from the heat source and 
rises upward through media of greater porosity and 
permeability, and lower pressure. The accumula-
tion of liquid water above the crater surface (z > 0 
m) in the simulation indicates that production (with 
a collection plate) would be feasible.

2. The appearance of liquid water significantly re-
duces the maximum possible timestep of the sim-
ulation due to the increased modeling complexity 
associated with the phase change.

3. Lowering the ambient temperature to cryogenic 
conditions (approx. 50 K) requires modification of 
the Fortran base code of TOUGH+. The minimum 
allowable default temperature is -124 C (Moridis 
equation).

4. While indicating realistic phase changes under 
the specified input conditions for the simulation, 
TOUGH+ does not incorporate true conditions of 
lunar water ice reservoirs. The code requires an am-
plification to include a void-like phase.

5. To produce water ice from lower depths, a step-
wise heat source, which injects heat at specific depths 
on a time schedule could be implemented.
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 To the prospective undergraduate researcher searching for inspiration to guide their path to-
ward publication, look no further than Daniela’s paper on lunar ice extraction. In it, one can find all 
the ingredients of rigorous investigation: a motivation, a novel approach, case studies on supporting 
research, sound experimental design and execution, and a thorough evaluation of the results. As with 
all papers, however, there is much the readers of this journal can learn from a critical review of the 
strengths and weaknesses of this lunar ice paper. With luck, this review will provide a useful reference 
for prospective undergraduate researchers hoping to submit to Reuleaux in the future.
 One apparent strength of this paper is the novelty of the research concept. One peer reviewer 
remarking that “the idea to apply a reservoir model to the problem has merit.” The author was not 
deterred by the daunting task of applying well-known engineering methods to an environment en-
tirely and radically different, nor did she shy away from discussing the shortcomings inherent in her 
results. For the creative researcher, this paper can serve as an example of divergence from the “plug n’ 
chug” mentality that obtaining a degree occasionally requires. This paper uniquely pursues original 
and fascinating concepts without the restrictions of short term results or functionality.
 As is the case in even the most expertly crafted research papers, however, there are also a 
number of critical lessons to be learned. While the paper is an excellent example of clear communica-
tion, the language could be more accessible to scientific readers outside of the petroleum or geophysi-
cal communities. This might include substituting industry-specific terminology with more commonly 
known technical jargon as well as more elaboration on obscure technical processes. In some cases, it 
is appropriate to interweave more narrative language along with the technical analysis for the sake of 
making one’s research more accessible to the multidisciplinary community of Mines. In this journal, 
don’t be afraid to take some liberties with language!
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Dr. King Spotlight

 Dr. Jeffrey King, of the Materials and Met-
allurgical Engineering (MME) department, is cur-
rently working on research with undergraduates 
and graduate students in the Nuclear Program at 
Mines. Although he mainly focuses on his work 
with graduate students, he has found that introduc-
ing students to research starting in their undergrad-
uate years has brought greater successes for under-
graduates in the past.

New in Nuclear
 Dr. King’s research is almost entirely cen-
tered around the Nuclear Program at Mines. In Dr. 
King’s lab there are three main areas of research.

“I generally say [my areas of research are] additive 
manufacturing for nuclear applications, what I'm 
calling nuclear science and imaging—which basical-
ly is neutron radiography—then the third one is space 
nuclear applications.”

 Based on experiences in his home depart-
ment of MME, King believes the ball is rolling for 
nuclear materials once again.

“I think that we have the possibility to grow our 
research in the nuclear area quite a bit. Mines has 
the opportunity to become even more of a leader in 
that field. There's a lot of interesting challenges and 
opportunities there.”

Why do Research?
 Research offers students the unique oppor-
tunity to step out of the classroom and get real world 
experience. Dr. King encourages students to take 
all research opportunities available because they 
allow students to find answers to questions that in-
structors don’t even know. King also explains how 
research helps students become more confident.

“There is a certain amount of confidence and will-
ingness to take risks and express yourself that re-
search helps to cultivate.” 

 Undergraduate research is also a low-stakes 
way for students to determine whether or not they 
want to move onto a graduate program with that 
professor.

“It is absolutely, for me, relatively low cost [to have 
undergraduate researchers]. And, it's an opportuni-
ty for students who think they might want to go into 
research to discover if that's really what they want 
and if we may work well together. There's a whole 
point of figuring out who you work well with and 
so it’s a trial run for the student.”

Networking, Networking,
Networking
 For undergraduates who want to try their 
hand at research before going on to graduate pro-
grams, it can seem intimidating to get a foot in the 
door. Currently, Mines does not have a registry of 
all the research being done on campus and the ar-
eas where undergrads can get involved. Instead, 
students have to take the initiative themselves and 
ask around.
 When asked about how he finds his under-
graduate students King said, “most of my students 
come to me through referrals or they show up on 
my doorstep asking questions. So, I would say the 
best way [to get involved], if you really want to be 
involved in student research…[is] to be inquisitive 
and persistent.”

FACULTY SPOTLIGHT  DR. JEFFREY KING
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Introduction 
 Lung cancer is the leading cause of can-
cer-related death for both men and women in the 
United States, responsible for approximately one 
quarter of all cancer deaths. Low survival rates for 
lung cancer patients has led to an increased focus on 
novel treatment methods, such as immunotherapy, 
a treatment that is established on the fact that tu-
mors are a composite of both cancer cells and nor-
mal cells that can engage in interactions with the 
cancer cells. This network of cancerous and healthy 
cells is referred to as the tumor microenvironment 
(TME). 
 One important system through which can-
cer cells communicate with the TME is cytokines 
and chemokines, proteins that can signal for a vari-
ety of responses. However, expression of cytokines 
and chemokines has been shown to vary greatly 
in response to certain drugs, particularly targeted 
protein kinase inhibitors, resulting in a potentially 
unpredictable tumor microenvironment. Of partic-
ular interest, tyrosine kinase inhibitors (TKIs) have 
been observed to stimulate transcriptional induc-
tion of chemokines and cytokines, which engage in 
autocrine and paracrine signaling to both pro- and 
anti-tumorigenic immune cells in the TME.  In 

more digestible words, these TKI therapies lead to 
a chaotic traffic jam of conflicting cell signals that 
can impact our ability to predict tumor behavior. 
Such chaos is particularly important to understand 
in lung cancer due to a large reliance on TKI ther-
apies. This study aims to examine the ability of 
Eribulin, a non-taxane microtubule inhibitor, to 
induce a cytokine immune response similar to that 
of targeted TKI's in lung cancer cell lines, and fur-
thermore to characterize the cytokine response to 
general growth arrest therapies compared to specif-
ic targeted protein kinase inhibitors such as TKI's. 

Materials & Methods
 A drug time-course was run to examine 
the cytokine response of 6 lung cancer cell lines 
to Eribulin and Paclitaxel, a taxane microtubule 
inhibitor. A positive control of previously studied 
protein kinase inhibitors (AZD9291, an EGFR in-
hibitor, and Trametinib, a MEK inhibitor) and the 
negative control of DMSO buffer were also used. 
Drugs were administered in cell cultures at 1-day, 
5-day, and 7-day timepoints at standardized con-
centrations. Resulting cells were lysed for RNA ex-
traction, and mRNA quantity was assessed using 
Quantitative Real-Time PCR to determine gene ex-
pression of 3 cytokines and chemokines (CXCL10, 
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Figure 1: Chemokines and cytokines are induced through a complex network of signalling pathways, and certain 
therapeutic drugs act at different locations in this pathway. It is unknown if there is a direct flow between the protein 
kinase cascade and the stress pathway.

Figure 2: Although Eribulin and Paclitaxel are both microtubule inhibitors, they act in different ways. Eribulin 
inhibits microtubules from forming during mitosis, while Paclitaxel prevents them from disassembling after mitosis. It 
is hypothesized that both lead to cell death by triggering the stress pathway, as outlined in Figure 1.



IL6, and TGF -2; GAPDH was used to standardize 
the data). In addition, resulting cell cultures were 
also tested for protein secretion using ELISA assays.
This assay measures the concentration of protein in 
the cell growth medium, which in a human body 
would correspond to proteins being sent out into 
the TME. These two tests allowed for an analysis of 
both genetic induction of cellular signalling as well 
as any post-transcriptional modifications to the ge-
netic induction.

Results
 The ELISA confirmed the expected signif-
icant increase in CXCL10 and IL6 expression in 
response to the positive control protein kinase in-
hibitors. However, the data showed no significant 
increase in expression of CXCL10 and IL6 upon 
Eribulin treatment. Interestingly, the taxane micro-
tubule inhibitor Paclitaxel did cause a large increase 
in expression of CXCL10 and IL6 at the 7-day 
timepoint, differing from the Eribulin response.

Conclusion
 Eribulin does not appear to induce a cyto-
kine immune response in lung cancer cells. Howev-
er, Paclitaxel does appear to induce a significant cy-
tokine immune response in these cells that in some 
cases even exceeds the response to protein kinase 
inhibitors. 
 The increase in cytokine activity in response 
to both Paclitaxel, which interacts with stress-acti-
vated protein kinases, and protein kinase inhibitors, 
which interact with growth signaling pathways, sug-
gests some level of homology or cross-communica-
tion across these pathways. 
 Additionally, the markedly different cytokine 
response between Eribulin and Paclitaxel despite 
their similar understood function as microtubule 
inhibitors suggests either a high level of specificity 
within the cytokine response or the possibility that 
these drugs may have additional effects beyond their 
understood microtubule inhibition, which would 
benefit from further study.
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Growth inhibition by Eribulin and Paclitaxel

Figure 3. Growth inhibition of a panel of 6 lung cancer cell lines by eribulin. The indicated cell lines
were previously submitted to proliferation assays (A) in the presence of eribulin over a concentration
range of 0 to 10nM and (B) in the presence of the taxane drug Paclitaxel over a concentration range of
0 to 30 nM. The cell numbers in the proliferation experiments were quantified by the CYQUANT method.
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Background: Immunotherapy in cancer is established on the fact that tumors are a composite
of both cancer cells and normal cells, including fibroblasts, endothelial cells, and multiple
immune cells, which can engage in interactions with the cancer cells. This network of
cancerous and healthy cells is referred to as the tumor microenvironment (TME). Of particular
interest, tyrosine kinase inhibitors (TKIs) have been observed to stimulate transcriptional
induction of chemokines and cytokines, which engage in autocrine and paracrine signaling to
both pro- and anti-tumorigenic immune cells in the TME. This study looks into the ability of
Eribulin, a non-taxane microtubule inhibitor, to induce a cytokine immune response similar to
that of targeted TKI’s in lung cancer cell lines.

Material and Methods: A drug time-course was run to examine the cytokine response of 6
lung cancer cell lines to Eribulin. A positive control of previously studied protein kinase
inhibitors (AZD9291, an EGFR inhibitor, and Trametinib, a MEK inhibitor) and the negative
control of DMSO were also used. Drugs were administered in cell cultures at 1-day, 2-day, and
3-day timepoints in concentrations similar to their IC50 values. Resulting cells were lysed for
RNA extraction, and mRNA quantity was assessed using Quantitative Real-Time PCR to
determine gene expression of 3 cytokines and chemokines (CXCL10, IL6, and TGFβ-2;
GAPDH was used to standardize the data). To supplement and further analyze this data, a
second drug time-course was run examining two lung cancer cells lines exposed to DMSO,
Eribulin, protein kinase inhibitors, and additionally Paclitaxel, a taxane microtubule inhibitor.
Timepoints were 1-day, 5-day, and 7-day. Resulting cell cultures were tested using ELISA
assays for secretion of the same three cytokines (CXCL10, IL6, and TGFβ-2) into their growth
media, which simulates the TME. ELISA data was normalized to total internal cell protein,
found using a Bradford assay. mRNA expression of these cytokines was also evaluated using
Quantitative Real-Time PCR.

Results: Preliminary quantitative PCR data showed no significant induction of CXCL10, IL6, or
TGFβ-2 after 3 days of Eribulin treatment compared to each cell line’s kinase inhibitor positive
control. In the second time course which was extended to 7 days, ELISA data confirmed the
original time course results with no significant increase in expression of CXCL10 and IL6 upon
Eribulin treatment. The ELISA did show an expected significant increase in CXCL10 and IL6
expression in response to the positive control protein kinase inhibitors. Interestingly, the
taxane microtubule inhibitor Paclitaxel also caused an increase in expression of CXCL10 and
IL6 at the 7-day timepoint.

Conclusions: Eribulin does not appear to induce a cytokine immune response in lung cancer
cells. However, Paclitaxel does appear to induce a significant cytokine immune response in
these cells that in some cases even exceeds the response to protein kinase inhibitors. The
increase in cytokine activity in response to both Paclitaxel, which interacts with stress-activated
protein kinases, and protein kinase inhibitors, which interact with growth signaling pathways,
suggests some level of homology or cross-communication within these pathways. Additionally,
the markedly different cytokine response between Eribulin and Paclitaxel despite their similar
understood function as microtubule inhibitors suggests either a high level of specificity within
the cytokine response or the possibility that these drugs may have additional effects beyond
their understood microtubule inhibition, which would benefit from further study.

Cell Culture: All cancer cell lines used in this study were routinely cultured in RPMI-1640
growth medium supplemented with 5% FBS and 1% penicillin-streptomycin at 37 ℃ in a
humidified 5% CO2 incubator.

Cell proliferation assays: Cells were plated at 100 cells per well in 96-well tissue culture
plates and treated with eribulin or paclitaxel at various doses. When the DMSO-treated control
wells became confluent (1,2 weeks), cell numbers were assessed using a CyQUANT Direct Cell
Proliferation Assay (Invitrogen) according to the manufacturer’s instructions.

Drug treatment assays: Lung cancer cells were seeded in 10cm dishes and 24-hours later,
the cells were treated with DMSO vehicle control, IC50 concentrations of Eribulin, Paclitaxel,
and either AZD9291 or Trametinib for 1-7 days. After which RNA was isolated using Zymo
Quick-RNA miniprep kit and media was collected for ELISA assays.

Quantitative Real-Time PCR (qRT-PCR): Total RNA was purified from cells and aliquots (5µg)
were reverse transcribed using Maxima First Strand cDNA Synthesis Kit (Fermentas). Aliquots
(2µL) of a 1:5 dilution of the reverse transcription reactions were submitted to PCR in 10µL
reactions with SYBR Select Master Mix (Applied Biosystems) with CXCL10, IL6, TGFb2
primers. GAPDH mRNA levels were measured as a housekeeper gene for normalization and
data are presented as “relative expression.”

ELISA: Media collected from the drug treatment experiments was assayed for CXCL10, IL6,
and TGFb2 according to the manufacturer’s instructions (R&D Systems). The concentration of
CXCL10, IL6, and TGFb2 in the media was normalized to the total cellular protein per well, and
the data are presented as pg of CXCL10, IL6, TGFb2/mg cell protein.

Lung cancer is the leading cause of cancer-related death for both men and women in the
United States, responsible for approximately one quarter of all cancer deaths. Low survival rates
for lung cancer patients has led to an increased focus on novel treatment methods, such as
immunotherapy, a treatment that is established on the fact that tumors are a composite of both
cancer cells and normal cells, including fibroblasts, endothelial cells, and multiple immune cells,
that can engage in interactions with the cancer cells. One system through which cancer cells
communicate with this tumor microenvironment is cytokines and chemokines, proteins that can
signal for a variety of responses. However, expression of cytokines and chemokines has been
shown to vary greatly in response to certain drugs, particularly targeted protein kinase inhibitors,
resulting in a potentially unpredictable tumor microenvironment. This study aims to examine the
ability of Eribulin, a non-taxane microtubule inhibitor, to induce a cytokine immune response
similar to that of targeted protein kinase inhibitors, and furthermore to characterize the cytokine
response to general growth arrest compared to specific targeted protein kinase inhibitors.

➢ Eribulin does not induce a significant cytokine immune response in H358 or H1650

➢ Eribulin and Paclitaxel have a markedly different effect on cytokine production in 
H358 or H1650, suggesting either a high level of specificity within this response or 
the possibility that these drugs may have effects that are more dissimilar than 
currently understood

➢ Paclitaxel and targeted protein kinase inhibitors both generate a significant cytokine 
immune response in H358 and H1650, suggesting some level of homology or 
cross-communication between stress-activated protein kinases and growth 
signaling pathways

x
Future Directions

To continue this project, I would repeat qRT-PCR experiments to reduce the
margin for error in order to more confidently compare levels of RNA and protein
expression. Furthermore, I would add more types of drug to the study to create
additional distinctions and greater characterize the events that lead to a cytokine
immune response. I would also like to examine other cell lines that have been
previously studied in this laboratory in a search for known genes that could
serve as biomarkers to predict a cytokine immune response.

Special thanks to the lab personnel in the Heasley Laboratory, especially Trista
Hinz and Natalia Gurulé for technical and educational assistance, and to the
CU Cancer Center and Cancer League of Colorado for financial support.
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Cellular Signaling Pathways

Figure 2. Basic model of cellular signaling pathways of interest in this study. AZD9291 and
Trametinib both inhibit a particular molecule within a protein kinase chain. Eribulin and
Paclitaxel cause the cell to undergo a rapid reprogramming event, which activates the stress-
activated protein kinase pathway.

x

Eribulin vs Paclitaxel Method of Action

Figure 1. Method of microtubule inhibition in Eribulin vs Paclitaxel. Eribulin acts as a microtubule
destabilizer, inhibiting the growth of microtubules during mitosis, while Paclitaxel acts primarily as a
microtubule stabilizer, preventing the depolymerization of microtubules.
Clin Cancer Res. 2011 Nov 1;17(21):6615-22. doi: 10.1158/1078-0432.CCR-11-1807. Epub 2011 Aug
22.
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Cytokine RNA Expression

Figure 4. Lung cancer cell lines were treated for the indicated days with IC50 concentrations of Eribulin, Paclitaxel, and AZD9291 (H1650) or Trametinib (H358) for positive controls.  
Relative Expression of CXCL10, IL6, TGFb2 in the media was assayed via qRT PCR.

x

Cytokine Protein Expression

Figure 5. Lung cancer cell lines were treated for the indicated days with IC50 concentrations of Eribulin, Paclitaxel, and AZD9291 (H1650) or Trametinib (H358) for positive controls.  
Concentration of CXCL10, IL6, TGF2 in the media was assayed via ELISA. 

Cell Line Histology Eribulin 
IC50 (nM)

Paclitaxel 
IC50 (nM)

Oncogene 
Mutations

Targeted 
Therapy

H358 Adeno 0.077 0.46 KRAS-G12V Trametinib 
(MEK)

H1650 Adeno 0.34 0.55 EGFRdel19 AZD9291 
(EGFR)

H1650

H358

Figure 4. Lung cancer cell lines were treated for the indicated days with IC50 concentrations of Eribulin, Paclitaxel, 
and AZD9291 (H1650) or Trametinib (H358) for positive controls.  Concentration of CXCL10, IL6, TGFb2 in the 
media was assayed via ELISA. 

H1650

H358
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Figure 3: ELISA data from two cell lines analyzed in the experiment. This data shows the secretion of three chemokines 
into media by cells exposed to a variety of drug treatments.



Kevin Roth is a junior majoring in chemical engineering. Having 
spent 20 of his 21 years in scenic Colorado—Aspen and Colorado 
Springs—Kevin gradually developed an interest in environmental is-
sues such as climate change. The potential long-term impact of these 
problems has motivated him to delve into their technical, economic, 
and political intricacies. In doing so, Kevin hopes to achieve a bet-
ter understanding of these issues and find a way forward. When he 
graduates, Kevin plans to pursue research opportunities in the field 
of green technologies and alternative energy.  

Evaluation of the Paris Agreement from a
Realist and Liberalist Perspective

Kevin Roth

23

 One of the greatest questions in internation-
al relations is how states can work together towards 
common goals despite having competing interests. 
This issue is central to the international effort to 
mitigate climate change. To this date, 185 parties 
have ratified the Paris Agreement to limit the rise 
in global temperatures to 1.5 to 2 degrees Celsius. 
Although this agreement has so far received wide-
spread international support, implementation has 
proven difficult. Climate change poses a threat to 
all countries as it can cause natural disasters and de-
crease food production around the world. However, 
combating this phenomenon would require states to 
employ costly mitigation efforts that could slow their 
pace of industrial development, both of which may 
cause them to fall behind economically. Due to this 
conflict, the effectiveness of the Paris Agreement 
will depend on the international system’s ability to 
balance the shared objective of preserving the envi-
ronment and each country’s desire to remain com-
petitive. A realist perspective suggests that the anar-
chic nature of the international system will make it 
difficult to take effective action. Although states that 
would be heavily impacted by climate change have a 
significant incentive to enforce the agreement, most 
states may be reluctant to enact pollution controls 
and risk economic slowdown since any states that 
disobey the agreement would come out ahead in 
the short term. In contrast, a liberalist perspective 

would predict that states will eventually choose to 
cooperate since the long-term consequences of cli-
mate change would be much worse than the short-
term economic losses. While realism better explains 
the complications of past climate agreements, the 
liberal perspective seems to more accurately de-
scribe the current status of the Paris Agreement as 
most states remain committed to upholding it nearly 
three years after its enactment.
 From a realist perspective, the success of the 
Paris Agreement depends on whether most states 
decide that the benefits of enforcing it outweigh the 
costs. According to prominent realist Hans J. Mor-
genthau, international politics is ultimately a strug-
gle for power, and the immediate aim of all states 
involved is to acquire more power [1]. Therefore, 
it is important to understand how the Paris Agree-
ment would redistribute power among states. For 
instance, states whose influence would be signifi-
cantly damaged by climate change would be more 
willing to cooperate. This is especially true in Lat-
in America, where island countries are threatened 
by rising sea levels, and rising global temperatures 
would greatly reduce the amount of arable land [2]. 
Since Latin American countries are a major source 
of world food production, this loss would not only 
make it more difficult for states to provide for their 
citizens, but it would also weaken the states’ lever-
age in the world economy as they would have less 23
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food to export. Given how much these states have to 
lose, it is not surprising that three-quarters of Latin 
American residents view climate change as a serious 
problem [2].
           While states that depend on agriculture have 
a great incentive to uphold the agreement, states 
that rely on industry have little reason to do so. In 
fact, developed countries, such as the United States, 
could suffer losses of at least 1-2% of GDP from mit-
igation efforts [3]. These countries also face less risk 
from climate change as their economies are more 
diversified, so they are less likely to view the eco-
nomic shock as a reasonable tradeoff. This could 
partly explain why the United States is seeking to 
renege on the Paris Agreement [4]. Unfortunately, 
the industrial countries that have the least reason to 
engage in climate mitigation are also the countries 
that contribute the most emissions [3]. As a result, 
climate change may progress until the consequences 
are severe enough for these states to justify the cost, 
at which point it may be too late to react.
           Although realism is rather pes-
simistic on the outcome of the Paris 
Agreement, it is important to note 
that this perspective makes 
several problematic assump-
tions. To begin, realism as-
sumes that all states are ratio-
nal actors who accurately weigh 
the consequences of each deci-
sion. This would imply that all deci-
sion-makers are aware of human-made 
climate change and its implications. In reality, many 
people are unaware of the effects of global warming 
and even deny its existence. Additionally, realism’s 
view of states as unitary actors fails to explain the 
partisan division on this issue in many countries. 
This is very applicable to the United States, where 
Democrats are supportive of corrective action while 
Republicans are more likely to be skeptical of cli-
mate change. This would explain why the United 
States helped draft the agreement under a Demo-
cratic President only to reject it when a Republican 
took office [5]. The United States’ decision to exit 
the agreement was not the rational conclusion of a 
unitary actor, but rather a consequence of shifting 
political support in the nation.
           Despite these shortcomings, the realist per-
spective provides insight into why effective political 
action on this issue has proven elusive in the past. 
One of the major disagreements in the Rio de Janei-
ro Earth Summit of 1992 was which countries had 

to take responsibility for correcting climate change. 
Additionally, China has historically tried to avoid 
emissions restrictions as it feared such restrictions 
would harm its economy [6]. While such controver-
sies do not indicate that cooperation is impossible, 
they do suggest that one of the greatest obstacles to 
fighting climate change is convincing states to start 
fighting it.
           In contrast to realism’s cynical view of the 
Paris agreement, liberalism holds that the Paris 
agreement can be effective as long as states realize 
the long-term implications of climate change. Ac-
cording to Immanuel Kant, people are inherently 
cooperative not out of a sense of altruism, but be-
cause they are “rational devils” who realize that 
cooperation will be beneficial for all involved [1]. 
In the case of climate change, the consequences 
of inaction would include widespread destruction 
from natural disasters as well as food shortages due 
to droughts and changing weather patterns. There-
fore, states would eventually realize that upholding 

the Paris Agreement would be the opti-
mal option as a short-term econom-

ic loss of 1-2% is much less severe 
than the disastrous effects of 

global warming.
 So far, this prediction 
has held for most states in the 

Paris Agreement. According 
to Rhea Suh, the president of the 

Natural Resources Defense Council, 
the Paris Agreement marks a turning 

point in climate negotiations as it signifies that “the 
world [finally] stands united against the central en-
vironmental challenge of our time” [7]. This uni-
ty also seems to have survived the United States’ 
decision to exit the agreement as most other states 
have reaffirmed their commitment to uphold it in 
response. This near consensus on the Paris Agree-
ment indicates that most states are beginning to re-
alize the threat climate change poses and are acting 
accordingly.
           The greatest challenge in upholding the 
Paris agreement is ensuring the continued support 
of all parties. While the Paris agreement includes 
a transparent evaluation system that prevents states 
from lying about their progress, it mostly relies on 
changing international expectations rather than 
formal repercussions to prevent violations [8]. This 
approach may prove problematic if a government 
decides to ignore international pressure as the Unit-
ed States has done. Fortunately, involvement from 24
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intra-state and non-state actors could allow coun-
tries to fulfill their commitments even with the loss 
of government approval. For instance, over 30 US 
cities and three states have attempted to negotiate 
with the United Nations in order to meet the United 
States’ mitigation goals following the federal gov-
ernment’s decision to reject it. While these actions 
do not eliminate the need for government support, 
they do demonstrate how non-state actors play an 
important role in climate mitigation.
 Compared to realism, the liberalist per-
spective better encompasses the current outcomes 
of the Paris agreement. Not only does liberalism’s 
assumption of inherent cooperativity explain the 
widespread support of this agreement, but its rec-
ognition of intra-state and non-state actors accounts 
for the continued effort of US entities to meet the 
agreement’s goals. These findings contrast signifi-
cantly with realism, which predicts that conflicting 
interests would hinder progress and emphasizes the 
necessity of state approval. Additionally, the liberal-
ist perspective also provides an explanation for the 
United States’ decision to renege which is the inter-
national system failing to pressure the United States 
into upholding the agreement.
           However, the liberalist perspective is less 
useful for explaining the relatively unproductive cli-
mate discussions before the Paris agreement. Since 
climate change negatively impacts all countries, 
states should be able to efficiently combat it as it is in 
every country’s best interests to stop it. Liberalism 
would explain this issue through the inability of in-
ternational institutions such as the UN to reconcile 
the concerns of all parties, but this failure is reflec-
tive of a historical unwillingness to work together on 
this issue, contradicting this perspective’s assump-
tion of inherent cooperation. As a result, liberalism 
is less useful for explaining the challenges of climate 
negotiation than it is for describing the recent suc-
cess of the Paris Agreement. However, it is currently 
unclear whether this success is a temporary excep-
tion or a turning point in the international effort to 
fight climate change. While the Paris Agreement is 
an important development in climate negotiation, it 
is a development that has yet to demonstrate wheth-
er it can survive complications.
           Taken together, the realist and liberalist per-
spectives can accurately model the difficulties of past 
discussions as well as the current status of the agree-
ment. Realism explains the previous disagreements 
over which countries are responsible for correcting 
climate change as the result of states trying to pre-

serve their economic power by avoiding costly miti-
gation requirements, although liberalism also notes 
the failure of international institutions to pressure 
countries into acting. For the Paris Agreement it-
self, liberalism recognizes that most countries would 
support the agreement as climate change poses 
a threat to all states. Liberalism also identifies the 
importance of non-state and intrastate actors (such 
as businesses and cities) in fulfilling the agreement. 
Although the long-term viability of the Paris Agree-
ment remains uncertain, the agreement has the po-
tential to effectively mitigate climate change as long 
as most states continue to prioritize protecting the 
planet over preserving economic leverage.
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 Analysis of the Paris Agreement from a Realist and Liberalist Perspective explores recent and 
past efforts made by nations of the world to take collective action against the pressing issue of climate 
change. This paper was originally written as part of an International Relations class. Its inclusion in 
this edition of Reuleaux serves to show that regardless of the context for which a paper is written, it 
can be put through the publication process. 
 This paper is a fascinating read that is well constructed and presents the challenge of in-
ternational cooperation from two different perspectives. It presents an interesting and new way of 
discussing the issues facing the Paris Agreement. More specifically, this paper explores the Paris 
Agreement’s probability of success when world powers are viewed as either selfish or selfless actors. 
The analysis used to support each of the author’s assertions is thoroughly supported with sufficient 
real world examples from both the past and the present. From showcasing countries’ ties to climate 
change to highlighting the political motivations that drive their stance on climate change, this paper 
effectively uses concrete evidence to back up well-formulated conclusions. Such a direct and verifiable 
substantiation of analytical conclusions is essential to any successful research paper.
 Overall, this paper proves to be around the standard of a peer reviewed paper despite not 
being in the format of a conventional, peer reviewed paper. This paper is factually and analytically 
sound, presents a novel view on a current issue, and communicates its ideas and information in a 
clear and effective manner. Reuleaux aims to present a diverse range of research from a wide range 
of fields. Analysis of the Paris Agreement from a Realist and Liberalist Perspective -- despite not being 
a traditional research paper -- provides a meaningful analysis of a current problem that enriches the 
knowledge of its readers, making it a worthy inclusion in this years edition of Reuleaux. 
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Welcome to the Colorado Fuel Cell Center!
 The Colorado Fuel Cell Center (CFCC) is a laboratory on the Colorado School of Mines campus 
that specializes in the analysis and development of fuel cell systems. The CFCC primarily focuses on the 
advancement of systems intended for electricity generation and energy storage applications. At present, the 
main research domains of the CFCC revolve around pressurized ammonia synthesis, fuel cell degradation, 
and solid-oxide fuel cell testing. Work at the Colorado Fuel Cell requires incredible amounts of interdisci-
plinary expertise. Thus, the CFCC employs faculty from Mechanical Engineering, Electrical Engineering, 
Materials Engineering, Materials Science, and Chemical and Biological Engineering. Current projects at 
the CFCC include:

Pressurized Ammonia Synthesis 
 The CFCC is currently investigating how 
proton- conducting ceramic fuel cell ammonia syn-
thesis is impacted by high pressure operation. 
 It is the intention that pressurized ammonia 
synthesis with fuel cells may be used to economi-
cally produce ammonia without the Haber-Bosch 
process. Ammonia synthesis fuel cells may have a 
place producing ammonia in space thanks to their 
smaller size and reduced energy consumption.

Fuel Cell Degradation
 Current research in the CFCC is focused 
on how fuel cells lose performance over time. 
 In order to understand these degradation 
mechanisms, the CFCC has developed precision 
equipment that can accurately measure fuel cell 
voltage over thousands of hours of operation. 
 The CFCC hopes to use the results of these 

degradation experiments to develop more durable 
fuel cells for future use.

Figure 1: Diagram of an anode-supported solid-oxide 
fuel cell demonstrating the reforming kinetics between the 
anode and cathode

CFCC Lab Spotlight
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Group members left to right ; Neal Sullivan PhD,  Benjamin Butler, Chris Chumra, Tyler Pritchard, Michelle Butler, 
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Current Members
Neil Sullivan PhD, CFCC Director
Associate Professor, Colorado School of Mines 
Mechanical Engineering Department

Benjamin Butler, Undergraduate Researcher
My name is Benjamin Butler, and I am a sophomore in electrical engi-
neering here at Mines. My hobbies outside of school all involve nature 
in some way and have let me see how the environment is changing. So, I 
approached Dr. Sullivan wanting to get experience in the power storage 
industry at the CFCC. My main job at the CFCC is to continually ana-
lyze and find ways to optimize the test stations. I am always learning new 
techniques and becoming a better engineer. I cannot thank Mines and Dr. 
Sullivan enough for allowing undergraduates to pursue their passions in 
industry.

Chris Chmura, Undergraduate Researcher
Hello all! My name is Chris Chmura and I am a Senior in the Mechanical 
Engineering department. I am also the treasurer of Blue Key as well as one 
of the managers of the Yearbook. One of my jobs on campus is in the Col-
orado Fuel Cell Center as one of the undergraduate researchers. My main 
job in the Fuel Cell Center is researching, preparing and brazing stainless 
steel pieces together. Some of my other responsibilities include helping re-
design fuel cell housings and helping build test stands when needed.

Michelle Butler, Undergraduate Researcher
My name is Michelle Butler and I’m a junior in mechanical engineering. 
Through the Mines Undergraduate Research Fellowship, I work on a proj-
ect for energy storage through ammonia synthesis student at the Colorado 
Fuel Cell Center on campus. Under this fellowship, I work in the research 
lab for both fall and spring semesters and present my research at a research 
symposium in the spring. I have varying roles within the lab, depending on 
the tasks for the day. Overall, I have done a lot of leak testing since I joined 
the team at the lab. I’m also involved in the Society of Women Engineers.
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Tyler Pritchard, Undergraduate Researcher 
My name is Tyler Pritchard and I a junior studying mechanical engineer-
ing with minors in energy and public affairs. I first became involved with 
the Colorado Fuel Cell Center by directly reaching out to the laboratory 
director, Neal Sullivan, via email. I thought my email was nothing more 
than wishful thinking at first, but Professor Sullivan saw my interest in fuel 
cell technology and energy storage, and a brief resume exchange and inter-
view, I had a place on the team! Recently, I have started a project investi-
gating the techno-economic feasibility of high-temperature co-electrolysis 

of Fischer-Tropsch liquids with syngas generated by proton-conducting ceramic cells. This kind of cut-
ting-edge research is why I love working in the CFCC. It’s hard work and failure is always just around the 
corner, but the pride of knowing you’re helping to advance the leading edge of science is well worth it!
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Visit our website, https://www.mines.edu/cfcc/, to learn more!



Exploring Fractional Derivatives

Leah Reeder is a Junior majoring in computational and applied 
mathematics at Mines and is involved in the computer science depart-
ment and McBride Honors Program. She has been an undergradu-
ate research assistant in the applied math & statistics department and 
is currently a research and development intern at Sandia National 
Laboratories. She hopes to pursue a research career at a national lab 
after obtaining a PhD in the computational mathematics field. 

Exploring Fractional Derivatives and Trig 
Functions

Applied Mathematics and Statistics Department
Leah Reeder and Dr. Kevin Ahrendt

Introduction 
Continuous fractional derivatives have been around 
for several centuries, but there is little known in the 
discrete case. An example of a fractional derivative 
is shown below:

Figure 1: An example of a fractional derivative, where 
blue: f(x) = x, red: f'(x) = 1, green: 1/2-order fractional 
derivative of f(x)

Here, the blue line corresponds to f (x) = x, the red 
line corresponds to f’(x) = 1, and the green curve 
corresponds to the ½ - order fractional derivative of 
f (x). We define our discrete difference operator, the 
nabla (   ) operator, as follows:

This is known as a backwards difference operator.

Objectives
The objective of this research is to become famil-
iar with fractional discrete calculus to the extent 
that fractional derivatives of discrete trigonomet-
ric functions can be taken and understood. Before 
specifically taking fractional derivatives of trig func-
tions, it is important to:
 Have a geometric interpretation of discrete 
trig functions
 Have a list of trig identities that that we can 
use when deriving and integrating trig functions
 Have a better understanding of the discrete 
trig identities to be able to compare the nabla case 
with other potential discrete operators 

Existing Functions
Using discrete fractional nabla calculus, we can de-
fine a nabla exponential function. Let p be in the 
set of regressive functions, then:
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Nabla sine and cosine are defined as a real case of 
the above exponential. Let p be any value excluding 
i, -i , then:

One trig identity has been defined and is as follows:

Our Proven Trig Identities
In the real case, the half-angle formulas are defined 
as: 

We have come up with similar identities in the nabla 
case, using exponential definition of the nabla sine 
and cosine. Again, we let p = 1 for simplicity. We 
have: 

Since nabla tan is defined as nabla sine over nabla 
cosine, similarly to real tan, we have:

If we use p = 1 for the Pythagorean identity already 
found, then we get:

In all these identities that we have found an expo-
nential term. This term shows up consistently in-
stead of a constant, or, more specifically, 1. If we 
use the definition of the nabla exponential, we know 
that:

This decaying exponential is consistent with the 
graphs that we have found nabla sine and cosine.

Relations to Continuous Case
We can define our nabla trig functions in terms of 
real sine and cosine, using the definition in terms of 
exponentials. In order to do this, we let p = 1. The 
relationship is defined as below:

Since there is a clear relationship between continu-
ous trig functions and nabla trig functions, we can 
graph our nabla trig functions in terms of real since 
and cosine. Figure 2 is a graph of nabla sine and 
cosine. Notice that both functions decay rather fast 
due to the exponential.

Figure 2: Graph of nabla sine and cosine

Future Research 
We plan on continuing to look at the exponential 
that is common to the identities for potential im-
plications. Additionally, we plan on looking further 
into other discrete operators to see if they make 
more sense geometrically. As for a larger next step, 
we hope to be able to look more into taking a frac-
tional derivative of the nabla trig functions. 

References
C. Goodrich and A. C. Peterson. Discrete Fractional 
Calculus. Springer, 1st edition, 2015.



Meet the Editors

Tyler Pritchard, Editor in Chief
Tyler Pritchard is a third year student pursuing a major in mechanical engi-
neering and two minors in energy and publicaffairs. On campus, Tyler vol-
unteers with the Mines Green Team, works as a teaching assistant for the 
Thorson First-Year program, and also conducts techno-economic research 
for fuel cell syngas systems for the Mechanical Engineering Department. 
Outside of class, Tyler enjoys championing the importance of integrated 
techno-political solutions, user-centered design, green transport systems, 
and effective scientific communication. This is ultimately how Tyler got 
involved with Reuleaux. His passion for bridging the gap between engi-
neering, policy, and society hinges on quality scientific communication: a skill he hopes to develop on the 
Mines campus through his work with Reuleaux. Already, Tyler’s involvement with Reuleaux has given him 
innumerable networking opportunities, first-hand experience with the scientific publication process, and 
the ability to work alongside prospective authors on developing more approachable scientific writing. He 
looks forward to seeing how Reuleaux and the Mines campus will grow to embrace this mantra of effective, 
approachable scientific writing in the future!

Wyatt Hinkle, Graphic Design Editor
Wyatt Hinkle is a third-year student at Mines studying biochemistry with 
minors in applied math, biology, and public affairs. He has a desire to expe-
rience a little bit of everything, and as such he is involved in a variety of ac-
tivities outside of class, including independent social science research into 
campus culture and impostor syndrome, violin, piano, and working as a TA 
for the Thorson First-Year Honors Program, to name a few. His involve-
ment with Reuleaux happened quite by chance when faculty advisor Dr. 
Hitt ran into him at an undergraduate research event and invited him to 
join the team. Since then, he has jumped headfirst into the world of graphic 

design, learning inDesign and compiling this first edition of Reuleaux. In doing so, Wyatt has unearthed 
a passion for journalism and science communication, and he hopes to combine his love of writing and 
science by pursuing a masters degree in science journalism after graduation. He recognizes that science 
lacks an impact without successful communication, and he looks forward to becoming an active constitu-
ent of this communication process. In the meantime, he will continue working for Reuleaux, carrying the 
message that students all have lives outside of the classroom that they can choose to fill with activities that 
bring them joy, if they only know where to look for the opportunities.
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Meet the Editors

Taylor Self, Technical Sciences Article Editor
Taylor Self is a senior studying chemical engineering, and a student of the 
McBride Honors program. She is originally from Boulder, CO, and will 
be graduating in May 2019. On campus, she is involved in a number of 
extracurriculars outside of Reuleaux, including Blue Key Honor Society, 
Hike for Help, Women’s Water Polo, and undergraduate research under 
Dr. Moises Carreon. She also participated in the Peace Corps Prep pro-
gram, and will be graduating with a certificate of recommendation for 
Peace Corps acceptance. The highlight of her collegiate career has been 
her work with Dr. David Frossard, concerning the nuances of economic 
development theory in communities worldwide. She was fortunate enough 
to study abroad twice in the Everest region of Nepal, including a trek to 
Everest Base Camp. She would like to thank Hike for Help and her friends 
at the Sherpa House for her experiences overseas.

James Talbot, Social Sciences Article Editor
James Talbott is a first year student studying electrical engineering. Orig-
inally from Houston, Texas, he has liked hiking and skiing in Colorado. 
He is involved around campus through RHA and various choirs, includ-
ing Harmonic Miners and Minor Dissonance. He became involved in Re-
uleaux through the Thorson Honors program and has enjoyed learning 
more about the research being conducted around campus. He has enjoyed 
the experience of creating a publication showcasing the work of Mines stu-
dents because of the connections with faculty and students he has gained 
through the process. James is interested in continuing to learn more about 
research on campus through his work and hopes to continue his involvement in Reuleaux over the next 
three years.  
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McKenna Larson, Content Editor
McKenna Larson is a freshman geology/geological engineering major orig-
inally from Salt Lake City, Utah. She has a psychiatric service dog in train-
ing named Dipper living with her on campus. With her degree she wants 
to focus on ground water contamination and access in areas of the country 
where peoples’ water rights are neglected. She got interested in Reuleaux 
because it presented a unique opportunity to see research being done on 
campus and formulate a way to share it with other students and staff. The 
experience has given her a chance to meet faculty and staff members and 
gain knowledge from them about research itself and the processes of mak-
ing a publication for campus. Besides Reuleaux she is a writer for the OreDigger and hopes to get involved 
in more activities around campus. Outside of school she enjoys hiking, camping, and kayaking in Utah and 
hopes to do the same in Colorado. 

Austin Monaghan, Language Editor
Austin Monaghan is a Junior studying engineering physics and minors in 
mathematics and public affairs. Afflicted by a not-so-rare disease that has 
left him incapable of sitting still since childhood, Austin spends more time 
training for club triathlon and cycling races than he would care to admit 
to his professors. Off the bike, Austin enjoys backcountry skiing, climbing, 
cooking, and getting sunburned. Finishing his fifth semester as an execu-
tive of Hike for Help, he has had the great fortune of traveling twice to the 
enchanted land of Nepal where he discovered a passion for education and 
a fear of giant leeches. At least once daily he marvels at his dumb luck and 

attempts to continue his work in education as a Phys 100 TA and as an editor of Reuleaux. It is Austin’s 
pleasure to work with the amazing editors and authors involved in the publication of this journal with the 
shared goal of encouraging the exciting culture of undergraduate research here at Mines. Austin would like 
to thank you for this opportunity.

Cont.
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Reuleaux Needs You!
We are always looking for submissions from undergraduates who want their work seen on campus.

If you are doing undergraduate research, had a research project for the annual symposium, or have a 
social sciences piece that you want seen, submit to Reuleaux today!

Go to https://www.mines.edu/undergraduate-research/reuleaux/

Click on the Submissions Tab
Fill out the Submissions Form
And upload your document!

Once your piece is submitted, it is taken by the Reuleaux editors and given to a peer reviewer.
Authors are then contacted and told the next steps to getting published in the journal.

If you have questions or want more details, reach out to the Reuleaux Staff at
minesreuleaux@gmail.com

Cont.



A special thanks to the original board of Reuleaux for all of the work they 
did to lay the foundation for this journal:

Andy Ericks
Nico Hall

Matthew Kowalski 
Kyle Markowsi

Katharyn Peterman 
Erika Stromerson 
Kenneth Sullivan

Brian Yoon

You can find more information about these incredible individuals online at 
https://www.mines.edu/undergraduate-research/reuleaux/about/ 



Dedicated to Dr. Sarah Jayne Hitt, the original inspiration for Reuleaux. 
Thank you for all you have done to make this venture possible.
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