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ChE summer school

T
he U.S. Bureau of Labor Statistics predicts that the 

number of chemical engineering (ChE) jobs will 

increase by 8% from 2016–2026,[1] demanding a 

growth in the number of students studying ChE. The inter-

est in Science, Technology, Engineering and Mathematics 

(STEM) is planted early in a student’s academic career and 

is reinforced during high school.[2-7] Whereas very few stu-

dents change into STEM fields after entering college, the 
majority of students who enter college to pursue a STEM 

discipline tend to persist in that line of study.[2] High school 

teachers and guidance counselors, therefore, help set a stu-

dent’s career path, but a lack of education in career trajecto-

ries in engineering, particularly in ChE, can hinder recruit-

ment of students once they reach college. 

Unlike other engineering disciplines, such as electrical or 

mechanical engineering, where the scope of study and ca-

reer paths are clear, the skill sets, impact and contributions 

of ChEs and the broad spectrum of jobs that they hold tend 

to be poorly understood.[2,3,8] Specifically, there exists a per-
sistent struggle to differentiate ChEs from chemists, and a 

failure to grasp how ChEs leverage all of the basic sciences 

for designing processes capable of transforming matter into 

new, valuable products.[8]

Beyond education of high school teachers and guidance 

counselors, student-faculty interactions in programs at uni-

versities, high schools, or even public venues boost under-

standing of and interest in ChE. Indeed, one of the most 

effective tools for recruiting students to ChE are laborato-

ry experiences with faculty, undergraduates, and graduate 
students that combine fundamental principles with creative 

inquiry.[4-7,9] Successful outreach not only helps students an-

swer the question “What does a chemical engineer do?”, it 

also encourages a more diverse set of students to engage in 

the discipline.[4,5,8,10,11]
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MOTIVATION
The same complexity that makes the ChE discipline and 

its impact difficult to grasp also challenges educational 

initiatives aimed at conveying, in a single module, a suffi-

cient representation of its scope. Indeed, in our own STEM 

outreach experiences, we have commonly employed in-

dependent experiments and demonstrations that illustrate 
disparate fundamental ChE concepts; for example experi-
ments on chemical reactions, exploration of non-Newtonian 
fluids, illustrations of molecular separations, etc. What we 
commonly lack—and suspect similar ChE-focused STEM 

efforts by others do as well—is a clear platform for demon-

strating the distinguishing skills of chemical engineers to ra-

tionally integrate processes across molecular, macroscopic, 

and system scales. 

While chemical engineers often think about challenges 

associated with process scale-up, demonstration of large-

scale process integration within the confines of the STEM 
outreach laboratory can be logistically challenging and 

costly. As a viable alternative, the involvement of chemical 

engineers in process scale-down—for example, in the de-

sign of molecular sensors,[12] miniaturized devices for health 

assays[13] and drug discovery,[14] or chemical plants on-a-

chip[15]—provides an attractive basis for developing cost-ef-

fective, yet impactful ChE-based STEM modules.
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LABORATORY DESCRIPTION
Table 1 summarizes the supplies and equipment re-

quired for this module.

Students are divided into groups of 5 for the hands-

on portion of the module aimed at the design of a mi-

crofluidic device capable of predictively controlling 
the Landolt reaction under continuous flow condi-
tions. The laboratory is coordinated between micro-

fluidic device design and fabrication, collaborative 
benchtop elucidation of the reaction kinetics of the 

Landolt iodine clock reaction, and collective device 

testing as schematized in Figure 1. 

Microfluidic Device Design 
Each group is given 20 minutes to use their creativ-

ity and knowledge of fluids to design devices (i.e., 
channel geometry) that they feel will best allow them 

to 1) carry out a well-mixed Landolt reaction and 2) 

TABLE 1 
Supplies and equipment for microfluidic and reaction 

demonstrations and experiments. 

Item [Source] Quantity 
Estimated 
Unit Cost 

Estimated 
Total Cost 

Microfluidic device supplies   

Clear acetate sheet (transparencies) 
[Staples] 

50 $17.29 $17.29 

Polydimethylsiloxane (PDMS) [Robert 
McKeowen Company, Inc.] 

500 g $50.00 $50.00 

UV curing glue (NOA 81) [Norland 
Products Inc.] 

1 oz. $19.00 $19.00 

Ethanol [Fisher] 4 L $180.28 $180.28 
Acetone [Fisher] 4 L $105.95 $105.95 
Isopropyl myristate [Fisher]  500 mL $77.20 $77.20 
Glass microscope slides (75 X 25 mm) 
[Fisher] 

144 $59.60 $59.60 

Glass microscope slides (75 X 50 mm) 
[Fisher] 

144 $115.50 $115.50 

Tubing (OD 3/32 inch) [McMaster Carr] 50 ft $11.00 $11.00 
Stainless steel connectors (ID 0.023 in, L 
0.35 in) [New England Small Tube] 

100 $ 0.45 $45.00 

Isopropyl myristate [Fisher] 1 kg $131.50 $131.50 

Syringes (3 mL, pack of 200) [Fisher] 1 $31.69 $31.69 
Petri dishes (100x15 mm, case of 500) 
[Fisher] 

1 $285.11 $285.11 

Total cost   $1,129.12 
Reaction supplies  

Distilled water -- -- -- 
Sodium metabisulfite (Na2S2O5, 250 g) 
[Fisher] 

1 $33.20 $33.20 

Potassium iodate (KIO3, 100 g) [Fisher] 1 $55.37 $55.37 
Sulfuric acid (H2SO4, 100 mL) [Fisher] 1 $88.69 $88.69 
Ethanol -- -- -- 

Starch (soluble, 250 g) [VWR] 1 $46.66 $46.66 
Sample tubes (50 mL, case of 500) [VWR] 1 $288.98 $288.98 
Sample tubes (15 mL, case of 500) [VWR] 1 $267.08 $267.08 
Transfer pipettes (7.5 mL, case of 500) 
[VWR] 

2 $58.81 $117.62 

Gloves (Nitrile, pack of 100, size M) 
[VWR] 

2 $29.15 $58.30 

Gloves (Nitrile, pack of 100, size L) [VWR] 2 $29.15 $29.15 
Polypropylene bottles (250 mL, Pk of 12) 
[VWR] 

1 $84.59 $84.59 

Polypropylene bottles (500 mL, Pk of 12) 
[VWR] 

1 $115.57 $115.57 

Total cost   $1,185.21 
Equipment required  
Furnace, plasma cleaner, syringe pumps (3), UV lamp, balance, stopwatch, 
safety and UV glasses 

accurately predict the location in the microfluidic channel 
where progressing droplets will first display the clear-to-
blue color change. Templates for the main channel in the 

microfluidic devices are designed in Microsoft PowerPoint 
by drawing channel geometries on a black background us-

ing white lines of a sufficient width (4 pt) (Figure 3), which 
translates to devices with 2.5 mm wide channels. Power-
Point templates containing the T-junction geometry (Figure 
3a, line width 1 pt ≈ 1.5 mm channels) for separately feeding 
reactant solutions A and B to the continuous fluid, are pro-

vided to each student group to ensure that all devices form 

droplets. Throughout the design process, groups are advised 

on the mixing effectiveness and fabricability of channel fea-

tures they include. Due to the fabrication method used, small 

features (< 100 μm) will not effectively be patterned onto 
the microfluidic stamp. Duplicates of the patterns are then 

fluid.[20-22] Specific to device design, the microchannels feed-

ing reactant fluids to the T-junction must be half the width of 
the main channel through which the continuous fluid flows. 
The capillary number, Ca, is introduced and its significance 
for droplet formation is explained in terms of the properties 
of the continuous fluid and interfacial tension with the drop-

let-forming fluids. We discuss the requirement of Ca~O(10-2) 

to ensure droplet breakup,[20] and collectively calculate Ca 

for the specific fluids to be processed in the students’ micro-

fluidic devices. 
Conceptualizing Scale-Down (Scale-Up) Challenges 

We help students conceptualize challenges that chemical 

engineers face when scaling reactive processes by demon-

strating the Landolt iodine clock reaction under static (dif-

fusion limited) conditions. Following solicitation of student 

predictions for the impact of suppressed mixing on 
the reaction, we contact droplets of each of the reac-

tant solutions, and encourage students to make ob-

servations of how the absence of mixing leads to the 
slowed onset and inhomogeneity of the clear-to-blue 

color change (Figure 2c-f) relative to the well-mixed 
case (Figure 2a and b). We exploit this simple exam-

ple to discuss scale-up and scale-down challenges in 

general and as a way of integrating chemical reaction 

and fluid flow design principles. Mixing implications 
are then discussed using pictures of common reactor 

configurations. Successful strategies for microfluid-

ic mixing are shown, including herringbone patterns 
and the use of sharp corners to cause mixing due to 
fluid tumbling.[21,23,24] Finally, the concept of residence 

time, τ, is introduced and calculations are demonstrat-
ed for a tubular reactor and microfluidic channel as 
the basis for discussing impacts of non-uniform mix-

ing at each scale.
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position in their own device. Of the devices tested, these 

predictions were relatively accurate.

Summative Assessment

Each group was asked to make a brief oral presentation 

on the design of their microfluidic device, emphasizing de-

sign features engineered to enhance mixing under laminar 
flow conditions. The groups also discussed the results of 
their analysis of the mystery solution, quantified the total 
residence time in their microfluidic device, and identified 
the channel position where they predicted completion of the 

reaction. Peer and instructor feedback were provided at the 
conclusion of each presentation regarding technical features 

of the device design and reaction predictions. 

The aim of this module was ultimately to effectively link 

ChE fundamentals with hands-on laboratory activities and 

for students to tackle real ChE challenges. The unique set-

up of the program, with two lectures in the morning and a 

laboratory after lunch, enables immediate experimental re-

inforcement of the concepts taught. Quantitative summative 

assessment of the effectiveness of this educational module 

was achieved through student surveys, the results of which 

are tabulated in Table 2.

Student Reflections 
Students were also asked to reflect on the following ques-

tion: “What was the most helpful/beneficial portion of the 
session and/or the most relevant material presented?” The 

responses, summarized here, underscore the effectiveness of 

the integrated module format in teaching, illustrating, and 

reinforcing ChE fundamentals.

  “I enjoyed the connection between the information pre-

sented in the powerpoint and the experimentation. I like 
applying the knowledge. I found that designing our own 

microfluidic device was fascinating, because we thought 
about the information in greater depth and were able to 

look at the viewpoints of our classmates.”

  “The review of chemistry at the beginning was very 

helpful and informative, and provided much of the infor-

mation needed to complete the lab. The experiments and 
the building of the microfluidic device were also very 
interesting and relevant.”

 
TABLE 2 

Summary of results of summative follow-up surveys. 
100 students (98% response rate) (Rating scale: 5 = 

exceeded my expectations, 4 = met most of my 

expectations, exceeded some expectations, 3 = met all my 
expectations, 2 = met some of my expectations, but needs 

improvement, 1 = did not meet my expectations) 

Questions from Summative Survey 
Rating  

(out of 5) 

Value to you of the information presented? 4.1 

Audience interaction, time for questions? 4.2 

Overall, how satisfied were you with this 
session? 

4.0 

The open-ended device design component of the module 

leads to unique designs that may present unanticipated fab-

rication challenges or device failure. We exploit this uncer-
tainty as the basis for discussing associated risks, and for al-

lowing students to choose to take known risks, which some 

did, or to reconsider their design. Overall, this collaborative 

process helped the students use their creativity, anchored by 

their knowledge of successful mixing strategies, to design 
unique microfluidic devices.

 “I really appreciated that we were allowed to design and 

produce our own microfluidic devices based on the infor-
mation that was provided. It was hands on engineering.”

This experiential learning pushed the students to put new 
concepts into practice, reinforcing the idea that fundamental 

concepts do apply to real world problems. 

Reaction kinetics experiments in which students collected, 
pooled, and analyzed experimental data offered first-hand 
reinforcement of lecture concepts, instances for instruction 

on basic laboratory skills, and opportunities for quantifica-

tion and thinking about experimental error, its root causes, 
and its propagation to the final results. The greatest sources 
of error in the data were contamination, due to reuse of dis-

posable transfer pipettes on more than one reaction experi-
ment, volumetric measurement errors in preparing specific 
variants of solution B, and errors in the accuracy of timing 

of the reaction. Despite these errors, the students were suc-

cessfully able to collectively and collaboratively determine 

the reaction order and to improve their understanding of the 

fundamentals of chemical reactions.

  “I thought the entire lab was very well presented and 

was a lot of fun to be in. The information provided was 

very helpful. Overall I learned some new things that I 

never saw before in Chemistry.”

  “I liked being able to actually get hands on with the 

chemistry and do some math. I wish there were more 

actual classes like this in the program.”

The overall goal of this module was to use the lecture and 

laboratory to educate students about the field of chemical 
engineering. We aimed to present real challenges to students 

that chemical engineers face and to give them tools to solve 

these problems during the laboratory period. Overall, this 

module was successful in educating students about chemical 

engineering, in some cases increasing excitement about the 
discipline:

 “The most beneficial part for me was just learning about 
what exactly a chemical engineer does and what goes on 
in a chemical plant.”

while, in other cases, clarifying disinterest in the 

field: 
 “I realized that I am not interested in chemical engineering, 

though I enjoy chemistry. I liked performing the reactions 

and finding the concentrations-this was a good refresher.”
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SUMMARY
This module teaches students about the complexity and 

impact of the field of chemical engineering. The students 
become “ChEs for a day” where they are taught chemical 

engineering fundamentals during their “on-the-job train-

ing” and immediately apply these new skills in a creative 

laboratory experience designing a ‘plant-on-a-chip’. They 
are challenged to scale-down the Landolt iodine clock re-

action to the microliter scale by applying their new training 

in fluids, elementary reaction engineering, and knowledge 
of transport limitations in reacting and laminar fluid flow 
systems. The multi-faceted module provides a range of ex-

periences for students, including the design and fabrication 

of microfluidic devices to meet reactant mixing design crite-

ria, experimental assessment of kinetics through pooling and 
analysis of collective data, quantification of residence times, 
and opportunities for device testing and engineering analy-

sis, predictions and refinement. This integration of ChE fun-

damentals offers insight into chemical engineering process 

design principles that are commonly challenging to capture 

in ChE-based STEM outreach events. The active nature of 

this learning module teaches students about real challenges 

faced by chemical engineers in their work environment, ef-

fectively educating students about the vastness and impact 

of the discipline and aiding in the recruitment of students 

prior to entering college.
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