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Introduction 

For people in the United States in the mid-twentieth 
century, national crises related to the environment – 
such as the leaching of chemical waste at the Love 
Canal in Niagara Falls, NY or the burning of the Cuya- 
hoga River in Ohio – spurred action from both govern- 
mental organizations in the form of prominent reports 
(Anastas & Warner, 1998 (1)) and activism from grass- 
roots organizations for environmental justice, such as 
the community outrage over the dumping of polychlori- 
nated biphenyls (PCBs) in a predominantly African- 
American area of Warren County, North Carolina (2). 
The public pressure and expense to governmental 
organizations for the remediation of these events led 
to legislation to regulate the manufacture, use, and dis- 
posal of chemical substances. In response to the Pol- 
lution Prevention Act of 1990, the field of Green 
Chemistry was developed by the U.S. Environmental Pro- 
tection Agency (EPA) to design and produce cost-com- 
petitive chemical products and processes that attain 
the highest level of the pollution-prevention hierarchy 
by reducing pollution at its source instead of eliminating 
pollution after disposal (3). 

As outlined in Table 1, one consequence of this 
decade of innovation in the strategy of pollution preven- 
tion was the development of the 12 Principles of Green 
Chemistry, published by Anastas and Warner in 1998 (1). 
These principles represent considerations and strategies 
to guide the practice of professional chemists, as well as 
suggestions of analytical tools that chemists should 
employ to analyze and optimize a chemical process. 

Green Chemistry is a paradigm shift in professional 
practice: it has the attention and support of academic 
chemists and is a desirable skillset for the industrial 
workforce as the United States aims to meet its goals 
for mitigation of climate change and pollution 
reduction. This pressing need for change also under- 
scores the ambitious and critical Sustainable Develop- 
ment Goals (SDGs) adopted by the United Nations. To 
achieve collective action towards these SDGs, both 

 
 

Table 1. The 12 Principles of Green Chemistry proposed by 
Anastas and Warner (1).  

green and sustainable chemistry education and chemi- 
cal manufacturing practices are imperative. However, 
incorporation of these necessary knowledge perform- 
ances into the United States higher education chemistry 
curriculum is slow to spread and centered on several 
nucleation sites of innovation. According to the Ameri- 
can Chemical Society, only 47 higher-ed institutions 
offer green chemistry or green engineering programs 
in the U.S. (4). Despite 105 higher-ed institutions 
having signed on to the Green Chemistry Commitment 
with Beyond Benign as of today (5), an organization 
dedicated to fostering a green chemistry community 
that empowers educations to transform chemistry edu- 
cation for a sustainable future, and the proliferation of 
green chemistry related job markets and networks 
over the past decade. These offerings predominantly 
take the form of curricular add-ons, such as elective 
courses or select sections of certain laboratory courses. 
This approach implies that green chemistry is an add- 
on or supplement, rather than a necessary way of think- 
ing to guide scientists in the twenty-first century. An in- 
class survey given to MSU STEM major students taking 
organic chemistry laboratory courses in the 2021 
summer semester suggests that many students 
expressed interest in green chemistry related topics 
and were eager to learn more: 

I know green chemistry has to do with environmental 
chemistry regarding the management and reduction 
of hazardous wastes. I think it is an interesting 
concept, aspiring to enter the medical field. I think it 
could apply to pharmaceutical production and would 
like to learn more. 

In response to the need for curriculum materials that 
emphasize green and sustainable chemistry, this letter 
outlines the evidence-centered design and implemen- 
tation of a transformed, cooperative, project-based 
organic chemistry laboratory. This project updates the 
original curriculum Cooperative Organic Chemistry 
designed by Melanie Cooper in the 1990s (NSF DUE 
9455526) (6) to feature green and sustainable chemistry. 
Green Cooperative Organic Chemistry is a laboratory cur- 
riculum that has been implemented in the second-year 
Organic Chemistry Laboratory course for STEM majors. 
This 2-credit, one-semester course at Michigan State Uni- 
versity (MSU) serves approximately 1200 STEM majors 

Principle 1: Waste 
Prevention 

 
Principle 4: Designing 

Safer Chemicals 
 

Principle 7: Use 
Renewable 
Feedstocks 

Principle 10: Design for 
Degradation 

Principle 2: Atom 
Economy 

 
Principle 5: Safer 

Solvents and 
Auxiliaries 

Principle 8: Reduce 
Derivatives 

 
Principle 11: Real-Time 

Pollution Prevention 

Principle 3: Less 
Hazardous 
Syntheses 

Principle 6: Design for 
Energy Efficiency 

Principle 9: Catalysis 
 

Principle 12: Accident 
Prevention 

per year. The existing course structure called for 
weekly 3-hour in-person lab sessions and a 50-minute 
lecture to accompany the laboratory component, separ- 
ate from the lecture courses on organic chemistry itself. 
The transformed curriculum uses these existing course 
components to engage students in the following activi- 
ties: weekly 3-hour in-person laboratory projects, three 
50-minute  online  introductory  lectures  to  cover 
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laboratory technique and major concepts, ten 50-minute 
case study group recitation sessions held via Zoom 
breakout rooms, and 11 weekly video & quiz bundles. 
The quiz/videos are intended to address technical com- 
petence and proper laboratory procedure, with the 
assumption that most conceptual understanding of 
how and why reactions happen occurs within an 
Organic Chemistry lecture course, which may be taken 
concurrently (7). 

 
Course design 

Much of recent research on learning in STEM (8, 9) has 
focused on the idea that simply knowing something is 
insufficient, and that we must support students to use 
knowledge in appropriate contexts, using the Scientific 
and Engineering Practices (SEPs) (8). Green Cooperative 
Organic Laboratory was designed around A Framework 
for K-12 Science Education and the eight scientific and 
engineering practices which describes ‘behaviors that 
scientists engage in as they investigate and build 
models and theories about the natural world and the 
key set of engineering practices that engineers use as 
they design and build models and systems.’ (8) The 
eight scientific and engineering practices are: Ask Ques- 
tions; Develop and Use Models; Plan and Carry out Inves- 
tigations; Analyze and Interpret Data; Use Mathematics 
and Computational Thinking; Construct Explanations; 
Engage in Argument from Evidence – including dialo- 
gue; Obtain, Evaluate, and Communicate Information. 

To align with this approach, this project has positioned 
green and sustainable chemistry not as a set of principles 
that students must learn, but rather as a set of decisions 
that a scientist must make, guided by their understanding 

the lab. Therefore, such activities are unlikely to 
promote students decision making. Just as with most ver- 
ification-style ‘cookbook’ courses, laboratory activities 
are designed with little space for students to explore 
ideas or design and carry out investigations. 

This curriculum is designed to promote a more 
flexible approach to green chemistry by supporting stu- 
dents as they use their chemistry knowledge to make 
green and sustainable chemistry decisions. The primary 
method of accomplishing this is through engaging stu- 
dents in Scientific and Engineering Practices, adopted 
from the A Framework for K-12 Science Education (8). 
These SEPs are embedded in the scaffolded prompts 
throughout the curriculum, as demonstrated in Table 2. 

 
Cooperative laboratory projects based on 
real-life scenarios 

In the Green Cooperative Organic Chemistry Laboratory, 
students work in small teams of 4 on multi-week projects 
to investigate green chemistry related questions or to 
propose the best solution based on a real-life scenario 
provided to them. In each laboratory project, students 
are provided with procedural details of 3–4 synthetic 
routes towards the final goal, just like what would 
happen in a research laboratory or in the industry. Stu- 
dents usually follow the steps in Figure 1 while complet- 
ing a project. Each lab project also provides students the 
opportunity to communicate the final conclusion using 
lab report, oral presentation or poster presentation 
format, as shown in the ‘Assessment’ column of Table 3. 

 
Table 2. Scientific and engineering practices in Green 
Cooperative Organic Chemistry Laboratory.  

of core chemistry ideas and the particular context and 
goals within which they are working. From this perspec- 
tive, there is a necessary balance to be achieved 
between the phenomenon of interest (the experiment 
or socio-scientific issue) and the elicitation of student 
knowledge and ability to use that knowledge to demon- 
strate their understanding of what is green or sustainable. 
‘Green’ is a comparative concept since there is always a 
way to make it ‘greener,’ by using less energy, greener sol- 
vents, or achieving a higher atom economy; therefore, 
students must have a comparative baseline measure- 
ment of greenness. Often published curricula and labora- 
tory (10–13) activities designed to teach green chemistry 
feature greener reaction schemes, with the instructor 

Green Cooperative Organic 
Chemistry Laboratory 

Laboratory projects 
(4 projects, 11 laboratory 
sessions) 

 
 
 
 
 
 

Case studies 
(3 studies, 10 recitation 
sessions) 

Scientific and Engineering Practices 

1. Asking questions and defining 
problems 

3. Planning and carrying out 
investigations 

4. Analyzing and interpreting data 
6.  Constructing explanations and 

designing solutions 
7. Engaging in argument from evidence 
8.  Obtaining, evaluating, and 

communicating information 
1. Defining problems 
2. Developing and using models 
4. Analyzing and interpreting data 
6.  Constructing explanations and 

designing solutions 
7. Engaging in argument from evidence 
8.  Obtaining, evaluating, and 

communicating information 

making the final decision on trade-offs such as solvent 
selection and avoiding producing hazardous by-pro- 
ducts. In some sense, the actual green chemistry – all 
the decisions and analysis – have been completed long 
before the students enrolled in the course set foot in 

Videos & Quizzes (11 overall) 1. Asking questions and defining 
problems 

4. Analyzing and interpreting data 
6. Constructing explanations and 

designing solutions 
8. Obtaining, evaluating, and 

communicating information 
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Figure 1. Procedures for completing cooperative group 
projects. 

 
Using project 2 as an example, the project scenario is 

framed such that the students are told that their research 
team accepted a task from a start-up company looking for 
a green alternative synthesis of aspirin to satisfy Environ- 
mental Protection Agency (EPA) requirements and share- 
holders. Their team is tasked with exploring ways to 

synthesize aspirin using four different catalysts. The 
best solution should strike a balance between the 
highest yield, the ‘greenest’ conditions, and being the 
most cost-effective synthesis. Students report their sol- 
ution in an evidence-based argument in a formal lab 
report. Compared to the abstract theories delivered in 
the lecture, cooperative lab offers students a unique 
experience in developing laboratory and instrumental 
skills, working as part of a team, and more importantly, 
engaging in scientific practices and decision-making pro- 
cesses. This aligns with the course learning objectives: 
students will gain experience with the following activities 
that are central to the work of science, providing a foun- 
dation for future experimental work and scientific inves- 
tigation. A summary of weekly tasks, example prompt 
questions, laboratory techniques used, green chemistry 
concept involved, and assessment used in each lab 
project is included in Table 3. 

 
Cooperative case studies investigating real- 
world sustainability issues 

While the cooperative project-based labs engage stu- 
dents in green and sustainable chemistry at the bench 
level, the case study sessions serve as the primary 
mode through which students grapple with green and 
sustainable chemistry issues in a broader context. Case 

 

Table 3. A summary of the weekly tasks, example prompt questions, laboratory techniques used, green chemistry concept involved, 
and assessment used in each lab project in Green Cooperative Organic Chemistry Laboratory. 
Lab Project Weekly tasks Laboratory Techniques Green Chemistry Assessment 
Lab Project 1 Week 1: Plan and carry out an investigation to determine: (1) Solubility test 12 Principles of Green Informal lab 

Unknown the solubility differences of the unknown compound in six Recrystallization Chemistry, Principle 5. report. 
Identification greener organic solvents, and (2) the best solvent (mixture) Vacuum filtration  Peer 

 for single solvent and binary solvent recrystallization of the Melting point  evaluation. 
 unknown. determination   
 Week 2: Analyze and interpret qualitative and quantitative FTIR spectroscopy   

 data to confirm the identity of the unknown. NMR spectroscopy   
  pH test   

Lab Project 2 Week 1: Plan and carry out an investigation of the synthesis of Vacuum filtration 12 Principles of Green Formal lab 
Aspirin aspirin using four different catalysts. Recrystallization Chemistry, Principles 1, report. 
Synthesis Week 2: Analyze spectroscopic data to confirm the identity of Melting point 2, 3, 5, 6, 9. Peer 

 aspirin and use green metrics to design a solution for which determination EcoScale, evaluation. 
 synthetic route is highest yielding, the most economical, Thin layer Cost analysis,  

 
 

Lab Project 3 
Caffeine 
Extraction 

 
 

 
Lab Project 4 

Oxidation of 
Alcohols 

and affords the greenest synthesis. 
Week 3: Analyze thin layer chromatographic data to 

determine the identity of binary analgesic mixture. 
Week 1: Design and execute a protocol for the extraction of 

caffeine from four different sources. 
Week 2: Interpret data from three analytical techniques to 

confirm the identity and purity of caffeine. Generate an 
evidence-based argument for which caffeine source is most 
cost-effective. 

 
Week 1: Plan and carry out a series of alcohol oxidation 

reactions using three different household bleaches. 
Week 2: Analyze spectroscopic data to confirm the identity of 

the ketone products and generate an evidence-based 
argument for which oxidation is greenest and most cost- 
effective. 

chromatography 
FTIR spectroscopy 
NMR spectroscopy 

Solid-liquid and liquid- 
liquid extractions 
Rotary evaporation 
FTIR, NMR 
spectroscopy 
Thin layer 
chromatography 

Crystallization 
Liquid-liquid extraction 
Drying 
Rotary evaporation 
FTIR spectroscopy 
NMR spectroscopy 
Thin layer 
chromatography 

Process Mass Intensity. 
 

12 Principles of Green 
Chemistry, Principle 5. 
Cost analysis. 

 
 

 
12 Principles of Green 

Chemistry, Principles 1, 
2, 3, 5, 6, 9. 
EcoScale. 
Cost Analysis. 
Process Mass Intensity. 

 
 

Oral 
presentation. 
Peer 
evaluation. 

 
 

Poster 
presentation. 
Peer 
evaluation. 
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studies are conducted outside of the laboratory, allow- 
ing students to focus on each task separately and miti- 
gating safety concerns of the laboratory. Although 
case studies are completed asynchronously from the 
lab projects, efforts have been made to align lab 
project and case study topics. For example, case study 
one focuses on the synthesis of an amide-containing 
molecule while lab project two highlights a mechanisti- 
cally similar ester synthesis reaction. The goal for these 
case studies is two-fold: (1) to present information 
about the relevant principles of green chemistry; and 
(2) to encourage students to use their chemistry knowl- 
edge to engage in green decision-making. Each case 
study presents students with a specifically designed 
problem that incorporates appropriately scaffolded 
chemistry knowledge, green chemistry tools, and exper- 
imental data to help students understand what it means 
for something to be ‘green.’ Through consideration of 
the relevant stakeholders, criteria, and constraints with 
each scenario, students actively engage in the use of 
green chemistry ideas by designing solutions to each 
real-world problem. 

Case study development follows an evidence-cen- 
tered design approach in which iterative changes are 
made to the prompt based on prior student responses. 
These changes are intended to improve scaffolding 
that helps support students as they use their chemistry 
knowledge to engineer solutions to sustainability 
issues (14). Each case study was designed following the 
framework described in Figure 2, with individual case 
studies described specifically in Table 4. 

The first part of each case study was designed to 
describe the scenario and provide students with the pre- 
requisite knowledge needed to define the problem and 
design an acceptable solution. Through purposeful 
scaffolding of conceptual resources, students construct 
explanations for the molecular-level interactions that 

 
 

Figure 2. Design framework for cooperative case studies. 

underpin the sustainability issues being addressed in 
each case study. The second part of each case study 
highlights the specific sustainability issue and prompts 
students to define the problem to which they will 
propose a solution. By providing the relevant data and 
green chemistry tools, students are asked to evaluate 
potential solutions to the problem at hand. The final 
part of each case study culminates in students designing 
a solution to the problem and generating an evidence- 
based argument to formally communicate their solution. 
Each case study also provides students the opportunity 
to communicate this solution using a different modality 
as shown in the ‘Assessment’ column of Table 4. 

 
Challenges for project-based labs and 
cooperative learning 

The transformation from cookbook style labs to project- 
based labs featuring green chemistry has not been 
without its challenges. The Green Cooperative Organic 
Chemistry Laboratory course at MSU serves approxi- 
mately 1200 students in STEM majors per year. Each 
semester, 15 graduate teaching assistants (GTAs) super- 
vise 2 sections of as many as 20 students assigned to 5 
teams at a time. Coordinating so many students and 
associated GTAs is a challenge in itself. 

The second major challenge was that students were 
so used to following explicit instructions on the lab 
manual instead of designing their own experiment as a 
team towards the project goal. Cooperative General 
Chemistry Laboratory and Green Cooperative Organic 
Chemistry Laboratory are the only introductory labora- 
tory courses based on project-based cooperative 
modules at MSU. Carrying out the experiment success- 
fully required mastery of relevant laboratory techniques, 
in-depth understanding of the chemistry concepts 
behind it and lab practices, and ability to troubleshoot. 
Assessments of the laboratory activities included both 
written reports and oral/poster presentations. Present- 
ing scientific evidence, making argumentation, and con- 
veying experimental results in front of their peers takes 
courage and practice, especially for students who took 
online courses during the pandemic and were still 
adjusting to the in-person labs. 

 
Implications for instructors 

There have been many major changes since the Green 
Cooperative Organic Chemistry Laboratory course was 
first implemented in Fall 2021 semester. Weekly video 
& quiz bundles replaced the final exam to better 
prepare students. Smaller goals with prompt feedback 
are easier to achieve and less intimidating than a big 
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Table 4. Summary of weekly tasks, green chemistry involved, and assessment for each cooperative case study.  
Case study Weekly tasks Green chemistry Assessment 

Case Study 1 
Comparison of Synthetic 
Pathways 

 
 

 
Case Study 2 

Greener Plastics: Addressing 
Single-Use Plastics 

• Week 1: Develop a generalized model that explains amide bond 
formation. 
• Week 2: Define the problem faced by the pharmaceutical company and 
evaluate solutions from the perspectives of each stakeholder 
(Environmental, Accounting, and Chemistry teams). 
• Week 3: Write a Decision Memo to communicate the designed solution 
to the problem faced by the pharmaceutical company. 
• Week 1: Compare the monomer sourcing (beginning-of-life) of an oil- 
based and a plant-based polymer and construct a mechanistic 
explanation for their syntheses. 
• Week 2: Evaluate an argument that poly(lactic acid) (PLA) is 
compostable (end-of-life). 
• Week 3: Construct explanations and evaluate solutions for poly(ethylene 
terephthalate) (PET) recycling (end-of-life). 
• Week 4: Write a Policy Paper to communicate which area of Green-er 
Plastics research Congress should fund (beginning-of-life renewable 
sourcing vs. end-of-life recycling methods). 

12 Principles of Green 
Chemistry, Principle 3. 
EcoScale. 
Cost analysis. 
Atom Economy. 

 

12 Principles of Green 
Chemistry, Principles 5, 6, 
7, 10. 
Cost analysis. 
UNSDGs. 
Life cycle analysis. 

Group 
discussion. 
Decision 
memo. 
Peer 
evaluation. 

 
Group 

discussion. 
Policy paper. 
Peer 
evaluation. 

Case Study 3 
Perfluoroalkyl and 
Polyfluoroalkyl Substances 
(PFAS) 

• Week 1: Construct explanations of how the structure of PFAS molecules 
leads to both desirable and undesirable properties and define the 
emergent environmental problem. 
• Week 2: Define the PFAS problem in the broader (and more complex) 
local Michigan context and use a system diagram to design a solution for 
PFAS remediation. 
• Week 3: Write a Policy Brief to communicate the proposed remediation 
solution and reasoning for its implementation. 

Systems Thinking. Group 
discussion. 
Policy brief. 
Peer 
evaluation. 

 

 
 
 
final goal. The individual-to-group assignment ratio 
increased significantly to encourage individual partici- 
pation and motivation. Students rotate between 
different roles for each project, including team leader, 
recorder, communicator, and safety officer. In this way, 
they get to develop well-rounded abilities in different 
positions and learn to work towards the same goal as 
a group. An example planning document is included in 
the supporting information. A peer evaluation system 
was built into each lab project and case study to 
provide more guidance to students for better communi- 
cation and more efficient collaboration. 

As cooperative learning requires more active engage- 
ment and decision-making for students, the bar is raised 
for instructors as well. Course instructors or GTAs are 
expected to offer appropriately scaffolded guidance to 
students’ planning new projects. Variations in students’ 
choices and decisions lead to individualized outcomes. 
Special GTA training sessions are offered to focus on: 

 

● Group planning and in-person experimental sessions. 
Project-based labs require GTAs to be more prepared 
and flexible. It is important that students ‘do science’ 
as a group rather than following instructions from the 
instructor. Time management ability is also necessary. 

● Resolving group conflicts. Instructors are not just 
mediators. What is more important is that students 
evolve into their own roles while working in a 
group and learn to contribute and work collabora- 
tively under GTAs’ guidance. 

 
● Grading and assessments. How can grades reflect stu- 

dents’ contribution and participation in a more equi- 
table manner? Adjusting and reinforcing the grading 
rubric is recommended. An example rubric is included 
in the supporting information. 

 
Feedback from GTAs, students, and faculty suggests 

that both lab-specific training and weekly meetings 
have made a positive impact on course instruction and 
their professional development. 

 
 

Implications for researchers 

Researchers, in green and sustainable chemistry, who 
wish to incorporate their research and expertise into 
their teaching, may have an understandable desire to 
show students the newest and ‘coolest’ breakthroughs 
in green and sustainable chemistry. However, if these 
breakthroughs are to have the largest impact on the stu- 
dents, the curricular materials should be based on a 
sound theory of learning. A particularly accessible 
theory of learning, 3-Dimensional Learning (3DL) leads 
to the development of curricular materials that encou- 
rage students to think and act like experts (15). Develop- 
ment of curricular resources is not a one and done 
process. Just as the initial standards for evaluating the 
‘green-ness’ began with marginal improvements, 
further refinements of the standards have led to sub- 
stantial improvements. The processes outlined here are 
the educational research equivalent to those iterative 



GREEN CHEMISTRY LETTERS AND REVIEWS 7 
 

 

improvements. By comparing ideal student perform- 
ances/outcomes to real-world student performances/ 
outcomes, refinements to curricular materials and 
assessment prompts can help close the gap. 

For discipline-based educational researchers, we 
encourage the framing of green and sustainable chem- 
istry as a lens and set of values to aid in the decision- 
making process. This approach should ease the inte- 
gration of new curricular materials with existing 
materials and avoid the appearance of add-ons or ancil- 
lary goals. While the authors advocate for the use of 3DL 
from the Next Generation Science Standards (NGSS) as a 
foundational theory of learning, the focus on green and 
sustainable chemistry in decision-making processes can 
be integrated with the researcher’s learning theory of 
choice (16,17). 

 
Conclusions 

The Green Cooperative Organic Chemistry Laboratory 
course was designed for STEM major students, empha- 
sizing cooperative learning and green chemistry. We 
aim to educate students to think and make decisions 
using green chemistry knowledge as lenses and tools 
with the hope that this green chemistry seed we plant 
in students’ minds will flourish in their future decision 
making. It takes collaborative efforts to cultivate a 
culture towards a greener and more sustainable society. 
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