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Using curated chatbots to support students' exploration and 
awareness of sustainability and essay writing 

Morgan Clark, a Micke Reynders a and Thomas Holme *a

Sustainability Spotlight Statement

This manuscript presents an analysis of student essay writing on topics that connect chemistry 
and sustainability. Student help-seeking is facilitated by a curated chatbot that includes 
contextualized chemistry content related to Earth and societal challenges. Although the 
assignments in this study include a range of connections to the United Nations Sustainable 
Development Goals, the project itself and this analysis component speak most closely to 
UNSDG 4, Quality Education. Helping students acquire information about connections between 
foundational chemistry concepts and sustainable solutions for grand challenges presents a 
useful direction to enhance sustainability educational outcomes.
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Using curated chatbots to support students' exploration 
and awareness of sustainability and essay writing  

Morgan Clark, a Micke Reynders a and Thomas Holme *a 

In the context of a written essay assignment in first-year general chemistry that combines chemistry content knowledge and 

sustainability, students’ use of a curated chatbot support resource has been analyzed.  The  chatbot allows the student to 

engage in exploration of several potential components of the assignment, including technical requirements, chemistry 

content, and sustainability contexts. Analysis of both chatbot interactions and student essays found a propensity for 

students to be guided in their exploration of the UN Sustainable Development Goals by the chemical context of the 

assignment and some, but not all, students gained a level of understanding that supported a sustainability action 

perspective. 

Introduction 

 

The United Nations Sustainable Development Goals (SDGs) have 

proven to be an effective framework for engaging students with 

pressing global challenges. While learning about the SDGs provides 

valuable knowledge and raises awareness of these issues, there 

remains a critical need to strengthen students' competencies related 

to sustainability. These core competencies, such as systems thinking, 

problem-solving, critical thinking, anticipatory thinking, self-

awareness, and collaboration, are essential for advancing 

sustainable development.(1) As cross-cutting skills, they enable 

learners to navigate complexity and contribute meaningfully to 

sustainability challenges.(1-4)  A comprehensive UNESCO report 

outlines these competencies and associated learning objectives for 

each SDG, framing them across three key domains: cognitive, socio-

emotional, and behavioral.(5)  These domains consist of knowledge, 

personal values, awareness, beliefs, and attitudes towards 

sustainability that contribute to student agency.(6)  As educators, we 

have a responsibility to equip the next generation of university 

students with the knowledge and awareness needed to make 

informed decisions that help shape a sustainable future.(7)  

Guerra and coworkers examined university students' awareness 

of the SDGs and their understanding of sustainability by assessing 

whether they referenced the environmental, social, and economic 

pillars in surveys and interviews.(6) This was achieved through a 

project-based learning activity, where students worked in small 

groups to tackle complex real-world problems. The study revealed a 

gap between personal values and actions, highlighting the influence 

of professional and situational contexts. Structured activities can 

thus be incorporated to help students link their knowledge and 

awareness to actual engagement.(8) Most studies report on 

developing students' awareness of sustainability, with fewer studies 

exploring how students' sustainability-related competence can be 

developed.  Studies are needed that employ innovative pedagogical 

approaches that integrate artificial intelligence as a powerful tool to 

tackle multifaceted sustainability issues.  

Artificial Intelligence (AI) education and literacy are playing an 

increasingly important role in developing cognitive, sociocultural, 

and affective skills. Such competencies are necessary to prepare 

students to confidently navigate a digital world and begin with 

further student exposure to AI tools within the classroom. (9 - 11) To 

realize this, educators have incorporated chatbots into their 

classrooms as metacognitive agents (12,13), instructional assistants 

(14,15), and even educational tutors. (16,17) Chatbots are AI-driven 

agents that enable students to interact through natural language 

dialogue, providing on-demand support and information to improve 

their learning experience.(18) For example, Wang et al. developed a 

retrieval-augmented generation (RAG) chatbot, ChEdu-GPT, that 

served as a pedagogical tool for contextual learning by providing 

personalized learning experiences and enhancing student 

engagement. (17, 19) The RAG component of Wang et al.’s ChEdu-

GPT system provided students with instructor-approved content, 

virtually eliminating AI hallucinations – a common problem with fully 

generative AI. Tools such as these, with curated, instructor-approved 

content combined with Large Language Models (LLMs) and machine 

learning (ML) algorithms, can transform educational environments 

and enhance the teaching and learning experience.  

Additionally, curated chatbots can help students build 

sustainability literacy by guiding them as they seek information and 

explore SDGs through a chemistry lens. These chatbots have been 

transformative; even still, their design and implementation in 

sensitive domains, such as sustainability, must be carefully guided by 

human values. Such a Value-Sensitive Design helps ensure that 

reliable, accurate content is shared with students.(21) Although AI 

can be leveraged for sustainability learning, little is known 

about how chatbots can be used to foster students' 
a. Department of Chemistry, Iowa State University, Ames, IA, USA  
Additional information that includes a description of the decision trees used in the 
curated chatbot is included as Supplementary Information.   

Page 2 of 14RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
4/

20
26

 1
1:

26
:0

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SU00948K

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00948k


ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

understanding of the SDGs and promote student agency for 

sustainability in chemistry education. 

One challenge for incorporating important rich contexts, such as 

sustainability in chemistry courses, lies in assessing student learning 

of such applications. A possibility to address this challenge is 

associated with embracing communication strategies, such as 

written essays or similar writing/creative projects that encourage 

integration of chemistry knowledge with other areas of learning, 

such as sustainability.(22,23) In classes such as introductory or 

general chemistry, however, students often need support resources 

to bolster their connection-making skills in activities like essay 

writing.(24) With introductory courses often having large 

enrollments, the need to address student needs at scale plays a role 

in how support can be provided. Curated chatbots have been shown 

to be a promising source of writing support for students, even in 

large-enrollment courses. (24,25) 

Lolinco and Holme developed a curated chatbot, with IBM 

WastonX Assistant, that served as an instructional aide for a writing 

assignment about sustainability and chemistry. (24) The chatbot 

contained technical information about the assignment as well as 

links to sustainability ideas and the SDG webpages. Students 

generally used the curated chatbot as built and found success in the 

writing assignment. Analysis of logs generated by student use of the 

chatbot proved useful in understanding student help-seeking in the 

context of the writing assignment (25). Since its inception, the 

curated chatbot has been implemented in several other contexts, 

including those in this article. In this work, we will focus on how 

students utilized the sustainability sections of two curated chatbots 

on (1) the water and carbon footprint (referred to as the footprint 

chatbot) and (2) Pyrocene, and how the SDGs are reflected in their 

essays. This research seeks to answer the following research 

questions:  
1. Which SDGs in the Pyrocene and Water/Carbon Footprint 

curated chatbots did students explore?  
2. Focusing on footprint essays, which SDGs were implied or 

explicitly mentioned by students? 
3. What evidence from the footprint essays indicates 

dimensions of student agency?  

Methods 

Teaching with curated chatbots  

For this study, curated chatbots were introduced in a large general 

chemistry course to help students with a writing assignment. In the 

assignment, students were tasked with writing an essay that 

connects chemistry to a sustainability-related context.   These 

contexts included water footprint, carbon footprint, and the 

Pyrocene, all of which were incorporated throughout the chemistry 

course as described in Table SI.1 and Table SI.2. For the writing 

assignment, students were free to choose a topic of personal interest 

if it included chemistry and sustainability within the stated context. 

Because this assignment generated  many questions from students, 

the curated chatbots were built to address these questions about the 

technical and content requirements for the essay according to the 

essay prompt below. 

 
In your treatment of the topic you need to (1) identify which 

aspect (water footprint, carbon footprint, embodied carbon) you are 

using in the paper; (2) Define the idea (water footprint, carbon 

footprint, embodied carbon) and how it connects to chemistry in 

some way and (3) make a connection about how understanding this 

topic helps inform the idea of sustainability (you can do this by 

connecting to one of the UN Sustainably Development Goals, for 

example). 

 
With this prompt and student help-seeking in mind, curated chatbots 

were developed to include information about several aspects of the 

assignment. The curated chatbots  included components, referred to 

as “modules”, about i) technical requirements of the assignment, ii) 

content summaries of the main context topic, and iii) sustainability, 

as outlined in the SDGs. The structure of each curated chatbot, as 

detailed in previous work, enables students to access modules on any 

of these components of the assignment.(24,25) As shown in the 

decision tree in Figure 1, each module starts at a broad level and then 

delves deeper into information curated by the instructor.

Figure 1. The carbon and water footprint chatbot navigation depicted as a decision tree.

 
Students were able to access the chatbot through a link in their 

course management system. Once they accessed the link, they could 

begin at the top level (level 1) of the curated chatbot and choose one 

of the provided options (e.g., technical requirements, incorporating 

chemistry, or sustainability). The options then lead students deeper 
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into the chatbot, narrowing the scope of discovery to a sub-module 

(levels 2-4). At the end of a sub-module, students are asked whether 

they would like to continue, learn more about a certain topic, or end 

their session. Alternatively, students can begin by typing in a query, 

like a keyword or a specific question, that will lead them to the 

closest module matching the query. 

  Importantly, these modules and sub-modules connect to the 

other modules in ways that students may find helpful. For example, 

in the case of sustainability information, students could access the 

sustainability module from the top of the chatbot as well as through 

modules on the main chemistry context topic sections. Students 

were encouraged to use the curated chatbot as a tool to generate 

essay ideas and address technical requirements, with the incentive 

of a modest number of points in the course.  

All information included in the curated chatbot modules was 

developed with extensive research by the instructional team. The 

chatbot uses natural language processing (NLP) to analyze student 

inputs and machine learning to improve the accuracy of student 

input matches to specific modules or sub-modules. Generative AI 

and LLMs were not used, as to limit hallucinations and to provide 

students with instructor-approved content. This resource was 

completely optional to use, and all of the technical requirements of 

the writing assignment were included in a document in the course’s 

learning management system. 

 
Ethics compliance 

Data collection for the project followed protocols approved by 
the university IRB office under (20-444). Artifacts used in this 
analysis are derived only from students who provided consent 
for their use, and points associated with chatbot use in the 
course were awarded independently of whether students 
gave consent for their work to be used as artifacts. 
 

Sample 

All curated chatbots were implemented in a first-semester general 

chemistry course. Students enrolled in this course were typically 

science majors. These chatbot users also consented for the use of 

their data for research purposes. The footprint chatbot was 

implemented for the first time during the Fall 2021 semester during 

which 236 of the 347 enrolled students interacted with the water and 

carbon footprint curated chatbot. This implementation was repeated 

for the same course in Spring 2024, where 56 of the 157 enrolled 

students interacted with the chatbot and submitted an essay. During 

the following semester, Fall 2024, 116 of the 692 students enrolled 

interacted with the Pyrocene chatbot.  

Analysis  

Students could explore various modules within the curated chatbot 

decision tree by clicking on the provided options or by typing their 

own unique questions. These interactions in the format of a chat 

were downloaded and anonymized from the IBM WatsonX assistant 

log files. All anonymized data for each curated chatbot was tabulated 

in a Microsoft Excel file. 

 
Chatbot Interactions 

Students chatbot interactions can provide meaningful insights to 

better understand how they navigated through the chatbot, what 

content they explored and how deeply they engaged with the 

content. The depth of engagement can be established based on the 

amount of time and the number of modules explored. For the 

footprint chatbot implemented in Spring 2024, the engagement was 

judged as limited when students explored limited modules in a short 

and asked no questions with a short interaction time, as fair when 

they explored at least 2 modules within a reasonable interaction time 

and as good if they explored multiple modules with a longer 

interaction time (Table S3).  

To address the first research question, the analysis of 

chatbot interactions, involved counting the number of times 

students visited the definition of sustainability and/or the SDGs 

in the footprint chatbot and Pyrocene chatbot to understand 

what content was mostly explored. The counts were based on 

whether students visited a particular SDG at least once; repeat 

visits were not included. This approach was chosen to identify 

overall patterns in the content students engaged with rather 
than conducting an in‑depth analysis of individual student chatbot 

actions. These unique student interactions were visualized with 

Microsoft Excel tree diagrams for comparative analysis. An example 

of student interactions with the curated chatbot can be found in the 

supporting information. 
 
Student Essay Analysis 

To address the second research question, students' written essays 

were collected, paired with chatbot usage, anonymized, and 

uploaded to an internal database, Microsoft Copilot. Best practices 

regarding informed use and transparency, as outlined by McAfee and 

Rodriguez were considered during the input, process, and output 

stages of the analysis.(26) Ethics were addressed by anonymizing all 

student essay data and by using Copilot within the university's 

managed Microsoft 365 environment, which is designed to meet 

security and privacy requirements for handling student information. 

The study used Microsoft Copilot as an extraction tool to identify, 

capture and structure evidence from student essays that align with 

the SDGs. This reduced the time needed for the researchers to 

identify reasonable excerpts, thus allowing for analysis after the 

output has been cross checked between researchers. It should be 

noted that the quality of the output depends on the quality of the 

input and the prompt engineering. The prompt engineering involved 

defining a clear task, providing details associated with the task and 

defining the output format. 

Page 4 of 14RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
4/

20
26

 1
1:

26
:0

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SU00948K

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00948k


ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

As shown in Figure 2, the prompt was designed with the task of 

identifying both explicit and implicit SDGs mentioned in the student 

essays. Microsoft Copilot was also directed to provide evidence in 

the form of a direct quote or phrases as evidence to substantiate 

when an SDG was implied in a student essay. 

 
 
Figure 2. Microsoft Copilot prompt used to identify the implicit and explicit SDGs present 

in students' essays 

Throughout the process, the output was considered, and the 

strength of the evidence provided was used to make judgments 

about the validity of the evaluation. From the AI-chosen essay 

excerpts, only about 3% of the excerpts (9 out of 261) consisted of AI 

judgments without evidence in the form of essay quotes. These 

statements for example read “While not directly discussed, the 

broader environmental impact of carbon emissions may touch on 

water systems indirectly”. For each of these statements the student 

essay was read and if the SDG was implied in the essay as suggested 

by AI based on the judgement of both researchers who are 

knowledgeable in the SDGs, then that SDG was considered as 

implied. For all the other essays, both researchers considered the 

direct essay quotes to decide whether the AI-analysis was sound. The 

outputs were discussed between two researchers to ensure 

consistency in analysis and to flag any outputs that do not make 

sense. Flagged outputs are presented in the supplementary 

information. The SDGs students implicitly or explicitly mentioned in 

their essays were compared to the SDGs students explored in the 

curated footprint chatbot that was implemented in Spring 2024.  

 
Finally, to evaluate the writing assignment for evidence of student 

agency, we used Guerra and colleagues’ student agency framework 

to develop a prompt that helped identify essays demonstrating the 

three interrelated dimensions of student agency. These included i) 

personal values influenced by their knowledge, awareness, beliefs, 

and attitudes, ii) actions that include goal setting, planning, 

monitoring, self-reflecting, and collaboration, and iii) the context of 

the action on micro-, meso- and macro- levels.(6) This framework 

and its accompanying descriptions were used to develop a 

generative AI prompt that Microsoft Copilot applied to identify 

excerpts from students’ essays aligning with each dimension of 

student agency. The prompt included two questions for each 

dimension, as shown in Table 1. The steps followed to refine the 

prompt are provided in the Supporting Information

 
Table 1. Questions developed from Guerra’s student agency framework for its use in prompt engineering to identify evidence of person values, actions and contexts for 

sustainability 

Dimensions Generative AI Prompt with Questions 

Personal Values for 

Sustainability 

Does the student express beliefs or motivations that reflect a personal commitment to sustainability? 

Do they show self-awareness or confidence in their ability to engage with sustainability challenges? 

Actions for sustainability  Does the student demonstrate goal-setting or planning related to sustainability actions? 

Is there evidence of collaboration, teamwork, or reflection in decision-making? 

Contexts of Action for 

Sustainability  

 

 

How does the student describe the influence of their social, cultural, or institutional environment on sustainability 

actions? 

Do they show awareness of how they interact with or respond to these contexts? 

A total of 33 essays that demonstrated at least four of the most 

frequently visited SDGs (as identified through the essay analysis) 

were selected for the sample. As these essays represent students 

with “good” or “fair” usage of the chatbot, they were selected to 

further investigate the impact of chatbot usage on student essay 

content. Of these essays, 22 included 4 SDGs and 11 included at least 

5 SDGs that were either explicitly stated or implied. This ensured 

inclusion of essays in which students made multiple, meaningful 

connections across several of the most emphasized SDGs. The 

prompt questions shown in Table 1 were then applied to all 33 essays 

using Microsoft Copilot to generate outputs that included evidence 

for each dimension in the form of direct quotations or paraphrased 

statements. The full prompt is provided in the Supporting 

Information .The output was analyzed by two independent 

researchers who were familiarized with the SDGs to identify patterns 

or emerging themes. Each researcher independently examined every 

dimension outlined in Table 1 to explore which dimensions were 

featured most and least as students connected chemistry to the 

SDGs in their essays on water and carbon footprint. The researchers 

then engaged in a structured comparison of their themes and 

identified overlapping themes consistently supported by the 

students’ essays.  

Results and Analysis 

Throughout the analysis, students’ visits to a variety of SDGs within 

the chatbot and their subsequent incorporation into their essays are 

discussed. Table 2 outlines the top 6 SDGs that students visited in the 

chatbot and discussed in their essays, and includes student essay 

examples to illustrate how authors categorized essay content. 
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Table 2. List of the top 6 SDGs visited by students and mentioned in their essays. This table includes the SDG number, official title, SDG goal as 
stated by https://sdgs.un.org/goals , and an example of how the goals were aligned with student essays. 

SDG 
Number 

SDG Title SDG Goal Student Essay Example 

6 
Clean Water and 

Sanitation 
“Ensure availability and sustainable management 

of water and sanitation for all” 

“Using 1 million gallons of water to harvest only one 
cow is not sustainable because water is not endless.” – 

essay 96 

7 
Clean and 

Affordable Energy 
“Ensure access to affordable, reliable, sustainable 

and modern energy for all” 

“Using renewable resources such as solar, wind, or 
others to create electricity can reduce the amount of 

emissions since these resources release little to no 
amounts of greenhouse gases.” – essay 41 

9 
Industry, Innovation, 

and Infrastructure 

“Build resilient infrastructure, promote inclusive 
and sustainable industrialization and foster 

innovation” 

“For a company, the carbon footprint covers emissions 
from all its operations, including energy use in 

buildings, industrial processes, and machinery.” – essay 
73 

12 
Responsible 

Consumption and 
Production 

“Ensure sustainable consumption and production 
patterns” 

“Embodied carbon emissions from concrete stem from 
every aspect of production including mining raw 
materials, transportation, kiln operations, and 

demolition.” – essay 35 

13 Climate Action 
“Take urgent action to combat climate change 

and its impact” 
“Working to reduce carbon footprint is vital to slow the 

effects of climate change.” – essay 13 

14 Life Below Water 
“Conserve and sustainably use the oceans, seas, 

and marine resources for sustainable 
development” 

“Eutrophication is a process that causes harm to 
marine life and depletes oxygen in the water, nutrient 

overload in the water. This leads to excessive 
overgrowth of algae and even dead zones (aquatic life 

cannot survive).” – essay 82 

 

RQ1. Which SDGs in the Pyrocene and Water/Carbon footprint 

curated chatbots did students explore? 

 
Pyrocene Curated Chatbot  

 The curated content in the chatbot emphasized the relationship 

between wildfires, fossil fuel combustion, and climate, which created 

the expectation that SDG 7, 12, and 13 would be explored the most. 

For the 116 students who interacted with the Pyrocene chatbot, the 

average interaction time was 9 minutes with 5 students who used 

the chatbot more than once. Only 7 interactions were judged as 

limited and 6 as fair. Students could also access the SDGs in the 

chatbot by visiting the content associated with Pyrocene, which 

included a section titled "Examples incorporating sustainability,” 

directing them to SDGs 7, 12, and 13. The most frequently visited 

SDGs included SDG 7 (n = 35), SDG 13 (n = 32), SDG 2 (n = 25), as well 

as the definition of sustainability (n = 40) as shown in Figure 3. The 

sustainability module of the Pyrocene chatbot included the definition 

of sustainability and the SDGs. Apart from visiting the definition of 

sustainability, most students visited SDG 7, 13 and 2 by navigating to 

the pyrocene module as opposed to the sustainability module. These 

three SDGs primarily relate to chemistry content in terms of energy, 

climate, and the use of wildfires for crop management, as well as 

additional implications for food security. Students also explored 

SDGs associated with hunger, poverty, and quality education, as 

indicated by a higher-than-expected number of visits to SDG 1, 2, and 

4 
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 Figure 3. Tree map of the unique student interactions that 

students had with the sustainability module in the Pyrocene curated 

chatbot. 

One surprising observation is the few visits to SDGs 3 and 15 

regarding the influence of wildfires on life on land and health, 

particularly in terms of air pollution. This observation could be 

explained by considering the in-class instructional time allocated to 

these areas, which was modest. The SDGs least explored with n=4 

included SDG 12 (Responsible Consumption and Production) and n=3 

for SDG 9 (Industry, Innovation and Infrastructure). This finding 

shows that even though more visit was expected for SDG 12, 

students preferred exploring SDG 7 and 13. Highlighting that 

incorporating responsible consumption and the critical role of 

industry in future teaching materials can help students understand 

connections to climate change, fossil fuel use, and the increasing 

severity of wildfires. 

 
Footprint Curated Chatbots  

In each case for supporting student writing the sustainability module 

of the curated chatbots includes a review of the United Nations' 

definition of sustainability, as well as information on all 17 

Sustainable Development Goals (SDGs). For Spring 2024, the average 

interaction time of 56 students was approximately 26 minutes with 

15 good, 18 fair, and 23 limited student interactions. Also, 12 

students interacted with the chatbot more than once. Student 

engagement on the chatbot interactions for the Fall 2021 footprint 

chatbot is reported elsewhere. (24) Figure 4 provides tree maps that 

detail the unique student interactions with the sustainability portion 

of the Footprint curated chatbot for the (a) fall 2021 and (b) spring 

2024 semester. Figure 4a shows that students visited SDG 6 (n = 54), 

SDG 14 (n = 37), SDG 13 (n = 31), and SDG 7 (n = 28) the most out of 

all the sub-modules in the sustainability module. Figure 4b illustrates 

a similar profile of the top sub-modules, with SDG 6 (n = 12), SDG 13 

(n = 8), SDG 14 (n = 6), and the sustainability definition (n = 6) being 

the most prominent. Note also that with the larger group engaging 

with the chatbot (4a), the number of SDGs visited by any student is 

larger. With fewer student users in the S24 general chemistry course, 

the trend still showed that about a quarter of chatbot users visited 

UNSDG 6, and about an eighth visited UNSDG 13. However, it does 

appear that a higher proportion of students in the S24 group 

interacted with the sustainability definition sub-module more than 

the F21 group.  

These modules directly relate to carbon and water footprints, 

addressing clean water and sanitation, life below water, climate 

action, and affordable and clean energy, respectively. Although 

topics such as solubility and thermodynamics are also emphasized in 

general chemistry, it appears that students wanted more 

information on how their chosen issues related to the specific SDGs. 

Other SDGs, such as SDG 12, SDG 9, and SDG 11, had fewer student 

interactions, suggesting a lack of interest in those topics in the 

context of the writing assignment or a need for less help in 

connecting them to chemistry or their chosen subject

 

 

 
Figure 4. Tree maps of unique student interactions for the a) fall 2021 and b) spring 2024 Footprint curated chatbot.

RQ2. Which SDGs were implied or explicitly mentioned in 

students' footprint essays? 
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For consideration of this question it is important to recognize that 

water sanitation and climate were the central concepts associated 

with the water and carbon footprints. The SDGs mentioned by 

students int their essays are illustrated in Figure 5. Interestingly, SDG 

12 was present in all of the student essays (n = 56), likely because 

students recognize human activity and consumption as a key driver 

of climate change and sustainability challenges associated with clean 

drinking water and the necessary infrastructure. Additionally, the 

emergence of SDG 9 in student essays, showcases the important role 

and implications associated with industry. 

    It was apparent that students who wrote about the carbon 

footprint or embodied carbon placed emphasis on the SDGs 

associated with greenhouse gases and climate change, emphasizing 

the roles of energy, human activities in industry, and sustainability. 

Students who wrote about the water footprint generally discussed 

SDGs associated with clean water and sanitation, including the role 

of agriculture and the impact of various industries on water quality 

or consumption.  

 

Figure 5.  SDGs that were either implied or explicitly mentioned in student essays based 

on the Microsoft Copilot analysis.

Figure 6.  Key themes that emerged from the Microsoft Copilot analysis essay to explore the implied and explicitly mentioned SDG

 

Student essays revealed an emerging understanding of the role of 

chemistry in technology and innovation, climate and environmental 

issues, agriculture and food security, as  well as industry, production, 

and consumption. These themes, along with related subthemes and 

the dominant SDGs referenced, are summarized in Figure 6.  

 Interestingly, from the SDGs that aligned with the emerging 

themes from student essays (SDG 6, 9, 12, and 13), SDG 6 and 13 

were mostly explored in the curated chatbot, with fewer visits to SDG 

9 and 12. This is expected, as the carbon and water footprints relate 

mostly to water and sanitation (SDG 6) and the greenhouse gases 

associated with climate action (SDG 13). This is reflected by the 11 

out of 36 students who included SDG 6 in their essay and visited the  

 

 

 

corresponding SDG in the curated chatbot. Similarly, this was 

observed for SDG 13 with 7 out of the 50 students. Although students 

did not spend a lot of time exploring curated content on industries 

(SDG 9) and responsible consumption (SDG 12), they were able to 

frame it in their writing, revealing an overarching context that 

connects human decision-making and activities to sustainability. 

Interestingly, SDG 11 was the least explored in the S24 chatbot, but 

was implied in many student essays as students referred to urban 

logistics and sustainable transportation as important aspects of 

sustainable cities. These discussions included student free response 

inquires including, "how many cars there are in America", "vehicles 

that use hydrogen fuel", "the means of transportation" and "moving 

business towards these more green forms of energy". In summary, 

the themes from student essays reflected a range of topics and SDG 
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references, demonstrating their interdisciplinary learning as they 

connected chemistry to sustainability.

 
 

RQ3. What evidence from the footprint essays 
indicates dimensions of student agency?  

Many students incorporated sustainability into their essays by 

presenting environmental issues, identifying the societal impacts of 

those issues, and proposing global and local solutions. Although 

there was little instructional emphasis placed on student agency, 

these key components of their essays suggest that students showed 

various dimensions of student agency as defined by Guerra et al.’s 

(2022) student agency framework. To test this hypothesis, we 

constructed a prompt for Microsoft Copilot that included questions 

about personal values, actions, and the context of those actions 

related to sustainability, as listed in Table 1. In response to the 

prompt, Microsoft Copilot provided a table that included these 

dimensions, an evaluation of the dimension, and supporting 

evidence as demonstrated in Table 3 below. 
 

 
Table 3. An example of the Output from the Microsoft Copilot prompt on evidence of sustainable agency for student essay 42 (essay passages in blue).  

Dimension Evaluation Supporting Evidence 

Personal Values for 

Sustainability  

   Demonstrated - The student expresses a clear belief in the importance of sustainability: "Water footprint and 

sustainability are connected together because it is such an important part of life on this planet."  

- They show motivation to act: "We must do anything we can to minimize and sustain a good water 

footprint and, most importantly, help ensure that water is available and safe for both this generation 

and the ones to come."  

- There is a sense of self-awareness and responsibility: "Minimizing our water footprint and using our 

resources safely and respectfully is important not only to the environment but also to humans as well."  

Actions for 

Sustainability  

   Demonstrated - The student suggests specific actions: "Some ways to help resolve this problem are to recycle, use less 

plastic, and make better choices about where we are throwing our trash."  

- They advocate for civic engagement: "One way to fix some of these problems is to support 

organizations and charities by using your voice."  

- While direct collaboration or teamwork is not explicitly mentioned, the call to collective action 

implies a recognition of shared responsibility.  

Contexts of Action 

for Sustainability   

   Demonstrated - The student references local and global contexts: "Iowa has created a harmful 'dead zone'... Des 

Moines has one of the poorest water qualities from the high amount of nitrates."  

- They connect institutional and environmental factors: "Sadly, our oceans are becoming more acidic 

and polluted, which is bad for marine life. This causes less tourism, fewer jobs globally, and less food 

for us to eat."  

- They show awareness of social and health impacts: "Not having safe and sanitary water can lead to 

health problems and deadly diseases."  

 

In the evaluation column, essays were either categorized as [1] 

demonstrated or strong evidence, [2] partially demonstrated or 

moderate evidence, or [3] not demonstrated or limited evidence. For 

this discussion, we will use strong, moderate, or limited evidence. Of 

the 33 essays analyzed, the majority of students demonstrated 

strong evidence of personal values (n = 27) and the context of their 

actions (n = 29) related to sustainability. However, only ten students 

demonstrated strong evidence of actions for sustainability, with the 

majority demonstrating moderate (n = 17) or limited (n = 6) evidence 

of this dimension. The students who  demonstrated moderate or 

limited evidence of actions for sustainability, also failed to include 

ideas such as goal setting or collaborative action in their essays, 

which are key components of Guerra's framework  defined explicitly 

in the Copilot prompt. Of the actions that students did include, most 

were general or broad statements and did not reflect personal goals 

or plans. This behavior is expected as the inclusion of sustainability 

in general was a part of the essay prompt, and students were not 

explicitly instructed to provide personal sustainable solutions or 

goals. Examples of direct quotes from student essays for each 

dimension is provided in the Supporting Information. 

 
Personal values for sustainability  

The first part of Guerra's student agency framework encompasses 

personal values related to sustainability. In some cases, these values 

were reflected in the students' essays as environmental impacts, 

collective effort, and the value of knowledge. Key themes revealing 

students’ personal values for sustainability are collected in Table 4

 

 

Table 4. Table of themes with their description and example excerpt showcasing personal values for sustainability 
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Theme  Description Example Excerpt 

Environmental Impacts  A cause-and-effect relationship between 

people's actions and the current or future 

state of the environment   

"By contaminating groundwater, especially in poorer countries, the 

effect can be to prevent people from having access to their basic right 

to clean water." – essay 43  

Collective Effort  Acknowledgement of the need for change as a 

community and roles as stewards of that 

change  

"It's our job as humans, and especially chemists, to maintain it and 

steward it as best as we can." – essay 65  

  

Value of Knowledge  The importance of being informed about our 

own impact on water or carbon footprint and 

chemistry behind certain phenomena or 

global solutions  

"Education on the chemistry facts and personal adjustments to 

reduce carbon impact is progress to restore the ecological balance 

that this beautiful planet once obtained." – essay 25  

 
Other examples related to those in Table 4 include student 

reflections on how the environment is directly affected by damage, 

while others, like in essay 36, use the current state of the 

environment as a call to action: "In order to slow further global 

warming, it is crucial to find ways to reduce our carbon emissions." 

The essays demonstrate that students recognize that the state of the 

environment in the future, or even its current state, is a direct result 

of the efforts that humans make. Students also highlight that to 

effect change, it will require a collective effort, and that solutions like 

"reducing transportation-related emissions is essential for 

sustainable living and preserving the planet for future generations." 

(essay 100). Comments like these reflect that students see 

themselves as part of the solution. Students, like in essay 25, remark 

that their role in the proposed solution includes armoring themselves 

with knowledge and "understanding how the water footprint is 

related to chemistry." (essay 81) They find value in knowledge and 

connecting that knowledge about chemistry to the world around 

them.  
 
Actions for sustainability  

Some student essays showcased evidence of sustainable action. They 

include a particular focus on practical solutions, collaborative efforts 

from role players across various scales, and the need for knowledge 

to understand global issues and their relationship to chemistry. The 

key themes, along with examples from student essays, are 

summarized in Table 5

 
Table 5. Table of themes with their description and example excerpt showcasing student actions for sustainability.  

 

Theme  Description Example Excerpt 

Practical solutions Solutions or actions that involve human 

response and innovation for sustainable 

development 

"choosing renewable sources, being aware of how we produce, 

consume and dispose of goods, supporting agriculture, and reducing 

waste." – essay 73 

Role players across scales Acknowledgement of the key actors or role 

players on local and global scales that 

contribute to sustainable action 

"Then by understanding this, individuals like policymakers can make 

decisions on how to conserve more water." – essay 1 

  

Need for Knowledge  Knowledge required to better understand 

how chemistry relates to global issues and 

the SDGs   

"Map out the whole process of what product is being made… measure 

when water is being used, how it is being used, how much is being used, 

and what happens to it after." – essay 80 

Students' essays placed most emphasis on providing realistic 

solutions or options of actions that can be taken to work 

towards sustainable development. These include decreasing 

current consumption patterns and providing unique options 

tailored for various SDGs. As shown in Table 5, these include 

developing new materials, creating new technology, being 

innovative, and making better-informed decisions about 

consumption through awareness, as emphasized in essay 73, also 

shown in Table 4. For example, one student added that "Chemists 

have developed biodegradable plastics... Chemists have found a 

sustainable way to help reduce this by creating electric powered 

cars." (essay 74). Several students suggested general actions that can 

be achieved on a community level with one student (essay 36) 

providing detailed actions, which include "Taking shorter than 10 min 

showers, reducing the amount of coffee we intake, and recycling 

everything that we can." and "By taking shorter showers, cutting 
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back on resource-intensive products, and promoting recycling, we 

can reduce both our water and carbon footprints."  Overall, the use 

of renewable energy and electric transportation was discussed in 

relation to essays on the carbon footprint, whereas the water 

footprint primarily focused on actions to reduce water consumption.  

Supporting these actions included students' ability to shift focus 

between important role players from individuals to agencies to larger 

organizations. On a local to global level, these role players include 

"Iowan farmers", "researchers", "chemists", "policymakers", 

"manufacturers", "companies", "groups and corporations", and the 

"United Nations". The student in essay 95 claimed that "The United 

Nations has curated a set of global goals to combat this issue." and 

essay 111, "Ensuring that those companies follow the guidelines will 

show a decrease in the carbon footprint for cities." Students focused 

mostly on the broader levels of sustainable action with individual 

examples, such as the comment that reflect both individual and 

broader collaboration. An example excerpt from essay 42 shows that 

this student recognized their agency and the role of supporting 

organizations by stating, "One way to fix some of these problems is 

to support organizations and charities by using your voice."  Finally, 

some students recognized the need for knowledge, as it can help 

students "map out the whole process". Students added that 

"Knowing this framework [the SDGs], it is crucial that the chemistry 

connection and pivotal thinking skills are acquired." (essay 25). These 

excerpts suggest that some students recognized the importance of 

key role players, collaboration, relevant knowledge, and practical 

solutions across various scales. 

 
Context for actions for sustainability  

According to Guerra's framework, the context of action for 

sustainability encompasses the role and actions of the individual 

within the societal environment, which includes social, cultural, and 

institutional levels as well as their interactions with these contexts. 

Students' essays demonstrated evidence of these contextualized 

actions by including a societal focus, data-driven reasoning, and an 

awareness of broader systems. These themes are summarized in 

Table 6. 

 

 
 

 

Table 6. Table of themes with their description and example excerpt showcasing the context of actions for sustainability 

 

Theme  Description Example Excerpt 

Societal Focus  Includes actions associated with community 

as opposed to individual impacts   

"It isn't always an option for lower income households to make this 

change." – Essay 53  

Data-driven reasoning The inclusion of numerical information from 

national or global data sources   

"Concrete production accounts for 8% of our global CO2 emissions" and 

breaks down emissions by source (e.g., mining, transportation, kiln 

operations)." - Essay 35  

  

Awareness of broader 

systems  

The demonstration of the role that multiple 

parts play to make a change or impact  

"Due to the intense population growth on the planet and the increasing 

urbanization, water pollution has become an increasing problem." – 

Essay 32  

 Many of the essays maintain a societal focus as students realize 

that their own lifestyle may not be feasible or afford the same 

opportunities for people in different countries or communities. For 

example, in essay 53, a student notes that purchasing an electric 

vehicle may be dependent on socioeconomic status, impacting the 

efficacy of this environmental solution. Expressing these concerns in 

their essay demonstrates an awareness that socioeconomic status 

plays a role in environmental efforts. An awareness of these broader 

systems is then highlighted further when students connect 

population growth to water pollution. For example, essay 42 

exemplifies the connection between the actions of an agricultural 

system and its impact on the quality of life in an aquatic system. 

Students also added connections that were  strengthened with data 

on a local and global scale. As an example, the student who wrote 

essay 44 claimed that  "fast fashion accounts for 10% of all carbon 

emissions". Overall, in these essays, students' contexts of action 

were broad, focusing on larger infrastructure and global solutions 

rather than personal and community-based solutions. 

Implications 

Developing sustainable AI has been challenging due to its reliance on 

non-renewable resources, the large amounts of water required for 

cooling systems, and the substantial land use for data centers. (27, 

28) These issues are especially prevalent in large generative AI 

models, such as GPT-5, which require extensive training sets and 

times. (29) Researchers and industry partners concerned about the 

environmental implications of generative AI suggest developing 

more efficient models using transfer learning or retrieval-augmented 

generation, thereby reducing energy demand. (30)  

However, these LLMs can be used to focus on sustainability 

issues, such as climate forecasting or identifying key air 

pollutants.(31) Their usefulness cannot be completely ignored 

because of their impact on the environment. As the field continues 

to grow, it may be necessary to develop a framework to weigh the 

costs and benefits of AI models and their use in all disciplines. (32) 

With regard to education, curated chatbots, such as those 

introduced in this work, rely on developer input and leverage 

specialized models trained to optimize performance. (33) These 

resources are more sustainable than traditional LLMs as they are less 

energy intensive. As instructors, it is important not only to teach our 

students about sustainability but also to provide sustainable learning 
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resources for them, and these curated chatbots are a simple way to 

do so. This study showed that structured activities that incorporate 

curated chatbots and essay writing, could provide a means to help 

students connect their chemistry knowledge to the SDGs, whilst 

developing their awareness and dimensions of agency for 

sustainability. 

Conclusions  

In this work, researchers explored students' interactions with a 

curated chatbot and their reflections on sustainability in a 

chemistry and sustainability writing assignment. The student's 

curated chatbot interactions with the sustainability module 

revealed that they visited SDGs related to their chosen topic. 

Consequently, SDGs 6, 13, and 7 were frequently visited for 

essays about water footprint, carbon footprint, and Pyrocene, 

respectively. Results of a Microsoft Copilot-assisted analysis of 

the footprint essays showed that students wrote about 

additional SDGs. They included the topic-related SDGs, but also 

implicitly or explicitly discussed additional goals like SDG 9 and SDG 

12 that connected chemistry to human activities associated with 

industry and responsible consumption and production. Finally, the 

student essays were reviewed for evidence of a sustainable action 

perspective. Through their essays, most students demonstrated 

personal values and provided context for their actions related to 

sustainability. However, those actions were limited to broad, global 

solutions rather than individual, everyday changes. 

The student's interactions with the curated chatbot revealed 

topics that might require more attention during teaching or reflect 

the issues with which students were most interested. For example, 

regarding the theme of Pyrocene, the vital role of responsible 

consumption and the critical role of industry can help students 

understand connections to climate change, fossil fuel use, and the 

increasing severity of wildfires, as well as the possible health 

implications of wildfire smoke and other resulting air pollutants. 

Noting that these connections may be complex to make during 

lectures, the curated chatbots provide an additional instructor-

approved resource for students as they write essays and explore 

unfamiliar topics.  

In writing of their essays, students included many practical 

solutions for change and demonstrated a personal responsibility 

towards those solutions. Sustainable action perspective themes 

acknowledge the need for and importance of acquiring knowledge 

for sustainability, highlighting the development of sustainability-

related competencies. Through essay writing students were not only 

able to accomplish this but also use their knowledge of chemistry as 

a vehicle to imagine change for sustainability from environmental, 

societal, and economic dimensions. Instructor-approved content in 

the form of a curated chatbot supported students in this new way of 

connecting chemistry and sustainability. 
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