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Abstract: Discussing socio-scientific issues in a secondary chemistry classroom poses a challenge
to traditional classroom practice because students and teachers need to think more broadly about
chemical processes. Allowing students to create open-ended maps to generate and represent their
understanding of socio-scientific issues while also learning chemistry theory can develop Systems
Thinking capacity in students. This manuscript presents three vignettes of the classroom use of
mapping exercises within separate action research studies, involving diverse school types, curricula,
chemistry topics and student groups. The mapping exercises were effective to engage students in the
development of Systems Thinking and were readily integrated into different curricula. Sequential
student-generated maps for chemical processes illustrate increasing sophistication in their Systems
Thinking approaches.

Keywords: Systems Thinking; chemistry education; representational competence; mapping

1. Introduction

As the world grapples with complex problems including food insecurity, climate
change and inequality, education has a crucial role to play in preparing responsible and
capable citizens of the future. Traditional educational approaches seldom address connec-
tions between disciplines and are therefore inadequate to develop the skills needed for
young people to prosper in the 21st century [1]. Thus, new teaching strategies are needed
that will help students visualize and realize the interconnectedness of modern society [2,3].

One approach to teach in this way involves using Systems Thinking, which has
been recommended as a transformational teaching method specifically in the field of
chemistry [4]. Over the past five years, chemistry educators have increasingly called for
chemistry education to be restructured to incorporate sustainability concepts through a
Systems Thinking approach [5]. A useful operational definition of Systems Thinking is:

... an approach to addressing problems that incorporates the complexity of the whole
system in a holistic manner, including intended and unintended consequences, and a
cognitive skill. [6]

(p. 2620)
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Systems Thinking in Chemistry Education (STICE) has been claimed to benefit student
learning through developing critical thinking and problem-solving skills [7], and to equip
graduates to tackle complex problems [8]. In addition, it has been proposed as a pathway
to incorporate consideration of sustainability into education, which is required by national
curricula in the US [9] and Australia [10].

Although teachers have shown enthusiasm for STICE, they need to be supported with
appropriate professional learning opportunities and resources to be able to adopt STICE
methods [6,11]. While there has been an emphasis on incorporating Systems Thinking in
K-12 science education for other disciplines [7], so far, most STICE proposals have been at
the tertiary level [8,12-15].

Complicating the incorporation of STICE at the secondary level is the need to fit any
additional teaching and learning into what is recognized to be an extremely crowded
curriculum [16-18]. In previous studies, teachers have indicated that lack of time and space
in the curriculum is one of the biggest challenges to implementing STICE [6]. Thus, it is
critical to find strategies that teachers can easily use in their classrooms to teach STICE and
allow students opportunities to explore this way of analyzing problems.

One way to support students to integrate new information into their knowledge
structures is through the use of mapping to illustrate relationships between phenomena [19].
By undertaking such mapping, students are provided with opportunities to engage in the
representation construction practices of science, which form a key part of their induction
into the epistemic practices of the discipline [20]. Multiple different forms of mapping
have been proposed for use in science education, with the predominant forms being
concept maps [21] and mind maps [22]. Other types of maps have also been used, including
argument maps [23], causal maps [24] and network maps [25]. Controversy maps have been
used to empower students to productively negotiate socio-scientific issues [26]. Recently,
Systems Oriented Concept Mapping Exercises (SOCME) have been developed specifically
as a way to represent and enact STICE [5,27].

While strict definitions for each type of mapping have been created and there are im-
portant differences between them, all forms of mapping have a common capacity to display
a complex body of knowledge in a two-dimensional format, showing links between related
concepts. Such maps function as diagrams that make evident through their iconicity the
deep structural relations between components of the system [28,29]. These “visual tools may
help our students develop better recall, comprehension and critical thinking skills,” [23]
(p. 137). Different forms of mapping are appropriate for different purposes [22,23]. For
example, in high school geography classes, causal maps have been utilized to help students
appreciate systems-level effects [30], and the use of causal maps is also recommended
in teaching and learning about human evolution [24]. Encouraging students to draw
mind maps during class in small groups comprises good teaching practice through the
promotion of active and collaborative learning [31]. In undergraduate organic chemistry
classes, student-constructed concept maps have been shown to be effective to illustrate
understanding [32]. Recent publications support the assertion that student drawing in
science can improve both teachers” and students’ metarepresentational competence [33,34],
with open-ended mapping exercises constituting a form of student drawing.

The use of a variety of graphical mapping tools for STICE has been explored, and the
advantages and disadvantages of different tools have been detailed [35]. Wheeldon and
Faubert have argued for definitional flexibility in the use of maps in qualitative research,
stating that:

A broader definition of maps, allowing for data collection based on a participant’s gen-
erated visual expression of meaning, is more in line with the theoretical starting place
generally associated with qualitative research [36]

(pp. 71-72)

Wheeldon and Faubert found that participants did not always construct a map accord-
ing to the definition provided, but this does not make their data invalid. Our experience
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supports this argument. Although we use the term “systems map” in this manuscript, we
are aware that the maps drawn by students may fall into other categories according to strict
definitions. We thus adopt a pragmatist approach to defining maps as representations [20],
in the sense that the meaning of the maps is constituted in how they are used by teachers
and students.

Systems maps have been described as including;:

Components or the different parts (the ‘who” and ‘what’) that are involved in the function
of a selected practice; connections between components that exhibit how students believe
components are related (e.g., inputs and outputs); feedback loops, visible when outputs
are fed back into a system as inputs. [37]

(p. 1511)

In this manuscript, we describe and explore the use of mapping exercises in six Australian
high schools and as part of a teacher professional development program within three vignettes.
The purpose of the mapping exercises was to provide opportunities for students to explore and
express concepts and connections related to specific chemical or manufacturing processes as a
way to develop their systems thinking capacity. Further aims were to support teachers to value
students’ ideas and to prompt classroom discussions. To link the systems to sustainability,
labels for corresponding UN Sustainable Development Goals (SDGs) (https://sdgs.un.org/
goals; accessed on 24 August 2022) were added to relevant parts of the maps. Our preliminary
work found this format to be suitable and useful for integrating STICE into a chemistry
classroom without requiring additional time or resources [38]. Here, we present student-
generated maps from different contexts, along with interview data from students and teachers,
and teacher reflections, describing their perceptions of the mapping exercises. We address the
following research question in this paper: how can the generation of systems-oriented maps
of chemical processes engage students with the development of systems thinking skills?

2. Context and Methodology

The first two vignettes come from similar but slightly different contexts. First, we
present a longitudinal study at an independent NSW secondary school with year 12 students,
including both in person and online iterations of the project. The teacher incrementally
improved their STICE teaching over four years using the mapping exercises.

Second, we present a single iteration of the STICE exercise run simultaneously at
five Victorian schools within upper-level chemistry classes as part of a professional learning
community project. That project was initiated in February 2020 and was conducted during
a period when students were required to learn from home. The teachers involved adopted
slightly different approaches and integrated the systems maps into different parts of the
enacted curriculum.

Table 1 summarizes the implementation of these two vignettes. In both cases, a teacher
action research co-design methodology was followed [39], giving the teachers involved
ownership as agents of reform [40,41].

In the third vignette, maps were drawn as part of professional learning within a Grad-
uate Certificate program, which was designed to upskill out-of-field science teachers [42].
One unit of the Graduate Certificate focused on improving teachers’ skills to teach chem-
istry. The program was offered in 2021 and 2022, and 65 teachers participated over the
two years.

In every case, the concept and process of Systems Thinking was first introduced to
participants (students in vignettes 1 and 2, teachers in vignette 3), using a combination
of examples, videos and class discussion. The participants were shown an example of a
systems map as a way to represent Systems Thinking for a chemical process [37]. They
were then guided to produce their own systems maps for chemical processes, focusing on
sources of starting materials, uses of products, and intended and unintended consequences
of the process.
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Table 1. Summary of school classes in which systems mapping exercises were implemented (vignettes 1 and 2).

Teacher Teacher . Number of Implementation .
Code Experience Type of School Curriculum Students Year(s) Systems Maps Topics
. . Biofuels, Haber, Contact,
T1 >20 years Regional private NSW 7-10 per year 2019-2022 Solvay, esterification
T2 6-10 Sel'ectllve public Vic 39 2020 Acid rain, ocean acidification
girls” school
T3 1-5 Public Vi a5 2020 Ocean acidification, fuels, N95
masks, hydrogen
T4 1-5 Public Vic 20 2020 N95 masks, fertilizers
. . . . Polyvinyl chloride (PVC),
T5 6-10 Regional catholic Vic 19 2020 Polylactic acid (PLA), water
T6 10-15 Independent 1B 13 2020 Polypropylene

girls” school

The maps were broadly defined, and participants created them by hand or using
computer programs, being as creative as they chose, so the outputs are very variable.
Students in vignette 2 completed pre- and post-surveys about their orientations to chemistry,
sustainability and Systems Thinking in addition to submitting several maps, and the full
survey instrument is available in the Supplementary Information S1. The participating
teachers were interviewed during and after the project to explore their perceptions of using
systems maps in their classrooms.

Given the variability of how the data collection was conceived across the three vi-
gnettes, the framework we have utilized in our analysis is the purposeful selection of
examples to include from the student and teacher interviews [43]. We posit this is also in
agreement with Wheeldon and Faubert, as an approach to qualitatively analyze a collection
of maps (and student and teacher interviews regarding these maps) that together do not
narrowly follow a particular map definition [36]. The maps presented here have been
chosen to be methodologically sound and to provoke conversation about the issues raised
by the use of mapping to represent Systems Thinking. Selection of quotes from these groups
does not mean that the opinions can be generalized to other groups, rather they illustrate
the utility of mapping in these contexts and allow others to envision adopting mapping
within their own classrooms.

Institutional ethical approval for the studies was obtained as follows: Deakin Uni-
versity: HAE-19-180, HAE-19-206, HAE-21-023; Victorian Department of Education and
Training: 2019_004196, 2021_004358; Melbourne Archdiocese Catholic Schools: 0949.

3. Results and Discussion
3.1. Vignette 1

As previously described [38], Stage 6 (Years 11 and 12) Science syllabuses in NSW
require that students must undertake Depth Studies in each year, totalling a minimum of
15 in-class hours per year [44,45]. Starting in late 2018, the highly experienced teacher in
this project (T1) designed and refined a Depth Study featuring Systems Thinking for his
Year 12 chemistry students using a teacher action research [41] iterative reflective cycle [46].
For both 2020 and 2021 iterations, COVID-19 restrictions meant that students were learning
from home for part of the time and the systems maps were created at home.

To teach Systems Thinking within the mandated curriculum, Systems Thinking teach-
ing was interleaved with traditional teaching approaches, as illustrated in the timeline in
Figure 1. Details of T1’s delivery are included in Supplementary Information S2.

Throughout the process, students received formative feedback on draft maps and
connections to SDGs from the teacher. Their summative assessment consisted of three tasks:

(a) an essay comparing current research for two different systems they had studied, and
their respective effects on SDGs;
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(b) construction of a system map for a process with which they were familiar, the inter-
conversion of ethylene and ethanol; and

(c) evaluation of a systems map drawn by the teacher on the Solvay Process, which they
had not previously seen, in relation to SDGs.

Chemistry teaching Depth Study
component component

Equilibrium and

Le Chatelier’s 3 weeks
principle
v Depth Study:
2 weeks In.tro .emd
applications of
equilibrium
Introduction to v
organic 5 weeks
chemistry
SRR
v Depth Study:
2 weeks Biofuels and
petrol
—
SR
M Depth Stud
1 week epth Study:
Assessment
—
Chemical v
synthesis and 2 weeks
design :
v

End-of-year
externally

assessed
examination

Figure 1. Timeline of content over three terms of teaching, showing interweaving of Systems Thinking
and traditional teaching approaches. Blue: traditional teaching. Red: Systems Thinking (through
implementation of the Depth Study).

This set of assessment tasks provided a valid indication of student engagement and
understanding of sustainability, Systems Thinking and current research. An example of a
student-generated map for task (b) is shown in Figure 2 and further examples are available
in Supplementary Information S3.

The student-generated systems maps in task (b) were marked based on the logic of the
structure, the breadth of connections and the interrelationships shown as connections across
nodes. Similarly, student inclusion of SDGs for task (c) was marked based on the number
of SDGs per node, breadth of SDGs across the systems map, consideration of negative and
positive factors and justified weighting of SDGs due to influence and importance. Student
results for the Depth Study were higher than typical assessment tasks and were comparable
to research-based assessments used in the past.



Educ. Sci. 2022, 12, 596 60of 19

¥ T
y C""[‘r 1p 41
O/r]( n EE
L['(((J(u 5
el //

I’ — I
b}(l'luf(‘ Oy [r(nrm' ~y it
I/\J C} i 1l t‘J alucare ; \

|
Jal
water yiq l{t’tul \_“fhn‘t

Rl il

M(T({{ Ib\r 5]‘(‘0"'\
\frad‘rﬁj mlu{r\!
and oil”__

N : .Hcl-"‘ e /
Sy (Ewl /,// a o
= N =
kil . .‘I i :‘ ki . @’i QoHuLFn / o I,‘,f {‘\‘ﬁrf ‘s”‘qu;";—;}—fe_\:
N I. T alkeaal;ue ‘
- / I’\l(d(no'mjr f”yfﬂc J
aum / e
- deudle \ rd N
imak ot‘ﬂr‘ %\ \ /_l\/'/‘ |Used (or :
il \ ' - ce3rac lies
et TS G0 = U o8 ; -{;;!u;nf
ped 'g m\!ﬂ' ” O ],(., S 3T ey Ve [‘ ___}.__.
e \ I - foex

{ deoble hend Jr___., —— Ethylenes::Ethano] | | - alcebatc beverages |

r-{ fanic Jo L f 1A / [ C
T patrleg | C ( —L'Q'OH ] UCI ?{1{(/!\-{
| (_}f.;n'.ﬂ | L s
@ / N P -

" o . {{) " fmr'c (,thﬂl - I/d__ ) 1l .l
g Mr” Sl il uel addiive gy |
U cfd ) Ca ‘ufl{JL - C.O" wer e I } Oj{dj rarge Fl
- . boge Ltffl_ﬂ:flo" LV o = \ - sheckens lile /.-f
PB ye t/lft‘he — —panﬂj 1”9 e /0\ \ of Ca’“jr'--c 7/
e it il | W |k
lashc iy \ / ok -
P,‘,Jr(.f.'(r ﬂ-‘"”*’jﬂ ldljc[l Juf’ll. SD'U{WL - . h\
| PD e 1 01 ot {: earl \
y . \ / = digsolueS bo%
-ebloe sid 1. AR RN k)
! Eohe. p-l-»,p{‘r ok 'i JJ F (=c¢ \ - blc_(f —oH l [ i?ﬂr iF[rF 0
_Pd(\lr(l ‘\ g o

| onk rtczrc

["‘l;po.v"\-’t [ T e TP |

Figure 2. Student-drawn systems map for the interconversion of ethylene and ethanol, highlighted
to show processes that have positive or negative impacts on sustainability. The student has included
chemical reactions, uses and sustainability considerations throughout the map. All of the information
is correct although few cross-links are shown.

3.1.1. Teacher Reflections

As T1 became more comfortable with delivering the Depth Study, he implemented
incremental improvements to explaining how and why the students should complete
systems maps and link them to SDGs. He linked the logical structure of a systems map to
the different sides of the chemical equation and explained how multiple nodes (either for
reactants or products), showed a broader of understanding of the process and how links
beyond the initial nodes, especially if they connected to other parts of the systems map,
showed a greater awareness of the relationships that are intertwined in all chemistry. For
example, energy is an important component of the systems map for any chemical process
and is required from extraction and production of key reactants and catalysts, to production
within and beyond the process. The explicit nature of the explanations of what constitutes a
meaningful systems map led to students producing more logical, yet more complex, maps
in each year of the project.

Similarly, T1’s explanations of how and why we use SDGs to evaluate chemical
processes within systems maps became clearer and more explicit through iterative improve-
ments. In 2022, to develop students’ evaluation skills, he suggested that students first
identify as many SDGs as possible for each node before weighting SDGs, based on their
judgement of importance and influence. Students found this approach easier than students
in previous years and understood the importance of their judgement to a greater extent,
indicating that their Systems Thinking capacity increased.
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Overall, T1 enjoyed using systems maps in a Depth Study and will continue to do so.
It is evident that this approach transforms simple chemical processes, usually represented
by a chemical equation, into something greater, embedded in the global context. Previous
research-based assessment tasks have been perceived by students as jobs to complete
and not valued for their additional learning outcomes. In contrast, the systems mapping
exercise was effective to stimulate interest.

3.1.2. Student Perceptions

Most students in this vignette had a positive impression of the systems mapping
exercise. The three student quotes below show that the students valued the broader
perspective on chemistry afforded by Systems Thinking.

You actually have to really think about the broad impact of it, you know, “what’s that
ethanol then being used for? How'’s that affecting every single part of society?” And on
top of that, “where is the ethanol coming from? And how is that impacting everything?”
It’s like, on its own, it’s almost like doing a Depth Study for each systems map. So you're
looking more in depth into the reactions rather than just doing a surface level, “this is the
reaction, this plus this equals this ... ”

This student appreciated being guided to think more deeply about chemical processes
beyond simple chemical equations.

I really enjoyed doing the map. I liked—you break it down into its specific aspects . .. ...
It makes it, it gives a really good visual demonstration of its true benefits, benefits and
negatives and like neutral aspects of the processes ... ... so it’s definitely a broader focus
on science in general, rather than just chemistry.

This student explained that creating a visual representation helped them appreciate
multiple aspects of the chemical process. The approach designed by T1 allowed them to
conduct the mapping task in a structured way.

I found it really helpful. Writing down the positives and negatives, and then you
find out like, explosives, it actually has a positive, I guess, but then, it obviously has
heaps of negatives ... You find things that, oh, wow, that actually has a negative effect,
even though 1 thought it was a quite positive thing. But it has a negative effect on
the environment.

This student valued the opportunity to reflect on multiple aspects of processes and
developed their Systems Thinking skills through evaluating processes holistically.

However, a few students were ambivalent, and some could not appreciate how the
Depth Study fitted into the course as a whole, as illustrated by the following quote.

I felt was more like geography than chemistry to be 100% honest, ‘cause it was more
about the increasing jobs and environmental impact. It’s not how I picture chemistry.

This likely reflects a goal-oriented learning focus, in which a direct link between
classroom activities and examination results dominates some students’ attitudes to learning.

3.2. Vignette 2

The five teachers in this vignette were participating in a year-long professional devel-
opment program through which they were supported to carry out a chemistry education
research project in their classroom [38]. The professional development program commenced
with two full days of face-to-face workshops through which all participants provided with
opportunities to try out methodologies explore and topics in current chemistry education
research. One of the topics introduced was STICE. During the second day, participants
selected topics of interest for their research project and formed groups based on common
topics. Five teachers were interested in STICE and formed the group whose experiences
are described and explored in this vignette.

The workshops were conducted in February 2020 and at the time, the teachers expected
to carry out their projects during a normal school year. However, the year was anything



Educ. Sci. 2022, 12, 596

8of 19

but normal in Victoria, with around four months of learning from home due to COVID-19
restrictions. Thus, all teaching described here was carried out online, and students used
computers to engage with all instruction.

The Victorian senior secondary chemistry curriculum is different from NSW and does
not include a Depth Study. Systems Thinking was a natural fit to Unit 3 of the curriculum
(taught in the first half of the second year of a two-year program, typically year 12), entitled
“How can chemical processes be designed to optimize efficiency” [47]. However, due to
their student groups and timing, some teachers chose to introduce it within Unit 1 (taught
in the first half of the first year of a two-year program, typically year 11) entitled “How can
the diversity of materials be explained?” or Unit 2 (taught in the second half of the first
year) entitled “What makes water such a unique chemical?”.

Prior to introducing the concept and process of Systems Thinking, students within this
vignette were surveyed about their interest in chemistry, their understanding of sustain-
ability and Systems Thinking and the relevance of chemistry to the 17 SDGs. 64 students
from 4 of the involved schools completed the pre-survey, with an equal mix of male and
female participants. Over 85% of these students, who had chosen chemistry as an elective
subject, found chemistry interesting and over 90% thought it was a driver of global change.
However, only 62% considered chemistry relevant to their everyday life. When asked to
select why sustainable chemistry is important, over 75% selected the options “to protect
the environment”, “to improve human health and safety” and “to conserve energy”, while
55% of the students also selected the other options “to make experiments safer” and “to
improve chemistry research”. At that time, 15% of students selected the option “I don’t
know what sustainable chemistry means”.

Figure 3 illustrates the perceived relevance of chemistry to each of the 17 SDGs. It
shows that for this group of high school students, chemistry is clearly related to SDG3,
SDG6, SDG7, SDG11, and SDGs 13-15, with over 90% of students thinking that chemistry
can contribute to working towards these goals. Conversely, these students did not perceive
a clear link between chemistry and SDG5, SDG10 or SDG16, with fewer than 40% perceiving
possible contributions from chemistry.

How much do you think chemistry can contribute to working towards each

of the United Nations SDGs? N = 64

6. Clean Water and Sanitation

11. Sustainable Cities and Communities

=

7. Affordable and Clean Energy | HE————— N
|
[

15. Life on Land
13. Climate Action  — e

12. Responsible Consumption and Prod uctio n | H——— s S

3. Good Health and Well-bein g ———————————————— N

14. Life Below \\/ater | —— 5

9. Industry, Innovation and Infrastructure | H—— 8 e

4. Quality Educatiorn |

8. Decent Work and Economic Grrowwth | HE——— s

2. Zero Hunger |

17. Partnerships to achieve the Goa| | —

1. No Poverty |
5. Gender Equality I

10. Reduced Inequality |

16. Peace and Justice Strong Institutions |

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
HmAlot ™A moderateamount MIdon'tknow Not at all

Figure 3. Student perceptions of relevance of chemistry to SDGs prior to project involvement.
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Prior to the project, 83% responded that they had not previously heard of Systems
Thinking. Those that had heard of it were able to provide accurate definitions, showing
that they may have encountered Systems Thinking in other school subjects.

The pre-survey also asked students to rate their confidence in a set of five skills
associated with Systems Thinking capacity. This set of skills was developed within this
project based on current STICE literature [48]. These skills can be considered to form a
hierarchy of Systems Thinking, and student confidence was higher for the lower-order
skills than for the higher order skills. Figure 4 illustrates the responses to this part of the
pre-survey.

| am confident in... N = 64

1. Realising that problems have multiple parts | RN R
2. Analysing multiple aspects of a problem | NN

3. Seeing links between parts of a problem

change over time

1
4. Describing how the links between parts of a problem

|

|

5. Solving a problem by looking at how the parts work

together

0% 20% 40% 60% 80% 100%

W Extremely confident ~ ® Moderately confident Slightly confident Not at all confident

Figure 4. Student confidence in five Systems Thinking skills prior to project.

3.2.1. Teacher Implementation of Systems Thinking Using Mapping Exercises

The five teachers within this vignette chose to introduce their students to
Systems Thinking and the use of systems maps in different ways, as described in
Supplementary Information S4. T2 chose to introduce Systems Thinking within the topic
of acids and bases, which falls within Unit 2, focussing on the issues of ocean acidification
and acid rain. For their maps, the students were asked to include chemical equations,
sources of contaminants, impacts of human activities on the environment and secondary
(larger scale) impacts.

T3 incorporated Systems Thinking into her instruction on fuels within Unit 3 in
2020. The focus was formation, sources, uses and environmental impacts of different
fossil fuels. She first asked the students to draw a practice system map to illustrate
the impact of fuel combustion on ocean acidification. A student example is shown in
Supplementary Information S5. She then showed and discussed maps for both gasoline
and diesel, asked the students to compare these two fuels. Finally, students drew their own
maps for coal and labelled inputs and outputs according to the SDGs. An example by the
same student is presented in Supplementary Information S5 and demonstrates an increase
in Systems Thinking skills as they were better able to visualise the interconnectedness of
social, economic and environmental aspects to the chemistry. In 2021, T3 uses systems
maps when discussing N95 masks and forms of hydrogen.

T4 chose the topical context of N95 masks to introduce Systems Thinking and map-
ping, within Unit 1. Students drew practice systems maps including the whole life cycle
of the mask showing how intended and unintended consequences of plastics might be
interconnected. Following this, instruction on polymerization and plastics was presented
by T4. This enabled the students to draw a second systems map for N95 masks, focussing
on the chemical process of polymerization. They then discussed the SDGs and finally
added SDGs where relevant to their maps. A student example is shown in Supplementary
Information S5. For a second round of maps, the students examined an environmental
chemistry issue: water contamination from fertilizer run-off, and a student map is presented
in Supplementary Information S5.

T5 also used the topic of polymerization and plastics within Unit 1. The students first
drew a mind map related to plastics; an example is shown in Figure 5.
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Figure 5. Student-drawn mind map about plastics prior to Systems Thinking instruction. There are
no connections between the different pieces of information.

After an introduction to Systems Thinking and the SDGs, students drew a systems
map on PVC. Following specific instruction by T5 on polymerization and the uses of
polymers, students created a final systems map including SDGs on PLA. The map shown
in Figure 6 was drawn by the same student who drew Figure 5. An increase in Systems
Thinking skills is clearly observable in the multiple links between different components of
the system [48]. In addition, the student has made connections to sustainability through
mentions of negative greenhouse gases, biodegradability and recyclability. A series of maps
from a different student is presented in Supplementary Information S5.
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Figure 6. Student-drawn systems map for PLA, highlighted to show processes that have positive or
negative impacts on sustainability. This student has linked some properties to applications and also
appreciated the importance of this alternative material to multiple sustainability challenges.
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T6 was teaching within the International Baccalaureate (IB) curriculum [49], which
has more emphasis than either Victorian or NSW curricula on student understanding of
societal impacts of science. However, the IB curriculum has less flexibility in assessment,
so STICE and the systems maps were conducted as a class exercise and not assessed. T6
first demonstrated drawing a systems map using the example of polyethylene and showed
the inclusion of SDG labels and evaluation of positive and negative impacts. Students then
drew maps on polypropylene.

3.2.2. Teacher Perceptions and Reflections

T2 struggled with the time constraints in implementing systems mapping within the
senior secondary curriculum during the project. However, she subsequently adopted the
use of systems maps with lower secondary students for two topics, and this was very
rewarding for her and the students. Their high engagement with the systems maps and
discussions has led T2 to revisit the use of systems maps with upper secondary students.
Reflecting one year after the project, she indicated that despite the challenges she plans to
incorporate Systems Thinking activities into her teaching in the future, but she is aware
that they must be valued by the students to be effective. Her reflections below describe
this journey of a highly motivated and experienced teacher in a performance-oriented
school environment.

I didn’t spend as much [time] explaining what systems mapping was, because 1 did
this with my year 11 s, and I remember that I chose not to, because 1 was behind
curriculum . ..

... Idid an activity, system mapping for year 9 s with acid rain, we had an acid rain
practical investigation, it was great to see them thinking about other impacts. So for them,
they weren't able to see impacts such as economic impacts beyond chemistry, and it was
great to have a discussion, and I thought it was really quite powerful. And I did the same
thing with global warming with my year 9 s again, and again, we had a conversation
about using fossil fuels and renewable energy. And so yeah, definitely lots of positive
impacts in my teaching . ..

[At the start of the project] to be honest, I was a little hesitant as to how it would work.
But I think this is something definitely I would want to think about doing more in my
senior years. It’s just trying to make the year 12 s or 11 s see that this is an important
activity, rather than a feelgood activity, if you know what I mean. Because it was so
powerful in year 9, but in year 12, or 11, I feel like their engagement with this sort of
activity isn’t as strong.

The tension between what she experienced as a valuable classroom activity with year
9 students and anticipated lack of engagement by year 11 students again points to the
challenges of a goal-oriented learning environment, as exhibited by some of T1’s students.

T3 also reflected on the difficulty of achieving student engagement with activities that
are not considered to be directly tied to assessment tasks.

And it is hard to sell for the students to a certain extent, depending on the students . ..

not everyone likes, you know, that kind of exploration. So, “why are we learning all this?”
Not all of them enjoy that. They just want you to give them the facts, and what do I need
to know, and need to practice. So it is a little bit difficult to sort of sell that.

In this case, as a relatively new teacher, T3's own perceptions of chemistry were
changed by her involvement in the project, as evident in the following quote.

It really sort of makes me see how you can really use chemistry to change people’s
perception on how they live their lives, which I think affects me more personally, rather
than the way the students see this. “Oh, where do I get this from? Can I recycle this?”
... I feel I started thinking about those things a lot more after I become more aware of the
whole idea of a circular economy. 1 think I definitely appreciate it more.

She valued the maps as a useful approach to teaching chemistry content.
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I think they found the visual very useful when you have a lot of content that they need to
remember and also the connections between them.

T4 is also quite new to teaching but had a stronger focus on sustainability prior to his
teaching career. He found the use of systems maps an effective way to embed sustainability
within his chemistry teaching.

I was always, you know, passionate about teaching sustainability, but I guess this project’s
given me kind of a more clear understanding and how to do that via chemistry education.

In her reflections, T5 emphasised that a benefit of using systems maps is that students
made connections with unintended consequences of chemical processes. She introduced
systems maps early in the senior curriculum, intending to use them in multiple topics.

The mapping worked. The students were able to make the broader real world connections
with the topic. Often students miss these connections, particularly the unintended
uses/consequences/outcomes of materials, and linking it with the SDGs gave it real depth
and richness. I also think the polymers topic was an excellent introduction point for this
type of task. Doing it in Unit 1 then allows for the Systems Thinking approach to be built
upon as students move through the course.

After participating in this project, T5 considered Systems Thinking as a skill that has
to be explicitly taught, rather than just being assumed within contexts in the chemistry
curriculum. Her description of her planning for the next iteration shows how she has
refined her understanding of how to best implement systems maps with her students.

I plan to do it again. I think I would spend additional time on teaching about Systems
Thinking and how to construct the maps. I went with quite a student-led approach, letting
them “do it their way’. Whilst I guided with key information, some of their representations
left a lot to be desired. Systems Thinking in itself is a concept which requires teaching,
before adding content to it.

Both T5, teaching the Victorian curriculum, and T6, teaching IB curriculum, felt that
the maps could not be directly assessed in their contexts. This contrasts with T1, who was
able to embed drawing and evaluating systems maps within his assessment in a Depth
Study in the NSW curriculum.

T5: I don'’t feel that maps as assessment would be a fair representation of all students’
understanding. There is potential for them to be used in conjunction with another task to
create a richer assessment task, but I would not use this as a stand-alone assessment piece.

T6: And in that sense, there maybe wasn't a strong kind of assessment outcome from it.
It was just an activity done for the sake of, hey, let’s learn about Systems Thinking. So I
thought that was my personal biggest limitation: Implementing that with my class.

3.2.3. Post-Survey

Few students (15) from only one school participated in the post-survey, so the data
should be interpreted with this in mind. However, some trends were observed. In particular,
agreement with the item “I find chemistry relevant to my everyday life” increased from 62%
to 73%. Strong agreement with “I think chemistry is a driver for global change” increased
from 43% to 67%, while agreement with “I find chemistry interesting” did not change.
Thus, drawing the systems maps seemingly increased these students’ perception of the
relevance of chemistry.

For the relevance of chemistry to the SDGs, “I don’t know” responses decreased, and
these were only recorded for four of the SDGs, whereas in the pre-survey, all 17 of the
SDGs received some “I don’t know” responses. This indicates increased awareness by the
students of the SDGs during the teaching period. Student confidence in their five Systems
Thinking skills (Figure 4) did not change in the post-survey. Although we did not observe
a change in this measure of Systems Thinking capacity, we plan and encourage others
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to explore this further in the future. It is vital to establish a valid instrument to measure
Systems Thinking capacity and use this to evaluate the impact of classroom activities.

3.3. Vignette 3

The Graduate Certificate of Secondary Science is an ongoing course “tailored for
teachers who are not formally qualified for mathematics or science, although they may
have some background in studying or teaching the subject” [42] (p. 40). Part of the
course involves science teachers taking part in four intensive days and three shorter online
workshops across a trimester focussed on teaching chemical science for lower secondary
students. Whilst the bulk of the four days focussed on addressing the curriculum content,
one session focussed on introducing systems mapping as an approach to connecting the
chemistry being learned (balancing chemical equations, conservation of mass, role of
energy) to the bigger picture of how chemistry impacts the lives of students and society. As
in vignettes 1 and 2, the SDGs were introduced at the same time to make the connection
between chemistry and societal challenges more apparent.

To introduce systems maps, participants were shown a figure representing the relation-
ships between the chemistry of reactive nitrogen and selected SDGs [5] (p. 363). Groups of
teachers then completed an activity that involved them creating similar maps for a chosen
context (plastics, fertiliser, concrete, increased CO, emissions). In 2020, the day 3 intensive
was undertaken remotely, so this mapping activity was completed online using the free
web platform Padlet (https://padlet.com/; accessed on 24 August 2022). In 2021, while
the day 3 intensive was conducted face-to-face in a seminar room, the activity was still run
using Padlet because the technology facilitated the activity; teachers could easily copy and
paste SDGs and connect them to their central node, and groups could see the responses
from other groups online. An example is shown in Figure 7.

1 ggVERIY ECONOMIC GROWTH
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Leads to economic growth GOOD HEALTH
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New technologies/new jobs | CO2 industries contribute positive to economy

Taking action

CO2 increases greenhouse effect

Increased carbon  * Creates excess CO2 in air
emissions in
Renewable energy options atmosphere

healthy environments improve health

v

Reduce CO2 in atmosphere

Negatively impacts wellbeing Increased CO2 dissolved in water

Reduces pollution of waterways

Deforestation to increase f0od production Deforest decr carbon storage, incr ocean acid
—

Figure 7. Example of a map developed by a group of teachers representing the relationships identified
by teachers between increased CO, emissions and the sustainable development goals (SDGs).
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Within their seminar groups, participating teachers then discussed some specific
characteristics of Systems Thinking, drawing upon the essential characteristics that have
been defined [50]. As in vignette 2, the participants were then shown the teacher-generated
systems map that we had previously published [38]. In small groups, the participants
finally built a systems map for a chemical process chosen from the following list.

(a) Smelting iron ore: F9203(5) +3 CO(g) —2 Fe(l) +3 COz(g)
(b) Addition polymerization: n C;Hyqy — (CoHo)n
(c) Dissolving calcium carbonate (seashells) in oceans at lower pH: CaCOjz(,q) = Ca%* (aq)
+ CO327(aq)
(d) Forming pure Aluminium from Bauxite ore: 2 Al;O3() — 4 Al(j) + 3 Ox(g)
Having learned from our previous experiences (vignettes 1 and 2) and acknowledging
that the teachers in vignette 3 did not have strong science content knowledge, we provided

a detailed scaffold that was essentially a series of questions for them to answer by way of
their representations on their maps. This scaffold is shown in Figure 8.

Pick a chemical process -

For today, this is given to your group in the Padlet, but you could look at any of the chemical processes mentioned in the
Victorian curriculum - see the Assignment Task 2 instructions C'

What are your inputs? -

¢ What are reactants? Where do they come from?

¢ Does this process require energy? Where does that come from?

What are your outputs? -

¢ What does the process produce?

» Are these intended products? Are these waste products?

What happens with the intended products? -

¢ How are they used in society and industry? For what benefit?

¢ Are they replacing a previous way we used to do something in society or industry? In what way?

What happens to the waste products? -

* How does society and industry deal with these? How successful are they?

« |s there any possibility to use some of the waste products as reactants for other process? Recycling potential?

What are some of the unintended consequences of this process? -

¢ Has an over-utilisation of this chemical process in society and industry lead to problems? In what way?
Figure 8. Scaffold provided online to facilitate teachers completing the systems mapping exercise.

The final part of the activity was to colour some of the parts of their map green
(positive), red (negative), or yellow (neutral) with respect to their perceived impact on
contributing to the SDGs. Unlike our previous example [38], participants did not refer to
a specific SDG number, but many did this verbally when presenting and discussing their
group’s response to the rest of the seminar cohort. An example response from a small
group of teachers in Figure 9 illustrates what these participants chose as key features.
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Figure 9. Example of a systems map for addition polymerization, developed by a group of teachers,
highlighted to show processes that have positive or negative impacts on the SDGs.

As a post-activity, the teachers were prompted to consider how they interpreted the
activity. Many teachers stated that it was a “great to link chemistry to everyday objects
from a sustainability lens”, and others noted that this was a practical manner to link the
chemical science curriculum content to the ‘Learning about sustainability” cross curriculum
priority in the Victorian curriculum [51]. For their final assignment for the unit, each teacher
was also asked to draw a systems map relevant to the context of a series of lessons they
presented. It was apparent from the maps that teachers were able to meaningfully connect
chemistry understanding with specific SDGs.

Through this activity, participants demonstrated an emergent understanding of the
mass and energy inputs and outputs for a given chemical process as being components of a
system, with interconnected relationships. The participants were able to visually represent
the intended (and unintended) outputs for a chemical process, as well as the sources for
the mass and energy inputs for a chemical process, and importantly how these dictate
the impact and interaction of the process with its environment (and therefore with other
systems). Exploring this further, with follow-up activities, the participants may have also
been able to demonstrate these to be causal variables. Figure 9 shows early evidence of
this, in that the participants represented on the left side of their systems map the different
possible feedstocks for monomers (natural gas—red/negative, corn starch—yellow /neutral,
recycled plastics—green/positive) relative to the system’s capacity to address sustainable
development challenges.

4. Conclusions

As educators, we want students to make meaningful links between the content they
learn and their current and future lives. In these vignettes, we validated the use of systems
maps to incorporate sustainability into classroom through supporting students to determine
and visualize connections between chemistry content and sustainable development. By
labelling their maps with SDGs and positives/negatives, students connected sustainability
with their chemical process. This is a relatively facile approach that can be used across
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science, which we suggest offers opportunities for educators and researchers alike seeking
to infuse sustainable development into the enacted curriculum.

We have demonstrated that systems maps can be used to teach secondary chemistry
content and can be effectively implemented within professional development. They are
useful within different curricula and are applicable for multiple age levels, settings and
topics. The open format of the maps allows creative experimentation by the students as
they play with the iconicity of the maps as diagrams, and potentially supports development
of their metarepresentational competence.

It is difficult to quantify the development of Systems Thinking skills through analysis
of student-drawn maps, because the maps are also impacted by students” background
knowledge and their level of engagement with the content. However, our use of maps
was designed to lead students to visualize chemical processes as systems, leading to the
development of Systems Thinking skills, including identifying components and relation-
ships within the system as well as its boundaries [48]. Students also started to think about
the impacts of their chemical process on SDGs. We did not measure Systems Thinking
capability directly; however, drawing the maps gave students the opportunity to view
a chemical process as a system, developing their Systems Thinking capacity within the
framework of STICE [50].

The main challenge to using systems maps in the classroom is finding time and space
in the curriculum. However, the teachers in our vignettes perceived their usefulness, were
able to incorporate them and planned to continue their use. When planning their use as a
classroom exercise, students require productive constraints to make meaningful maps. A
specific recommendation is to use systems maps for polymerization reactions because there
are many examples with clear links to sustainability within students” everyday experiences.

Several teachers perceived that this sort of open-ended task may be unpopular with
goal-oriented students, because it requires creativity and does not have a single correct
answer and may be perceived as taking time away from core content. However, given
that teachers aim to include a range of teaching and assessment approaches, we suggest
that there is merit in these tasks as part of inquiry-based and representationally rich
approaches that align with the epistemic practices of science [20,34]. They are particularly
suitable as formative assessment tasks and provide teachers with insights into students’
broader thinking.

Only vignette 1 involved scoring maps as part of a summative assessment task, and
the teacher developed their scoring methods over time. Evaluating a completed map
makes it difficult to understand all the links, because the maps are often very complicated
and disorganized. For a more nuanced evaluation, it would be necessary to see the map
being drawn. Remote learning made this particularly challenging, and all of the teachers
mentioned that in both 2020 and 2021, COVID-19 restrictions caused massive disruption to
learning and assessment.

In undertaking this project as participatory action research, we coped with ever-
changing COVID-19 restrictions and lockdowns, a sudden and unexpected transition to
online learning, and different circumstances at each school. Thus, the data are messy [52].
Despite this mess, all teachers involved found the maps to be useful and intend to use them
in the future. The student-generated maps confirmed that this approach allows students to
engage with Systems Thinking and to represent System Thinking skills while visualizing
chemical processes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/educscil2090596/s1, S1: Survey instrument. S2: Vignette 1:
Details of classroom teaching approach. S3: Vignette 1: Further examples of student-generated
maps. S4: Vignette 2: Details of classroom teaching approaches. S5: Vignette 2: Further examples of
student-generated maps.
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