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ABSTRACT 

This paper describes the application of a framework for K-12 integrated STEM to the 

teaching and learning of high school chemistry. The paper draws on a detailed conceptual 

framework for K-12 integrated STEM education that includes seven characteristics: (a) focus on 

real-world problems, (b) centrality of engineering, (c) context integration, (d) content integration, 

(e) STEM practices, (f) twenty-first century skills, and (g) informing students about STEM careers. 

Examples relevant to high school chemistry are used to illustrate each characteristic and its role in 

improving chemistry education. [African Journal of Chemical Education—AJCE 13(2), June 

2023] 
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INTRODUCTION  

Over the past decade, K-12 science education across the world has been shaped by policies 

that aim to address concerns about the increasing needs of the STEM workforce [1]. These policies 

are based on the premise that continued progress and prosperity depends on the development of the 

future generation of STEM professionals [2]. The development of a robust STEM workforce is 

essential for African economies to be competitive in the global market, create jobs, and improve 

economic outcomes. However, within the African continent, less than 25% of students in higher 

education pursue a STEM-related degree [3]. This issue is compounded by the significant under-

representation of women in STEM [4]. For example, in most Sub-Saharan African countries, less 

than 30% of engineering graduate from institutions of higher education are women [5]. This is 

problematic not only in terms of the number of students entering the STEM fields, but also because 

the unique contributions and perspectives of women are absent from the development of solutions 

to real-world problems. New approaches to K-12 science education are needed to motivate students, 

particularly women, to pursue STEM careers. 

Changes to K-12 science education also need to address the ever-changing world in which 

we live and to support the development of solutions to the critical challenges facing humanity, such 

as sustainability, climate change, health, and the environment [6-7]. To quote Albert Einstein, “the 

significant problems we face today cannot be solved at the same level of thinking we were at when 
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we created them.” These problems are inherently complex and multidisciplinary in nature and 

require new and creative thinking to develop possible solutions. As such, the future STEM workforce 

not only needs strong STEM content knowledge and skills, but also strong twenty-first century skills 

(e.g., critical thinking, communication, collaboration, and creativity) [8-9]. Indeed, more than half 

of today’s Kindergarteners will end up working in jobs that do not currently exist [10]. It is no longer 

enough for students to simply learn scientific content, rather students should be involved in 

knowledge construction and the application of scientific content and twenty-first century skills to 

analyze, evaluate, and create possible solutions to real-world problems [11]. 

In response to these calls for improving K-12 science education to address current and future 

STEM workforce needs, there is a global push for integrated STEM (science, technology, 

engineering, and mathematics) approaches to science teaching and learning [12 – 15]. Research 

shows that teaching approaches which integrate disciplinary STEM content can greatly improve 

student learning [16-19] and improve student interest in science and engineering [20 – 22]. However, 

this research has predominantly been conducted at the elementary and middle school levels, with 

limited attention to high school chemistry settings [23]. In this paper, integrated STEM approaches 

to K-12 science learning are described with a focus on applications in chemistry classrooms. 

 

 



AJCE, 2023, 13(2): Special Issue                                                                                            ISSN 2227-5835                                                                                                                                               

96 

 

 

 

 

 

 

 

 

 

 

 

 

LITERATURE REVIEW 

Despite the proliferation of integrated STEM in the literature, no single accepted definition 

of integrated STEM instruction exists. Common across all definitions is that learning should be 

contextualized within a real-world problem [7, 24 - 25]. However, debate remains about whether 

integrated STEM requires integration across all four of the STEM disciplines [26 – 27] or more 

common within the literature the integration of at least two of the STEM disciplines [6]. For example, 

Moore and colleagues defined integrated STEM education as “an effort to combine some or all of 

the four disciplines of science, technology, engineering, and mathematics into one class, unit, or 

lesson that is based on connections between the subjects and real-world problems” (p. 38) [28]. 

Similarly, Kelley and Knowles defined integrated STEM as “the approach to teaching the STEM 

content of two or more STEM domains, bound by STEM practices within an authentic context for 

the purpose of connecting these subjects to enhance student learning” (p. 3) [24].  

In addition, researchers and educational practitioners do not agree on what integrated STEM 

looks like in practice [6]. However, there is growing consensus on the central characteristics of 

integrated STEM education: (a) centrality of engineering design, (b) driven by authentic problems, 

(c) context integration, (d) content integration, (e) STEM practices, (f) 21st century skills, and (g) 

informing students about STEM careers [29].  
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Focus on Real-world Problems 

Proponents of integrated STEM education argue that using real-world problems as a context 

for learning provides motivation for learning STEM [24, 30]. However, the nature of the real-world 

problem needs to attend to students’ interests and lived experiences [30 - 32], as well as the context 

of the educational setting. For example, Fomunyam argues that “elements of Africa’s ideologies, 

concepts and culture have to be incorporated into the engineering curriculum for easier assimilation 

and practical application” (p. 2429) [33]. 

Unfortunately, integrated STEM classroom activities tend to focus on the technical aspects 

of engineering related to the design of “things”, such as designing cars and rockets [34], which 

perpetuate male dominance in STEM and negatively impact girls’ interest in STEM careers [35]. 

Girls are motivated by projects with a communal goal orientation that highlight how STEM can 

improve the human condition related to societal issues such as health and the environment [35 - 

37]. Thus, an approach grounded in care and empathy that engages students in considering the 

societal implications, as well as technical considerations, of their design solutions is an important 

consideration [34, 38]. 

Specific to chemistry classrooms, Gilbert notes that the traditional chemistry instruction 

lacks relevance for students because of its focus on isolated facts [39]. Researchers are turning to 

contextualizing chemistry instruction within real-world problems to promote student learning. For 
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example, Fortus and colleagues used the context of developing environmentally friendly batteries 

to help students develop electrochemistry concepts [40]. Apedoe and colelagues used the context 

of designing heating and systems to promote learning about atomic interactions, reactions, and 

energy [41].  Hadinugrahaningsih and colleagues designed a curriculum to promote the learning of 

concepts related to acids and bases using the context of aquariums and hydroponics [42]. Burrows 

and colleagues explored gains in student learning using a unit that used the development of 

biodiesel as a context for learning [43]. A common thread across these examples is the use of 

sustainability and the environment to contextualize student learning, contexts that have the 

potential to motivate female students and help to diversify the STEM fields. 

Centrality of Engineering 

Engineering is a systematic and iterative approach to designing solutions to real-world 

problems [15]. Given the expectation of integrated STEM, that students should be engaged in 

developing solutions to the real-world problem, design or engineering practices are highly relevant 

[7, 15 - 16]. The limited body of research in chemistry education shows that “situating learning 

chemistry in an authentic practice, like design, meaningfully connects chemistry content and 

practices around a shared practical purpose” [44]. The integration of design practices in chemistry 

education has been found to promote students’ understanding of chemistry concepts [40 – 41, 45] 

and problem-solving skills [46]. 
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Context Integration 

The real-world problem or engineering design challenge used to contextualize learning 

should engage learners in applying and expanding their knowledge of the STEM disciplines [16, 

30]. Specific content learning objectives need to be aligned with the needs of the real-world problem 

to promote students’ application of STEM content knowledge toward generating possible designs 

and making evidence-based decisions. Without this explicit integration between the real-world 

problem and content learning goals, students will resort to tinkering (a form of trial and error), 

limiting the learning of scientific concepts [47 – 49]. Thus, integrated STEM activities should 

provide students with opportunities to apply developmentally appropriate mathematics or science 

content within the context of solving engineering problems [15, 50 - 51].  

As a chemistry example, Apedoe and colleagues designed a high school STEM unit where 

students were challenged to design a heating or cooling system that uses chemical energy to meet a 

personal need in their own life [41]. Central to the unit were learning goals related to specific 

chemistry concepts: atomic interactions, reactions, and energy changes. These concepts were 

selected as they are conceptually important to understanding chemistry, included in state and district 

science standards, and relevant in designing possible solution to their personal heating or cooling 

problem. Thus, the unit included specific lesson targeting the central chemistry concepts. For 

example, students explored the concept that “energy transfers from particles with high kinetic energy 
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to particles with lower kinetic energy through collisions” and applied this to the design of the 

container for their heating or cooling system. Through this approach, the design challenge creates a 

need-to-know and motivation to learn the chemistry concepts [40, 52 - 53]. 

Content Integration 

Integrated STEM approaches can improve students’ learning of scientific concepts [16 – 19], 

however students’ have trouble in recognizing the ways in which different content areas support and 

complement each other [7, 54]. Although teachers may understand the connections across the 

different content areas, students often struggle to make these connections on their own [55 – 56]. 

Therefore, teachers need to help students to recognize these connections and make them explicit for 

students [24, 54]. 

For example, it is difficult to imagine teaching and learning chemistry without engaging in 

mathematical practices. However, chemistry teaching has traditionally over-emphasized the 

symbolic level, which includes the use of mathematical equations [57] and the connections between 

mathematical representations and scientific concepts are not transparent to students [49]. Students 

are expected to interpret the mathematical and scientific meaning represented by an equation [58 – 

59], however, students rely on algorithmic procedures without making connections between the 

mathematical equation and the scientific phenomenon [60]. However, when instructors explicitly 

integrated science and mathematics through blended sensemaking, students’ scientific and 
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mathematical knowledge is activated which improves students’ quantitative problem solving [61 – 

63]. 

STEM Practices 

Engaging students in STEM practices is a common component of definitions of integrated 

STEM education [6, 24]. The range of STEM practices in which students should engage is vast, 

however, the nature of integrated STEM is focused on engaging students in generating, evaluating, 

and iteratively improving design solutions. Thus, a prominent practice is the expectation that 

students “justify design choices and science explanations with sound reasoning and evidence” [40]. 

Siverling and colleagues refer to the practice of justifying design decisions as evidence-based 

reasoning, arguing that students should be explicitly engaged in evidence-based reasoning 

throughout the design process [64]. Evidence-based reasoning requires students to make claims 

about their designs and design decisions that are supported by both evidence and reasoning [65].  

Specific to chemistry education, Stammes and colleagues argue that improving 

students’ reasoning in chemistry is a valuable goal of design in chemistry education [66]. However, 

students tend to focus on pragmatic reasoning such at cost and materials, rather than using scientific 

concepts to justify and explain their design choices [67 – 68], thus students need to be encouraged 

to reason when designing [40, 69]. The design cycle used by Apedoe and colleagues includes a step 

that calls for students to generate reasons [41]. For example, when designing their heating and 
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cooling system, students generated reasons for why different materials did not allow for sufficient 

transfer of energy and the teacher helped students to understand how thermal conductivity had 

important implications for their design. As another example, researchers engaged students in 

designing environmentally safe batteries and students had to provide chemical justifications for their 

choice of electrodes and electrolytes [40]. 

21st Century Skills 

The skills needed for students to thrive and succeed in today’s world, and more specifically 

the STEM workforce, include knowledge construction, real-world problem solving, skilled 

communication, collaboration, use of information and communication technology for learning, 

creativity, and collaboration [11, 70]. While demographic projections show decreases in the 

workforce in developed countries in Europe, North America, and East Asia, the workforce will 

increase in sub-Saharan Africa [71 - 72]. A policy focus within developing countries on 21st century 

and STEM skills has the potential to stimulate the national economies and development in these 

countries [72]. For example, the Kenyan government prioritized of 21st Century Skills in their 

Vision 2030, with the Ministry of Education, Science and Technology focusing on equipping citizens 

with 21st Century Skills required for the modern economy [73]. As another example, Egypt has 

focused on the development of STEM schools as central to re-envisioning education in Egypt (Egypt 

vision 2030). The mission of these schools is to foster the development of socially responsible 
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leaders who are equipped with the knowledge and 21st century skills to address the grand challenges 

of Egypt [74]. 

Integrated STEM instruction provides a rich environment to support the development of 21st 

century skills [48, 75]. Real-world problems and engineering design challenges are complex with 

multiple possible solution paths, thus requiring that students engage in critical thinking, drawing on 

their STEM content knowledge to propose possible design solutions. The lack of a single correct 

solution when engaging in the engineering design also promotes creativity and the potential of 

transformative and innovative design solutions [76 – 77]. Specific to chemistry education, Ah-nam 

and Osman reported on a STEM intervention where students designed digital games to help their 

peers to learn chemistry concepts that was successful in improving students’ chemistry knowledge 

and 21st century skills [78]. In another example, Hadinugrahaningsih and colleagues showed that 

their STEM approach to teaching acids and bases was successful in developing students’ critical 

and creative thinking, problem-solving skills, collaboration and argumentation skills, 

leadership and responsibility, information, and literacy skills [42].  

Promoting STEM Careers 

Given the policy goal of promoting future participation in STEM careers, integrated STEM 

education should expose students to details about STEM careers [79 – 80]. One strategy is for 

students to engage in the authentic work of STEM professionals as they participate in STEM 
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activities [81 – 82]. Engagement in chemistry practices is important in preparing students to use 

chemical knowledge to make decisions as scientifically literate citizens, and for potentially 

continuing a career in chemistry [59]. However, debate remains about whether implicit modeling of 

STEM professions by engaging students in hands-on STEM activities leads to durable and robust 

understandings about the work of engineers and other STEM professionals [83]. Whereas explicit 

discussion of STEM professions can help students to understand specific career opportunities and 

align these professions with their interests [81 – 82].  

Students typically have limited understanding of chemistry-related careers, seeing teaching 

and laboratory research as the only options [84]. A variety of career-focused interventions have been 

reported at the undergraduate and graduate levels [85 – 88], however less attention has been placed 

on addressing chemistry careers at the K-12 level. Burrows and colleagues embedded career 

connections into their biodiesel curriculum but did not report on the impact on students’ career 

interests [43]. Conversely, Apedoe and colleagues reported on the positive impact of their STEM 

approach to teaching chemistry on students’ interest in engineering careers rather than chemistry-

related careers [41]. 

Rather than focusing explicitly on careers, K-12 chemistry education has focused on helping 

students to see chemistry as relevant outside of school [89]. Indeed, research suggests that chemistry 

instruction should include real-world contextual issues to promote interest in chemistry [90 – 91]. 
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More research is needed to better understand the role of instruction about STEM careers in K-12 

chemistry instruction. 

 

DISCUSSION 

Each of the seven characteristics of quality integrated STEM education has important 

implications chemistry education both globally and specifically in Africa. At the highest level, 

chemistry education needs to be driven by real-world problems to motivate students to persist in the 

pursuit of STEM careers. Careful consideration is critical in selecting the context for an integrated 

STEM lesson, as research shows motivation for female students is driven by topics that promote 

positive societal impact, such as sustainability and healthcare [35 - 37]. Such topics are rich contexts 

for teaching chemistry concepts as demonstrated in the chemistry education literature [40 - 43].  

While the integrated STEM framework described here [29], calls for engaging students in 

engineering practices and the contextualization of the real-world problem as an engineering design 

challenge, this may not be appropriate in the African context.  The focus on engineering is relevant 

to countries that call for the integration of engineering into K-12 science standards [12 – 15]. Some 

of the examples within the chemistry education draw on engineering and design-based approaches 

[35 – 37], whereas others provide a real-world scenario to contextualize a chemistry lab without a 

heavy emphasis on engineering [92]. Attention to selecting real-world problems and related 
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engineering design challenges that promote positive STEM identities for students that are under-

represented in STEM not only addresses reported workforce needs but brings new perspectives and 

approaches to how STEM content and practices are applied in the real-world [29].  

Regardless of whether the real-world problem is framed as an engineering design challenge, 

it is critical that the context is aligned with specific chemistry learning objectives. The context could 

be used to reactivate prior knowledge, or the lessons would include the explicit teaching of the 

relevant chemistry content. In other words, quality integrated STEM units should include lessons 

designed to explicitly teach relevant chemistry content as described in the chemistry education 

literature [40 - 43]. However, given that students rarely make connections between disciplines 

spontaneously [56], it is critical that teachers use specific pedagogical approaches, such as evidence-

based reasoning [64 – 65], to help make these connections explicit. Strong teacher facilitation and 

questioning is needed to help students recognize the connections across the disciplines [29]. 

Most critical to the integrated STEM approaches to teaching science is the use of student-

centered pedagogies that engage students in STEM practices and 21st century skills. However, the 

educational structure in Africa does not lend itself to such approaches and the current skills taught 

do not align themselves with the needs of the future workforce [93]. Indeed, pedagogical change is 

constrained by issues such as class size, hierarchical school structures, and examination requirements 

[94]. There is an urgent need to improve teacher recruitment, teacher preparation, and curriculum 



AJCE, 2023, 13(2): Special Issue                                                                                            ISSN 2227-5835                                                                                                                                               

107 

 

 

 

 

 

 

 

 

 

 

 

 

upgrades to promote integrated STEM approaches and improve educational outcomes in African 

nations [93 – 94]. Some hopefully cases of systemic change exist that could be used as the 

groundwork for other countries. For example, in Rwanda has promoted STEM education across K-

12 and university levels, implementing new curriculum STEM and ICT (Information and Computer 

Technologies) integrated curriculum [95].  

The integrated STEM framework described in this paper provides guidance on teacher 

practices to improve chemistry education. Teachers and researchers can use these characteristics of 

integrated STEM education as a grassroots effort to improve the teaching and learning of chemistry 

for specific topics in support of the necessary larger systemic changes needed within the education 

system itself. 

 

REFERENCES  

1. Freeman, B., Marginson, S., & Tytler, R., 2014. The age of STEM: Educational policy and 

practice across the world in science, technology, engineering and mathematics. New York, NY: 

Routledge. 

2. National Academy of Sciences, National Academy of Engineering, and Institute of Medicine of 

the National Academies. (2007). Rising above the gathering storm: Energizing and employing 

America for a brighter economic future. Washington, DC: National Academies Press. 

3. African Development Bank, African Economic Outlook (2020). Developing Africa’s Workforce 

for the Future (Abidjan, Côte d’Ivoire, 2020). 

4. Vakil, S., & Ayers, R. (2019). The racial politics of STEM education in the USA: Interrogations 

and explorations. Race Ethnicity and Education, 22(4), 449–458. 

5. Adebayo, R. (2022). Science, Technology, Engineering and Mathematics (STEM) as an Enabler 

for Development and Peace. United Nations. 

https://www.un.org/osaa/sites/www.un.org.osaa/files/docs/2116613_stem_policy_paper_web_r

ev.pdf 



AJCE, 2023, 13(2): Special Issue                                                                                            ISSN 2227-5835                                                                                                                                               

108 

 

 

 

 

 

 

 

 

 

 

 

 

6. Moore, T.J., Johnston, A.C., & Glancy, A.W. (2020). STEM integration: A synthesis of 

conceptual frameworks and definitions. In Johnson, C.C., Mohr-Schroeder, M.J., Moore, T.J., & 

English, L.D. (Eds.), Handbook of research on STEM education (3-16). Routledge. 

7. National Academy of Engineering and National Research Council (2014). STEM integration in 

K-12 education: Status, prospects, and an agenda for research. Washington: National 

Academies Press. 

8. Bronson, P., & Merryman, A. (2011). The creativity crisis. Newsweek, August      1–7 

https://doi.org/10.1037/e574802013-336 

9. Charyton, C. (2015). Creative engineering design: The meaning of creativity and innovation in 

engineering. In C. Charyton (Ed.), Creativity and innovation among science and art: A 

discussion of the two cultures (pp. 135–152). Springer-Verlag Publishing. 

10. World Economic Forum (2016). Five Million Jobs by 2020: the Real Challenge of the Fourth 

Industrial Revolution. Retrieved from https://www.weforum.org/press/2016/01/five-million-

jobs-by-2020-the-real-challenge-of-the-fourth-industrial-revolution/ 

11. Stehle, S.M., & Peters-Burton, E.E. (2019). Developing student 21st Century skills in selected 

exemplary inclusive STEM high schools. International Journal of STEM Education, 6 

https://doi.org/10.1186/s40594-019-0192-1 

12. Australian Curriculum, Assessment, and Reporting Authority (2016). ACARA STEM 

Connections Project Report. Retrieved from 

https://www.australiancurriculum.edu.au/media/3220/stem-connections-report.pdf 

13. European Commission (2015). Science education for responsible citizenship. Brussels, Belgium: 

European Union. 

14. Hong, O. (2017). STEAM Education in Korea: Current Policies and Future Directions. Policy 

Trajectories and Initiatives in STEM Education, 8(2), 92 – 102. 

15. National Research Council. (2012). A framework for K-12 science education: Practices, 

crosscutting concepts, and core ideas. Washington, DC: National Academies Press. 

16. Berland, L. K., & Steingut, R. (2016). Explaining variation in student efforts towards using math 

and science knowledge in engineering contexts. International Journal of Science Education, 

38(18), 2742-2761. http://doi.org/10.1080/09500693.2016.1260179 

17. Fan, S. C., & Yu, K. C. (2017). How an integrative STEM curriculum can benefit students in 

engineering design practices. International Journal of Technology and Design Education, 27(1), 

107-129. 

18. Guzey, S. S., Harwell, M., Moreno, M., Peralta, Y., & Moore, T. J. (2017). The impact of design-

based STEM integration curricula on student achievement in engineering, science, and 

mathematics. Journal of Science Education and Technology, 26, 207-222. 

https://doi.org/10.1037/e574802013-336
https://www.weforum.org/press/2016/01/five-million-jobs-by-2020-the-real-challenge-of-the-fourth-industrial-revolution/
https://www.weforum.org/press/2016/01/five-million-jobs-by-2020-the-real-challenge-of-the-fourth-industrial-revolution/
https://doi.org/10.1186/s40594-019-0192-1
https://www.australiancurriculum.edu.au/media/3220/stem-connections-report.pdf
http://doi.org/10.1080/09500693.2016.1260179


AJCE, 2023, 13(2): Special Issue                                                                                            ISSN 2227-5835                                                                                                                                               

109 

 

 

 

 

 

 

 

 

 

 

 

 

19. Jong, C., Priddie, C., Roberts, T., & Museus, S. D. (2020). Race-related factors in STEM: A 

review of research on educational experiences and outcomes for racial and ethnic minorities. In 

C. C. Johnson, M. J. Mohr-Schroeder, T. J. Moore, & L. D. English (Eds). Handbook of research 

in STEM education (pp. 278-288). New York: Routledge 

20. Guzey, S. S., Moore, T., & Morse, G. (2016). Student interest in engineering design-based 

science. School Science and Mathematics, 116(8), 411-419. 

21. Lachapelle, C., & Cunningham, C. (2014). Engineering in elementary schools. In S. Purzer, J. 

Strobel, & M. Cardella (Eds.), Engineering in pre-college settings: Synthesizing research, policy, 

and practices (pp. 61–88). West Lafayette, IN: Purdue University Press. 

22. McLure, F. I., Koul, R. B. & Fraser, B. J. (2021). Gender differences among students undertaking 

iSTEM projects in multidisciplinary vs uni-disciplinary STEM classrooms in government vs 

non-govermnment schools: Classroom emotional climate and attitudes. Learning Environments 

Research https://doi.org/10.1007/s10984-021-09392-9 

23. Talanquer, V. (2013). School chemistry: The need for transgression. Science & 

Education, 22(7), 1757–1773. 

24. Kelley, T. R., & Knowles, J. G. (2016). A conceptual framework for integrated STEM education. 

International Journal of STEM Education, 3(1), 1–11. 

25. Kloser, M., Wilsey, M., Twohy, K. E., Immonen, A. D., & Navotas, A. C. (2018). "We do 

STEM": Unsettled conceptions of STEM education in middle school S.T.E.M. classrooms. 

School Science & Mathematics, 118(8), 335-347. 

26. Burrows, A., Lockwood, M., Borowczak, M., Janak, E., & Barber, B. (2018). Integrated STEM: 

Focus on informal education and community collaboration through engineering. Education 

Sciences, 8(4). http://doi.org/10.3390/educsci8010004 

27. Chandan, D., Magana, A. J., & Vieira, C. (2019). Investigating the affordances of a CAD enabled 

learning environment for promoting integrated STEM learning. Computers & Education, 129, 

122-142. http://doi.org/10.1016/j.compedu.2018.10.014 

28. Moore, T. J., Stohlmann, M. S., Wang, H.-H., Tank, K. M., Glancy, A., & Roehrig, G. H. (2014). 

Implementation and integration of engineering in K-12 STEM education. In J. Strobel, S. Purzer, 

& M. Cardella (Eds.), Engineering in precollege settings: Research into practice. Rotterdam, the 

Netherlands: Sense Publishers. 

29. Roehrig, G. H., Dare, E. A., Ellis, J. A., & Ring-Whalen, E. A. (2021). Beyond the Basics: A 

Detailed Conceptual Framework of Integrated STEM. Disciplinary and Interdisciplinary 

Science Education Research, 3, 11 https://doi.org/10.1186/s43031-021-00041-y 

30. Monson, D., & Besser, D. (2015). Smashing milk cartons: Third-grade students solve a real-

world problem using the engineering design process, collaborative group work, and integrated 

STEM education. Science and Children, 52(9), 38-43. 

https://doi.org/10.1007/s10984-021-09392-9
http://doi.org/10.3390/educsci8010004
http://doi.org/10.1016/j.compedu.2018.10.014
https://doi.org/10.1186/s43031-021-00041-y


AJCE, 2023, 13(2): Special Issue                                                                                            ISSN 2227-5835                                                                                                                                               

110 

 

 

 

 

 

 

 

 

 

 

 

 

31. Carter, V., Beachner, M., & Daugherty, M. K. (2015). Family and consumer sciences and STEM 

integration. Journal of Family & Consumer Sciences, 107(1), 55-58. 

32. Djonko-Moore, C., Leonard, J., Holifield, Q., Bailey, E., & Almughyirah, S. (2018). Using 

culturally relevant experiential education to enhance urban children’s knowledge and 

engagement in science, Journal of Experiential Education, 41(2) pp. 137–153. 

33. Fomunyam, K. G. (2020). Internalising Engineering Education in Africa. International Journal 

of Engineering Research and Technology, 13, (9), 2429-2436. 

https://dx.doi.org/10.37624/IJERT/13.9.2020.2429-2436  

34. Gunckel, K. L., & Tolbert, S. (2018). The imperative to move toward a dimension of care in 

engineering education. Journal of Research in Science Teaching, 55(7), 938–961. 

35. Diekman, A. B., Brown, E. R., Johnston, A. M., & Clark, E. K. (2010). Seeking congruity 

between goals and roles: A new look at why women opt out of science, technology, engineering, 

and mathematics careers. Psychological Science, 21(8), 1051–1057. 

36. Billington, B., Britsch, B., Karl, R., Carter, S., Freese, J., & Regalla, L. (2013). SciGirls Seven - 

How to engage girls in STEM. Retrieved from: http://www.scigirlsconnect.org/scigirls 

37. Leammukda, F. D., & Roehrig, G. H. (January, 2020). Community-Based Conceptual 

Framework for STEM Integration. Paper presented at the annual meeting of the Association for 

Science Teacher Education, San Antonio, TX. 

38. Jackson, C., Mohr-Schroeder, M. J., Bush, S. B., Maiorca, C., Roberts, T., Yost, C., & Fowler, 

A. (2021). Equity-Oriented Conceptual Framework for K-12 STEM literacy. International 

Journal of STEM Education, 8(38). https://doi.org/10.1186/s40594-021-00294-z 

39. Gilbert, J. K. (2006). On the nature of ‘context’ in chemical education. International Journal of 

Science Education, 28(9), 957–976. 

40. Fortus, D., Dershimer, R. C., Krajcik, J., Marx, R. W., & Mamlok-Naaman, R. (2004). Design-

based science and student learning. Journal of Research in Science Teaching, 41(10), 1081–

1110. 

41. Apedoe, X. S., Reynolds, B., Ellefson, M. R., & Schunn, C. D. (2008). Bringing engineering 

design into high school science classrooms: The heating/cooling unit. Journal of Science 

Education and Technology, 17(5), 454–465. 

42. Hadinugrahaningsih, T., Rahmawati, Y., & Ridwan, A. (2017). Developing 21st century skills 

in chemistry classrooms: Opportunities and challenges of STEAM integration. AIP Conference 

Proceedings 1868 https://doi.org/10.1063/1.4995107 

43. Burrows, A. C., Breiner, J. M., Keiner, J., & Behm, C. (2014). Biodiesel and Integrated STEM: 

Vertical Alignment of High School Biology/Biochemistry and Chemistry. Journal of Chemical 

Education, 91, 1379−1389 dx.doi.org/10.1021/ed500029t 

https://dx.doi.org/10.37624/IJERT/13.9.2020.2429-2436
http://www.scigirlsconnect.org/scigirls
https://doi.org/10.1186/s40594-021-00294-z
https://doi.org/10.1063/1.4995107


AJCE, 2023, 13(2): Special Issue                                                                                            ISSN 2227-5835                                                                                                                                               

111 

 

 

 

 

 

 

 

 

 

 

 

 

44. Bulte, A. M. W., Klaassen, K., Westbroek, H. B., Stolk, M. J., Prins, G. T., Genseberger, R., 

& Pilot, A. (2005). Modules for a new chemistry curriculum, research on a meaningful relation 

between contexts and concepts. In P. Nentwig & D. Waddington (Eds.), Making it relevant: 

Context based learning of science (pp. 273–299). Munster: Waxmann Verlag. 

45. Meijer, M. R., Bulte, A. M. W., & Pilot, A. (2009). Structure–property relations between macro 

and micro representations: Relevant meso-levels in authentic tasks. In J. 

K. Gilbert & D. Treagust (Eds.), Models and modelling in science education: Multiple 

representations in chemical education (pp. 185–213). Dordrecht: Springer. 

46. Fortus, D., Krajcik, J., Dershimer, R. C., Marx, R. W., & Mamlok-Naaman, R. (2005).  

Design-based science and real-world problem-solving. International Journal of Science 

Education, 27(7), 855–879. 

47. McComas, W. F. & Burgin, S. R. (2020). A Critique of “STEM” Education Revolution-in-the-

Making, Passing Fad, or Instructional Imperative? Science & Education, 29, 805–829. 

48. Moore, T. J., Glancy, A. W., Tank, K. M., Kersten, J. A., & Smith, K. A. (2014). A framework 

for quality K-12 engineering education: Research and development. Journal of Pre-College 

Engineering Education Research, 4(1), 1-13. 

49. Roehrig, G. H., Dare, E. A., Ring-Whalen, E. A., & Wieselmann, J. R. (2021). Understanding 

Coherence and Integration in Integrated STEM Curriculum. International Journal of STEM 

Education, 8, (2) https://doi.org/10.1186/s40594-020-00259-8  

50. Arık, M., & Topçu, M.S. (2020). Implementation of engineering design process in the K-12 

science classrooms: Trends and issues. Research in Science Education. Published online 

https://doi.org/10.1007/s11165-019-09912-x 

51. Reynante, B. M., Selbach-Allen, M. E., & Pimentel, D. R. (2020). Exploring the Promises and 

Perils of Integrated STEM, Through Disciplinary Practices and Epistemologies. Science & 

Education, 29, 785–803. 

52. Puntambekar, S., & Kolodner, J. L. (2005). Toward implementing distributed scaffolding: 

Helping students learn science from design. Journal of Research in Science 

Teaching, 42(2), 185–217. 

53. Van Breukelen, D. H. J., De Vries, M. J., & Smeets, M. (2015). Explicit teaching and 

scaffolding to enhance concept learning by design challenges. Journal of Research in STEM 

Education, 1(2), 87–105. 

54. English, L. D. (2016). STEM education K-12: Perspectives on integration. International Journal 

of STEM Education, 3(1), 1-8. 

55. Dare, E.A., Ellis, J.A., & Roehrig, G.H. (2018). Understanding science teachers’ 

implementations of integrated STEM curricular units through a phenomenological multiple case 

https://doi.org/10.1007/s11165-019-09912-x


AJCE, 2023, 13(2): Special Issue                                                                                            ISSN 2227-5835                                                                                                                                               

112 

 

 

 

 

 

 

 

 

 

 

 

 

study. International Journal of STEM Education, 5(4) https://doi.org/10.1186/s40594-018-0101-

z 

56. Tran, N. A. & Nathan, M.J. (2010). Pre-college engineering studies: an investigation of the 

relationship between pre-college engineering studies and student achievement in science and 

mathematics. Journal of Engineering Education, 99(2), 143–157. 

57. Gabel, D. (1999) Improving teaching and learning through chemistry education research: a look 

to the future. Journal of Chemical Education, 76, 548-554. 

58. Bialek, W., & Botstein, D. (2004). Introductory science and mathematics education for 21st-

century biologists. Science, 303(5659), 788–790. 

59. Sevian, H., & Talanquer, V. (2014). Rethinking chemistry: A learning progression on chemical 

thinking. Chemistry Education Research and Practice, 15(1), 10–23. 

60. Bing, T. J., & Redish, E. F. (2009). Analyzing problem solving using math in physics: 

Epistemological framing via warrants. Physical Review Special Topics - Physics Education 

Research, 5(2), 020108 

61. Becker, N. M., Rupp, C. A., & Brandriet, A. (2017). Engaging students in analyzing and 

interpreting data to construct mathematical models: An analysis of students’ reasoning in a 

method of initial rates task. Chemistry Education Research and Practice, 18(4), 798–810. 

62. Lazenby, K., & Becker, N. M. (2019). A modeling perspective on supporting students’ reasoning 

with mathematics in chemistry. In M. H. Towns, K. Bain, & J.-M. G. Rodriguez (Eds.), It’s Just 

Math: Research on Students’ Understanding of Chemistry and Mathematics (Vol. 1316, pp. 9–

24). 

63. Schuchardt, A. M., & Schunn, C. D. (2016). Modeling scientific processes with mathematics 

equations enhances student qualitative conceptual understanding and quantitative problem 

solving. Science Education, 100(2), 290–320. 

64. Siverling, E. A., Suazo-Flores, E., Mathis, C. A., Moore, T. J., Guzey, S. S., & Whipple, K. S. 

(2017). Middle school students’ engineering discussions: What initiates evidence-based 

reasoning? (Fundamental). ASEE Annual Conference and Exposition, Conference Proceedings. 

65. Siverling, E. A., Suazo-Flores, A., Mathis, C. A. and Moore, T. J. (2019). Students' use of STEM 

content in design justifications during engineering design-based STEM integration. School 

Science and Mathematics, 119, 457–474. 

66. Stammes, H., Henzea, I., Barendsen, E., & de Vries, M. (2020). Bringing design practices to 

chemistry classrooms: studying teachers’ pedagogical ideas in the context of a professional 

learning community. International Journal of Science Education, 42( 4), 526–546 

https://doi.org/10.1080/09500693.2020.1717015 

https://doi.org/10.1186/s40594-018-0101-z
https://doi.org/10.1186/s40594-018-0101-z
https://doi.org/10.1080/09500693.2020.1717015


AJCE, 2023, 13(2): Special Issue                                                                                            ISSN 2227-5835                                                                                                                                               

113 

 

 

 

 

 

 

 

 

 

 

 

 

67. English, L. D., Hudson, P., and Dawes, L. (2013). Engineering-based problem solving in the 

middle school: Design and construction with simple machines construction with simple 

machines. Journal of Pre-College Engineering Education Research 3, 43–55. 

68. Guzey, S. S. and Aranda, M. (2017). Student participation in engineering practices and discourse: 

An exploratory case study. Journal of Engineering Education 106, 585–606. 

69. Kolodner, J.L., Camp, P.J., Crismond, D., Fasse, B., Gray, J., Holbrook, J., … Ryan, M. (2003)

. Problem-based learning meets case-based reasoning in the middle-school science classroom: 

Putting learning by design (tm) into practice. The Journal of the Learning Sciences, 12(4), 495–

547. 

70. Partnership for 21st Century Learning. (2016). Framework for 21st century learning. Retrieved 

from www.p21.org/about-us/p21-framework. 

71. Dunbar, M. (2015). Skills and capacity: What does learning need to look like today to prepare 

the workforce of 2030? (DFID think piece). Retrieved from http://www.heart-

resources.org/wpcontent/uploads/2016/01/DFID-Skills-and-Capacity-Think-Piece-

Dunbar.pdf?x30250 

72. UNESCO. (2012). Youth and skills: putting education to work. Paris: UNESCO. Retrieved from 

https://unesdoc.unesco.org/ark:/48223/pf0000218003 

73. Care, E., & Vista, A. (2017a). Education assessment in the 21st century: New skillsets for a new 

millennium. Washington, DC: Brookings. Retrieved from 

https://www.brookings.edu/blog/education-plus-development/2017/03/01/education-

assessmentin-the-21st-century-new-skillsets-for-a-new-millennium/ 

74. Rissmann-Joyce S. & El Nagdi, M. (2013). A case study-Egypt’s first STEM schools: lessons 

learned. Proceeding of the Global Summit on Education (GSE2013). Retrieved from: 

https://goo.gl/FVSkT8; https://doi.org/10.1007/s10798-014-9290-z; 

https://doi.org/10.1007/978-3-319-93836-3 

75. Sias, C. M., Nadelson, L. S., Juth, S. M., & Seifert, A. L. (2017). The best laid plans: Educational 

innovation in elementary teacher generated integrated STEM lesson plans. The Journal of 

Educational Research, 110(3), 227-238. https://doi.org/10.1080/00220671.2016.1253539 

76. Stretch, E. J. & Roehrig, G. H. (2021). Framing Failure: Leveraging Uncertainty to Launch 

Creativity in STEM Education. International Journal of Learning and Teaching, 7(2), 123-133. 

77. Simpson, E., Bradley, D., & O’Keeffe, J. (2018). Failure is an option: an innovative engineering 

curriculum. International Journal of Building Pathology and Adaptation, 36(3), 268-282. 

78. Ah-Nam, L. & Osman, K. (2017). Developing 21st Century Skills through a Constructivist-

Constructionist Learning Environment. K-12 STEM Education, 3(2), 205-216. The Institute for 

the Promotion of Teaching Science and Technology 

http://www.p21.org/about-us/p21-framework
http://www.heart-resources.org/wpcontent/uploads/2016/01/DFID-Skills-and-Capacity-Think-Piece-Dunbar.pdf?x30250
http://www.heart-resources.org/wpcontent/uploads/2016/01/DFID-Skills-and-Capacity-Think-Piece-Dunbar.pdf?x30250
http://www.heart-resources.org/wpcontent/uploads/2016/01/DFID-Skills-and-Capacity-Think-Piece-Dunbar.pdf?x30250
https://unesdoc.unesco.org/ark:/48223/pf0000218003
https://www.brookings.edu/blog/education-plus-development/2017/03/01/education-assessmentin-the-21st-century-new-skillsets-for-a-new-millennium/
https://www.brookings.edu/blog/education-plus-development/2017/03/01/education-assessmentin-the-21st-century-new-skillsets-for-a-new-millennium/
https://doi.org/10.1007/978-3-319-93836-3
https://doi.org/10.1080/00220671.2016.1253539
https://www.emerald.com/insight/search?q=Edward%20Simpson
https://www.emerald.com/insight/search?q=David%20Bradley
https://www.emerald.com/insight/search?q=Juliette%20O%E2%80%99Keeffe
https://www.emerald.com/insight/publication/issn/2398-4708


AJCE, 2023, 13(2): Special Issue                                                                                            ISSN 2227-5835                                                                                                                                               

114 

 

 

 

 

 

 

 

 

 

 

 

 

79. Jahn, J. L. S., & Myers, K. K. (2014). Vocational Anticipatory Socialization of Adolescents: 

Messages, Sources, and Frameworks That Influence Interest in STEM Careers. Journal of 

Applied Communication Research, 42(1), 85–106. 

80. Luo, T., So, W.W.M., Wan, Z.H., & Li. W. C. (2021). STEM stereotypes predict students’ STEM 

career interest via self-efficacy and outcome expectations. International Journal of STEM 

Education, 8(36). https://doi.org/10.1186/s40594-021-00295-y 

81. Kitchen, J. A., Sonnert, G., & Sadler, P. M. (2018). The impact of college-and university-run 

high school summer programs on students' end of high school STEM career aspirations. Science 

Education, 102(3), 529–547. 

82. Ryu, M., Mentzer, N., & Knobloch, N. (2018). Preservice teachers’ experiences of STEM 

integration: Challenges and implications for integrated STEM teacher preparation. International 

Journal of Technology and Design Education, 1-20. http://doi.org/10.1007/s10798-018-9440-9 

83. Svihla, V., Marshall, J., Winter, A., & Liu, Y. (2017). Progress toward Lofty Goals: A Meta-

synthesis of the State of Research on K-12 Engineering Education (Fundamental). ASEE Annual 

Conference and Exposition, Conference Proceedings. 

84. Solano, D. M., Wood, F. E., & Kurth, M. J. (2011). Careers in Chemistry”: A Course Providing 

Students with Real-World Foundations. Journal of Chemical Education, 88(10), 1376–1379. 

85. Mazlo, J.; Kelter, P. J. (2000). Graduate-Level Course for Successful Class Strategies: Preparing 

Graduate Students for the Next Step, Journal of Chemical Education, 77, 1175– 1177 

86. Harrison, A. M. (1994). A Career-Oriented Capstone Course for Chemistry Undergraduates. 

Journal of Chemical Education, 71, 659– 660. 

87. Delaware, D. L.; Freeman, R. G.; Moody, A. E.; Van Galen, D. (1996). The Freshman Chemistry 

Seminar. Journal of Chemical Education, 73, 144– 146. 

88. Dunn, J. G.; Kagi, R. I.; Phillips, D. N. (1998). Developing Professional Skills in a Third-Year 

Undergraduate Chemistry Course Offered in Western Australia. Journal of Chemical 

Education, 75, 1313– 1316. 

89. Childs P., Hayes S. and O'Dwyer A., (2015), Chemistry and everyday life: relating secondary 

school chemistry to the current and future lives of students, in Eilks I. and Hofstein A. 

(ed.), Relevant Chemistry Education – From Theory to Practice, Sense Publishers, Rotterdam, 

pp. 33–54. 

90. Burmeister M., Rauch F. and Eilks I., (2012), Education for Sustainable Development (ESD) 

and chemistry education, Chemistry Education Research to Practice, 13, 59–68. 

91. Cigdemoglu C. and Geban O., (2015), Improving students’ chemical literacy levels on 

thermochemical and thermodynamics concepts through a context-based approach, Chemistry 

Education Research to Practice, 16, 302–317. 

https://doi.org/10.1186/s40594-021-00295-y
http://doi.org/10.1007/s10798-018-9440-9


AJCE, 2023, 13(2): Special Issue                                                                                            ISSN 2227-5835                                                                                                                                               

115 

 

 

 

 

 

 

 

 

 

 

 

 

92. Noor, H. D. & Karpudewan, M. (2019). Evaluating the effectiveness of Integrated STEM-lab 

activities in improving secondary school students’ understanding of electrolysis. Chemistry Education 

Research to Practice, 20, 495 – 508.  

93. Formunyam, K. G. (2020). Massifying Stem Education in Africa. International Journal of 

Engineering Research and Technology, 13, (2), 53-260. 

94. Tikly, L., Joubert, M., Barrett, A. M., Bainton, D., Cameron, L., & Doyle, H. (2018). Supporting 

secondary school STEM education for sustainable development in Africa. University of Bristol, 

Bristol Working Papers in Education Series. 

95. https://www.nepad.org/blog/rwanda-model-improving-stem-education-curricula-africa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


