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ABSTRACT

Colloid learning is often difficult for students to relate to real-world phenomena, leading to a lack of conceptual
understanding and critical thinking skills. One relevant local context for concretizing the concept of colloids is
tofu waste treatment, which involves colloidal systems and environmental issues in the community. Integrating
this ethnoscience context through Challenge-Based Learning has the potential to provide more contextual, mean-
ingful, and authentic learning oriented toward problem-solving. This study aims to develop and demonstrate
the impact of a Challenge-Based Ethnoscience e-book about colloids in the context of tofu waste treatment on
improving students’ conceptual understanding and critical thinking skills. This research method used Design
and Development Research, consisting of three phases: design (needs analysis and product design), develop-
ment (based on the 4STMD model), and evaluation (Students’ critical thinking and conceptual understanding).
Implementation was conducted with 30 eleventh-grade students. Critical thinking skills were measured using the
Ennis framework, while conceptual understanding was assessed through context-based essay questions. Data
were analyzed using the Wilcoxon test, Spearman correlation, and rank-biserial effect size. Results showed signif-
icant improvements in conceptual understanding and critical thinking skills, indicating consistent positive score
changes across all participants. A very strong correlation was found between conceptual understanding and criti-
cal thinking skills, indicating a high degree of shared variance between the two. It can be concluded that the CBL
e-book on ethnoscience related to colloid materials, developed according to the 4STMD, is a feasible and effective
learning material for chemistry. This learning material aligns with the learning curriculum, is scientific, and or-
ganizes materials systematically through local wisdom, specifically in the context of tofu wastewater treatment,
to enhance students’ understanding of concepts and critical thinking skills.
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INTRODUCTION

The landscape of 21st-century education
is characterized by rapid digital transformation
and accelerating technological change. These de-
velopments demand not only knowledge transfer
but also the cultivation of essential 21st-century
competencies, particularly higher-order thinking
skills (HOTS), which are critical for navigating
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industrial revolutions 4.0 and 5.0 and advances
in artificial intelligence (Changwong et al., 2018;
Elaish et al., 2023). Among these competencies,
critical thinking occupies a central role across dis-
ciplines, including science education (Ma et al.,
2023; Zhang et al., 2024). However, while widely
acknowledged as an educational priority, its ma-
nifestation within specific disciplinary contexts—
such as chemistry—remains underexplored (Ra-
mesh et al., 2025). In chemistry learning, critical
thinking extends beyond analytical reasoning to
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include the ability to connect abstract concepts
with real-world phenomena, evaluate scientific
claims, and apply principles in authentic contex-
ts. Such integration fosters meaningful conceptu-
al understanding and moves students beyond rote
memorization toward analytical and transferable
knowledge (Lieber & Graulich, 2020; Rahmad-
hani et al., 2021; Reyes & Villanueva, 2024).

Despite its recognized importance, the
development of critical thinking remains a per-
sistent challenge in Indonesia. PISA 2022 results
indicate that Indonesian students perform signifi-
cantly below the OECD average in scientific rea-
soning and evidence-based analysis. National stu-
dies further confirm limited proficiency in critical
thinking and scientific comprehension (Affandy
et al., 2019; Linda et al., 2020). This suggests a
gap between curriculum expectations emphasi-
zing HOTS and classroom practices that remain
largely procedural and teacher-centered (Ameh &
Dantani, 2012).

Constructivist pedagogies such as inquiry-
based learning, problem-based learning (PBL),
project-based learning (PjBL), and generative
approaches like the Science Writing Heuristic
have demonstrated potential to enhance critical
thinking and conceptual understanding (Prayogi
& Yuanita, 2018; Karaer et al., 2024). However,
these approaches are often implemented indepen-
dently, without systematic integration of cultu-
rally contextualized learning or structured digital
materials explicitly designed to target HOTS.

In this context, Challenge-Based Learning
(CBL) becomes relevant, unlike problem-based
learning or project-based learning, which general-
ly focus on completing specific tasks or projects
(Gallagher & Savage, 2022). CBL places authen-
tic challenges as the starting point for learning.
These challenges are open-ended, multidimensio-
nal, and contextual, encouraging students to in-
tegrate knowledge, engage in deep reasoning, and
reflect on the solutions they produce (Taconis &
Bekker, 2023).

This approach becomes even more mea-
ningful when integrated with ethnoscience, which
is rooted in the environmental context and local
cultural practices close to students’ lives (Hikmah
etal., 2025; Mellor et al., 2018; Nurcahyani et al.,
2021; Widarti et al., 2025). Through this integra-
tion, the authentic challenges raised are not only
academically relevant, but also socially and cultu-
rally contextual. Thus, learning not only develops
problem-solving skills but also strengthens the
connection between chemical concepts and the
surrounding environmental reality (Jansson et
al., 2015; Raman et al., 2024; Shidiq et al., 2025).
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The integration of Challenge-Based Lear-
ning (CBL) with ethnoscience within authentic
real-life contexts—such as tofu waste proces-
sing—offers a pedagogically coherent approach
to fostering critical thinking and contextualized
chemical understanding (Putra, 2021). In Indo-
nesia, tofu production is deeply embedded in lo-
cal culinary culture and small-scale community
industries, making it a culturally familiar practice
for students. Scientifically, the tofu-making pro-
cess directly involves colloidal principles, parti-
cularly protein coagulation, phase separation,
and the transformation of a colloidal soybean
suspension into a semi-solid gel structure (Li et
al., 2024). Learning about colloidal systems is
not only relevant to everyday life and industry
but also aligns with the Sustainable Development
Goals, such as SDG 4 on Quality Education (Ba-
duri et al., 2024), SDG 9 on Industry, Innovation,
and Infrastructure (Anekawati et al., 2020), and
SDG 12 on Responsible Consumption and Pro-
duction.

Beyond production, tofu waste—both li-
quid whey and residual solids—also contains dis-
persed colloidal particles and organic matter that
influence turbidity, stability, and sedimentation
behavior in water systems (Xu et al., 2018). The-
se characteristics make tofu waste an authentic
example of colloidal systems with environmental
implications (Zand & Hoveidi, 2015). However,
this environmental dimension is rarely addressed
in chemistry instruction, where colloid topics
are often limited to classification and textbook
examples without linking them to local industrial
practices or waste management challenges.

Framing tofu waste processing as a chal-
lenge within a CBL framework enables students
to investigate colloidal behavior in a culturally
grounded and environmentally relevant con-
text (Radberg et al., 2020; Maulisa et al., 2024).
Through this approach, learners analyze dispersi-
on stability, coagulation processes, and treatment
strategies while engaging in evidence-based rea-
soning and solution design. Despite this strong
scientific and contextual alignment, the integra-
tion of ethnoscience and CBL within structured
digital chemistry teaching materials—specifically
targeting colloid learning through tofu waste issu-
es—remains underexplored in the literature.

To empirically validate the research gap,
a structured search was conducted in the Scopus
database covering publications from 2017 to 2026.
The search combined keywords related to eth-
noscience (e.g., “ethnoscience,” “local wisdom”),
pedagogical approaches (e.g., “challenge-based

learning,” “problem-based learning,” “inquiry-
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based learning™), critical thinking or higher-order
thinking skills (HOTS), and science or chemistry
education. Only six published articles have re-
ported empirical studies integrating ethnoscience
with inquiry-based, problem-based, blended, and
virtual learning to enhance critical thinking and
21st-century skills. However, no study was iden-
tified that explicitly integrates ethnoscience with
Challenge-Based Learning (CBL).

To accommodate CBL with ethnoscience,
teaching materials are needed to make learning
more focused (Malisetty et al., 2024; Ondrada
et al., 2024). With technological advances and
environmental sustainability in mind, electronic
teaching materials are needed to help students
learn systematically and structurally, integrated
with critical thinking skills.

Several studies have been conducted to
create chemistry teaching materials (e-books).
The first study developed a green chemistry book
using the Thiagarajan/4D model and demonstra-
ted that the product was valid, practical, and ef-
fective, and could improve learning outcomes,
although it remained limited to basic cognitive
aspects (Anwar et al., 2021). The second study
developed an interactive green chemistry e-book
on hydrocarbon materials using the DDE model,
producing a product that was valid in terms of
content and media, with video, links, and evalua-
tion features, but had not yet tested its impact on
student abilities (Fitriana & Wiyarsi, 2024). The
third study developed a chemistry representation-
based e-book aligned with the 2013 curriculum
and received excellent responses from teachers
and students regarding content, graphics, and
readability, but did not empirically measure imp-
rovements in learning outcomes or representati-
on skills (Tania & Fadiawati, 2015). Meanwhile,
the fourth study developed an e-book on the envi-
ronmental context of chemical equilibrium using
the 4D model. It demonstrated that the product
was feasible and valid, received excellent ratings
from teachers and students, and demonstrated li-
mited effectiveness in terms of feasibility and res-
ponse (Utami & Mubhtadi, 2020). Overall, these
studies indicate that chemistry teaching materi-
als grounded in green chemistry, environmental
contexts, and chemical representation have the
potential to improve learning quality. Despite the-
se developments, which focus more on graphics,
visualization, and representation, there are per-
sistent research gaps in evaluating their impact
on higher-order thinking skills, contextualized
learning, and the structuring of content to make
concepts easier for students to understand.

Accordingly, this study addresses the iden-
tified gap by developing a Challenge-Based Lear-
ning e-book integrated with ethnoscience in the
context of tofu waste processing for colloid lear-
ning. The development follows the Four Steps
Teaching Material Development (4STMD) fra-
mework to ensure scientific validity, pedagogical
coherence, and contextual relevance (Anwar, S.,
2023).

The development follows the Four Steps
Teaching Material Development (4STMD) fra-
mework to ensure scientific validity, pedagogi-
cal coherence, and contextual relevance. This
framework is grounded in the principle of di-
dactical reduction, which systematically trans-
forms complex scientific content into structured,
conceptually accessible learning materials wit-
hout compromising scientific accuracy (Anwar,
2023). Through careful selection, organization,
validation, and iterative refinement of content,
4STMD enables abstract and technically deman-
ding topics—such as colloidal systems—to be re-
constructed into learning sequences that are cog-
nitively manageable for students.

METHODS

The Design and Development Research
(DDR) approach was used as the main research
design to produce a valid e-book suitable for use
in the learning process. The DDR approach was
used to develop teaching materials systematical-
ly through several stages: the design stage; the
development stage; and the evaluation stage.
Within the DDR framework, a one-group pre-
test—posttest design was embedded in the evalu-
ation stage to provide empirical evidence of the
product’s initial effectiveness (Richey & Klein,
2007). Thus, this procedure was not positioned
as a separate research design, but rather as part
of the evaluation phase of DDR aimed at testing
the functional effectiveness of the developed pro-
duct. The three stages of the DDR approach are
described in detail as follows.

The design stage began with a preliminary
study that involved: analysis of colloid material
learning needs, review of relevant literature, and
examination of the relevance of the material to
sustainable development goals (SDGs). The needs
analysis identified learning gaps, student charac-
teristics, and curriculum requirements. Based on
these findings, the following were formulated:
learning objectives, targeted competencies, an in-
dicator of critical thinking skills, and a conceptu-
al framework integrating Challenge-Based Lear-
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ning (CBL) and ethnoscience. The output of this
stage was an e-book blueprint that served as the
foundation for systematic product development.
The development stage translated the blueprint
into a prototype by integrating: challenge-based
learning (CBL); ethnoscience principles; Four
Steps Teaching Material Development (4STMD).

The Four Steps Teaching Material Deve-
lopment (4STMD) method is used during de-
velopment to ensure that e-books are designed
systematically and aligned with learning needs
and curriculum standards. This method compri-
ses four main stages: (a) selection, which focuses
on selecting colloid materials that are relevant to
student needs and the national curriculum con-
text, particularly those related to food processing
and tofu waste; (b) structuring, which involves
organizing materials according to student ability
levels and aligning them with the logical flow of
Challenge-Based Learning (Big Idea — Challen-
ge — Solution — Reflection); (c) characterization,
which aims to identify the level of difficulty of
concepts and potential misconceptions among
students in order to adjust the material to the
cognitive level of the students; and (d) didactic
reduction, which is the simplification of complex
concepts through the use of analogies and eth-
noscience contexts to make them easier to under-
stand. The product at this stage was Prototype I,
which underwent expert validation before field
testing.

The evaluation stage aimed to examine the
feasibility, comprehensibility, and initial effective-
ness of the developed e-book within the Design
and Development Research (DDR) framework.
In this stage, product feasibility was first assessed
through expert validation by three validators, in-
cluding chemistry educators and a media expert.
They evaluated aspects of content validity, lan-
guage clarity, presentation structure, graphical
design, contextual relevance, and the integration
of critical thinking skills using a structured vali-
dation instrument. The results of this validation
were used as the basis for revising and refining
the product in accordance with the iterative refi-
nement principle that characterizes DDR.

Following expert validation and revision, a
limited field trial was conducted to obtain empi-
rical evidence regarding the product’s functional
effectiveness. This field testing was embedded
within the evaluation stage of DDR and emp-
loyed a one-group pretest—posttest design. The
purpose of this procedure was not to establish
causal generalization, but to provide preliminary
evidence of learning improvement after students
used the developed e-book. Although no control

group was included, this approach is considered
appropriate in DDR studies for initial product
evaluation prior to broader implementation. Stu-
dents completed pretest and posttest assessments
measuring conceptual understanding and critical
thinking skills, and the resulting data were analy-
zed using appropriate inferential statistical techni-
ques to determine whether statistically significant
improvements occurred after the intervention.

Participants were involved exclusively in
the evaluation stage of DDR and consisted of
expert validators and students. The expert vali-
dators included two chemistry education experts
and one media expert, who were responsible for
assessing the feasibility of the developed e-book
in terms of content validity, language, presen-
tation, graphical design, contextual relevance,
and integration of critical thinking skills. For the
field-testing phase, the accessible population ini-
tially comprised 60 Grade XI students. However,
due to school policy constraints and scheduling
considerations that did not permit random as-
signment or class restructuring, only one intact
class of 30 students was selected using conveni-
ence sampling. Convenience sampling was used
because school policies did not allow random
sampling of classes; therefore, the existing intact
class was used in the study (Andrade, 2021; Far-
rokhi & Mahmoudi-Hamidabad, 2012; Memon
et al., 2025). Therefore, the reduction from 60 to
30 participants reflects the transition from the ac-
cessible population to the actual sample used in
the evaluation stage. These 30 students participa-
ted in the one-group pretest—posttest implemen-
tation to examine the initial effectiveness of the
developed e-book.

To ensure clarity and avoid redundancy,
the instruments used in this study were organi-
zed by the DDR framework’s stages. During the
design and development stages, several instru-
ments were employed to support systematic ma-
terial construction, including a content selection
checklist, a material structuring rubric, and a rea-
dability evaluation form. These instruments were
intended to ensure scientific accuracy, alignment
with curriculum standards, logical organization
of concepts, and contextual relevance of the de-
veloped e-book. The use of these tools supported
the conceptual reconstruction process and ensu-
red that the product met academic and pedagogi-
cal requirements before proceeding to validation.

In the evaluation stage, multiple instru-
ments were used to assess product feasibility,
usability, and learning effectiveness. A feasibi-
lity validation sheet was administered to expert
validators using a Likert-scale format to evalua-
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te content validity, language clarity, presentation
quality, graphical design, contextual integration,
and the incorporation of critical thinking skills.
In addition, a comprehension questionnaire was
distributed to students to examine the clarity,
attractiveness, and usability of the e-book after
implementation. To measure learning outcomes,
pretest and posttest essay question instruments
were administered to assess students’ conceptu-
al understanding and critical thinking skills. The
indicators of critical thinking were adapted from
Facione (2015) and operationalized based on
Ennis (1985), covering key components such as
clarification, basic support, inference, advanced
clarification, and strategic thinking. Instrument
validity was established through expert judgment
to ensure alignment with the intended learning
outcomes.

Instrument validity was established
through expert judgment to ensure alignment
with the intended learning outcomes. Reliability
analysis using Cronbach’s alpha yielded coeffi-
cients of 0.71 for conceptual understanding and
0.75 for critical thinking skills, indicating accep-
table internal consistency. These procedures were
conducted to evaluate the quality of the instru-
ments and ensure they accurately and consistent-
ly measured the intended constructs before use in
the effectiveness analysis.

Data analysis was conducted in accordan-
ce with the objectives of each stage within the
DDR framework. The first stage involved qualita-
tive descriptive analysis, which utilized expert re-
views, open-ended responses, and observational
data to examine the content accuracy, usability,
and overall quality of the developed e-book (Ta-
nia & Fadiawati, 2015). Experts further refined
this analysis through evaluative feedback to en-
hance the clarity, relevance, and pedagogical ap-
propriateness of the product as part of the itera-
tive revision process characteristic of DDR. The
scores from the feasibility and comprehension
instruments were converted to percentages and
categorized into levels of feasibility (very feasible,
feasible, less feasible, or not feasible) according to
the criteria proposed by Arikunto (2017) to deter-
mine the overall appropriateness of the product.

For the effectiveness analysis embedded in
the DDR evaluation stage, pretest and posttest
data were first examined to test statistical assump-
tions. Normality was assessed using the Shapiro—
Wilk test, supported by visual diagnostics such
as Q-Q plots and histograms. Because the distri-
bution of difference scores did not meet the nor-
mality assumption required for parametric testing
and the critical thinking scores were partly based

on ordinal rubric assessments, a non-parametric
approach was considered more appropriate. The-
refore, the Wilcoxon Signed-Rank Test was emp-
loyed to analyze differences between pretest and
posttest scores. This analysis aimed to determine
whether there was a statistically significant imp-
rovement in students’ conceptual understanding
and critical thinking skills after the implementati-
on of the developed e-book. Statistical significan-
ce was set at p < 0.05, and all analyses were per-
formed using SPSS version 26.0. To complement
the significance testing, the effect size was cal-
culated using rank-biserial correlation, which is
recommended for non-parametric paired-sample
comparisons.

RESULTS AND DISCUSSION

The Challenge-Based Ethnoscience E-
book on Colloids was designed using the 4STMD
model in two main phases: design and develop-
ment, to be scientifically accurate, systematic in
organization, and understandable to students.
The contextual theme of tofu wastewater treat-
ment was selected to integrate local wisdom with
scientific learning, supporting SDG 4 on Quali-
ty Education and SDG 12 on Responsible Con-
sumption and Production.

During the Selection stage, the content
was focused on the learning of basic colloid con-
cepts, such as the difference between solutions,
colloids, and suspensions; types and properties of
colloids (Tyndall effect, coagulation, adsorption,
Brownian motion, and electrophoresis); and app-
lication in green waste treatments, aligned with
the National Curriculum. In the Structuring sta-
ge, the concept map and macrostructure guided
the learning flow through three representational
levels: macroscopic (visible phenomena of tofu
wastewater turbidity), submicroscopic (interac-
tions among colloidal particles), and symbolic
(chemical equations).

During Characterization, comprehensi-
on tests with 30 students showed that most tex-
ts were easy to understand, while three sections
were identified as difficult because of abstract or
complex explanations. These were improved in
the Didactic Reduction stage by simplifying sen-
tences, adding visual aids, and providing concrete
examples. For example, the text on Bredig’s arc
method was enhanced with an explanatory dia-
gram, and the text on hydrolysis reactions was
clarified with real industrial applications.

Scientific accuracy, contextual relevan-
ce, and pedagogical clarity were well integrated
in this e-book, making abstract colloid concepts
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more concrete and meaningful. Its design encou-
rages active learning, critical thinking, and envi-
ronmental awareness, which are aligned with the
key outcomes of sustainable chemistry education
(Astawan et al., 2025; Atmojo et al., 2025; Sayadi
& Pangandaman, 2025).

The results of the e-Book feasibility and
understandability tests are presented in Table 1
and Figure 1.

105.00
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Figure 1. Feasibility Test Results

Figure 1 shows the feasibility test results
for a colloidal e-book in the context of liquid tofu
waste processing, involving three high school
chemistry teachers as education practitioners,
using criteria from the curriculum and book cen-
ter of the Ministry of Primary and Secondary
Education. The assessment covered several as-
pects: content, language, presentation, graphics,
context, and critical thinking skills. Based on the
results shown in Figure 1, the ethnoscience and
CBL-based e-book met the main criteria, such as
content, discussion, presentation, and contextual
feasibility, with a percentage above 80%. Teach-
ers assessed this e-book as very accurate in its ma-
terial, relevant to real-world contexts such as tofu
waste processing, and aligned with the learning
outcomes of the National Curriculum across the
4STMD stages.

The research results show that the develo-
ped e-book material aligns with the learning out-
comes and instructional objectives of the taught
topic. The content presented is scientifically ac-
curate, up to date, and relevant to current scien-
tific developments. The presentation also stimu-
lates students’ curiosity through problem-solving
examples in real-life contexts, thereby encoura-
ging the development of life skills such as critical
thinking and problem-solving. However, several
aspects of student communication, interaction,
and collaboration still need strengthening, as e-
books are typically used individually and there-
fore do not fully facilitate collaboration. These
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findings reinforce the idea that systematically de-
signed digital teaching materials can play a strate-
gic role in pedagogical practice, serving not only
as a source of information but also enhancing
students’ conceptual understanding and thinking
skills (Kattoua et al., 2016; Ananga, 2020; Boada,
2022). Furthermore, previous studies have shown
that high-quality teaching materials play a crucial
role in online, offline, and blended learning, parti-
cularly by providing a more interactive, contextu-
al, and accessible learning experience for students
(Castro & Zermeno, 2020; Safarifard et al., 2024).

In terms of language, the e-book is gene-
rally acceptable, though a few typos need correc-
tion. The presentation of the material still needs
improvement in terms of writing consistency, ba-
lance between chapter and sub-chapter content,
and the numbering of text, tables, and images.
Graphically, the cover and illustrations are accep-
table, but the layout, colors, and embellishments
need refinement to make them more attractive
and harmonious.

The contextual aspect received the highest
score due to its integration with environmental
issues, indicating that the e-book content is ap-
propriate, reliable, up-to-date, and scientifically
valid in connecting theoretical chemistry con-
cepts with real-world problems in tofu waste ma-
nagement. This authentic context also supports
the achievement of SDG 4 (Quality Education)
and SDG 12 (Responsible Consumption and
Production) by encouraging sustainable science
learning (Forsler et al., 2024; Kartamiharja et al.,
2020; Paramitadevi et al., 2019; Stockert & Bog-
ner, 2020). The use of tofu waste processing as an
ethnoscience approach has also proven effective
in bridging colloid concepts with students’ real-
life experiences. This contextual approach aligns
with the view that science learning becomes more
meaningful when students are exposed to authen-
tic phenomena from everyday life (as expressed
by Vygotsky and modern constructivist theory,
for example). Thus, integrating environmental
issues into tofu waste processing not only strengt-
hens conceptual understanding but also fosters
environmental literacy and sensitivity to socio-
scientific issues.

In the realm of critical thinking skills, this
e-book was developed to train five main aspects:
basic clarification, basic support, inference, as-
sessment, and strategy and tactics. In line with
Larassati & Rachmadiarti (2021), significant
improvements in students’ thinking skills and
conceptual understanding can be achieved by
appropriate learning media or effectively desig-
ned teaching materials. Quality learning media
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not only conveys information but also facilitates
high-level cognitive activities that encourage stu-
dents to analyze, interpret, and relate concepts to
real-life situations (Kattoua et al., 2016; Ananga,
2020; Boada, 2022). Previous research has also
confirmed that interactive, contextual, and cultu-
rally relevant digital learning materials can inc-
rease student participation, foster curiosity, and
strengthen the connection between theory and
practice (Engerman & Otto, 2021; Anyichie et
al., 2023). This e-book has been shown to stimu-
late curiosity and enhance critical thinking skills
through a contextual socio-scientific approach,
thus encouraging students to analyze, interpret,
and synthesize colloidal concepts in greater
depth.

The understandability test evaluated stu-
dents’ understanding of the e-book text after the
didactic reduction process was also conducted.
The instrument was like the one used in the cha-
racterization stage, but the text was minimally
reduced to maintain its level of difficulty. The
average understandability score was 86.5 per-
cent, indicating a high and independent catego-
ry as shown in Table 1. The comprehension test
was designed to measure students’ ability to in-
terpret meaning, connect new information with
prior knowledge, and understand the context in
which the text is presented (Tarlani-Aliabadi et

al., 2022). This assessment evaluates the extent
to which students can comprehend the e-book
content that has undergone a didactic reducti-
on process, systematically simplifying complex
scientific material without removing essential
concepts needed for deep learning. This approa-
ch has been recommended in various studies on
the development of digital learning materials to
preserve conceptual integrity while maintaining
an appropriate level of difficulty for students.
The decision to retain a certain level of
textual complexity aimed to preserve intellec-
tual depth and promote higher cognitive enga-
gement, particularly in the colloid chemistry
material contextualized within tofu liquid waste
processing. The test instrument was developed to
assess students’ comprehension of this balanced
presentation of content. The results showed that
high school students achieved consistently above-
average scores, placing them in the category of
highly independent learners. These findings in-
dicate that the e-book design provides sufficient
conceptual support, enabling students to identify
and articulate key concepts independently. This
achievement aligns with international research
demonstrating the effectiveness of systematically
structured e-books in enhancing science compre-
hension (Suriani et al., 2023; Kurniadin, 2025).

Table 1. Feasibility of the Understandability Test Results

Text Number % of Students Correct Text Number % of Students Correct
1 89 24 71
2 86 25 86
3 89 26 71
4 96 27 68
5 82 28 79
6 100 29 86
7 96 30 96
8 82 31 82
9 86 32 82
10 89 33 86
11 75 34 86
12 89 35 82
13 93 36 75
14 89 37 93
15 79 38 82
16 82 39 96
17 86 40 89
18 89 41 89
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19 100
20 86
21 93
22 75
23 93
Average 86.5

95
42 96
43 100
44 79
45 93
46 86

This study was also conducted in pairs
using digital devices. The high level of compre-
hension is consistent with Johnstone’s observati-
on that understanding chemistry improves when
material is presented through the three levels of
representation: macroscopic, submicroscopic,
and symbolic (Wood, 2013). The integration of
these three representations in the e-book likely
strengthened students’ conceptual understan-
ding of colloid systems. In addition, using tofu
liquid waste processing as an ethnoscience-based
context provided a real-life situation that bridges
scientific knowledge with students’ empirical ex-
periences, as highlighted in recent research on
integrating cultural knowledge into science edu-
cation (Aikenhead, 2021).

Several factors explain the high compre-
hension scores. First, feasibility test results sho-
wed that even with minimal didactic reduction,
the language and presentation remained acces-
sible without compromising scientific validity.
Second, the 4STMD structure offered a systema-

tic learning sequence that supported students in
constructing knowledge more efficiently (Anwar,
2023). Third, dividing students into two groups
likely helped reduce cognitive load, allowing
them to focus on specific sections of the text. The
consistent average score of 86.5 percent in both
groups, with no significant difference in compre-
hension levels, indicates the stability and robust-
ness of the e-book design as an effective learning
medium. The implications of these findings are
highly significant for the development of digital-
based chemistry education. The 86.5 percent
comprehension score indicates students’ ability
to process information independently, an essen-
tial competency in today’s digital learning ecosys-
tem. These results strengthen empirical evidence
that an ethnoscience approach can enhance the
relevance of chemistry learning by connecting
the content to students’ lived experiences.

Student improvement performance from
low to high understanding categories is shown in
Table 2.

Table 2. Pretest and Posttest Categorization of Concept Understanding

Category Score Pretest (n) Posttest (n)
Low 0-33.29 14 0

Moderate 33.30-66.59 13 12
High 66.60-100 3 18
Total 30 30

Table 2 describes the categorization of stu-
dents’ conceptual understanding before and after
the implementation of an e-book integrated with
the CBL approach. From Table 2, it is evident
that there is a remarkable improvement in stu-
dents’ understanding of colloid concepts. Before
learning, 14 students were in the low category, 13
in the moderate category, and only three in the
high category. After learning, none remained in
the low category, 12 in the moderate category,
and 18 in the high category.

This shift clearly points to an enhancement
in conceptual understanding, indicating that the
integration of the e-book with CBL effectively
supported students in moving from basic to ad-

vanced understanding. This also revealed that
the contextualized, inquiry-driven learning en-
vironment successfully facilitated deeper enga-
gement and higher-level thinking, enabling stu-
dents to construct and apply scientific concepts
more autonomously (Sun et al., 2024; Sulastri
et al., 2025). The improvement in the students’
understanding of concepts is also shown in Tab-
le 3, which presents the results of the Wilcoxon
Signed-Rank Test.

The improvement in the students’ un-
derstanding of concepts is also shown in Table
3, which presents the results of the Wilcoxon
Signed-Rank Test. During the classroom enga-
gement phase, students encountered contextual
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problems. Then, in the Investigate phase, they
worked collaboratively, formulated guiding ques-
tions, accessed the e-book, and completed the e-
book and tailored worksheets. The results were
striking, with all 30 participants showing signifi-
cant improvements, as confirmed by the Wilco-
xon Signed-Rank Test (W = 0 < W critical = 137,
a = 0.05). The posttest results further underscored
the effectiveness of the CBL-integrated e-book in

enhancing the students’ understanding of colloid
concepts. Notably, more students shifted from a
lower level of understanding, demonstrating the
power of contextual, ethnoscience-based, and
challenge-oriented digital learning to promote
scientific literacy, critical thinking, and the integ-
ration of classroom learning with real-life envi-
ronmental challenges.

Table 3. Results of the Wilcoxon Signed-Rank Test of Concept Understanding in Concept Under-

standing
N Sum of Ranks
Negative Rank 0 0
Positive Rank 30 465
Ties 0 0
Total 30
W 0
W critical 137

In essence, CBL and nano-challenge activi-
ties offer a robust approach to educating learners
on how to manage tofu waste and mitigate pol-
lution (Membrillo-Hernandez et al., 2019). This
not only deepens their understanding of waste
management but also equips them with practi-
cal skills to tackle environmental challenges in
conservation and sustainability (Kartamiharja
et al., 2020; Nizami et al., 2023). The research
findings suggest a promising future in which stu-
dents are not just aware of environmental issu-
es but also capable of addressing them. Critical
thinking skills were measured through integrated

tests with e-books and CBL and analyzed using
the Wilcoxon Signed-Rank Test in Table 4. Table
4 illustrates the results of the Wilcoxon Signed-
Rank Test for students’ critical thinking perfor-
mance after using the e-book integrated with a
Challenge-Based Learning approach. The test
results reveal that W = 0 < W critical = 98 (a =
0.05); thus, the result is significant. Additional-
ly, all positive rank changes occurred across all
subjects (n = 30), indicating that posttest scores
were higher than pretest scores for each subject,
without decreasing or remaining the same.

Table 4. Results of the Wilcoxon Signed-Rank Test for Critical Thinking Skills

N Sum of Ranks
Negative Rank 0 0
Positive Rank 30 465
Ties 0 0
Total 30
w 0
W critical 98

To complement the significance test results,
an effect size was calculated using a rank-biserial
correlation, yielding r¢,; = 1.00. In a rank-based
analysis, this value indicates a maximal positive
effect, as all participants improved. However, this
value is not interpreted as a percentage of causal
influence but rather as an indicator of the strength
of the relationship between pretest and posttest
scores. Thus, the improvement in critical thinking

skills was not only statistically significant but also
had a very large effect size in practice.

These results show that a uniform increase
indicates the effectiveness of the learning activity
in enhancing students’ analysis, evidence evalua-
tion, and reasoning in reaching conclusions (Vu,
2025). These results are further supported by the
findings in Table 5, which show the distribution
of students’ critical thinking skill categories befo-
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re and after the intervention. Before the interven-
tion, 14 students were in the low category; after
the intervention, none remained in that category.
Conversely, the number of students in the high
category increased from 2 in the pretest to 11 in

97

the posttest. This substantial distribution shift in-
dicates a descriptively meaningful performance
improvement and aligns with the results of the
inferential analysis (Jones, 2007; Fadiawati et al.,
2020; Li & Liu, 2021).

Table 5. Pretest and Posttest Categorization of Critical Thinking Skills

Category Score Pretest (n) Posttest (n)
Low 0-33.29 14 0

Moderate 33.30-66.59 14 19
High 66.60-100 2 11
Total 30 30

Pedagogically, this improvement can be
explained by the characteristics of CBL, which
emphasize the stages of engage, investigate, and
act. The iterative, collaborative, and contextual
problem-based inquiry cycle encourages students
to analyze information, evaluate evidence, and
logically construct arguments before reaching a
conclusion. The integration of an ethnoscience
context into the e-book also enhances the rele-
vance of learning to students’ real-life situations,
thereby increasing motivation, curiosity, and cog-
nitive engagement in higher-order thinking. The-
se findings align with previous research showing
that challenge-based and inquiry-oriented lear-
ning significantly contributes to the development
of critical thinking skills (Bae & Lai, 2020; Gold,
2021; Nizami et al., 2023; Vu, 2025).

The relationship between students’ con-
ceptual understanding and critical thinking skills
was analyzed using Spearman’s rho. This non-pa-
rametric test was chosen because it is appropriate
for assessing associations between variables that
do not always meet the assumption of normality.
Unlike the improvement analysis in the previous
section, this analysis specifically aims to identi-
fy the strength and direction of the relationship
between the two constructs. The results of the
analysis, presented in Table 6, show a correlation
coefficient of r = 0.9496, indicating a very strong
positive relationship between conceptual under-
standing and students’ critical thinking skills.

The coefficient of determination (r? =
0.9018) indicates that both variables have a very
high level of shared variance. This means that ap-
proximately 90% of the variation in scores on both
variables moves in step or increases simultaneous-
ly. However, this value cannot be interpreted as a
percentage effect or causal relationship; it only
indicates a strong statistical association. Given
the study’s non-experimental design, neither the
direction nor the mechanism of causality can be

inferred from these results. However, this strong
relationship aligns with previous research, which
indicates that deeper conceptual understanding is
closely associated with the development of criti-
cal reasoning abilities (Stockert & Bogner, 2020;
Astawan et al., 2025).

Table 6. Correlation Test Results

Description Value
Correlation Coefficient (r) 0.9496
Coefficient of Determination (1%) 0.9018

This research has two main focuses. First,
this research develops an ethnoscience-based
learning e-book integrated with Challenge-Based
Learning (CBL) on colloidal materials through
the 4STMD approach (Selection, Structuring,
Characterization, and Didactic Reduction). This
e-book integrates the concept of colloids with the
local context, specifically the practice of tofu was-
te processing, thereby providing a more tangible
connection between scientific concepts and envi-
ronmental issues relevant to students. This integ-
ration of local context is designed to increase the
relevance of learning, strengthen conceptual con-
nections, and help students understand that scien-
tific concepts cannot be separated from social and
environmental realities.

The development process was carried out
systematically through the 4STMD stages and
aligned with the principles of the Independent
Curriculum. In addition to focusing on achieving
cognitive competencies, the e-book design also
considered its contribution to improving the qua-
lity of learning (SDG 4) and awareness of res-
ponsible consumption and production (SDG 12).
Thus, the resulting product serves not only as a
digital learning medium but also as a means of
integrating contextual and desire aspects into an
integrated learning system.
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Second, this study disseminates the appli-
cation of e-books in improving students’ concep-
tual understanding and critical thinking skills. The
analysis results showed a statistically significant
increase in scores for both variables, as determin-
ed by the Wilcoxon test. To complement this sig-
nificant result, the effect size was calculated using
a rank-biserial correlation, yielding raby = 1.00
for both variables. In a rank-based analysis, this
value indicates a maximal positive effect because
all participants experienced an increase in scores,
with no negative ranks or ties. This finding indi-
cates that the improvement is consistent across
students and has a significant effect strength in
practice. However, this value is not interpreted as
a percentage of causal influence but rather as an
indicator of the strength of the change in scores
between the pretest and posttest.

Furthermore, a very strong positive cor-
relation was found between conceptual under-
standing and critical thinking skills (r = 0.95),
indicating a strong relationship between the two
constructs. This means that students who imp-
rove their conceptual understanding also tend to
improve their critical thinking skills. However,
given the study design, which lacked a control
group, this relationship cannot be considered a
direct cause-and-effect.

The main contribution of this study lies in
integrating three pedagogical approaches —eth-
noscience, CBL, and the 4STMD framework—
into a single, structured digital learning system.
While each approach has been extensively rese-
arched separately, the combination of the three
in the context of intuition-based chemistry lear-
ning remains relatively limited. This integration
demonstrates the potential of a learning model
that simultaneously clarifies conceptual under-
standing, develops higher-order thinking skills,
and raises awareness of environmental issues.

While the results demonstrate significant
and consistent improvements, several methodo-
logical limitations should be considered. One-
group pretest-posttest design without a control
group is potentially affected by threats to internal
validity, such as testing effects, where students
may experience improvement due to familiarity
with the testing instrument; maturation effects,
which are natural cognitive developments over
the course of the study; and novelty effects, which
are increased motivation due to the use of a rela-
tively new learning medium.

However, this study used a single-group
pretest-posttest design, with no control group,
and a small sample size makes generalization
difficult. Furthermore, the use of a single-group

pretest-posttest design should be interpreted with
caution, as it cannot be used to examine causal
effects on concept mastery and critical thinking
skills. Moreover, an actual experimental (Quasi-
Experimental) study should be conducted, as
larger sample sizes will enhance internal validity.
Furthermore, based on the CBL-Ethnoscience-
4STMD strategy, new topics in chemistry, such as
thermodynamics or organic chemistry, should be
developed and implemented in computer-assisted
learning environments to assess their lasting im-
pact on student attitudes and performance.

In this study, non-parametric statistics were
chosen not because of sample size but because
of the data’s characteristics. Preliminary tests
indicated that the data did not meet normality
assumptions, and both conceptual understanding
and critical thinking scores were based on ordinal
rubrics. Therefore, Spearman’s tho was the most
appropriate method. However, this study served
as an initial development and feasibility evalua-
tion of the integrated e-book, and institutional
constraints prevented the formation of a control
group. This limitation has been acknowledged,
and we recommend that future studies employ an
experimental or quasi-experimental design with
a control group for stronger validation. Therefo-
re, although the effect size indicates a significant
change in strength, the interpretation of these
findings still requires caution. Future research is
recommended to use experimental designs with
control groups or longitudinal designs to strengt-
hen causal inferences and test the intended lear-
ning impact.

CONCLUSION

From the results and discussion, the CBL
e-book on ethnoscience related to colloid mate-
rials, developed according to the 4STMD, is a
feasible and effective learning material for che-
mistry. This learning material aligns with the
learning curriculum, is scientific, and organizes
materials systematically through local wisdom,
specifically in the context of tofu wastewater tre-
atment, to enhance students’ understanding of
concepts and critical thinking skills. The analy-
sis revealed that experts highly scored feasibility,
and students achieved 86.5% understanding. The
correlation analysis results show a very strong
positive relationship between conceptual under-
standing and critical thinking skills (r = 0.9496).
The coefficient of determination (r> = 0.9018)
indicates that 90.18% of the variation in critical
thinking skills can be explained by conceptual
understanding. Based on the above findings, it is
evident that digital learning materials grounded
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in ethnoscience and context positively enhance
students’ critical thinking skills and help them
associate the learning of chemistry with SDG 4
and SDG 12. This e-book, when implemented in
a class setting, stimulates problem-solving skills,
teamwork, and appreciation for the environment
through real-world problems that are meaning-
ful to different cultures. Thus, this model holds
promise for making chemistry learning more
significant, student-centered, and sustainability-
infused.
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