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ABSTRACT

Teaching the fundamentals of chemical kinetics on the college level is challenging to teachers and 

students alike due to its abstract nature of concepts and limited connection with real context 

applications. The study consisted of two phases starting with designing a chemistry education-for 

30 sustainable development-based learning environment of reaction kinetics, followed by a case study 

where students' perceptions towards learning chemistry by solving a real environmental problem using 

digital resources, spreadsheets, and an active learning environment, were explored. First, we designed 

a Socio-Scientific Environmental Chemistry module centers on the sorption kinetic processes of 

herbicides in Volcanic Ash Derived Soils (VADS) and their potential to pollute groundwater. The 

35 objective of the learning module was to contribute to the development of sustainability skills, to 

promote learning of contextualized chemistry knowledge, and development of scientific skills. This 

module employs spreadsheets as computational tools in chemistry to model real sorption kinetic data 

of herbicides in VADS. The learning module was designed for one section of two Analytical Chemistry 

courses and one Physical Chemistry course of an undergraduate chemistry teacher-training program. 

40 After the design phase, the learning module was implemented in each course, and students' 

perceptions were gathered using the focus group technique. The sample was of 22 students 

distributed into three focus groups. The data collected were analyzed and categorized through 

qualitative content analysis using the Technological Pedagogical Science Knowledge (TPASK) 

framework. Based on our findings, the students acquired contextualized chemistry knowledge and, 

45 develop skills and knowledge related to using digital resources and spreadsheets in a scientific 

context. Besides, the pre-service chemistry teachers' knowledge of pedagogy allowed them the 

development some elements of their Pedagogical Science Knowledge and TPASK. This case study 

contributes showing that the Problem-Based Learning approach offers great potential in supporting a 

learning environment suitable to work with spreadsheets to solve real-environment problems in 

50 chemistry education.
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GRAPHICAL ABSTRACT

55

KEYWORDS
Audience: First-Year Undergraduate. Domain: Analytical Chemistry, Physical Chemistry, Environmental 

Chemistry, Pedagogy: Collaborative / Cooperative Learning, Problem Solving / Decision Making. Topics: 

Agricultural Chemistry, Applications of Chemistry, Kinetics, Laboratory Computing / Interfacing.

60 INTRODUCTION
On the College level, chemical kinetics is traditionally considered a difficult and challenging 

subject-matter in Physical chemistry courses by teachers and students alike.1 On the one hand, some 

of the most pressing problems currently facing chemical education are content overload, isolated facts, 

lack of transfer, lack of relevance, and inadequate emphasis.1a,1a, 1b,2 The abstract nature of concepts 

65 and limited connection with their real scientific contexts are important factors that influence students' 

performance in these courses.2 In this context, there is a great need for developing more holistic 

context-based chemistry learning materials that will introduce students to real science where 

chemistry topics are applied.2-3 On the other hand, the fragmented approach reduces the time reserved 
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for learning the chemistry basics properly and may lead to a lack of relevance in teaching chemical 

70 kinetics' fundamentals.

EDUCATION FOR SUSTAINABLE DEVELOPMENT AS A DESIGN FRAMEWORK
Sustainable development is defined as "development that meets the needs of the present 

generation without compromising the ability of future generations to meet their own needs".4 As an 

educational framework, Education for Sustainable Development (ESD) usually addresses 

75 sustainability through three perspectives: ecological, economical, and social. These categories have 

inspired Burmeister et al. (2012)5 to suggest four models for implementing ESD in chemistry 

education: 

1. adopting green chemistry principles in the experimental work

2. adding sustainability strategies to chemistry teaching as a content level

80 3. using controversial sustainability issues as a context for developing socio-scientific thinking

4. implementing chemistry education as a part of ESD-driven school development.5

The above mentioned models are not isolated. They are an overlapping set of design tools that 

enable designing holistic learning environments that address ESD framework comprehensively (Figure 

1). We argue that chemical kinetics is a suitable chemistry topic studied in the context of ESD. In this 

85 regard, it presents a learning environment for chemical kinetics designed within the framework of ESD 

according to United Nations Educational, Scientific and Cultural Organization (UNESCO) guideline.5-6 

This organization emphasizes that to educate students in the interdisciplinary challenges related to 

sustainability is an essential responsibility of present-day teachers.7 Develop and implement curricula 

that solve global issues is a promising strategy to improve chemistry training and education. Various 

90 studies show that introduction to sustainability-related topics in college increases students' awareness 

of environmental issues.8 
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Figure 1. Knowledge components to design holistic learning environments into the ESD framework.

PROBLEM-BASED LEARNING AS A PEDAGOGICAL MODEL: REAL ENVIRONMENTAL PROBLEM AND 
95 TECHNOLOGY SUPPORT

Some arguments providing students with a sense of real-world connection with a real 

environmental problem (REP) could foster enhanced critical thinking and technological-analytical-

reflexive skills.9 These essential skills are especially relevant within environmental chemistry, given the 

subject's complexity and interdisciplinary nature, to resolve a REP. The ESD framework is needed to 

100 understand the design decisions made in developing a Problem-Based Learning (PBL) learning 

environment to solve global issues such as REP inspiring learners to act for sustainability.
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In 1999, in agreement with the recommendation for the academic community to develop context-

based curricula that incorporate PBL, Wenzel T.,10 through the description of diverse examples, shows 

that it is possible to design courses that can simultaneously develop the foundation, content, and 

105 REP-solving nature of analytical chemistry (Table SI 1).9a, 10-11 In this regard, PBL is a method that 

incorporates students' interests and promotes a positive attitude toward science. Furthermore, PBL 

method makes students actively responsible for their own learning, fostering competencies such as 

enhanced creative thinking ability, self-regulated learning skills, autonomy, self-evaluation, creativity, 

collaboration, synthesis, communication, problem-solving, and development of useful laboratory skills 

110 such as collecting data and extracting and analyzing samples.12

In the PBL learning environment, the teacher presents students with the challenge of solving a 

significant, relevant, and real problem,13 that can be approached through team collaboration and 

employs multimedia tools.14 First, students identify the information needed to approach the problem. 

Next, they acquire relevant information through sources such as textbooks, peer-reviewed journals, 

115 and reliable internet sources. Finally, students return to solve the problem using diverse 

philosophical, sociological, psychological, historical, practical knowledge.9a

Applying this method to solve REP in the framework of ESD exposes students to all aspects of 

research, from study' design and lost or damaged samples and data, to a conclusion backed by 

evidence.12a

120 The chemistry education research has demonstrated that incorporating REP into the teaching-

learning processes promotes comprehension of the underlying chemical principles.8a Furthermore, 

educational studies have shown that approaching scientific principles through a social, economic, and 

environmental lens with the distinct purpose of solving a REP leads to more effective learning.8a, 8c, 15 

The interdisciplinary nature of REP inherently offers the simultaneous development of various 

125 disciplines like chemistry, mathematics, physics, biology, environmental chemistry, and environmental 

education.

As reflecting ESD to our REP context, the relationships between human activities and soils and 

their effects on other components of the environment should be an essential aspect of Soil Science in 

collaboration with allied sciences, but also with social, legal, economic, cultural disciplines, and the 
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130 field of pedagogy and education. In this sense, the International Union of Soil Sciences recognizes the 

importance of soils to healthy life and environment for which it is necessary to promote their education 

and public awareness throughout the global community at all levels for a more resilient future. In this 

sense, soil awareness should be enhanced throughout the global community at all levels for a more 

resilient future, emphasizing the Learning content of soils in the framework of ESD, since i) soil should 

135 be considered a key component to help mitigate climate change within the renewed international 

framework on climate change because is the primary carbon reserve in the world; ii) soil sustainable 

management should be crucial to avoid its degradation processes (i.e., pollution), and iii) soil 

protection should be a vital issue designated for food and water security, a central point to reach many 

of the 17 Sustainable Development Goals adopted by the United Nations General Assembly.

140 Today, to satisfy the greater food demand through agriculture, herbicides are applied directly to 

the agricultural soils such as volcanic ash derived soils (VADS) to get rid of weeds (Figure 1). Once 

herbicides are incorporated into the environment, they are subjected to various processes, such as 

sorption-desorption, absorption by plants, degradation, and consequent transport (Figure 1), where 

the sorption process is one of the main ones, since they govern the dynamics of herbicides in the soils.

145
Figure 2. The principal processes that affect the fate and transport of pesticides in soils.
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Because of their high water solubility, herbicides are easily detected in groundwater,16  and 

their misuse has negative effects on crops, environment (i.e., soils,17 surface water, and groundwater 

150 contamination) (Figure 2), human health, and animals.18 In the researches described previously,17 

physicochemical properties of the adsorbate-adsorbent are evaluated for the interpretation of kinetic 

parameters such as maximum soil adsorption capacity ( ), adsorption rate constants (  and ), 𝑞𝑚𝑎𝑥 𝑘1 𝑘2

and initial rate constant ( ), with the purpose of suggesting to prevent groundwater contamination.ℎ

Currently, there is a growing body of research focused on the study of sorption kinetics of 

155 organic/inorganic pollutants in soils to assess the potential risk of groundwater pollution and the 

generation of new adsorbents with the purpose of remediation of residual waters.17c-e, 19 Herbicides 

represent a pollutant of interest for research due to their tendency to leach into groundwater (Figure 2) 

3a, 3c, 3d, 5 Based on the above, it is necessary to transfer this awareness of environmental issues along 

with ethical and practical principles of sustainability from research to teaching and learning in socio-

160 scientific environmental chemistry (SSECh) education. In this regard, the learning environment 

designed for SSECh module is an example of a holistic approach and inquiry-based that engages 

students to develop their socio-scientific argumentation skills through collaborative learning.6, 20

In this study, on the one hand, soil science is used in the module design to support the training of 

pre-service chemistry teachers' in the framework of ESD to SSECh education, familiarizing them with 

165 the chosen REP related to the sorption kinetic behavior of some herbicides (adsorbate) into VADS 

(adsorbent) and their potential risk of leaching to groundwater, as a context for holistic socio-scientific 

chemistry education. On the other hand, the module design integrates the ICT to solve REP in the 

classroom as a way of developing technological skills in the students. Also, ICT supports sustainable 

thinking and autonomous work.21 Table SI 2 in supplementary information shows studies that 

170 consider the application of ICT in disciplines like physical, analytical, organic, and inorganic 

chemistry.

The SSECh module objective is to contribute to the development of sustainability skills in the 

students. Moreover, allow them to actively participate in active citizenship since it enables them to 

make informed decisions and to take responsible actions for environmental integrity, economic 

175 viability, and a just and sustainable society for present and future generations.
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In addition to designing an ESD-based learning environment for reaction kinetics, this study 

inquiry into pre-service chemistry teachers' perceptions of learning chemistry by solving REP using 

digital resources, spreadsheets, and an active learning environment. This research is directed through 

the following research questions:

180  RQ1: What kind of possibilities do reaction kinetics offer for designing chemistry education 

that addresses socio-scientific issues?

 RQ2: What kinds of perceptions do pre-service chemistry teachers have on learning socio-

scientific issues through problem-based learning?

 RQ3: How did pre-service chemistry teachers experience the use of technology in the socio-

185 scientific environmental chemistry module to support the development of technological 

pedagogical science knowledge?

For answering the RQ1, it was designed an SSECh module for learning reaction kinetics through 

REP, which included spreadsheet use. It was implemented in a pre-service chemistry teacher program 

through Problem-Based Learning (PBL) to promote autonomous work in problem-solving. The pre-

190 service chemistry teachers' perceptions (RQ2 and RQ3) were studied through a qualitative case study 

after the module's implementation. Because of the emphasized use of digital resources and 

spreadsheet, the data was analyzed using Technological Pedagogical Science Knowledge (TPASK) 

framework.22

DESCRIPTION OF THE DESIGNED SOCIO-SCIENTIFIC ENVIRONMENTAL CHEMISTRY MODULE (RQ1)
195 The SSECh module was organized within the PBL framework to introduce environmental chemistry 

education majors to a REP. The students responded to a REP associated with the sorption kinetics of 

the herbicides Glyphosate (GPS), Metsulfuron-methyl (MSM), and Diuron (DI) in VADS, their 

differences in sorption rate, transport, and groundwater contamination potential (Table 1). To provide 

real-world context for this REP, the herbicides selected for SSECh module are among those most 

200 widely used in the world and the most commonly sold in Chile according to the last pesticide purchase 

and sale report of the Agricultural and Farming Service (Table SI 3 in supplementary information).23 

The selected VADS represents 70% of Chile's farming area, principally its central-southern zone (Table 
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SI 4 in supplementary information). The morphological characteristics of VADS and their interaction 

with these herbicides were also considered.

205 The PBL learning environment considered a dynamic semi-structured REP conducted as a part of 

the regular teaching activities within the Analytical and Physical chemistry courses (Qualitative 

Analytical Chemistry [QACh I]; Quantitative Analytical Chemistry [QACh II]), and Physical Chemistry 

course [PCh II]) offered in the fifth and sixth semesters of an undergraduate chemistry teacher-training 

program (Table 1).
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Table 1. Chemistry Topics and Research Questions Implemented in QACh I, QACh II, and PCh 
II Courses
Research Question in the Context of a Real Environmental Problem
Which VADS is more efficient in retaining a herbicide (glyphosate, 
metsulfuron-methyl, or diuron) to prevent the potential risk of 
groundwater pollution?

Which of the six herbicide-soil systems is 
more efficient in controlling weeds and has 
less groundwater contamination potential?

Chemistry Topics by Course
Phase I: Qualitative Analytical 
Chemistry I

Phase II: Quantitative Analytical 
Chemistry II

Phase III: Physical Chemistry II

Kind of samples Statistical treatment of 
experimental data set of sorption 
kinetic studies

Rate of Reaction: Rate Laws, Rate 
Constants, and Reaction Order; Reaction 
profile

Sampling and sample 
preparation

Least squares method applied to 
the calibration curve

Rate Equations: Differential Rate equation; 
Integrated Rate Expression for the first 
order Rate Law; Half-lives and time 
constants; Integrated Rate Expression for 
the second-order Rate Law; Integrated Rate 
expression for the zeroth-order rate law. 
Pseudo-first-order and Pseudo-second-order

Critical physicochemical 
properties of solid samples

Design of batch sorption 
techniques concerning sorption 
kinetics models

Determination of the Rate Law: Analyzing 
data using the integrated Rate Laws 

Qualitative analysis of soil 
samples

Environmental method of 
herbicides analysis with 
different physicochemical 
properties, matrix effects in 
quantitative analysis

Batch sorption techniques

Interpreting the rate of the 
chemical reactions in the 
environment and their variation 
in the soils’ qualitative analysis

Interpreting the Rate of Reactions 
in the environment and their 
variation in time by organizing and 
processing real sorption kinetic 
data information

Experimental design: Isolation method and 
initial rate method; reactions approaching 
equilibrium; monitoring the progress of a 
reaction
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The REP solving process was conducted in three phases of the cyclic work procedure of PBL shown 

in Figure 3. Each PBL work includes nine stages, wherein the learning process starts with stating the 

PBL problem and ends with a pedagogical learning reflection. Below, a detailed description of all 

phases from Table 1.

215 Phase I: The students carry out a qualitative analysis (i.e., color, texture, permeability, organic 

matter suspension, and odor) of two VADS samples of Ultisol and Andisol orders (Table 1). Then, they 

use the results of physicochemical characterization of both soils (Table SI 3 in supplementary 

information) to determine the soil taxonomy (Ultisol or Andisol).24, 17b-d Each PBL team select a 

herbicide (DI, MSM, or GPS) along with the COLL and NBR soils, and work with its kinetic parameters 

220 ( , , , and ) published previously,17b-d to evaluate the in-batch conditions of each kinetic study. 𝑞𝑚𝑎𝑥 𝑘1 𝑘2 ℎ

Students use specialized bibliography and descriptive videos prepared by us, which show the sampling 

of VADS and each stage of the batch study. With this base, each team evaluates the quality of the 

sorption kinetics experimental data set24a ( , equilibrium time, soil-herbicide solution relationship, 𝐶𝑜

Table SI 5 in supplementary information). In this first phase, the students analyze the instrumental 

225 quantification technique used (HPLC-DAD; GPS-SDCV system DPV) for each herbicide-soil system 

(Table SI 6 in supplementary information) according to its physicochemical properties (Table SI 3 and 

4 in supplementary information). Furthermore, each team uses statistic criteria (Goodness-of-fit, ) in 𝑅2

the spreadsheet to evaluate the calibration curves and analytical quality parameters ( , , , and 𝐿𝑂𝐷 𝐿𝑂𝑄 𝑆

). Consequently, each team interprets their results considering the qualitative analysis and a 𝑙𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦

230 selection of physicochemical properties of the COLL and NBR soils (e.g., , % , % moisture, bulk 𝑝𝐻 𝑂𝐶

density, texture, minerals).

Phase II: Each PBL team continues working with the same data set selected in the first phase. In 

this phase, they have to decide which kinetic model (Pseudo-First Order or Pseudo-Second Order) is the 

best one to fit the experimental data of sorption kinetics for the selected herbicide in the soils COLL 

235 and NBR using statistical criteria (Goodness-of-fit, ) and lowest standard deviation for each 𝑅2

parameter ( , , , and ). The accuracy in predicting  (from Pseudo-First Order or Pseudo-𝑞𝑚𝑎𝑥 𝑘1 𝑘2 ℎ 𝑞𝑚𝑎𝑥

Second Order models) was used as criteria to define the most suitable model to describe herbicide 
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adsorption kinetics on VADS. In this phase, the students use the set of parameters to identify which 

soil order (Ultisol or Andisol) is more efficient in their herbicide sorption. Consequently, it has less 

240 groundwater contamination potential.

Phase III: Finally, each PBL team applies the kinetic sorption models to the experimental datasets 

of three herbicides (DI, MSM, and GPS) in both COLL and NBR. The team has to decide: which of the 

six herbicide-soil systems is more efficient in controlling weeds and has less groundwater 

contamination potential? In this phase, the relationship between the theoretical bases for each 

245 sorption kinetic model in VADS, employing specialized bibliography24 was used as criteria for 

interpreting their modeling results and to define the most suitable model to describe herbicides 

sorption kinetics. To achieve this goal, they must incorporate in the herbicide-VADS systems analysis 

their previous knowledge and the theoretical aspects of physical chemistry.

250

Figure 3. Descriptions of the activities carried out in each stage in implementing the SSECh module "Sorption Kinetics of 
Herbicides in Volcanic Ash Derived Soils (VADS)" for training Chemistry Teachers. Inside of circular arrow: Sorption kinetics of 
GPS (blue), DI (green) and MMS (red) on VADS: COLL (□) and NBR (△). Symbols represent the experimental data while lines 
represent the theoretical curves described by the Pseudo-Second Order.

255

Digital resources
Solving the REP required characterizing the physicochemical properties of the adsorbate (herbicides)-

adsorbent (VADS) (Table SI 3 and 4 in supplementary information) and determining the herbicides 
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sorption kinetic parameters (Table 2). Digital resources such as videos of the sampling, pretreatment 

260 of soil samples extraction, herbicides sorption kinetic experimental procedures, and Excel tutorials to 

obtain the herbicides sorption kinetics parameters were produced at the PachemLab research 

laboratory. Concerning the learning outcomes in the ESD framework, the students were able to access 

a 3D view of PachemLab and the research equipment used to acquire the experimental data.

This computational tool facilitates organization and analysis of the data yielding herbicides 

265 sorption kinetics parameters such as , ,  and , by applying pseudo-first-order and pseudo-𝑞𝑚𝑎𝑥  𝑘1 𝑘2 ℎ

second-order kinetics models (Table 2).17c, 17d, 19, 24 These visualizations served to enhance 

comprehension of the herbicide sorption data in a short time. Interpreting the data required students 

to understand and apply concepts regarding equilibrium time, sorption rate, and sorption percentage 

of the herbicide in the soil (Table SI 8 in supplementary information). The resources for teaching this 

270 module and supplementary materials are available at https://pachem.cl/educacion-quimica/moduloi 

and can be downloaded and adapted to students' levels and time limitations.

275

280

285
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Table 2. Theoretical and Empirical Description of the Pseudo-First- and Second-Order Kinetic Models
Equation Parameters Theoretical and Empirical Description
Sorbed quantity: : Sorbed quantity (μg g–1) at any qt = Cs

soil-solution contact time  (min) for t
kinetic sorption experiments
C0: Initial concentration of herbicide in 
solution
Ce: Equilibrium concentration of herbicide 
in solution

qt = (C0 ― Ce) ∗ V/M (1)

: Solution/soil ratioV/M

The sorbed quantity is obtained from a 
mass balance between the initial 
concentration and equilibrium 
concentration of herbicide in solution. 
This equation is valid when 
degradation and precipitation are 
negligible during the sorption process.

Sorption Kinetics Models

Pseudo-first-order 

(PFO) model:a

: is the maximum sorbed amount qmax
(µg g–1)

log(qmax ― qt) = logqmax ―
k1

2.303t
(2)

k1: Rate constant (min–1)

This equation fits better at high  C0
values. The  is a combination of k1
sorption  and desorption  Rate (ka) (kb)
constants.b Its magnitude is influenced 
by experimental conditions (pH and 
temperature) and particle size (small 
particle size implies large values of ).k1

k2: Rate constant (g μg–1 min–1)Pseudo-second-order 

(PSO) model:b,c
Derived parameters from eq 3:

h: Initial sorption rate
(g μg–1 min–1), h = k2qmax

2

: Half-life time (min)t1/2

t
qt

=
1

qmax
2k2

+
1

qmax
t (3)

t1/2 = 1/(k2qmax)

This equation fits better at low  C0
values.b The  is a complex function of k2

, because it is a time scale factor C0
that decreases when  increases. C0
Additionally, the model assumes that 
sorption capacity may be proportional 
to the number of active sites occupied 
on the soil.d

aSee ref 17c. bSee ref 25. cSee ref 26. dSee ref 27.

CASE STUDY: PRE-SERVICE CHEMISTRY TEACHERS PERCEPTIONS'
290 For answering the RQ2 and RQ3, the designed module "Herbicides sorption Kinetics in Volcanic Ash 

Derived Soils" was implemented in the courses described earlier, and pre-service chemistry teachers' 

perceptions were studied through a qualitative case study.28 The objective of the case study is to 

produce descriptive knowledge of the educational possibilities and challenges of the designed SSECh 

module.

295 All students were pre-service chemistry teachers enrolled in the fifth (QACh I) and sixth (QACh II 

and PCh II) semester of an 8-semester bachelor's degree in Chemical Education at a Chilean 

university. The average age of the participants was 22 years old. For this advanced-level course, the 

students must have undertaken academic courses on the subjects of pedagogical studies (e.g., 

knowledge of pedagogy, learning, education policies, and curriculum), chemistry studies (i.e., general 
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300 chemistry I and II; inorganic chemistry I and II; organic chemistry I and II; and physical chemistry I), 

nature of science studies, and teaching practices (i.e., Practices I–III).

The module was implemented in three consecutive phases (Table 1): i) Phase I, QACh I course (first 

section/5° semester); ii) Phase II, QACh II course (first section/6° semester), and iii) Phase III, PCh II 

course (third section/6° semester). In each phase, students worked on the research question 

305 collaboratively and under the instructor's guidance. In all phases, the students were divided into PBL 

workgroups, which were maintained during the implementation (Table 1). The PBL scenario 

description, which can be found in the supplementary information (SI 4), was provided by the teacher 

to inform the student's deliberations. It was verified via an initial background interview that the 

participants had no previous experience with PBL methodology. During the implementation, and 

310 consistently with PBL methodology, it was the responsibility of students, according to their role in 

their teams, to identify, gather, and analyze additional information related to the PBL scenario (Fig. 2). 

The implementation of the module in the classroom was carried out in nine stages. In these stages, 

different educational resources were provided to the students (Table 1). More detailed descriptions of 

the activities carried out in each stage are described in SI 3 in the supplementary information.

315 Focus group procedure and participants
The research sample is quite homogeneous because the sample size is small, and all respondents are 

studying at the same academic program and university. Also, participants' knowledge of chemistry, 

pedagogy, and technology are relatively uniform, and it assumes that they regularly exchange 

experiences and ideas with each other. The 22 students that took part in the research did so 

320 voluntarily and signed an informed consent document. They were informed that the collected 

information would be used in a manner that would not allow for the identification of any individual 

and that they always had the option to decline to participate in the focus groups. These 22 students 

were divided into three focus groups: 6/16 students from group 1 (students took QACh I and QACh II), 

7/16 from group 2 (students took QACh I and QACh II), and 9/16 from group 3 (students took QACh 

325 I, QACh II and PCh II).
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Data gathering
Data was gathered using semi-structured interviews designed with open-ended questions (Table SI 12 

in supplementary information), which were conducted at the end of each semester in focus groups.29 

Conversations were recorded in video and later transcribed to preserve the fidelity and totality of the 

330 participants' discourse (interview questions and answers are presented in SI). The focus groups were 

conducted by a moderator, who began with a descriptive open-ended question to encourage active 

participation and collect the students' perceptions in each stage of implementation. The moderator did 

not participate in the implementation of the module. Additionally, the focus group included questions 

intended to cover aspects of three constructs of the TPASK framework: Science knowledge (SK), 

335 Technological science knowledge (TSK), and Pedagogical science knowledge (PSK)(Table 3).22b At the 

end of the focus group, a question was included to evaluate students' own learning.

Data analysis
The data collected were analyzed using qualitative content analysis.30 A first segmentation of the 

textual corpus was carried out based on the focus group's interview questions. The transcripts of 

340 recorded focus groups were divided into discourse episodes according to turns in the conversation 

guided by the items and then independently analyzed and categorized into four categories: SK, TSK, 

PSK, and TPASK.22b Table 3 presents the analysis process.

RESULTS AND DISCUSSION
While often instructors in QACh and PCh courses are experts in these subjects, they often do not 

345 have specific pedagogical knowledge. This trajectory of SSECh module design and implementation 

relies on our own expertise as instructors and researchers in the areas represented by the TPASK 

components – chemistry specialty (SK) and pedagogical chemistry specialty (PSK), and expertise with 

the spreadsheet applied to chemistry (TSK).22b This study describes a case regarding how the TPASK 

can be employed for teaching pre-service teachers subjects of analytical chemistry and physical 

350 chemistry, highlighting the importance of instructor expertise on the design and implementation. The 

kinetic sorption models in VADS used in the design of the modules allowed students to discover the 

concepts of environmental chemistry and chemical kinetic, and run simulations by manipulating 

variables such as herbicide molecular structure (Diuron [urea, nonionizable]; Glyphosate 
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[organophosphate, ionizable] and Metsulfuron-methyl [sulfonylurea, ionizable]) (Table SI 4 in 

355 supplementary information), kinetic model (pseudo-first-order and pseudo-second-order) (Table 2) and 

soil taxonomy (ultisol and andisol) (Table SI 3 in supplementary information). The students modeled 

the effects of those manipulations using spreadsheets to analyze the numeric data of herbicide soil 

sorption kinetic. Also, they used spreadsheets to evaluate different sorption kinetic models of the 

herbicide on VADS. Afterward, they tested their hypotheses about how different chemical structures 

360 and soil physicochemical properties might change the sorption kinetic and herbicide transport to 

groundwater.

The perceptions of pre-service chemistry teachers regarding the SSECh module were analyzed 

through descriptive categories established using the TPASK framework.22b Table 3 synthesizes some 

results of this analysis, highlighting the main findings regarding students' perceptions about their 

365 participation in this module.

Pre-service chemistry teachers' perceptions of PBL as a pedagogical model for socio-scientific environmental 
chemistry (RQ2)
The structure of SSECh module allowed students to revisit basic ideas of the knowledge implicated in 

solving REP. This structure considers three cyclic and continued phases of the PBL work and 

370 progression in the subject matter of analytical chemistry (phase I and II, Table 1) and physical 

chemistry (phase III, Table 1) courses. In the physical chemistry course, the students had the 

opportunity to build from what they had learned in the previous analytical chemistry courses. They 

could gradually deepen their chemical kinetic knowledge (SK) and understand REP (B1E2-SK in Table 

3). Consequently, students perceived themselves as developing meaningful learning in SSECh module 

375 (B1E2-SK into Table 3) and stated feeling motivated in their participation.

Furthermore, the results obtained in the perception study shows that students value the PBL learning 

environment as facilitating the development of scientific skills and learning about chemistry specific 

subject matter (B1E5-PSK into Table 3), indicating that this positive perception is an effect of the 

SSECh module, which was implemented using a REP in a PBL learning environment.

380 The SSECh module structure requires students to seek information from different sources to shape 

their own learning, thus developing skills needed for autonomous inquiry (A1E9-PSK and A2E2-PSK 
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into Table SI 13 in supplementary information). This finding is in good agreement with our recent 

research, which has suggested that incorporating technological tools into a PBL-based module is 

perceived by students as effectively supporting the development of self-regulated research-related 

385 skills and exploring different types of calculations through autonomous work.22a Likewise, students' 

positive valuation of their experiences in this PBL learning environment leads them to project this 

learning environment as an approach likely to be implemented in their future pedagogical practices as 

in-service teachers (B1E5-PSK into Table 3).

In general, students positively valued the REP practices in the PBL learning environment, 

390 explaining that it provided opportunities to connect new knowledge with their diverse everyday 

experiences (B1E5-PSK into Table 3 and B1E3-PSK into Table SI 13 in supplementary information). 

Consequently, when the REP focuses on subject-specific chemistry knowledge seems effective in 

promoting the development of particular environmental chemistry concepts and to elicit higher-order 

thinking (A1E8-SK, A2E1-SK, and A1E1-SK into Table SI 13 in supplementary information). Similarly, 

395 a previous study in mathematical problem-solving indicates that real-world problems provide 

opportunities for students to enhance their critical thinking and inventive thinking.31

400

405
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Table 3. Analysis Criteria for SK, TSK, PSK, and TPASK Constructs
Category and Description Selection Criteria Coding Examplesb

Progression in subject-
specific to chemistry or 
science knowledge 
comprehension/ 
application (increasing in 
complexity grasping, 
deepening in proceedings 
understanding/ 
comprehension of data 
origin).

B1E2-SK: We did the module in analytics before physical-
chemistry, which helped me a lot to complement both things 
in the module. I learned more in the applied module of 
physical chemistry than in the applied module in analytics. 
This is because in analytics, I did not have the knowledge of 
physical chemistry, which was kinetics, conversely, when we 
did the module of kinetics in physical-chemistry, I already 
had the preconceptions of analytics and more applied to 
kinetics. So, at least for me, it was much easier to 
understand everything, and I learned a lot

SK: This is subject-specific 
knowledge like chemical kinetics. 
This Knowledge represents the 
understanding of models, protocols, 
practices, and products of the 
science community (distal knowledge 
of the nature of sciencec), which may 
or may not be included in the 
science education curriculum during 
a specific period. In this regard, this 
knowledge component is 
independent of its projections to 
pedagogical contexts because their 
building is directly related to science 
development.

Progression on the 
development of scientific 
skills.

B1E2-SK: the way the problem was posed in the module 
we did in analytics and in the one we did in physics, it was 
very different because in chemical-analytics, you had to 
use one herbicide, and in physical-chemistry, you had to 
use all three. So, the posing of a problem was not only to 
know if, because the problem was that if the groundwater 
was going to be contaminated with this herbicide or not, in 
analytics. In physical chemistry, it was which of these 
three herbicides was more efficient. So, there was a skill in 
scientific skills, I developed more in the first one, but I was 
able to apply it better in the second application because it 
was a more complex application of the problem. It was no 
longer just analyzing one herbicide with two soils; it was a 
matrix of 6 situations. Then, it was already much more 
complex, and I was able to apply the scientific skills that I 
had developed before.

TSK: In good agreement with our 
previous work,d we interpreted the 
TSK as the knowledge of how to use 
mathematical models to represent 
and apply science concepts using 
spreadsheets software and numeric 
and symbolic approaches software. 
In this sense, this knowledge 
component is directly related to 
technology application of 
mathematical models in science.

Knowledge of 
physicochemical models 
suited to use with 
spreadsheets.

B1E3-TSK: You had results or data delivered by Excel, and 
with the disciplinary knowledge you could not make sense 
of that data because..., without the Excel tool, this would 
have been another type of work much more laborious, and 
I feel that Excel favored quite a lot in the delivery of data 
and in the interpretation of data.

PSK: This knowledge represents the 
understanding of models, protocols, 
practices, and products of the 
science community (distal knowledge 
of the nature of sciencec) included in 
science education and how these 
can be used to implement learning 
environments that promote student 
learning. PSK includes 
understanding students' science 
knowledge building in teaching 
contexts (proximal knowledge of the 
nature of sciencec).

Projecting the module's 
learning experience to 
pedagogical contexts (i.e., 
school system) to facilitate 
their future students 
achieving the capacity to 
make model-based 
decisions about 
environmental systems.

B1E5-PSK: The fact that one has been taught a 
methodology would be very useful to us because we 
participate in that methodology, we know how we can 
learn according to that methodology and thus be able to 
apply it in a better way in the future to the students 
because we will already have the knowledge of how we 
learn with the methodology. (…) Now we have more 
knowledge of how we learn with problem-based learning 
than with other methodologies. So, I think it is especially 
important because, at the end of the day, one wants to 
apply them.

TPASK: This knowledge represents 
the pre-service teacher's 
understanding of how to use 
mathematical models to apply 
science concepts using spreadsheets 
software to design learning 
environments that promote student 
science learning.

Projecting the learning 
experience using 
spreadsheets in a REP to 
pedagogical contexts (i.e., 
school system) as a mirror 
value to facilitate future 
students achieving a deeper 
and more grounded 
understanding of the effect 
of chemical compounds on 
the environment.

A1E7-TPASK: I think it would be more meaningful the fact 
that [future students] feel they are participating in the 
construction of learning through activities, in this case, 
either through videos, Excel, or some more technological 
way, I think that they interact directly, they can change 
variables, they can see what effects occur. I feel that for 
them, it would be a more meaningful learning experience, 
and besides, they would feel the importance of 
constructing their own learning, that this isn't just a 
teacher-student monologue, but it is a different dynamic...

aSee ref 22b. bCodification into the table: (Focal group)(Student code)-(TPASK code), e.g., B1E5-PSK. cSee ref 32. dSee ref 22a.

410
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Pre-service chemistry teachers' perceptions of SSECh modules impact on their TPASK (RQ3)
The results of the qualitative content analysis illustrated in Table 3 showed that pre-service chemistry 

teachers considered the tutorial video helped them to become more confident about using the 

spreadsheet in their learning process. Specifically, they commented that they learned how to use the 

415 worksheet to solve the REP from both the tutorial video and their hands-on exploration (A1/Dialogue 

and A1E2-TSK into Table SI 13 in supplementary information). This result is in good agreement with 

Koh and Frick (2009) findings, who showed pre-service teachers were more motivated in their 

computer skills learning when a combination of tutor demonstration and student self-paced 

exploration was used.33 Examples that TSK was developed by the students are presented in their 

420 comments regarding the use of spreadsheets as kinetic chemistry modeling learning tools. This 

comment illustrates students' perceptions that mathematical modeling tools integrated with chemical 

kinetic of sorption improve their capabilities of reasoning, data interpretation, and problem-solving 

through the evaluation of different kinetics sorption models (A2E3-TSK into Table SI 13 in 

supplementary information). Besides, students perceive that the work with kinetic sorption data and 

425 the review of different kinetic sorption models could be very time-consuming without using 

spreadsheets (A2E3-TSK and B1E4-TSK into Table SI 13 in supplementary information).

The pre-service chemistry teachers' interest in integrating the spreadsheet into their own 

laboratory work progressed in a transformative way to project the use of mathematical models to apply 

chemistry concepts using spreadsheets software in their future pedagogical practices (A1E7-TPASK 

430 into Table 3). One explanation for this could be related to the spreadsheet's novelty effect on herbicides 

sorption kinetics in VADS in the SSECh context. Another explanation is that the SSECh module was 

perceived as a hands-on technologically mediated exploration to solve a REP. Both explanations point 

to relevant parts of the PBL learning environment. In this regard, pre-service chemistry teachers used 

their hands-on experiences in the SSECh module as a projecting model. Finally, their knowledge of 

435 pedagogical and chemistry, sharing with peers, and projecting this learning experience helped them 

develop a novice TPASK level.
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CONCLUSIONS
We argue that reaction kinetics offers excellent possibilities for designing socio-scientific chemistry 

learning environments and enables a holistic approach to chemistry education. Studying the processes 

440 of herbicide sorption in VADS represents an instructive application of the pseudo-first-order and 

pseudo-second-order sorption kinetic models traditionally taught in chemistry courses on the college 

level. The REP used in the module combines chemical and environmental sciences, providing an 

excellent illustration of the connection between kinetics models and physicochemical properties of 

VADS and herbicides. By pairing fundamental concepts about the features of VADS of herbicides and 

445 the sorption kinetics models with digital resources and mathematical modeling using spreadsheets, 

students learned to interpret data and rationalize their results to respond to a REP. The SSECh 

module design reveals how spreadsheets can facilitate kinetic sorption numerical and graphical data 

representations in a PBL learning environment.

Through participating in the SSECh module, on the one hand, students first acquired 

450 contextualized chemistry knowledge (SK) and developed skills and knowledge related to using digital 

resources and spreadsheets in a scientific context (TSK). The students valued a PBL learning 

environment with a REP as facilitating the developing meaningful learning of scientific skills and 

contextualized chemistry knowledge (SK). Furthermore, they perceived themselves as motivated in 

their participation in the module, and they perceived the spreadsheet to be a plausible ICT tool in an 

455 SSECh learning context. Consequently, the PBL approach in the SSECh module supplied a learning 

environment suitable to work with spreadsheets to solve REP in chemistry education, providing 

students with a window into the field of environmental science research. On the other hand, the pre-

service chemistry teachers' knowledge of pedagogy allowed them the development some elements of 

their PSK and TPASK in the module implementation. In this regard, our study suggests that for the 

460 development of TPASK as lifelong learning, there is a need to focus on improving the entire learning 

environment, not just specific aspects of the pre-service chemistry teachers' contents' education.

We propose that real environmental problems in the PBL learning environment would drive the 

educational chemistry landscape to education for sustainable development as a design framework.
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