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Abstract

Flow chemistry is a popular method in both chemical industry and research but theoretical and
practical learning opportunities for future chemists at university are scarce. To address this gap,
we designed and evaluated experiments for a laboratory course of a master’s program integrating
current research questions with elements of inquiry-based learning. The laboratory course was
developed and investigated within a participatory action research (PAR) design. This paper
presents the results of students’ pre- and post-surveys on students’ perceived learning
opportunities, research skills, and learning objectives. The findings indicate positive changes in
students’ self-assessed research skills and the inquiry-based elements of the designed flow lab
were perceived as conducive to learning. Students’ self-assessment of learning objectives
achieved also improved. Following the principles of PAR, two iterative cycles of an innovative
laboratory course were implemented and evaluated. This study contributes to research on
curriculum innovation in higher education by providing empirical insights into the design and
development of research-based laboratory courses in flow chemistry.

Keywords: participatory action research, higher education, curricular innovation and

development, flow chemistry, laboratory course

INTRODUCTION

The importance of flow chemistry has increased
significantly, especially in the last few decades. In
research and industry, it has garnered significant
attention particularly in the synthesis of fine chemicals
and active pharmaceutical ingredients (APIs) due to its
advantages compared to batch processes and the
possibility to make syntheses more sustainable (Blanco-
Ania & Rutjes, 2017; Britton & Jamison, 2017; Cerra &
Gioiello, 2021; Dallinger & Kappe, 2017; Gutmann et al.,
2015). The fundamental principle involves the
continuous mixing of liquid or gaseous reagents in a
flow reactor system, enabling a simultaneous reaction as
the reagents combine. The use of a continuous flow
reactor ensures precise control over reaction conditions
thereby often improving product purity and enhancing
safety standards. This is important, especially when
handling hazardous chemicals. Flow chemistry further

offers advantages in terms of simpler scale-up strategies
(Plutschack et al., 2017). Additionally, it has a reputation
as a green and sustainable synthesis approach due to
minimized chemical waste and in situ production of
intermediates (Dallinger & Kappe, 2017). These attributes
contribute to the widespread adoption of flow chemistry
in both industrial applications and research endeavors.
Despite its broad use and high popularity in organic
synthesis, it is surprising that flow chemistry is rarely
implemented in chemistry curricula at university level.

To achieve widespread implementation of flow
chemistry, didactically proven learning and education
materials are needed (Blanco-Ania & Rutjes, 2017) as
well as research on curricular innovation to introduce
current topics into education (Parchmann et al., 2017).
This is essential to prepare the students for their future
career and underlines the necessity to integrate flow
chemistry into academic curricula (Blanco-Ania &
Rutjes, 2017).
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Contribution to the literature

e The purpose of this study was to design a laboratory course on flow chemistry in higher education based

on action research.

e In contrast to previous studies on flow chemistry in higher education, this study examined students’
learning opportunities on flow chemistry and offers suggestions on how to teach the principles of flow
chemistry derived from research about students” self-assessment on learning objectives and the cognitive

load of the experiments conducted.

e This study contributes to the curricular innovation research in higher education and the implementation
of a laboratory course on flow chemistry with an inquiry-based learning approach.

Although many authors describe the importance of
implementing flow chemistry into higher education,
(Blanco-Ania & Rutjes, 2017; Kairouz et al., 2021) there
are only a few experiments published in the context of
teaching (Bayana et al., 2021; Kairouz & Collins, 2018;
Kairouz et al. 2021; Kuijpers et al., 2020; Penny et al. 2021;
Sun et al. 2021; van Summeren et al. 2021), and even
fewer articles that provide explicit instructions or
practical implementation strategies for laboratory
practice. One obstacle for conducting flow chemistry
experiments with students is that special equipment is
needed (Kairouz & Collins, 2018) and some experiments
are limited (Bayana et al., 2021). Further, supervision of
proper handling the flow equipment may be needed. To
overcome this lack of educational proven material and to
contribute to teaching flow chemistry in higher
education, we designed and evaluated a laboratory
course on flow chemistry based on the principles of
action research.

Aims of the Study Project

The main objective of this study was to develop well-
researched material and a laboratory design to teach the
principles of flow chemistry within a one-day practical
course, based on a participatory action research (PAR)
approach.

This study pursued four interrelated objectives: to
close the gap in the curriculum by developing evidence-
based teaching materials for flow chemistry at the
university level, to empirically investigate the learning
opportunities available to students to date, to evaluate
the experiments and laboratory design, and to foster the
collaboration between chemists, teachers and chemical
education researchers, bridging the gap between these
two domains to illustrate the benefits of a PAR project.

The laboratory course was conducted with groups of
four to six master’s students from the “technical
chemistry” program at the end of the first semester,
knowing that the students had different bachelor’s
degrees and different levels of prior knowledge in flow
chemistry due to the curricula. To tailor the course to the
learners’ prior experience, we aimed to find out what
learning opportunities the students of the master
“technical chemistry” had with regard to flow chemistry
and related topics such as continuous processing,
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laboratory experience, green and sustainable chemistry
and organic chemistry. Based on these findings, we
developed a lab course around three experiments at
increasing levels of difficulty: the determination of flow
rates, the Villermaux-Dushman protocol for determining
the mixing efficiency of mixer types and a synthesis and
optimization reaction. These experiments were designed
to be conducted in a commercially available, easy to use
and portable flow reactor (Penny et al., 2021) to combine
content learning with the promotion of inquiry-based
skills.

We wanted to determine the extent to which the
designed experiments were suitable for laboratory
teaching under the given conditions and learning
objectives, and whether the implemented elements of
research-based learning influenced the students’ self-
assessment according to their learning progress and the
achievement of learning objectives, including perceived
cognitive load.

The following research questions (RQs) were derived
from the objectives of the study.

RQ1. What learning opportunities relevant to the
laboratory course on flow chemistry were
offered to students of the master technical
chemistry in the context of their previous
science education?

RQ2. How do the students rate a one-day laboratory

course on flow chemistry regarding structure

of the lab day and the elements of guided
inquiry learning?

Are the experiments designed for the

laboratory course on flow chemistry

appropriate to achieve the learning objectives?

RQ3.

To address these RQs, we investigated the didactic
concept of this laboratory course along with the
experiments it entails and the corresponding evaluation
data across two PAR cycles. This approach provided
valuable insights into the development of a flow
chemistry laboratory course and enabled us to
disseminate new knowledge regarding the practical
aspects of teaching flow chemistry in a university-level
laboratory setting.
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METHODOLOGICAL AND
PEDAGOGICAL FRAMEWORK

The development and research of the laboratory
course on flow chemistry were guided by two
approaches: first, PAR provides the methodological
framework of the collaborative design and the iterative
refinement of the laboratory course as it is seen as an
effective approach for developing enduring teaching
concepts, particularly in higher education (Tolsdorf &
Markic, 2018, 2019). Secondly, an inquiry-based learning
approach informs the educational concept and learning
activities within the course. Together, these frameworks
support the development of curricula innovation by the
implementation of current scientific topics and enabling
collaboration between flow chemists and researchers in
teaching chemistry in higher education.

Curricular Innovation in Higher Education

As a context for our study, curricular innovation in
higher education builds on a broad body of knowledge
regarding recent findings and innovative topics in
science, technology, environment and life sciences.
Relevant content is selected and adapted using
appropriate educational methods for (higher) education
and the design of approved teaching materials
(Parchmann et al., 2017; Tausch, 2004).

In the context of flow chemistry, translating recent
findings and ongoing research into educational settings
is particularly important. The objective of the presented
laboratory course was to develop and tailor experiments
for application in higher education that elucidate the
fundamental principles of flow chemistry and highlight
its relevance for industrial and academic research. Close
collaboration with experts in the field of flow chemistry
ensures that current research content is combined with
effective teaching methods in chemistry education.

Participatory Action Research as Methodological
Framework

The integration of current scientific topics is
considered a key criterion for good quality in higher
education (Berendt, 2000). Accordingly, research
experience plays an important role in connecting theory
and practice, as research offers opportunities for both
basic and applied learning (Bargel, 2012).

PAR is a collaborative and interactive research
approach in which researchers and/or teachers and/or
learners jointly contribute to the development and
evaluation of educational concepts. The iterative nature
of PAR is characterized by cyclical phases of planning,
action, observation, and reflection, allowing for
continuous improvement based on empirical evidence
and collaborative insights (Eilks & Ralle, 2002). It is an
effective approach for developing enduring teaching

concepts, particularly in higher education (Tolsdorf &
Markic, 2018, 2019).

In this study, the role of the chemical education
researchers was to devise a didactic form of the
laboratory course, to create digital supporting material
as well as the design of the study around this laboratory
course. This collaborative setting enables the
implementation of research references in courses and the
participation in research-related activities enables the
implementation of research references in courses and the
participation in research-related activites which students
consider, which students consider to be important
(Multrus, 2009). Explicitly, a laboratory course is
designed to acquaint students with new research
methodologies like those of APIs, in flow reactors. We
applied a cyclical and iterative PAR process, adapted
from Eilks’ and Ralle’s (2002) model, which is well
researched in secondary school chemistry education and
has been extended to university-level education by
Tolsdorf and Markic (2018).

An Inquiry-Based Learning Approach

Through inquiry-based learning opportunities,
students have the chance to get away from the usual
recipe-experiment regulations. Instead, students have
the opportunity to work together as a team to solve the
problem and thus improve their teamwork and
problem-solving skills (Huang, 2022). With the aim to
implement elements of guided inquiry learning, the
laboratory course includes experiments derived from an
ongoing research project, which is to be optimized by the
students to reach full conversion of the educts. The
planning of experiments, the formulation of hypotheses,
the discussion in groups and the consideration of further
experiments can be seen as typical phases of inquiry-
based learning (Pedaste et al., 2015). Following Huber
(2004) and Griffiths (2004) the course can be classified as
research-led type of inquiry learning as it builds on
current research topics while gradually engaging
students in research-related activities. This type applies
to the experiment where students are asked to conduct a
synthesis reaction and optimize it. Overall, the course
aims to foster students’ research competencies in line
with established principles of inquiry-based learning,
which is crucial in science education (Bruckermann &
Schliiter, 2017). Hodson (2014) distinguishes between
learning through inquiry methods and learning the
inquiry methods themselves. Building on this distinction
and the classification of inquiry levels proposed by
Banchi and Bell (2008), our laboratory course can be
categorized as guided inquiry (Hodson, 2014). Students
are guided through an increasing number of
experiments, ranging from handling the flow reactor
and determining flow rates and mixing efficiencies, to
independently optimizing a synthesis reaction.
Moreover, students are required to apply previously
acquired knowledge and to discuss and select synthesis
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Table 1. Experiments and corresponding learning objectives labeled according to the categories of learning goals of Hodson

(2014)

Experiment Definition

Experiment 1. Determination Students determine different flow rates by changing the setting and equipment of the flow

of flow rates
Learning objectives

reactor. To avoid any hazards, the solvent of choice is water.
This experiment is designed to teach students about the principles of flow chemistry, as

the determination of flow rates is a basic operation for syntheses in flow (category 1).
Students can learn how to use the flow reactor and its accessories (category 1) without

using any hazardous materials
Using the Villermaux-Dushman protocol (Commenge & Falk, 2011) with inline UV-Vis
detection, students can investigate up to three different mixer types for determining the

Experiment 2. Mixing
efficiency

mixing efficiency.
Learning objectives

The learning objective of this experiment is to gain knowledge of the principles of flow

chemistry such as the effect of flow rates on mixing, mixer types of geometries and steady
state conditions (category 1). Students are able to evaluate the effect of each mixer type on
the mixing efficiency and further on a synthesis reaction in flow (category 2). Students
will learn how to collect data (category 2) and should be able to use the collected data to
answer research questions (category 3). The aim of this experiment is to find the most

efficient type of mixer.
Experiment 3.
Synthesis/optimization

The third experiment aims to combine the knowledge gained in the experiment 1 and
experiment 2 to optimize a synthesis reaction. To achieve this, students carry out a

synthesis with given starting conditions. Afterwards, they should choose parameters for
the optimization by discussing in the group and finding arguments for the chosen
parameters. Parameters could be (1) flow rate/reaction time), (2) type of mixer, and (3)
temperature. The reaction and optimizations will be analyzed by HPLC to obtain results

on conversion and yield.
Learning objectives

The knowledge and skills acquired previously is used in further experiments to choose

parameters for the optimization reaction through discussion and argumentation,
achieving/ constituting a knowledge transfer (experiment 3). Students collect data on the
conversion and yield of the reaction and the optimizations (experiment 2). The data
collected will be used to answer research questions (experiment 3).

conditions in order to achieve the highest possible
reaction conversions.

Through experimental work in the laboratory course,
students were not only engaged in “doing science” but
also in developing an understanding of research
principles and wunderlying theoretical concepts
(Bruckermann & Schliiter, 2017; Hodson 2014). The three
experiments developed for this laboratory course are
structured with an increasing level of difficulty and are
aligned with the intended learning goals summarized in
Table 1. In particular, the use of flow reactors requires
students to acquire a foundational understanding of the
key principles of flow chemistry while progressively
applying this knowledge in experimental contexts. To
systematically describe and analyze the intended
learning goals of the laboratory course, we use the
framework proposed by Hodson (2014), which defined
four categories of learning objectives in science
education:

1. Category 1: Learning science: acquiring
theoretical and conceptual knowledge (e.g.,
understanding chemical principles and mastering
calculations)

2. Category 2: Learning about science: developing
knowledge about scientific research principles
and the role of scientific knowledge in society and
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research community (e.g., understanding
experimental design and recognizing the role of
optimization in research)

3. Category 3: Doing science: engaging in authentic
(scientific inquiry to solve a problem (e.g.,
conducting experiments, collecting and analyzing
data, and making evidence-based decisions)

4. Category 4: Addressing socio-scientific issues:
developing (critical thinking according to
different aspects of socio-scientific issues like
ethical issues (e.g., evaluating sustainability
aspects)

The three experiments in our laboratory course
address categories 1, 2, and 3 with varying emphasis
(Table 1).

Experiment 1 focuses on category 1 (theoretical
knowledge of flow rates and residence times).
Experiment 2 integrates categories 1, 2, and 3, while
experiment 3 most comprehensively addresses category
3.

METHODS

The laboratory course was implemented and
investigated across two consecutive PAR cycles,
conducted once per year at the end of the winter
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Table 2. Overview of methods and research interests for each cycle

Cycle Instrument Timing Content/purpose RQ Source/adaptation
1 Curricula Pre-course  Analysis of ECTS distribution for laboratory RQ1 Document analysis of curriculum
analysis courses, organic chemistry, chemical materials
engineering, and green chemistry in admitted
Bachelor programs
1 Post-survey After lab Lab day structure, inquiry-based learning ~ RQ2  Self-developed; adapted from
elements, general feedback Gillies (2020), PRIMAS Project
(2013)
2 Pre-survey Before lab Prior learning opportunities in flow chemistry, RQ1 Self-developed based on curricula
continuous processing, laboratory practice analysis
2 Pre-survey Before lab Research skills (reflective, subject-specific =~ RQ2 Adapted from Bottcher-
knowledge, communication, methodological) Oschmann & Thiel (2016)
2 Pre-survey Before lab Self-assessment of learning objectives RQ3 Self-developed based on course
learning objectives (Table 1)
2 Post-survey After lab Research skills (reflective, subject-specific =~ RQ2 Adapted from Bottcher-
knowledge, communication, methodological) Oschmann & Thiel (2016)
2 Post-survey After lab Self-assessment of learning objectives RQ3 Self-developed based on course
learning objectives (Table 1)
2 Post-survey Afterlab  Cognitive load (concentration, mental effort, RQ3  Adapted from Leppink et al.
perceived difficulty per experiment) (2013); 11-point scales reduced to
5-point
2 Post-survey After lab Lab day structure, general feedback RQ2 Self-developed
e o1
) ‘s
S ‘%c% %,

¢ discussion with flow
chemists/instructors

* redesigning experiments

 redesigning the didactical
concept

* past surveys
lab day structure
experiments
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* Iab course
8groupsof4to6
students

Figure 1. Iterative participatory action research design (Source: Authors” own elaboration)

semester. The overall project includes both quantitative
surveys and qualitative interviews. However, the
present manuscript focuses exclusively on quantitative
data collected in cycle 1 and cycle 2.

Table 2 provides a structured overview of the study
design, the data collection instruments used, and the
specific RQs addressed in each cycle.

Qualitative interview data and a third planned cycle
are part of the broader project but are not reported here
to maintain a clear quantitative focus.

Regarding the PAR design, Figure 1 illustrates the
two PAR cycles implemented and one cycle planned in
this study. Each cycle consisted of four phases:
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(1) lab course conception,
(2) implementation,

(3) evaluation, and

(4) reflection and revision.

Cycle 1 started with the analyses of the curricula of
the bachelor’s degree programs admitted to the master’s
degree program in technical chemistry. In the first cycle,
we did guideline-based pre- and post-interviews (Kruse
2015) with student groups of the bachelor program
chemistry, sustainable development with the focus on
natural sciences and technology (USW/NAWI-Tech)
and comparable bachelor programs finished at other
universities. Based on the findings, we designed three
experiments and the didactic concept for the laboratory
course. 40 students attended the laboratory course in
cycle 1 (BSc chemistry: 37 students, sustainable
development with the focus on natural sciences and
technology  [USW/NAWI-Tech]: two  students,
comparable bachelor’s degree: one student).

After the lab course, we conducted pre- and post-
surveys to gain a more comprehensive insight into
learning opportunities and further for evaluating the lab
day structure, experiments, learning objectives, and
inquiry-based learning elements. The evaluation
revealed areas for improvement, which were discussed
collaboratively among flow chemists and chemical
education researchers. Cycle 2 incorporated the insights
from cycle 1. We redesigned the experiments and the
didactic concept and refined the survey instruments. The
revised course was implemented with seven groups of 4
to 5 students and completed by 34 students. 24 students
took part in the complete study and the pre-post surveys
(BSc chemistry: 21 students, sustainable development
with the focus on natural sciences and technology
[USW/NAWI-Tech]: two students, comparable
bachelor’s degree: one student). Post-surveys again were
used to evaluate the lab day structure, experiments,
learning objectives, and students’ research skills. This
study reports on the findings from these two completed
cycles. As shown in Figure 1, the iterative PAR process
continues, with a third cycle planned for future
implementation.

Instruments Used to Address RQ1-3

The pre- and post-surveys consisted of a combination
of adapted items from validated instruments and self-
developed items aligned with the learning objectives of
the laboratory course. Items on research skills were
adapted from Bottcher-Oschmann and Thiel (2016),
while selected items on cognitive load were adapted
from Leppink et al. (2013). Items assessing learning
objectives were developed based on the course design
and Hodson’s framework (2014).

Reliability analyses were not conducted for all scales,
as the instruments consisted of selected and adapted
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items rather than complete validated scales. The items
were therefore analyzed descriptively and inferentially
at the item level. No claims are made regarding latent
constructs such as cognitive load as a unified construct.

RQ1 was addressed through a curriculum analysis of
relevant bachelor’s programs prior to course design and
a pre-survey in cycle 2 capturing students’ self-reported
prior learning opportunities.

RQ2 was investigated by the students in both cycles
by completing a pre- and post-survey on the lab day. The
post survey of the first cycle included feedback questions
to the lab day in general and items on inquiry-based
learning (Gillies 2020; The PRIMAS Project, 2013). In the
second cycle, instead of the questions on inquiry-based
learning, the questionnaire from Bottcher-Oschmann
and Thiel (2016) on student research skills was used (pre
and post) in the categories relevant to the laboratory
course to find out in which areas of research skills
students perceive changes. This change was made to
improve the alignment between the instrument and the
inquiry-based elements of the laboratory course and to
gain more specific insights into perceived changes in
research competencies.

To answer RQ3, the authors examined through the
pre- and post-surveys of the second cycle included
questions on the learning objectives and items
addressing the cognitive load (Leppink et al., 2013). In
the instrument presented by Leppink et al. (2013), a
Likert scale from 1 to 9 and 0 to 10 is used in the original
instrument. The original 11- and 9-point scale was
reduced to a 5-point scale (Table 3) for reasons of
simplicity and with a view to embedding it in the overall
questionnaire. In our view, a 10-point scale was not
necessary for the purpose of the items. Furthermore, 5-
point scales are considered typical (Doring et al., 2016)
and contribute to a greater test economy. A small
number of levels were excluded due to the associated
lower reliability (Boateng et al., 2018). Given that
students completed the survey immediately after an
intensive laboratory day, minimizing response burden
was a priority to ensure data quality. We acknowledge
that this adaptation means our items are not directly
comparable to the original Leppink et al. (2013)
instrument, and we do not claim to measure cognitive
load as a validated construct. Instead, the adapted items
were used pragmatically to capture experiment-specific
perceived cognitive demands at the item level. Also,
reliability analyses were not conducted because the
instrument was not designed to measure unified latent
constructs. Instead, items were purposefully selected
from a validated source (Leppink et al., 2013) based on
their specific relevance to the learning objectives of this
laboratory course.

Table 3 summarizes the original items by Leppink et
al. (2013) and their adapted versions used in this study,
which were included in the post-survey of cycle 2.
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Table 3. Original and adapted items on aspects of cognitive load

Original items presented in Leppink et al. (2013)

Adapted items

11 point Likert scale
The topic/topics covered in the activity was/were simple.

The activity covered concepts and definitions that I perceived as very
complex. The instructions and/or explanations during the activity were very

5-point Likert scale
This experiment was simple.
I could easily follow the experimental on
this experiment.

unclear. The instructions and/or explanations were full of unclear language.

9-point Likert scale

To learn from the lecture was (very, very easy to very, very difficult).

5-point Likert scale
I was able to learn something from this

experiment.
How much did you concentrate during the lecture? (very, very little to very, I was able to concentrate well on this
very much) experiment.
In the lecture that just finished I invested (very, very low mental effort to very, ~ The mental effort in this laboratory course
very high mental effort). was high.

Note. The last item was not used for each experiment but for the complete laboratory course

Table 4. ECTS distribution in the respective curriculum
BSc chemistry USW NAWI-Tech

Laboratory courses 41 14
Organic chemistry 22 3
(excl. labs)
Technological 12 4
chemistry

Note. In the curriculum of USW NAWI-Tech additional
lectures and/ or a laboratory course on chemical technology
(8 ECTS) are included as compulsory subject in an elective
module; therefore, students can choose not to attend a
laboratory course in this module

All instruments used in cycle 2 consisted of adapted
or self-developed items and were analyzed at the item
level. Descriptive statistics (medians and frequencies)
were calculated. Normality was assessed using Shapiro-
Wilk and Kolmogorov-Smirnov tests. For non-normally
distributed data, Wilcoxon signed-rank tests and effect
sizes (r) were computed.

RESULTS

RQ1. Which Learning Opportunities Were Offered to
Students of the Master Technical Chemistry in the
Context of Their Previous Education on Continuous
Flow Chemistry?

Cycle1

In our curricula analyses of the bachelor’s degree

programs, descriptive comparisons of curriculum
structures were conducted, revealing that the
distribution of European credit transfer and

accumulation system (ECTS) of relevant content varies
in these two bachelor programs. This analysis was
conducted based on curriculum documents and course
materials. These curriculum-based findings were later
contextualized  through  students” self-reported
experiences in the pre-survey of cycle 1 and cycle 2.
Table 4 compares the amount of ECTS on learning
opportunities in practical skills according to the
curricula. Table 4 shows that the number of laboratory

courses in the BSc sustainable development with the
focus on natural sciences and technology (USW/NAWI-
Tech) is much lower than in the BSc chemistry program,
although both studies are admitted to the master
program technical chemistry. Further, content-related
prior knowledge of organic chemistry is necessary, as
organic syntheses are conducted in the flow laboratory
course. For the basic understanding of continuous flow
processes, learning opportunities on chemical
engineering are required. Flow chemistry is often
described as green and sustainable, therefore, the course
also provides learning opportunities on green and
sustainable synthesis, as the third experiment can be
ascribed to this research topic.

A more detailed analysis of the curricula and course
materials of relevant courses corroborated the
hypothesis that students in the bachelor’s degree
program sustainable development with the focus on
natural sciences and technology (USW/NAWI-Tech)
had fewer learning opportunities in practical laboratory
areas.

Cycle 2

Our pre-surveys administered in the second
laboratory course cycle of this research project give a
more detailed view on the students’ self-reported prior
learning opportunities related to flow chemistry (Table
5). As the pre-survey consisted of adapted and self-
developed items rather than validated scales, no
reliability analyses were conducted, and no latent
constructs were assumed. According to a Shapiro-Wilk
test and a Kolmogorov-Smirnov test the data are not
normally distributed (p < .001), therefore the medians
are reported.

Students of all surveyed bachelor programs stated to
have had learning opportunities in general lab practice
frequently (Mdn = 4), but the learning opportunities in
theory and lab practice in continuous flow chemistry and
continuous flow processes in general are little (Mdn = 2,
Mdn =1).
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Table 5. Frequencies of learning opportunities in previous studies relevant to the flow laboratory course, reported with

the median answer (cycle 2)

Learning opportunities

Frequencies of learning opportunities

Range from 1 (never) to 4 (frequently) n Median Minimum Maximum
General lab practice 24 4.0 3 4
Theory of green and sustainable chemistry 24 2.0 1 4
Lab practice in green and sustainable chemistry 24 1.0 1 3
Theory of process engineering 24 3.0 1 4
Lab practice in process engineering 24 1.0 1 4
Theory of organic chemistry 24 4.0 2 4
Lab practice in organic chemistry 24 4.0 1 4
Theory of continuous flow/continuous processing 24 2.0 1 4
Lab practice in continuous flow /continuous processing 24 1.0 1 3

RQ2. How Do Students Evaluate a One-Day
Laboratory Course on Flow Chemistry With Regard to
the Structure of the Lab Day and the Elements of
Guided Inquiry Learning?

Cycle 1. Structure of the lab day

In cycle 1, students’ perceptions of the laboratory
course structure and inquiry-based learning were
collected via a post-survey including 5-point Likert-scale
items and open-ended questions. The results show that
86 % of the students on the first cycle (n = 35) found the
laboratory course to be well structured. It has to be noted
that post interviews with students of this cycle revealed
problems with the third experiment due to the lack of
time and also technical problems with the flow reactor
(Ringdorfer et al., 2024).

Cycle 2. Structure of the lab day

Based on insights from cycle 1, the laboratory course
was revised, and students’ perceptions were again
collected in a post-survey. Due to these results of cycle 1,
key findings include the redesign of the optimization
experiment and additional flow reactor due to little
workload for the whole students” group. Positively, time
issues were not mentioned as difficulties in the second
cycle of the laboratory course. Other difficulties
mentioned were problems with the stoichiometric
calculations for preparing the stock solutions for the
experiments. What can be clearly seen by examining the
post surveys of cycle 2 is that students wish for more lab
days on flow chemistry and that the laboratory course
would address the usage of flow chemistry in the
industry.

Cycle 1. Inquiry-based learning approach

In relation to the elements of research-based learning
and the aim to encourage students” inquiry skills, we
revealed that there has been an increase in students” self-
assessment to the elements of inquiry-based learning:
almost all respondents (81%) totally agreed or agreed
that this lab day gave them the opportunity to try out
their own ideas, that group discussions are supportive
when carrying out experiment 3 and that they found
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independent work is beneficial to learning (blinded,
2024). Of the 38 students of cycle 1 who completed the
post survey, 76% totally agreed or agreed that they used
positive statements to encourage their group members
by working in groups. Surprisingly, only 60% indicated
to have helped others in their group to learn.

Cycle 2. Students’ research skills

In cycle 2, research skills were assessed using an
adapted survey of Bottcher-Oschmann and Thiel (2016),
covering: reflective skills, subject-specific knowledge,
communication skills and methodological skills. We
observed a significant change in the students’ self-
assessment in one item of reflective skills (r = 0.46, p =
.03). An increase was also observed for two items in the
area of subject-specific knowledge (r =0.48, p =.035; r =
0.52, p = .018). In the category of communication skills,
only one item achieved a significant increase (r = 0.47,
p = .028). According to the results, methodological
competence appeared to have been influenced most
positively. Here, we found an increase in self-assessment
in the subcategory “selection and application of
methods” (see Table 6).

Three of the four items in the subcategory “selection
and application of methods” as part of methodological
skills showed significant values with high (r > .50) and
medium effect sizes (r > .30) (Cohen, 1988). For the other
categories of student research competencies, significant
differences were only found for one or two items.

RQ3. Are the Designed Experiments Appropriate for
the Laboratory Course on Flow Chemistry According
to the Learning Objectives?

Cycle 2

In the second laboratory course cycle, the post
surveys showed that there was a significant change in
the students’ self-assessment regarding the learning
objectives after the laboratory course. Table 7 shows the
change in students’ self-assessment with regard to the
learning objectives formulated for this laboratory course.
It reveals that there has been an increase in students’ self-
assessment in the learning objectives.
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Table 6. Students’ self-assessment on research skills (Wilcoxon rank sum test)

n Z Median Significancet r
Pre Ican confidentially apply more complex procedures for 24 -2.693 3.0 .008 0.56
Post the analysis of data/sources/materials. 23 4.0
Pre Ican apply different research methods according to my 24 -2.519 3.0 .010 0.53
Post research question. 23 4.0
Pre It is easy for me to decide which methods are best for 24 -2.122 3.0 .034 0.44
Post investigating a particular research topic. 23 3.0
Pre I can assess well which methods are not suitable or 24 -1.904 3.0 074 0.40
Post inappropriate for dealing with a special research question. 23 4.0

Note. According to Shapiro-Wilk test and Kolmogorov-Smirnov test the data are not normally distributed (p < .001), from
1 (does not apply at all) to 5 (definitely applies) & tExact significance (two-sided)

Table 7. Students’ self-assessment on the learning objectives (Wilcoxon rank sum test)

n Z Median Significancet r
Pre I can explain how to use flow chemistry. 24 -3.217 3.0 <.001 0.66
Post 24 4.0
Pre Ican name parameters that influence synthesis in the flow 24 -4.017 3.0 <.001 0.82
Post system. 24 4.0
Pre I can document obtained measured data. 24 -3.444 3.0 <.001 0.70
Post 24 4.0
Pre Ican determine the flow rate in a flow system with simple 24 -3.976 3.0 <.001 0.81
Post tools. 24 4.0
Pre Ican use knowledge already gained to answer research 24 -3.3 3.5 =.001 0.67
Post questions. 24 4.0
Pre  Ican determine the mixing efficiency of mixing types. 24 -4.137 3.0 <.001 0.64
Post 24 4.0
Pre  Ican assess the influence of mixing types on synthesis 24 -4.09 2.0 <.001 0.83
Post reactions in flow reactors. 24 3.0
Pre Ican optimize a synthesis in a flow reactor by changing 24 -3.602 2.0 <.001 0.74
Post specific parameters. 24 4.0
Pre I can describe the basic principles of flow chemistry. 24 -1.761 2.0 > .05 0.36
Post 24 4.0
Pre Ican explain the differences between syntheses in flow 24 -2.496 2.0 =.020 0.51
Post and in “batch” processes. 24 4.0
Pre I can explain what is meant by flow chemistry. 24 -3.153 2.0 =.002 0.64
Post 24 3.0
Pre Icanargue what advantages flow chemistry brings with 24 -2.504 3.0 =.014 0.51
Post it. 24 4.0

Note: According to a Shapiro-Wilk test and a Kolmogorov-Smirnov test the data are not normally distributed (p < .001),

range from 1 (no sufficient skill after the laboratory course)
significance (two-sided)

The results show a significant increase in the
students” self-assessment regarding the learning
objectives in all areas after the laboratory course
compared to before except for the learning objective “I
can describe the basic principles of flow chemistry” (p =
.05). The effect size of all set learning objectives is higher
than 0.5 and corresponds to a strong effect according to
Cohen (1988).

Further, the analyses of the post survey of cycle 2
showed that the first experiment on determining the
flow rates is perceived as simple by 75 % of the students.
The experiment to determine the mixing efficiency is
perceived as a little bit more demanding, as 83 % of the
students stated that the experiment was rather simple. In
contrast, synthesis/optimization was perceived as the

to 4 (sufficient skill after the laboratory course) & tExact

most difficult experiment (Table 8). This underlines the
intended differences in difficulties of the experiments.

According to the students’ assessment, concentration
was good in all experiments, but a slight decrease was
observed in the self-assessment. 21 % of the students
rated their mental effort on the lab day high, 46 % stated
that this was not or absolutely not the case.

DISCUSSION

RQ1 (Learning Opportunities)

The curricula analyses showed little learning
opportunities in flow chemistry and continuous
processing in the bachelor programs chemistry and
sustainable development with the focus on natural
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Table 8. Reported students’ self-assessment on four items on each experiment

n Median  Minimum Maximum
Experiment 1 The experiment was simple. 24 5 3 5
I was able to learn something from this experiment. 24 5 3 5
I could easily follow the experimental 24 5 3 5
I was able to concentrate well on this experiment. 24 5 3 5
Experiment 2 The experiment was simple. 24 4 2 5
I was able to learn something from this experiment. 24 5 3 5
I could easily follow the experimental 24 5 3 5
I was able to concentrate well on this experiment. 24 5 3 5
Experiment 3 The experiment was simple. 24 4 1 5
I was able to learn something from this experiment. 24 5 3 5
I could easily follow the experimental 24 4 2 5
I was able to concentrate well on this experiment. 24 4.5 1 5

sciences and technology (USW/NAWI-Tech). Our

this study show significant increases in some of the

findings on the learning opportunities are somewhat
surprising since the students of all bachelor programs
reported that they had learning opportunities in general
lab practice frequently or often, although the curricula
analyses showed differences in the ECTS-amount of
laboratory courses. In contrast, the frequencies of
learning opportunities in the field of continuous
flow/continuous processing are little, only a few
students reported to have experience in flow chemistry.
Also, the frequencies of learning opportunities in
students” previous education at the university in the
areas of lab practice in green and sustainable chemistry
and process engineering are low. This supports the
hypothesis that students need special support in
handling the equipment and that the laboratory design
should be structured accordingly. These findings
reinforce the general point that flow chemistry is hardly
taught at universities. To summarize, not all branches of
bachelor programs have the same amount (ECTS) of
laboratory practice in the curriculum, students still feel
that they have frequent opportunities to learn about
general laboratory practice during their studies.

RQ2 (Evaluation of the Lab Day Structure, Inquiry-
Based Learning)

In cycle 1, students stated that the lab day was well
structured, but they also mentioned time problems when
conducting the last experiment. Further, the group size
seemed to be too large for the workload they had to cope
with and students suggested an additional flow reactor
for parallel work. Also, the results underline the
methodological intention to implement elements of
inquiry-based learning as they were perceived as
positive and conducive to learning. The most obvious
finding to emerge from the analysis is that the
methodological intention to have an experiment carried
out as an independent optimization could match the aim
to acquire inquiry-based, more specific inquiry-led,
learning.

In the second cycle, students’ research skills were
investigated with a pre- and post-survey. The results of
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students’” research skills, especially in the category of
methodological skills. This observation may support the
hypothesis that the laboratory course with inquiry-led
elements supported the students’ self-assessment on
their research skills. However, these results need to be
interpreted with caution because of the small sample
size. The students’ prior learning opportunities and
skills can vary in a high range, so these findings cannot
be extrapolated to all students. This goes hand in hand
with the validity of the students’ research skills. It cannot
be ruled out that other lectures and other laboratory
courses are responsible for positive changes in
methodological skills in the period between the pre- and
post-survey. In this context it is also questionable
whether it is even possible to observe a meaningful
change in the students’ research skills given the small
sample. In general, our study was able to show that the
structural design and structure of this laboratory course
was suitable for the students. It is important to note that
the time frame of the laboratory course is limited to one
day, therefore, it would be useful to offer a multi-day
laboratory course on flow chemistry, especially in order
to train new skills and abilities.

RQ3 (Experiments and Learning Objectives)

On the question of the suitability of the designed
experiments, the data on the modified items on the
cognitive load of the experiments prove that the goal of
selecting experiments with increasing levels of difficulty
was achieved. In the second cycle, the optimization
experiment had to be re-designed with the aim of
developing an experiment, which can be optimized in
shorter time.

These results provide initial evidence that the
experiments were a learning success. The first part of the
questionnaire revealed that, according to the students’
assessment, the achievement of the learning objectives
set for this laboratory practical course with regard to
their previous experience and learning opportunities
increased after completing the laboratory practical
course. The effect sizes are particularly high for those
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learning objectives that relate to the second experiment
and the third experiment, where mixing, flow rates and
residence time are important parameters. With respect to
RQ1, a possible explanation for this might be the little
learning opportunities in the field of flow chemistry and
continuous processing itself. Students have the feeling
that they know more about these learning objectives
after the laboratory course than before, however, it is
also possible that these results are biased due to the self-
reported nature of assessment. Nevertheless, it must be
said that these findings may support the belief that
independent work, as required in the optimization
experiment, has a positive effect on learning. The results
on the items of cognitive load also show that the
experiments are designed with increasing levels of
difficulty. However, several limitations must be
acknowledged. First, our assessment of learning
outcomes relied entirely on students’ self-reported
measures rather than objective assessments of
knowledge or skill acquisition. While self-assessments
provide valuable insights into students’ perceived
learning and confidence, they are subject to bias and may
not accurately reflect actual learning gains. Students
may overestimate or underestimate their competence,
and increased confidence does not necessarily equate to
increased competence. Second, the small sample size (N
=24 in cycle 2) limits the generalizability of the findings.

CONCLUSION AND OUTLOOK

Within a PAR framework, we successfully designed,
implemented, and iteratively refined a one-day
laboratory course on flow chemistry for master’s
students in technical chemistry. The findings indicate
that the developed laboratory course represents a
feasible and research-informed approach to introducing
flow chemistry in higher education. Across both cycles,
the results highlight heterogeneous prior knowledge
among students and confirm the relevance of providing
structured learning opportunities in flow chemistry
within the master’s curriculum.

The iterative PAR process enabled systematic
refinements of the experiments, the didactic concept,
and the evaluation instruments. While the quantitative
data suggest positive developments in students’ self-
assessed learning outcomes and research skills, the
reliance on self-report measures constitutes a central
limitation of this study. Furthermore, the relatively small
sample size and the context-specific implementation
limit the generalizability of the findings. Future research
should therefore extend the evaluation beyond self-
assessment data by incorporating performance-based
measures of learning outcomes and observational data
on inquiry processes. The planned third PAR cycle
should serve to further refine both the instructional
design and the evaluation strategy. In addition to
introducing a second flow reactor system to broaden
students’ technical exposure, structural adjustments to

group organization should be implemented to optimize
workload distribution and learning efficiency. Beyond
the local context, future studies could investigate the
transferability of the developed laboratory concept to
other institutional settings and explore its integration
into longer-term curricular structures. In this way, the
project may contribute to the sustainable
implementation of flow chemistry as a regular
component of higher chemistry education.
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