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A framework for learning in the chemistry laboratory
Michael K. Seery, Hendra Y. Agustian and Xinchi Zhang
School of Chemistry, University of Edinburgh, Joseph Black Building, Edinburgh, UK.

E-mail: michael.seery@ed.ac.uk

Designing laboratory activities is a real challenge for those working in higher education. There is
often an acknowledged frustration with the status quo, but a lack of clear guidance on what
strategies might be useful in considering a redesign. This article aims to address the question: what
considerations should be taken into account when designing a laboratory activity? To address it, we
first describe an overarching framework for laboratory learning, describing it as a complex learning
environment. The reason for this is that two clear overarching guidelines emerge — the first is that
the laboratory curriculum should be structured so that each new challenge for student is adequately
supported by their prior learning so that they can draw on their knowledge to address the new
learning situation, and the second is that guidelines for the kinds of preparation for laboratory
learning emerge. Based on this framework, we advocate four core principles for laboratory learning
that should be considered when designing a laboratory activity regarding the overall purpose, the
role of preparation, the teaching of technique, and the consideration of affective dimensions of
learning. We illustrate this framework in practice with examples from our own practice, with
suggestions on using the literature on laboratory education as a source for curriculum reform within
an institution.

Introduction

Rationale for this overview

Learning in the laboratory is a core component of the chemistry curriculum. However despite its
exalted status and long-standing place in our teaching, there is continuing dissatisfaction among
educators and students about laboratory learning. Concerns about the extent of learning in
laboratories raised in the 1980s,! echoed in reviews in the early 2000s,? and still found in research in
the last few years? highlight that there is a continuing demand for reconsideration of approaches to
how we incorporate practical work into a chemistry curriculum. The literature on chemistry
laboratory education is vast, spanning over a century, so that it is overwhelming to practitioners
looking to improve their laboratory practice.

In this overview, we aim to speak directly to those practitioners looking to answer the question:
what considerations should be taken into account when designing a laboratory activity?

This overview aims to correspond our thoughts on how we would answer this question. In doing so,
we draw on some of the enormous body of literature on laboratory education, as well as current
research, including our own. We shy away from the specific identities of particular laboratory
approaches such as expository or inquiry, discovery or problem-based. This is not because they are
not helpful —indeed some enormously useful work has been done in elaborating on these
approaches® — but because for the particular audience of this piece, we intend to communicate
instead the salient features of what an effective learning environment might look like, rather than
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how they are categorised in the educational literature. We acknowledge that there is no one
“perfect approach”, because curricula and students and stage of learning will all differ for any
particular context, and hence influence what is possible in any particular laboratory classroom.
Conscious of this, we do believe that there are some salient features of laboratory education that
are in general terms universal to all effective laboratory learning scenarios. We list them here, and
elaborate on them for the rest of our article. We aim to draw these aspects together into one

framework that aims to incorporate the various components we advocate, that we hope will act as a

useful scaffold for those wishing to reconsider laboratory education in their own settings.

Learning from research — key features of laboratory learning
The literature on laboratory learning offers a multitude of opinions and approaches, sometimes

contradictory, about effective laboratory learning. In order to position ourselves from the outset, we

tend to agree with the following guiding principles regarding laboratory learning:

PwnNhPR

laboratory settings.®

The overarching purpose of laboratory learning is to teach learners how to ‘do’ science.®
Preparing students for learning in the laboratory is beneficial.®

Explicit consideration needs to be given to teaching experimental techniques.’
Consideration of learners’ emotions, motivations, and expectations is imperative in

Listing of these principles shows just how challenging the task of designing an effective laboratory
curriculum can be. If we were to take a snapshot of a laboratory setting, the plethora of questions
facing educators becomes clearer (Table 1).

Table 1

Questions about learning
before the laboratory

Questions about learning in
the laboratory

Questions about learning
after the laboratory

What information should
students know before entering a
laboratory class?

How much information is
presented to students regarding
the work they need to complete
in the laboratory?

What information is provided to
students about how they should
interpret/analyse their results,
and how does this build on from
pre-laboratory work?

How is this information presented
to students?

How do students know how to
complete any procedures/
techniques required?

Are students provided with
exemplars or protocols to guide
their assessed work?

How can students check their
understanding of advance
information?

What is the role of teaching
assistants in the laboratory?

How is consistency of marking
assured?

Is it clear to the students how
they can use what they know for
the laboratory session?

Is there an opportunity to test
hypothesis/build on results in the
laboratory?

What extent of feedback is
provided and what are students
asked to do with that feedback?

How should students document
their learning in the laboratory?

How can students check their
understanding in the laboratory
session?

In answering the kinds of questions raised in designing laboratory work for students, the literature is

clear that even slight variations in how they are answered can lead to very different laboratory
experiences.* The challenge for those responsible, usually academic staff running laboratory




courses, is to know both what kinds of answers are appropriate, and what effect the chosen
approaches will have on learning. The staff member running the laboratory class is of key
importance, as is it their interpretation of how a laboratory class runs that will have most impact on
the laboratory approach, regardless of curriculum specification.’ This in turn requires quite an
extensive knowledge of the literature, which leads us back to the original issues mentioned at the
head of the article — academic staff becoming overwhelmed by the volume of literature on
laboratory learning. We believe that this problem, along with the actual work of designing new
experiments, is a significant reason why laboratory teaching approaches are so resistant to change.

A framework for laboratory learning

Before we address the guiding principles in detail, we first intend to describe an overarching
framework for learning in the laboratory. The reason for this is that whatever purpose or activity we
intend the laboratory to be, it is valuable to be able to align it with an overarching framework so that
we have guidelines to base our approaches to supporting and challenging students in an appropriate
way. Drawing from the educational psychology literature,® we propose the description of laboratory
learning as a complex learning environment. While not intended for laboratory learning specifically,
we find this framework useful because it helps describe why learning in laboratory is different, and
challenging, and how we can best support students in this environment.

A complex learning environment in general terms is one that has the following characteristics.
(i) Complex learning aims at the integration of knowledge, skills, and attitudes.
(ii) Complex learning involves the coordination of qualitatively different constituent skills.

(iii) Complex learning requires the transfer of what is learned to real settings.

We consider that these characteristics map on well to the aims and requirements of laboratory
learning. However, the benefit of aligning with this framework is not so much in the description of
the environment, but in what the recommendations are for supporting learning in this environment
are. This support falls into two categories.

The first regards supporting learning in this environment. What makes learning complex is not the
particular difficulty of any one component, but rather the process of integrating different
components together to apply it in the new scenario. Therefore learners may be very good chemists,
or may be very good at using a particular instrument, but in completing an experiment they need to
know how to bring together the knowledge from these different areas and apply it to a new
scenario. The psychologists who describe this environment advocate that we assist learners in doing
this by defining the whole task so the integration aspects required is made clearer, and in developing
a curriculum, we sequence learners’ engagement with the challenge from a simple to complex way.
This means learners will have the opportunity to previously understand and work the task being set
in any laboratory setting that they can build on in approaching this more complicated task. We
illustrate this with examples from our own case studies below, but the general cliché of “being able
to walk before you can run” applies. In any learning scenario, we need to ensure that students have
had practice at the constituent components necessary as well as a simpler version of the challenge
they are about to take.

The second category provides more detail on the kinds of information that learners need to draw on
when working in a complex learning environment. With the typical queries that arise in laboratory



teaching, shown in Table 1, there were lots of cases where the learner needs to draw on some
information — chemical knowledge, knowledge about how to operate instruments, knowledge about
data processing, etc. The psychologists who describe this environment advocate that we distinguish
between information that is necessary to give students a basis for understanding the experiment
and the rationale for the work being conducted (“supportive information”) and information that is
necessary to know how to carry out particular procedures (“procedural information”).1° They argue
that supportive information be provided in advance of the learning situation so that learners can
draw on this knowledge in understanding the work being conducted and the rationale for particular
approaches/instrumentation, and procedural information be provided as necessary in the learning
situation, so that it is available particular procedural steps are being carried out. We have elaborated
in much more detail previously about considering the laboratory as a complex learning
environment,® and describe some of the implications for this below. We proceed now to describe
key considerations of learning in the laboratory and their alignment with this framework.

Principles of Laboratory Learning

We elaborate below on the principles highlighted at the outset. The purpose here is not to be overly
didactic, but to raise the issues that should be considered when decisions about the nature of
laboratory curriculum design are being made.

1. The overarching purpose of laboratory learning is to teach learners how to ‘do’

sclience.

There is a large literature on the purpose of practical work, and indeed it is a useful exercise for
those involved in teaching a group of students in a laboratory setting to conclude their own list of
what they intend the laboratory session to achieve. It is likely that these purposes will align with
many of the aims listed in Table 2.



A common aim of practical work, either formally stated or assumed by either faculty or students, is
that laboratory work is useful to confirm theory in lectures has little basis. Kirschner and Meesters’

work, which set the scene for many subsequent reforms in the late twentieth and early twenty-first
century, described this purpose as an inefficient use of the laboratory.*?

Table 2: Some aims of practical work reported in the literature

Tamir (1976)1

Kirschner and Meester
(1988)°*

Carnduff and Reid (2003)*?
and Reid and Shah (2007)

Skills:

e.g., manipulative, inquiry,
investigative, organizational,
communicative

Concepts:
e.g., data, hypothesis, theoretical
model, taxonomic category

Cognitive abilities:

e.g., critical thinking, problem solving,
application, analysis, synthesis,
evaluation, decision making,
creativity

Understanding the nature of science:
e. g., the scientific enterprise, the
scientists and how they work, the
existence of a multiplicity of scientific
methods, the interrelationships
between science and technology and
among various disciplines of science

Attitudes:

e.g., curiosity, interest, risk taking,
objectivity, precision, perseverance,
satisfaction, responsibility, consensus
and collaboration, confidence in
scientific knowledge, self-reliance,
liking science.

- To formulate hypotheses.
- To solve problems.

- To use knowledge and skills in
unfamiliar situations.

- To design simple experiments to test
hypotheses.

- To use laboratory skills in
performing (simple) experiments.

- To interpret experimental data.
- To describe clearly the experiment.
- To remember the central idea of an

experiment over a significantly long
period of time.

Skills relating to learning chemistry.
There is opportunity to make
chemistry real, to illustrate ideas and
concepts, to expose theoretical ideas
to empirical testing, to teach new
chemistry.

Practical skills.

There is opportunity to handle
equipment and chemicals, to learn
safety procedures, to master specific
techniques, to measure accurately, to
observe carefully.

Scientific skills.

There is opportunity to learn the skills
of observation and the skills of
deduction and interpretation. There
is the opportunity to appreciate the
place of the empirical as a source of
evidence in enquiry and to learn how
to devise experiments which offer
genuine insights into chemical
phenomena.

General skills.

There are numerous useful skills to be
gained: team working, reporting,
presenting and discussing, time
management, developing ways to
solve problems.

Indeed, the major review of laboratory education by Hofstein and Lunetta in 2004 found that there
was “sparse data from carefully designed and conducted studies” to support the hypothesis that
laboratory education is essential for understanding science.? In their work on developing practical
work for school science, Woolnaugh and Allsop argue for cutting the “Gordian Knot” between
practical work and teaching theory; and to

stop using practical work as a subservient strategy for teaching scientific concepts

and knowledge. There are self-sufficient reasons for doing practical work in science,
and neither these, nor the aims concerning the teaching and understanding of
scientific knowledge, are well served by the continua linking of practical work to the
content syllabus of science [p. 39].>¢




Furthermore, the approach is plagued with implementation problems. For example, in laboratories
where there is limited equipment, students “rotate” around experiments over the course of the
laboratory programme, covering a different experiment each week. This scenario, often found in
physical chemistry laboratories, can lead to frustration on the part of students, as they often have
not completed the lecture theory associated with the experiment that the experiment is supposed
to be verifying. Even if it was demonstrated that laboratories somehow influence or enhance
learning of a particular topic covered in lectures, there remains a question of selection of topics to
be covered within the limited time-frame imposed by practical sessions.

Kirschner, drawing on Woolnough,>® proposes a new basis for practical science incorporating three
components which focus on the act of learning how to do science, consisting of:>

1. To develop specific skills such as observation, manipulation, planning and execution and
interpretation skills.

2. To develop an academic approach to working, by learning how a scientist works through a
problem.

3. To experience phenomena in developing a ‘tacit’ knowledge about working in the
laboratory.

Kirschner argues that practical work should be about teaching about how to do science, rather than
doing science and therefore any laboratory instruction must enable students to learn the process of
doing science (inquiry, interpretation, revision) in a highly structured way. In the complex learning
environment framework, we can frame this in terms of considering whether the activity builds on
previous work where leaners have had the opportunity to try a simpler version of the task being
considered? For example, if a laboratory activity is looking to teach students about learning how to
use a particular chromatographic technique, have they previously completed an activity where the
constituent skills, such as determining retention times of possible contaminants or changing eluent
composition? This might mean that an advanced practical on using gas chromatography builds on an
earlier practical of using thin layer chromatography. The teacher should be clear about what
additional challenges are unique to the more advanced setting, and how the previous setting
prepared learners for drawing together the necessary components in a simpler way. The additional
level of difficulty should be easily identifiable when designing new laboratory activities. Designing
activities that introduce too many new components to learners at one time will overwhelm learning
opportunities.

2. Preparing students for learning in the laboratory is beneficial.

We have previously described in a large-scale review the reports of pre-laboratory activities, which
tended to fall into the types of categories shown in Figure 1.° Firstly, they have been used to
introduce chemical concepts, using approaches such as pre-laboratory lectures, pre-laboratory
quizzes, and pre-laboratory discussion. Secondly, they have been used to introduce laboratory
techniques, using approaches such as interactive simulations, technique videos, mental preparation,
and safety information. Lastly, they have been used to address affective aspects such as confidence
and motivation.



To introduce chemical concepts

I
Pre-laboratory Pre-laboratory Pre-laboratory
lecture quizzes discussion

To introduce laboratory techniques

Technique Interactive Mental Safety
videos simulations preparation information

To address affective dimensions

Enhance leaner's Provide motivation
confidence for laboratory work

Figure 1. Summary of rationales for pre-laboratory activities and the reported approaches

The general outcome of the reviewed literature was that pre-laboratory activities have
acknowledged benefit, both where they were intended (improved use of technique, or improved
understanding of underpinning chemistry concepts), as well as unintended (improved confidence in
laboratory tasks, improved efficiency in laboratory work). Much of the literature did not align to any
particular educational framework, beyond the sense that there was a need for some element of
preparation. Those that did tended to consider it in the context of cognitive load,** an issue
previously raised by Johnstone regarding learning in the laboratory. > This work argued that given
the information associated with the kinds of challenges listed in Table 1, that it was no surprise that
students felt overwhelmed and tended to work through the laboratory with little intellectual
engagement with the laboratory work.

We have further elaborated on the role of cognitive load by considering the laboratory as a complex
learning environment, as described above. In this context, we can ask: how are students prepared
for any particular laboratory experiment, and what information will the learner have to draw on
intellectually in the laboratory setting? When and how is this provided? Preparative activities with a
clear purpose of preparing students for the components that they will need to draw on in the
laboratory setting should be made available to students, and the complex learning environment
gives useful guidance on distinguishing between supportive information that should be presented in
advance, and procedural information that is suitable “just in time”.

3. Explicit consideration needs to be given to teaching experimental techniques
Learning laboratory techniques is a core component of practical science and is necessary both for
the purpose of developing laboratory competence and being able to use techniques in
experimentation. The typical approach tends to be implicit — students are set challenges to
complete, whereby it is intended that their use of approaches or instrumentation will allow them to
develop competency. We reject this model of teaching chemical technique. In a major historical



review of teaching chemical technique,’® DeMeo refers to “elbow instruction” — the traditional guide
on the side teaching leaners about particular approaches. As class sizes increase, the extent to which
such individualised attention can be given to students is limited. In addition, because the typical
assessment format of laboratory work tends not to directly assess technique, students do not get an
explicit opportunity to test their understanding and correctness of approach.

Typical strategies to address this are to indirectly assess chemical technique by assessing the quality
of output (e.g. chemical purity)” or to have laboratory tests where students demonstrate their
ability to complete techniques while being observed.® Such approaches have been criticized for
“loading up” feedback,® giving students feedback after the assessment event, rather than during it.
Instead we embrace a formative assessment model, guided by the principle of formative
assessment:?° that students must develop the capacity to monitor the quality of their work during its
production. With genuine formative assessment, this means that students have a sense of what
good quality work is, are able to compare their work to the quality standard, and know what to do to
improve their work to bring it closer to the quality standard. We use this model in laboratory
teaching, whereby students prepare for dedicated time in the laboratory that will be used for
developing competency in techniques by watching exemplar materials, and then demonstrate their
technique to a peer, who can review their work according to checklist criteria. Once the student is
confident that their work is close to the required competency standard, they submit evidence for
assessment, either by showing their approach to an assessor or uploading a video of them
completing a technique for assessment.”® 7% 2! This approach also aligns with the complex learning
environment. For students to be able to draw together the various independent aspects that they
need for a complex setting, they need to have capability in each of the individual aspects, so that
they can effectively address the complexity — the act of brining all the component together to apply
them to a new situation.

4. Consideration of learners’ emotions, motivations, and expectations is imperative in

laboratory settings.

As described above, a lot of the work on pre-laboratory activities indicated unforeseen benefits in
improving students’ confidence, motivation, and interest in the laboratory. In addition, laboratory
activities are often contextualised in some real world setting to enhance their interest with students.
Despite the acknowledged importance of considering affective dimensions of student learning,
comparatively little research has been conducted on this aspect of laboratory learning. Some very
useful work by Bretz has incorporated the concept of meaningful learning.® This relates to the
principles of constructivism, an educational framework that describes the process of learning
whereby students continually consider their understanding and models of the world (and chemical
concepts) by seeing how new information that is presented relates and builds on that world view.
The concept of meaningful learning adds the dimension of considering that students must have
some interest and motivation in engaging with new information and experiences if they are to use it
to challenge and extend their understanding of chemical concepts. This work has demonstrated that
laboratory experiences that give students the sense of control lead to students having an
understanding what they are doing, and developing a responsibility for their work. Within the
context of the complex learning environment, students should be supported through points of
difficulty or frustration — exactly at the point at which they experience complexity, guided by an
understanding these frustration points are points where meaningful learning may occur. In practice
this may mean an honest dialogue with students about where they may expect difficulties, and that



it is intentionally designed as such. While we can highlight the importance of affective aspects of
learning in the laboratory, much more research needs to be done in this area.

Applying the framework in practice

We turn our attention now to a consideration of how these overarching principles may be applied in
practice. The purpose here is not to prescribe a set of experiments or recommend particular
individual teaching approaches, but rather offer a case study as to how the laboratory literature
might be utilised by readers considering their own laboratory curriculum.

At our institution, we are interested in the developing our laboratory curriculum so that it achieves
the first of the stated goals mentioned above - to teach learners how to ‘do’ science. We designed a
model whereby we could align laboratory activities to particular outcomes we wished to emphasise
at particular stages of the curriculum (Figure 2), with the ultimate goal of being competent in
experimental design. In our particular case, students study chemistry over five years, so we divided
the stages into five; those with shorter or longer programmes may wish to adapt accordingly.

n [ Scientific Research

e 2 2 Z 5 =

cf> Designing and implementing experimental
> protocols for an unfamiliar topic.

Experimental design (Unfamiliar)
> Building on ability to design experimental approaches.
Emphasis on open-ended, ill-defined.

Year 4

Experimental design (Familiar)
> Developing ability to design experimental approaches. Emphasis
on developing approaches to test familiar predictions/hypotheses.

Year 3

Exploring models/hypotheses based on prior knowledge and chemical sense.
> Well-defined experiments, focus on prediction and model testing through
prompted variation in protocols. Emphasis on prediction and interpretation.

Year 2

Developing experimental skills, competence, and laboratory procedures.
> Typically well-defined protocol experiments. Emphasis on measurement and skills acquisition.

Year 1

Figure 2. A curriculum model for developing experimental design, with focus of each stage
highlighted

This curriculum model aims to incorporate the tenets of complex learning whereby each stage of the
curriculum is one iteration more difficult, until the final point where students are tasked with
designing and implementing protocols for an unfamiliar topic, in their final year project. Each stage
(where a stage is a year in our arrangement) introduces a new level of complexity as well as
continuing what was developed in previous years.

Stage 1

The first stage in this model focusses on the development of experimental skills and becoming
comfortable and competent in the laboratory environment. The emphasis on skills and
competencies rather than chemistry requires a different form of assessment. Assessment of
laboratory skills is still unusual, but there are several examples in the chemistry education literature.
These include in-situ demonstrations where students record their demonstration as a video on a
mobile phone,’® 2122 have assessment stations where students demonstrate their skills under
assessment conditions,'’*® and practical exams.?® In our case, we modified the example where



students demonstrate techniques while being recorded on their mobile phone to incorporate a peer-
formative assessed component.”’® Other types of experiments at this stage are around developing
experimental competencies such as judgement, and examples of this type of activity are those which
ask students to make a decision, or to perform some basic level of consideration about experimental
procedure. For example, in an entry level inquiry experiment, students are required to design their
work-up procedure in a highly structured activity.?

Stage 2

As students’ confidence and competence in laboratory work grows, some additional complexity
regarding thinking about model building can be introduced. These can often be modified from
typical expository-type experiments found in the literature. For example, rather than simply asking
students to follow procedures and observe what happens, incorporating “predict” and “explain”
components into the instruction introduces students to the modelling process. An example in our
case is the modification of the typical micelle experiment® to include a question posed to students
to predict what will happen when the ionic strength of the solution increases. Students can discuss
their prediction and complete the experiment (by studying micelles in increasing concentrations of
saline solution) and then explain the results based on the model presented. A literature example of
predict-observe-explain approaches outlines how this approach can be implemented in practice.®
They are a convenient approach in transforming typical recipe experiments into those that align with
the curriculum requirements at this stage. One common issue in laboratory education is that
students do not “get the right answer”, leaving an impression of personal incompetence, whereas
often it is systematic (e.g. depends on equipment available). A way to avoid this is to instead ask
students to compare values obtained within an experiment. We have modified typical vapour
pressure experiments,?’ for example, so that instead of asking students to determine the vapour
pressure of a liquid and compare it to the literature, we ask them to hypothesis what difference they
expect between the liquids, and perform an experiment to see if their hypothesis is borne out.

Stage 3

In the next stage, we begin to emphasise experimental design. Within the description of the complex
learning framework, experimental design is in itself a level of complexity, and thus needs careful
guidance. We utilise a two-phase approach, whereby students first complete a traditional
experiment to familiarise with experimental techniques, types of data, etc, and then follow this on
with an inquiry, using the techniques and similar chemistry to that in the first part. This second part
then adds in the additional complexity of experimental design.?® This model is based on the
divergent approach advocated by Kirschner®® and is also described by Tsaparlis for physical
chemistry.? In addition, there are several examples of structuring a laboratory course so that the
students ability to apply known techniques to new situations in a familiar experimental design
approach. A typical example is this report on a multi-week approach for early undergraduate
analytical chemistry.3°

Stage 4 and 5

At Stage 4, the expectations of students are much greater and we now require them to consider
experimental design in unfamiliar situations. At this stage, we conduct investigations in groups, so as
to maximise peer support, as, in our observations, these tasks are quite difficult for students. Much
of the traditional problem-based learning literature for laboratory work is appropriate here, with



these activities often called “mini-projects”. Examples include activities for analytical chemistry,3!
spectroscopy,>? organic chemistry,®® inorganic chemistry,3 drug discovery,* and chemical
engineering.®

Stage 5 continues this work — indeed it is becoming increasingly common for students to conduct
their research experience in groups. However more traditionally stage 5 involves students immersing
in research groups. The intention is that the preparation that they have had from their curriculum to
date means they can quickly and meaningfully integrate into the research environment.

Concluding Remarks

Designing new laboratory activities is not an easy task, and there are many design considerations
that need to be taken into account. The purpose of this work is to illustrate some key considerations
and give some basis from the literature on laboratory education for particular design decisions we
advocate. The underlying principle is that within a complex learning framework, students’ progress
through the curriculum should be considered with the explicit monitoring of what is additional at
each stage, so that the desired outcomes that are new to each stage are supported by students’
prior experiences in their laboratory work. Examples from the literature are used to illustrate how
the literature may be useful in sourcing and modifying experiments in the design of each curriculum
unique to any institution. We believe that an explicit consideration of this curriculum design, and the
progress of students through it, will lead to better outcomes regarding students ability to work in
the chemistry laboratory.
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