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ABSTRACT: Grounded within the real-world context of sustainability and b4 Sp;’;?:)':c‘lpy
green chemistry, herein, we present a practical that compares three starkly jLn/@ Y, Vetin
different methods for the oxidation of benzoin to benzil. To promote student @ o /) P Point.
engagement, the different reaction protocols are assessed critically. This Physical
Appearance

decision-making process includes asking the student to consider the success of

the reactions by evaluating multiple factors, including yield; purity; experimental
conditions; and environmental impact assessed against the 12 principles of
green chemistry, as well as using spectroscopy to confirm the reaction product. ~
By doing this, students discover the importance of decision-making while “.~ ©
developing evidence-based justification skills. Structured discussion sessions )
embedded throughout the laboratory session provide opportunities for students i
to proactively critically evaluate the three different reaction conditions and

reagents which result in the same chemical transformation. By integrating their

quantitative and qualitative data, students evaluate which of the methods they consider to be the “best oxidation method”, as well as
discovering what makes a “good” reaction.
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B INTRODUCTION environment of overwhelming cognitive load yet promote

Undergraduate practical chemistry courses traditionally are deeper theoretical understanding. This approach also

comprised of laboratory practicals aligned to topics
matching lecture concepts.” While these links have shown
improved performance on lab-relevant exam questions,”
they can give the impression that this is the optimal
methodology to perform such reactions since all students
undertake the same procedure. A more authentic
representation of practical chemistry involves exposing
students to various methodologies to achieve a common
goal and comparing the strengths and weaknesses of each
approach. Such guided-inquiry approaches are an effective
strategy for increasing student engagement, taking owner-
ship of their learning, and developing the critical-thinking
skills that are sought beyond the laboratory classroom.™”

Following our spiral-curriculum approach to practical
teaching, students are first introduced to skills which are
then later revisited but the subsequent practicals develop
in theoretical and practical complexity.” Careful design of
suitable introductory experiments at the requisite level
requires full consideration of the variation in students’

provides elements of interest and challenge to the session,
helping students feel that the work is worthwhile.
Providing authentic context and real-world applications
have also been shown to improve students’ engagement.’

Given that the environmental impact of chemistry and
the coverage of concepts of sustainability, including the 12
principles of green chemistry,” have been introduced in
U.K.-based preuniversity courses,'’""® developing an experi-
ment that deals with this side of chemistry seemed like a
good match to improve student engagement. Not only
does this fulfill the requirements of accreditation/certifi-
cation of a degree program to discuss “greenness”'®'” it
also provides students with subject matter that resonates
with the wider societal beliefs; i.e., it is an authentic area
of research and has real life application.

There are several examples of Green Chemistry
undergraduate practicals,'*™** including comparing of
methods for the same reaction,” >’ and more extensive

prior experience and their confidence with practical Received: December 19, 2025
chemistry: the first exposure to laboratory techniques Revised:  February 12, 2026
needs to form a solid foundation to be built upon in Accepted:  March 10, 2026

subsequent practicals. Selecting familiar functional group Published: March 27, 2026

interconversions for early undergraduate synthetic practicals
can be an important consideration so as to not create an
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synthetic laboratory-based project;"® however, the majority
of reported practicals are aimed at second-year students
and above. There are also resources and laboratories®*™**
relevant to preuniversity students. While the prevailing
belief that introducing extra degrees of cognitive demand
on students at these earlier stages can be challenging,34
we>>>77 and  others®® have shown that, with careful
consideration of scaffolding and support, additional
elements can significantly enrich the students’ experiences
and help them develop a sense of confidence and
belonging.

The effective expression of one’s ideas—oracy—is an
important aspect of scientific communication and is a
central aspect of our practical course, for example, students
discussing aspects of decision-making, data analysis and
understanding of chemical concepts in this work.*>*%*
Indeed, oracy’s importance has been recognized at the
governmental level in the UK, where it is set to be
introduced to primary and secondary frameworks across
the whole national curriculum.*” This practical also
provides an elevated framework for students to self-
evaluate synthetic methods through oracy.

What is unique about this work is that we have
developed an early on first-year practical that simulta-
neously explores an organic chemistry reaction, product
purification, and decision-making of analytical techniques
through the use of oracy in a way that helps students to
see how these ideas fit together with a qualitative
introduction to green chemistry.

B CHOICE OF REACTION

The reaction of benzoin to benzil was chosen because
alcohol oxidation reactions are covered in U.K. preuniver-
sity syllabi.''™'>  Multiple synthetic methods for this
oxidation have been reported.*' ~* Three of these methods
were selected as they covered the same practical skills
developments for each student regardless of which method
was used, ie., hot plate heating, temperature monitoring,
Biichner filtration, and purification via recrystallization,
while the reaction protocols had significant differences
for comparison from both a methodological and a
sustainability viewpoint (Figure 1). Intentionally, no

OH

(0]

Method 1

HNO3, reflux

Method 2

Cu(OAC),, NH4NO3,
80% AcOH/H,0, reflux
Method 3
FeCl3.6H,0, 110 °C

Figure 1. Reaction scheme of benzoin to benzil.

benzoin

green-optimized method was provided; thus, advantages
and disadvantages of each method can be investigated in
an introductory manner. Details of each method are
reported in Experimental Procedures.

H LABORATORY EXPERIMENT
The intended learning outcomes of this practical are

(1) to wuse appropriate heating and glass handling
techniques, to perform an oxidation reaction;
(2) to perform a recrystallization of an organic product;
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(3) to develop decision-making skills, including the
selection of appropriate analytical techniques;

(4) to use oracy to evaluate critically the advantages and
disadvantages of different synthetic methods, both
from an operational viewpoint and sustainability
perspective.

Although all UK. university courses are different,
studying of any STEM subject usually involves students
completing a 3 or 4 year course in that subject, sometimes
integrated alongside optional modules, often in STEM
subjects. This means students will attend chemistry
practicals throughout all years of their course.

The practical is conducted between weeks 4—8 of the
students’ first term at university and aligns with concurrent
lectures on introductory organic chemistry, building upon
the functional group interconversions previously introduced
at the end of secondary level education in the UK."'™'* A
year’s cohort has roughly 180 students who are split into
groups of roughly 12—1S5 students per practical; this
practical is one of a six practical rotation completed over a
4 week block. Logistically, each cohort completing this
practical are split into three subgroups, allowing simulta-
neous completion of the three related methodologies in
the session. While the reagents and methodology of each
method are different, all students gain the desired practical,
decision-making, data analysis and method-evaluation skills,
as outlined in the intended learning outcomes.

Working in pairs, the practical lasts for 6 h; however, it
could easily be adapted to two 3 h sessions: (i) synthesis
and purification; (i) decision-making and sustainability
evaluation. It could easily be altered to institutional
requirements; for example, students could investigate all
methods, the session could be run in groups of three
students each completing one method rather than three
pairs of students, and/or it could be adapted to different
year groups where more advanced quantitative green
chemistry analysis can be implemented. Although the
students in this practical did not do a green star matrix
analysis, we have provided this to facilitate its inclusion
(Supporting Information).

Before completing this practical, students have not had
lectures on green chemistry, so no prior knowledge on the
topic was assumed; however, some preuniversity courses
cover sustainability concepts.'”'*™"> To help students
understand the practical, prelaboratory activities include
reading through the laboratory manual and completing a
short online quiz; this work is expected to take no longer
than 30 min. The quiz covers questions focusing on
relevant practical techniques and calculation practice;
safety/hazard considerations; and understanding of green
chemistry; as well as preparing students for the cognitive
demands surrounding decision-making and critical evalua-
tion by selecting appropriate analytical techniques in-line
with reported best practice (Supporting Information).*”

A 10 min introductory presentation is conducted at the
start of the session (Supporting Information), highlighting
key theoretical, sustainability and practical concepts,
reviews safety considerations, and brings to the students’
attention important factors when planning their reactions
as well as helping them to decide which analysis
techniques to perform. Scaffolded in-lab discussions provide
interactions for students to break from practical work to

https://doi.org/10.1021/acs.jchemed.5c01819
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Figure 2. Workflow of the laboratory session with dedicated oracy sessions.

reflect on what they are doing reducing cognitive overload
attributed to decision-making.

B SAFETY HAZARDS AND PREVENTION
MEASURES

Benzoin has no documented hazards. Benzil causes skin
and serious eye irritation. Concentrated nitric acid may
intensify fire as an oxidizer; causes severe skin burns and
serious eye damage; is toxic if inhaled; and is corrosive to
metals. Copper(I) acetate is harmful if swallowed; causes
severe skin burns and serious eye damage; and is very
toxic to aquatic life with long-term effects. Ammonium
nitrate may intensify fire as an oxidizer and causes serious
eye irritation. Acetic acid (80% (v/v)) in water is a
flammable liquid and vapor and causes severe skin burns
and eye damage. Iron(Ill) chloride hexahydrate is harmful
if swallowed and causes serious eye damage and skin
irritation. Ethanol is a highly flammable liquid and vapor
that causes serious eye irritation.

All participants are required to wear appropriate personal
protective equipment at all times. All reactions are
performed in a well-ventilated fume hood.

B EXPERIMENTAL PROCEDURES

To ensure a fair comparison of the different methodologies, the
reaction scales for each method and recrystallization conditions
were identical. Method 1 uses concentrated nitric acid as the
oxidant and solvent. Method 2 involves oxidation of benzoin
using catalytic copper(Il) acetate, in 80% (v/v) acetic acid—water
solution. Method 3 is performed solvent-free as a melt using
iron(IlI) chloride hexahydrate as the oxidant.

Method 1: Concentrated Nitric Acid

Benzoin (4.80 g 22.6 mmol) in concentrated nitric acid (17
mL) was heated and stirred at reflux for 30 min or until
subsidence of the formation of NO, gas (maximum 60 min).
With continuous stirring, the reaction mixture was cooled in an
ice/water bath before the addition of cold distilled water (75
mL) to precipitate the crude product as a yellow solid. The
crude product is filtered under reduced pressure and washed with
deionized water until washings are pH 7—8. Further purification
by recrystallization was performed from hot ethanol (20 mL).

Method 2: Copper(ll) Acetate and Ammonium Nitrate

A mixture of benzoin (4.80 g 22.6 mmol), copper(Il) acetate
(0.10 g 055 mmol), and ammonium nitrate (4.50 g 56.2
mmol) in acetic acid/deionized water (80% (v/v), 16 mL) was
heated and stirred at reflux (~118 °C) for 60 min. With
continuous stirring, the reaction mixture was cooled to room
temperature before the addition of distilled water (30 mL) to
precipitate the crude product as an off-white solid. The crude
product is filtered under reduced pressure and washed with
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deionized water until washings are pH 7—8. Further purification
by recrystallization was performed from hot ethanol (20 mL).

Method 3: Iron(lll) Chloride

Benzoin (4.80 g, 22.6 mmol) and iron(IIl) chloride hexahydrate
(18.36 g, 67.9 mmol) were mixed with grinding using a mortar
and pestle. The powdered mixture was heated at 110 °C for 60
min, affording a semisolid melt which was stirred periodically
with a glass rod. The reaction mixture was cooled (<40 °C)
before the addition of distilled water (75 mL) to precipitate the
crude product as an orange/brown solid. Further purification by
recrystallization was performed from hot ethanol (20 mL).

B STUDENT DECISION-MAKING OF ANALYTICAL
TECHNIQUES

In this practical, students must consider structural analysis
decisions, focused on providing evidence that they have
successfully synthesized benzil. The collection of infrared
spectroscopy and melting point were selected as mandatory
analyses, to relate to preuniversity course material and to
provide a consistent simple comparison between the
methods. Other analytical techniques that students have
previously been introduced to include the following: NMR,
UV—vis, TLC, titration, and polarimetry. Students were
given the autonomy to decide which, if any, additional
data to collect, with the focus on justification of their
choices within an argument framework, supported with
evidence and rationalization of the data.*®

The workflow of the practical is shown in Figure 2.
Depending on the method completed, the reaction is often
remembered by students for producing brown fumes
(Method 1), a blue-green color change (Method 2), or
using a mortar and pestle (Method 3).

B ASSESSMENT

The assessment of this practical comprises several parts;
(1) Prelaboratory quiz.

(2) In-lab practical performance, including decision-
making via justification of choices [graduate teaching
assistants and senior laboratory teaching staff over-
seeing the students performing the practical and
discussing the various decisions students make, as
well as checking their adherence to safety, employ-
ment of good experimental technique, teamwork and
organization, diligence, and participation during in-lab
discussion sessions].

(3) Results [the quality of data that students obtain, ie.,
product quality, acquisition and processing of good

https://doi.org/10.1021/acs.jchemed.5c01819
J. Chem. Educ. 2026, 103, 2265-2274
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Figure 3. Violin-plot comparison of recrystallized yield and recrystallized benzil melting point compared to reported literature** (dotted
line at 94 °C) for method 1 (Npairs = 28), method 2 (NPairs = 30), and method 3 (NPairs = 26). In each plot the mean value is

reported.

spectral data, and justification of analytical technique
selection].

Report and oral assessment [written report, focused
on the processing and presentation of data analysis,
and a comparison of the three methods; oral
assessment conducted as a face-to-face 10 min viva
voce discussion with a member of the teaching staff
(see Supporting Information for example discussion

points)].

(4)

B RESULTS AND DISCUSSION

Ethical Considerations

Prior to data collection, the University of Oxford Medical
Sciences Interdivisional Research Ethics Committee con-
firmed the data collection methods used in this study were
deemed to be educational course evaluation, not requiring
formal institutional ethics approval. The study was
nevertheless conducted in line with our institutional course
evaluation policies and the guidance provided by the ethics
board. Participation in pre- and postlaboratory surveys was
voluntary and accessed via a link in our Virtual Learning
Environment. Responses were limited to one per student;
no student details were recorded against the survey
responses, and any potentially identifiable information in
free-text comments was removed prior to analysis. Students
were informed before completing the survey that
participation was optional and in no way contributed to
grading and were provided information on the nature of
the project, the possible use of anonymous responses in
publications, and their right to withdraw participation.

Oracy

Within this reported practical, oracy is formalized, with
dedicated times within the session to encourage dialogue
on method evaluation.”” An introduction talk and an in-lab
discussion focused on experimental methods (e.g, proce-
dural and technical challenges, safety, cost, time), using the
12 principles of green chemistry as metrics and personal
opinion of what made a good reaction (e.g, visually
interesting, mess generated). Introducing details of the 12
principles of green chemistry once the reactions have
begun allows students to consider their method and which
of the principles might apply to it without worrying about
the setup. This helps to reduce cognitive overload which
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could be a challenge with an extended introduction at the
start of the lab.>*” There is also an end-of-lab discussion
between the students and staff, focusing on the students’
reflections of their decisions and justification of any
conclusions.”"

In-lab and end-of-lab dialogue with students can be split
into two categories: (i) how to determine the effectiveness
of a generalized reaction and (ii) selection of the
appropriate analyses needed to enable characterization of
the product in this practical. Active debate on which of
the available techniques can yield relevant and useful
information were fruitful, with many students focusing on
melting point (N, = 84) and TLC (Npy = 59) to aid
purity analysis, with IR (NpairS = 84) and 'H NMR (NpairS
= 83) spectroscopies identified for structural conformation:
(Npairs refers to the number of student pairs). Very few
students used UV—vis spectroscopy (NPairs 3) to see
differences between starting material and product; those
that justified completion of this technique focused on the
quantification of the concentration of benzoin remaining
using the visible-wavelength band (A" ~ 280 nm), but
recognized the difficulty given the overlapping UV-
absorption for benzoin and benzil, and concentration
effects (see the Supporting Information). Confirmation
whether the benzoin starting material was enantiomerically
pure or a racemic mixture was determined with polar-
imetry (N 1). No students decided to complete
titrations to confirm the reaction took place.

After completion of the Experimental Procedures,
students are posed the question: “What makes a ‘good’
reaction?”. This initiates a group discussion, where after
talking it through, students write factors on an interactive
screen, with potential additions made by the instructor if
required. The 12 principles of green chemistry are
revisited, and students collate their evaluation of the
methods. These oracy sessions provide an opportunity for
students to gain an understanding of all three methods.
Creating time in-lab for these discussions aims to reduce
the time needed outside of the lab for analysis for the
students and the written report assessment by the staff.
Having this as an instructor-led discussion aims to reduce
the sensory overload that some students experience from
many competing voices.””

https://doi.org/10.1021/acs.jchemed.5c01819
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Student Analysis

Student analyses of melting point and yield data (N =
168) are reported by student pairs, while best oxidation
method selection (N = 143) were collected from
assessments conducted in weeks 4—8 of students’ first
term at university. Discrepancies in sample size (N and
Npairs) reflects lab timetabling, data publication, and the
optional nature of student surveys.

Every student pair successfully, obtained recrystallized
benzil in sufficient quantities to perform analyses. Data for
the recrystallized product melting points and yields
provides students a common foundation for comparison
(Figure 3).

Method 1 provides the widest recrystallized vyield
distribution and has the highest mean yield of 67.2%.
The higher vyield, but significantly lower melting point
(684 °C), is, at least in part, due to residual water or
ethanol often being observed in the students’ IR spectrum
of method 1 product.

The highest melting points are observed for methods 2
and 3 of 81.7 and 83.8 °C, respectively, with literature
reporting 94 °C.*> Student melting points were regularly
under-reported as students often do not use a low
ramping-rate allowing for temperature-equilibration of
sample and thermometer. Students that dried their sample
on a Biichner funnel for more than 15 min and used a
lower temperature ramping-rate recorded melting points
closer to literature. The majority of students used TLC
(Supporting Information) and benchtop 'H NMR (60
MHz) of both the starting material and product to
confirm the reaction had gone to completion. A common
misconception taught preuniversity is that hydrogens on
adjacent heteroatoms cannot couple'”>® and therefore are
ignored when applying the “n + 1 rule” to determine
splitting patterns. Alongside our previous work,*® students
do observe but often misinterpret the °] coupling in
benzoin between the benzylic and hydroxyl protons.

Within the postlaboratory assessment, the methods are
compared initially in table format before drawing
conclusions from method comparisons. A quantitative
analysis of the 12 principles of green chemistry was not
expected in this early undergraduate practical, as this is
only one element of the evaluation of “what makes a good
reaction?” If this work was being used for a more
advanced class or one that focuses more on green
chemistry, then this aspect could become explored in
greater depth.

Method 1 was often considered least preferred due to
the highest reaction temperature, lowest purity assessed by
melting point, the use of concentrated nitric acid as the
oxidant, and the production of nitrogen dioxide as the
most hazardous reagent and byproduct, respectively.
Students who chose this as the best method focused on
the quicker reaction time and simplicity of reaction to
perform.

“Method 1 is the best as it can be monitored with the gases

being produced and has the shortest reaction time reducing

the amount of energy used.”

Where method 2 was selected as the best oxidation
method, advantages included its use and regeneration of a
catalyst, less harmful solvents, a nontoxic byproduct (IN,),
the product spontaneously crystallizing from reaction
mixture upon cooling of the reaction, comparable melting
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point, and yield to method 3. The quantity of reagents
involved, the longer reaction time, and concerns on the
toxicity of the copper catalyst were noted as disadvantages.

“Method 2 is the best in my opinion. It uses lots of reagents

including copper(I) acetate which is harmful for aquatic

life. However, it produces N, as the gas in the reflux which
isn’t toxic. Method 2 is prettier to look at than method 3 so

it made me feel good.”

“I would consider method 2 to be the best method for

oxidation. The first reasons is because it is a method which

avoids the use of highly dangerous solvents or reagents, and

does not produce any toxic gases. Additionally, method 2

applies several of the principles of green chemistry, some of

which are not utilized by the alternative methods. These
include the use of a catalyst (with copper(I) acetate), using
safer solvents (specifically acetic acid as a solvent compared

to using concentrated nitric acid as is the case with method

1). Additional principles of green chemistry used by method

2 were the prevention of waste, as no highly toxic or

hazardous waste was produced.”

Advantages of method 3 include a cheap oxidant, the
product had the closest average melting point to the
literature value, it
reaction temperature. However, the use of a melt was also
mentioned as a disadvantage as the reaction temperature
cannot be lowered significantly to reduce energy
consumption, unlike the other methods. Students found
the reaction unpleasant to manually stir and look at
compared to methods 1 and 2. The isolation and
purification of the product from the iron salts proved
challenging, which was also deemed a disadvantage.

“I found method 3 to be the most consistent with the

principles” of green chemistry, reducing waste in terms of

solvents and did not require refluxing. It did not produce

toxic by-products (NO,) like method 1.”

“I had originally thought that method 3 is the best as its

purity is the best and it satisfies more of the Principles of

Green Chemistry including energy efficiency (lowest reaction

temperature) but [method 3] does involve melting FeCl,

compared to dissolving reagents [method 1 and 2].”

It is notable that often reaction time, temperature, and
the energy required to solvate reagents were taken in
isolation rather than thought about collectively by the
students. After evaluating the advantages and disadvantages
of each of the three methods, including evaluation against
the 12 principles of green chemistry, students selected
which method they consider to be the best (Figure 4).
Method 2 was ranked the best overall followed by method
3 and then 1.

In an attempt to introduce students to the idea of scale-
up and industrial chemistry, a question was added in to
the postlaboratory assessment. Students rarely change their
method selection when considering the scalability of the
reaction, with temperature, the number of reagents, and
the reduction of toxic reagents and products often taking
precedent. It was not surprising that students did not
consider aspects of heat transfer, the introduction and
removal of reagents, changes in priority to cost, atom
economy and waste production when deciding on the best
oxidation method as they had not received formal teaching
about these topics.

is solvent-free and has the lowest
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Student selection of best oxidation
method

Method 1 (2.8 %)
B Method 2 (62.9 %)
I Method 3 (34.3 %)

Figure 4. Student selection of the best benzil oxidation method
(N = 143).

Evaluation of Decision-Making

Pre- and postlaboratory, students were asked to rank
(based on a S-point Likert scale) the importance of
different data/analytical techniques to assess whether the
reaction was successful in terms of synthesizing a high-

purity product (Figure S). The pre- and postlaboratory

-80% -60% -40% -20% 0% 20%  40%  60%

80%  100%

Yield (Pre)
Yield (Post) 1 ]
Melting Point (Pre) 1 ]
Melting Point (Post) | ]
UV-vis (Pre) | |
UV-vis (Post) | | 1
1H NMR (Pre) I I
1H NMR (Post) | |
Titration (Pre) ]
Titration (Post)
TLC (Pre)
TLC (Post)
Polarimetry (Pre)
Polarimetry (Post)
IR (Pre)
IR (Post)

Very Unimportantll ~ Unimportant Neutral Important Very Importantll

Figure S. Student ranking of data/analytical techniques in terms
of importance to assess pre- and postlaboratory N = 168/122
(Pre/Post).

rankings were similar, with students putting more
importance on yield and melting point, likely due to
persistence of naive theories from preuniversity.”* The
importance of TLC increased slightly postlaboratory, with
students ranking UV-—vis spectroscopy, titration, and
polarimetry as least important analytical techniques for
this reaction. The change in importance-ranking aligned
with students’ prelaboratory judgment and confirmed in-lab
decisions, with those that decreased in importance being
the techniques that were least attempted by students.
Good levels of cognitive engagement in the practical
were observed, evaluated by an increase in students asking
decision-based questions compared to other practicals.
Pleasingly, students reported that making decisions as to
which data to collect was not “very challenging” (Figure
6a). This aligns with previous reports that students are
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able to rise to the challenge of making decisions in early
stages of an undergraduate practical course.”> > Encourag-
ingly, students found that performing the analysis was not
particularly challenging (Figure 6b), likely as they had
encountered each technique previously in a different
practical, our spiral curriculum succeeding. Students were
able to apply the skills they had previously encountered to
this scenario with limited intervention, thus increasing both
competence and confidence within the lab environ-
ment.”> " The analysis of spectroscopic data was reported
as the most challenging part within the laboratory (Figure
6¢c); this might be because this was completed
unsupervised outside of the lab. 89% of students reported
that their decision-making skills had improved (Figure 6d).
In the prelaboratory survey, 87% of the students classified
learning about sustainable chemistry in a practical course
as important or very important, with postlaboratory student
feedback (free text) illustrating engagement from building
in decision-making:

“Green chemistry is something I'm very passionate about,

and I really liked that I could make more of my own

decisions on what analysis to complete, which led to a better
understanding of each technique and provided more
informed conclusions. I now have more awareness on how

I can make greener choices in future labs.”

To wunderstand the perceptions of organic reactions,
students were asked to evaluate factors that make a
reaction “good” in terms of importance (Figure 7). The
pre- and postlaboratory survey results highlight that
students’ continue to evaluate both yield and purity as
important, with product appearance and emotive responses
increasing in importance. This is of interest as in many
reports, and as was discussed earlier, students noted that
method 1 having a high yield is an advantage, despite the
lower purity being noted as a disadvantage. Sustainability/
environmental factors show a small increase in importance
after students have completed the lab, suggesting that
students have gained an awareness of how their actions in
the laboratory have an environmental impact. Students’
emotive response to laboratory experiences is complex and
sometimes contradictory, and it is not possible to capture
a full understanding of the affective domain within this
survey.”® The survey question “How the reaction makes
you feel” aims to encourage students to reflect on their
experiences and validate that their experience of enjoyment
can be a contributing factor in deciding “What Makes a
Good Reaction?”; ie. enjoyment helps with motivation and
leads to students being more engaged in learning.

It is worth noting that while reactions conditions and
the three products all look different (Figure 2 and
Supporting Information), there are limited differences in
spectra. The product appearance and emotive response to
the reactions being performed are deemed least important
by students overall However, these considerations show
the largest increase in importance after completing the lab
(Figure 7). Interestingly, no factors were ranked signifi-
cantly less important after students had completed the lab.

Student feedback shows that they enjoyed seeing
different methods for the same chemical transformation,
highlighting that within group settings students can
complete different reaction methods and all still meet
the intended learning outcomes:
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a Deciding which data/analytical
techniques to use to assess whether
the reaction was successful

Il Very Easy (12.3 %)
Easy (23.8%)
Neither Challenging nor Easy (36.1 %)
Challenging (26.2 %)

Il Very Challenging (1.6 %)

Analyzing the data collected to prove
reaction was successful

Il Very Easy (4.9 %)
Easy (13.1 %)
Neither Challenging nor Easy (36.1 %)
Challenging (39.3 %)

Il Very Challenging (6.6 %)

b Performing the chosen data/analytical
techniques

Il Very easy (11.5%)
Easy (28.7 %)
Neither Challenging nor Easy (45.9 %)
Challenging (13.9 %)

I Very Challenging (0 %)

d How do you consider your analysis
selection skills to have changed since
completing this practical?

M significantly Improved (16.0 %)
Improved (73.0 %)
No Change (11.0 %)
Worsened (0 %)

M significantly Worsened (0 %)

Figure 6. Student postlaboratory survey on analytical technique decision-making (N = 122).

“I found the [lab] style of different groups adopting
different methods very interesting, as it made you think
about the similarities and differences, and therefore felt very
connected to ‘real’ chemistry. I would really like to do more
labs similar to this one in the rest of the course.”

B CONCLUSIONS

We have reported a practical that uses the framework of
green chemistry as an authentic scientific context to
introduce decision-making of analytical techniques in an
undergraduate curriculum. The comparison of the three
methods allows for both methodological and analytical
comparisons to be made by students. By scheduling
dedicated points in the practical for students to use
oracy to develop an understanding of the 12 principles of
green chemistry and to explore the types of data provided
by different analytical techniques, students are supported in
developing the confidence to make their own informed
choices within a first-term practical.

Students self-reported an improvement in decision-
making skills, which was also recognized by instructors,
that being first-year students are able to implement skills
previously encountered within a spiral-curriculum with
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Very Unimportantll Unimportant Neutral Important Very Importantll

Figure 7. Pre- and postlaboratory student survey results, ranking
the following factors that make a “good” reaction in terms of
importance to respondents. N = 168/122 (Pre/Post).

minimal intervention. Future work will explore the
development of an advanced laboratory practical where
the quantification assessment of the 12 grinciples of green
: . . 59,60 61
chemistry using the green star metrics and E-factor

are implemented by students. The impact that this
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practical had on decision-making skills and implementation
of green chemistry practices will be monitored within our
spiral-curriculum.
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