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Introduction

The faculty and students of the University of Puerto Rico have
endured many hardships over the past years; budget cuts, hur-
ricanes, and earthquakes are among some. These prior scenar-
ios have made both instructors and students resilient to in-
structional change. Thus, when the announcement was made
regarding the transition to remote teaching, students and in-
structors braced for the challenge of adopting and adapting
several teaching strategies to fit the new normal in higher
education.

There are a multitude of well-studied teaching strategies
easily adaptable to remote learning [1–7]. In choosing among
these, it was important to recognize that however the transition
was made, we needed to keep in mind the accessibility, cost,
acquisition and implementation time frame, active learning
potential, increased student engagement, and safety. This ar-
ticle focuses on our experiences as educators transitioning the
Quantitative and Instrumental Chemical Analysis lectures and
laboratories into remote learning as the COVID-19 pandemic
evolved. We emphasize the challenges met in selecting re-
sources, implementation hurdles confronted, and an evalua-
tion of what we think were the most effective instructional
practices to engage students in remote pandemic learning.
The article discusses the course preparation and teaching strat-
egies employed in the lecture and laboratory portion of these
core courses.

Course demographics

The Quantitative and Instrumental Chemical Analysis are
semester courses typically taken consecutively by under-
graduate students in their second or third year. Students
enrolled (60% female and 78% Hispanic) in these courses
are young (75% are < 24 years), and most (80%) receive
financial assistance [8]. The lecture component has an
enrollment of 25–50 students per semester, while enroll-
ment for the laboratory is limited to 24 students per ses-
sion. The lecture component meets twice a week for 1 h
and 20 min, while laboratory meets twice a week for 3 h.

Course preparation

To assess their remote learning resources, students were
surveyed about their access to Internet services, hardware
(laptops, desktop computers, or tablets), and software (scan-
ning apps, PDF converter). They were also asked about their
learning environment and time commitments. The question-
naire is provided as Supplementary Information. As a result
of the questionnaire, students were pointed to on-campus
resources that improved their accessibility to the Internet
and devices. These actions minimized the effects of inade-
quate resources that some students might have confronted
and offered them an opportunity to reflect on what they
needed to learn remotely.

Remote course lectures

In the midst of a global pandemic, instructors turned to
four evidenced-based teaching strategies; problem-based
learning [5–7, 9], peer mentoring [10], case studies [3],
and model-based learning [4] to deliver course content re-
motely. These active learning strategies were materialized
using both synchronous and asynchronous tools for

This contribution is part of a series featuring teaching analytical science
during the pandemic in order to support instructors in preparing their
courses.

* Vilmalí López-Mejías
vilmali.lopez@upr.edu

1 Department of Chemistry, University of Puerto Rico, Río Piedras
Campus, San Juan, PR 00931, USA

2 Education and Outreach Program, Molecular Sciences Research
Center, University of Puerto Rico, San Juan, PR 00926, USA

https://doi.org/10.1007/s00216-021-03243-5

/ Published online: 11 April 2021

Analytical and Bioanalytical Chemistry (2021) 413:2845–2853

http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-021-03243-5&domain=pdf
https://orcid.org/0000-0003-4508-6410
https://orcid.org/0000-0001-5864-1482
https://orcid.org/0000-0001-9482-2803
https://orcid.org/0000-0002-6285-0102
https://orcid.org/0000-0003-0599-5871
https://orcid.org/0000-0003-2138-8414
mailto:vilmali.lopez@upr.edu


introduction, training, evaluation, and feedback as illustrat-
ed in Fig. 1. The following sections describe how each of
these strategies was implemented and evaluated in the lec-
ture component of the Quantitative and Instrumental
Chemical Analysis courses.

Synchronous course lectures

The lectures were adapted in the sense that a video con-
ferencing platform was now needed to enable a dialog
among participants. The lecture occurred synchronously
and was facilitated by a device that would allow the in-
structor to write and draw in real-time. For the
Quantitative Chemical Analysis lecture, each discussion
started with a “Challenge” that consisted of a complex
problem that prompted the review of material covered in
the previous lecture. Once solved individually or in a
group of students, the next topic in the topic module
was discussed. On the other hand, the Instrumental
Chemical Analysis instructor intertwined a case study
throughout the lecture as a strategy to apply concepts
being developed directly to a social framework in which
chemical problems might exist. Both of these components
were shifted from in-person to remote pandemic teaching.

A key component in online lectures was student engage-
ment. During lectures, the instructors would poll the students
and the results were then used to guide the discussion and
clarify doubts. Another way the instructors attempted to en-
gage students was by incorporating their ideas making fre-
quent use of polling and chat tools.

Synchronous peer mentoring sessions and office
hours

During the Quantitative Chemical Analysis synchronous lec-
ture, students could privately chat with each other or a peer
mentor, who joined the discussion. Peer mentors are under-
graduate students who have previously excelled in the course
and receive one credit hour for tutoring and mentoring. It is
recommended that the instructor remind students about the
availability of the peer mentor to increase student engagement
with this resource. Peer mentors were also in charge of
reporting attendance and participation back to the instructor.
In addition to the synchronous lectures, several 1-h peer
tutoring sessions occur synchronously throughout the week.
Attendance for each session, although voluntary, was taken.
These sessions help students address technical issues, clarify
doubts, discuss past examinations, work through problem sets
and serve as a place to socialize. The instructor also held office
hours synchronously. Instructors note that the overall time for
each topic module and office hours increased due to the use of
technology to aid the discussion (i.e., idle time between screen
sharing, entering/exiting the breakout rooms, solving audio/
connectivity issues). The ability for students to ask questions
in real-time surpassed most of the discomfort related to
Internet connectivity that often prevents instructors from using
synchronous lectures.

Asynchronous learning

Asynchronous activities were included to reinforce learning,
particularly for introductory concepts or application of

Fig. 1 Summary of the active learning strategies and how these were implemented and evaluated throughout the lecture component of the Quantitative
and Instrumental Chemical Analysis courses
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instrumental techniques. The asynchronous component relied
on pre-recorded videos explaining concepts, webinars, and
podcasts about the application of instruments as well as sup-
plementary readings and problems that complemented syn-
chronous lectures. The instructor initiated a thread in the fo-
rum with open-ended questions, and the students followed by
discussing doubts about the supplementary material assigned.
Students who share devices, living spaces, and the Internet
with other people or those who had unexpected responsibili-
ties due to the pandemic, benefited from the asynchronous
learning activities.

Problem-solving sessions

Remote problem-solving sessions were integrated every other
week for a full lecture period or combined with the lecture
material on the same day. At the start of the problem-solving
session, the students were assigned randomly to breakout
rooms to work cooperatively to complete the problem set.
The instructor or a peer mentor intervenes when students use
the “Ask for Help” button. Questions within the problem set
were assigned randomly and each group was responsible for
transcribing the solutions into a shared document that served
as the answer key. The instructor or peer mentor would mark
each particular solution as correct (green), partially correct
(yellow), or incorrect (red) and comment on the answers as
these became available. At the end of the lecture, the whole
group met for ~ 30 min and discussed the most challenging
questions. If the time did not allow for a complete answer, the
instructor and students discussed a strategy to solve the prob-
lem, and students were asked to come to office hours or attend
the tutoring sessions.

To make this an effective instructional strategy, the instruc-
tor needs to provide students with clear and concise instruc-
tions (often at the top of the shared document), keep track of
time, promote student participation, and lastly, allot time to
discuss the outcome of the problem set. Remote problem-
solving sessions take various iterations to get the right bal-
ance, both students and instructors need not be discouraged
and recognize it is a learning process.

Case studies

Five case studies (Topics of the Case Studies are provided as
Supporting Information) were employed as closing activities
for the different course units in the Instrumental Chemical
Analysis lecture. All cases have these common elements: a
description of the problem, supporting information (tables/
graphs, scientific articles, or figures/videos), and a “decision-
maker” guided questions. These elements provide the students
steps to develop solutions to the problem presented in the case
study. Case studies are presented during the lecture using a
video or newspaper article to promote the students’

engagement. Then, students work in groups of 2–4 to answer
the decision-maker-guided questions. To close the activity,
each group presents their proposal, and the class comes to a
consensus about the best strategy to solve the problem taking
into consideration the following aspects of the instrumental
analysis method; sampling, sample preparation, detection,
analysis of results, advantages/disadvantages, and alternative
approaches.

As demonstrated in previous studies [3], case studies
helped our students to develop higher order analytical skills
while discovering the usefulness of conceptual knowledge in
solving real-world problems [11]. When contrasted to ques-
tions of similar difficulty presented during an in-person lecture
to wrap-up course material, case studies increase the mean
score on exam questions. An increase in student participation
was noticeable during case studies. The instructor needed to
be mindful in selecting cases that students could relate to
increase their participation. Case studies should be adapted
to fit this criterion.

Construction of animated models and videos

Modeling-based Learning (MbL) is a teaching and learning
strategy whereby students engage in modeling while
connecting with other practices such as asking questions,
planning and carrying out investigations, analyzing and
interpreting data, and constructing explanations to develop
and refine explanatory accounts iteratively [4]. We included
a special project using MbL to promote the understanding of
instrumental techniques at the macroscopic and molecular
levels. Simultaneously, the activity allowed expanding the
number of techniques or applications discussed within the
course. Students were required to work in pairs to develop a
5–10-min introductory video to explain an assigned instru-
mental technique. The video included a model or animation
highlighting physicochemical principles of the technique and
the function of the different parts of the instrument. Figure 2
shows some examples of the students’ instrument models. As
part of the assignment, students had to interact virtually with
professors to understand how the instruments are used in di-
verse research areas. This interaction served two purposes:
expose students to the real applications of the instrumental
techniques and engage students in learning about the
Department’s research areas. The activity included three
stages: (1) pre-production: the development of a script and
identification of characters; (2) production: modeling, stage
set-up, lighting, photography, and video generation; and (3)
post-production: inserting narratives, sounds, and special ef-
fects. The students wrote a script and presented their initial
model to the instructor during pre-production. At this stage,
the instructor provided feedback and the opportunity to im-
prove, if needed. Finally, at the end of the semester, the teams
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presented their creation to the entire group and answered ques-
tions during a synchronous lecture.

Remote laboratory experiences

In response to the global pandemic, instructors focused on
those learning objectives that did not require performing in-
person experiments. These are, students will (i) manage, pro-
cess, and interpret experimental datasets using statistical anal-
ysis tools (ii) apply fundamental theories to explain experi-
mental phenomenon, (iii) review and follow laboratory safety
protocol, and (iv) evaluate laboratory procedures using the
knowledge acquired in the lecture about the fundamental of
chemical analysis. To this end, laboratory instructors imple-
mented four evidenced-based teaching strategies; self-paced
virtual experiments employing laboratory simulations, live-
streamed and pre-recorded laboratory experiences, develop-
ment of a research proposal, and model construction [4, 12].
These strategies were enacted using both synchronous and
asynchronous tools and are described in the following
sections.

Self-paced virtual experiments

Self-paced virtual experiments (SPVEs) are guided experien-
tial asynchronous practices performed in a virtual laboratory.

This resource enables an experimental learning environment
even in the absence of physical reagents or instruments [13]
and it is available whenever and wherever with minimal inter-
vention of teaching personnel. Different studies have sug-
gested that SPVEs improve the understanding of difficult con-
cepts and contribute to developing scientific inquiry self-
efficacy [12, 14].

ChemCollective (www.chemcollective.com), a project of
the National Science Digital Library developed to support
chemistry education through interactive online activities,
served as the virtual laboratory platform used for the
Quantitative Chemical Analysis course. This platform is
free, easy to implement, readily available, and safe. Three
SPVE (Qualitative and Quantitative Analysis of Food Dyes,
Designing a Buffer Solution with a Specific pH, and
Determining the Identity of an Unknown Solid Weak Acid)
were incorporated. A summary of the instructional tools
needed to realize SPVEs are shown in Fig. 3. The students
work through the SPVE facilitated by an instruction sheet and
a short discussion video that they could access through our
instructional learning management platform, Moodle. The
outcome is a worksheet that allows the students to record
experimental details, gather data, and provide quantitative
analysis and interpretation of the experimental results. For
example, for the Qualitative and Quantitative Analysis of
Food Dyes virtual laboratory, the students were tasked with
determining the concentration of dyes present in a powdered

Fig. 2 Snap shots of animated instrument models and videos constructed
by students. aX-ray spectrometer. b The analyzer in a mass spectrometer.
c A high-performance liquid chromatograph. d A matrix-assisted laser

desorption/Ionization-time of flight mass spectrometer. e A nuclear mag-
netic resonance spectroscopy. f A potentiostat cell
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beverage. The activity included the separation of the dyes
based on column chromatography, spectrum identification
for each dye, preparation of standard solutions for the dyes,
measurement of standard solutions to construct calibration
curves, and measurement and determination of the
concentration of dyes in the unknown sample with the
appropriate statistical analysis.

Initial challenges were problems with comprehending the
instructions provided and managing the platform’s tools as
students performed the first SPVE. To overcome these chal-
lenges, short discussion videos (not included at first) and more
detailed instruction sheets accompanied later SPVEs. The
videos helped students understand how to use the platform’s
tools and how to analyze the experimental data for all the
subsequent SPVEs.

Live-streamed and pre-recorded laboratory
experiences

Multimedia videos have been shown to be a highly effective
educational tool for content delivery [15–17]. Three elements
for video development [18] were considered to maximize their
effectiveness: cognitive load, student engagement, and active
learning. Teaching assistants and instructors for the Chemical
Analysis laboratory worked on filming five laboratory video
demonstrations (Calibration of Volumetric Equipment,
Solution Preparation, Volumetric Analysis of the
Concentration of HCl, Potentiometric Analysis of a
Phosphate Mixture, and Spectroscopic Determination of Mn
in Steel). A typical video had a length of ~ 15 min and showed
the experimental procedure. It included views of the balance
display and glassware scales so that the students could obtain
the data directly from the equipment used.

For the Instrumental Chemical Analysis laboratory, video
demonstrations for the following instruments were recorded
and made available: spectrophotometers (i.e. UV-VIS, FTIR,
AA), fluorometer, chromatography equipment (i.e. HPLC-
UV-VIs, GC-FID, GC-MS), sample preparation techniques
(i.e. SPE, SPME), and differential scanning calorimetry. The

videos included details that go from the instrument’s calibra-
tion to the results’ interpretation. The explanation of theory
and step-by-step use of the analytical instrumentation revealed
a significant improvement in the discussion component of the
student’s laboratory reports as well as grades compared with
previous in-person laboratory experiences. This observation is
consistent with previous literature in which the use of online
videos is shown to increase the learning outcomes for difficult
concepts [16].

Additionally, for this course the instructor live-streamed
five laboratory experiences engaging students in the execution
of experimental procedures to gather accurate data in real
time. The experiences that were live-streamed were the
Determination and Quantification of Ethanol in Vodka using
FTIR, Synthesis and characterization of Silver Nanoparticles
by UV-Visible Spectroscopy, Determination of Quinine of
Tonic Water using Fluorescence, Quantification of Caffeine
in Green Tea using UV-Visible Spectroscopy, and
Determination of Water Hardness using Atomic Absorption
Spectroscopy. A significant challenge the instructor faced in
implementing the live-streaming was the visualization of the
steps to use the instrument (i.e. focusing on the computer or
instrument display, etc.) for a specific analysis. We believe
that the laboratory video demonstrations, which are pre-re-
corded, helped to mitigate the pitfalls presented in the live-
streamed experiments.

Although the overall use of pre-recorded and live-streamed
laboratory experiences allowed us to keep providing students
with experimental data and demonstrations of techniques, we
faced a series of challenges that will inform future iterations of
the course. Accountability was an issue, as students would
skip the pre-recorded videos. We will work on the integration
of questions within the videos and quizzes to assess viewer’s
comprehension and encourage the use of the pre-recorded
videos for learning. In addition, we will develop shorter
videos (< 5 min) to ease comprehension and decrease the
cognitive load [19]. The video demonstrations included up-
beat instrumental music, which could serve as a distraction.
We plan to substitute the music for a narration of the

Fig. 3 A summary of the instructional tools needed to realize SPVEs: an instruction sheet, a short discussion video, the virtual exercise within
ChemCollective, and a laboratory worksheet for data gathering, analysis, and interpretation
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experiment to highlight critical steps of the analysis.
Additionally, even if live-streaming and pre-recorded labora-
tory experiences seem to engage students in experiential learn-
ing during the pandemic, they fall short on developing the
skills students need to appropriately manipulate laboratory
equipment and instrumentation leading to the acquisition of
high-quality quantitative data for analysis.

Proposal writing

Traditionally, students enrolled in the Quantitative and
Instrumental Chemical Analysis laboratory develop a propos-
al, execute, and present their findings. To adapt this strategy
into remote pandemic teaching, the students worked in teams
developing a written proposal and, instead of its execution,
they developed a hypothesis, presented the expected results,
and proposed an analysis. A group of three students selected
the topic for their project from a list provided by the instructor
(Proposal Topics are Provided as Supplementary
Information). For the Quantitative Chemical Analysis labora-
tory, the students were tasked with proposing a quantitative
analysis using different techniques for a particular analyte in
an array of real samples, such as determining the acidity of
alcoholic beverages using potentiometric titration. For the
Instrumental Chemical Analysis laboratory, students chose a
particular problem to be solved using instrumentation that was
previously covered as part of the laboratory experience.
Laboratory instructors identified diverse themes as well as
emergent problems for the topics of the proposals. For both
courses, the proposals were written using the ACS guideline
for Research Proposals for undergraduate students [20]. The
objective was to have students apply what they learned, pro-
pose a method that included practical and technical consider-
ations, propose a validation strategy, and describe in detail
how they could prepare actual samples addressing removal
interferences as a step in the sample preparation. The group
submitted a draft for each component, and feedbackwas given
throughout the semester based on predetermined deadlines.
The instructor revised the documents, and each group present-
ed the final proposal in a synchronous laboratory section.

The biggest challenge confronted by the students in work-
ing to develop their proposals during remote pandemic teach-
ing was difficulties to identify (i) the analysis to be performed
for a particular sample, (ii) expected results, and/or (iii) exper-
imental errors. The casual interactions with the instructor,
teaching assistants, and other students might have, during in-
person teaching, solved these hurdles. In the face of remote
pandemic teaching, the instructor had to schedule individual
meetings with groups to discuss the projects. In the future, the
instructor will provide an instruction sheet to the students to
improve their ability to search the scientific literature. Overall,
students did rise up to the challenge and some projects even
integrated sampling of local sites.

From users to builders: a DIY instrumental analysis
laboratory

This component of the laboratory included six-evidence-
based teaching strategies: use of visuals in explanations, con-
cept mapping, worked examples, practice, feedback, and
group discussion. Students downloaded the assembly instruc-
tions and obtained the papercraft spectrophotometer from the
Public Lab website (https://publiclab.org/wiki/foldable-spec).
For the construction of the colorimeter, the main materials
(cells, test tubes, volumetric flasks, dyes, pipettes, cardboard,
and CDs) were picked up by students at a specific time and
location. The pick-up resembled a drive-thru to minimize con-
tact between instructors and students. Students were divided
into groups to build two homemade spectrophotometers.

The construction of the first spectrophotometer was an ad-
aptation of the work published by Public Lab’s spectrometry
project (https://publiclab.org/). Briefly, students use an old
CD, a box, and a fluorescent lamp to construct a
spectrophotometer as the one shown in Fig. 4. Each member
of the group had to fabricate their own equipment prior to the
laboratory meeting in the breakout rooms; students came to a
consensus about the best design. The design of this
spectrophotometer allowed students to observe the
components of the visible spectrum and get familiar with the
concept of spectral calibration. Public Lab provided compact
fluorescent lamps (CFLs) spectra as a reference to calibrate
students’ DIY spectrometers as shown in Fig. 4a, b. A set of
questions was provided to the students to evaluate the con-
struction of the DIY spectrophotometers and how they can
improve spectral resolution (the questions are provided in
the Supplementary Information). Most of the students were
able to obtain ~ 1-nm resolution, after a few adjustments to
their design (Fig. 4c).

For the second construction, students were asked to de-
sign a colorimeter employing household materials and
their smartphone as the detector. First, they meet to brain-
storm ideas and come with a proposal for the instrument
design, including a justification for the selected materials.
The instructor later met with each group and, through guid-
ed inquiry questions, pointed to the areas that need im-
provement. Figure 5 shows one of the colorimeters con-
structed by different groups. To validate the utility of the
spectrophotometers, students used them to determine the
concentration of food dyes in beverages employing Beer-
Lambert Law. Standards of known concentration of the
dyes (Allura red and Tartrazine) were provided for quality
control and validation of the accuracy of the instrument
and method. Although the instrument resolution and accu-
racy cannot be compared with that of commercial instru-
ments, the DIY construction of spectrophotometers allows
the students to understand the function of each component
of this instrument.
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Overall outlook

It is the authors’ opinion that the Quantitative and
Instrumental Chemical Analysis courses, particularly, their
laboratory component, should not be offered remotely unless
the risks outweigh the benefits for the students such in the case
of the current global COVID-19 pandemic. In our opinion,
there is no better alternative to acquire the analytical and tech-
nical skills needed to become professionally competent in the
chemical sciences than to experience in-person Quantitative
and Instrumental Chemical Analysis laboratories. The authors
worry about the preparedness of students undertaking senior-

level courses, professional careers, or graduate school with
minimal practical experience to complement their conceptual
learning as the effects of the pandemic on remote teaching will
linger at least through the summer months. Within the con-
straints of accessibility, cost, acquisition and implementation
time frames, and safety, we resorted to implement evidence-
based teaching strategies that would foster active learning
such as case studies, problem-solving sections, MbL-
construction of models, SPVEs, laboratory demonstrations,
and others presented herein. In addition, many experiments
were performed with household materials, which facilitated
the acquisition of some fundamental technical skills that are

In
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Fig. 4 Example of students’DIY spectrophotometer. aConstruction following the Public Lab’s spectrometry project template. bAn image of the visible
spectrum captured by a smartphone. c A calibration spectra for the spectrophotometer

Fig. 5 Example of student-designed DIY colorimeter. a Diagram of the proposed colorimeter. b Selection of the materials for constructing the
instrument. c Assembly of the instrument
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part of traditional laboratory experiences. These strategies
buffered in a sense the impact of offering these experiential
courses from afar. Moreover, these strategies were highly ef-
fective (in our opinion) in engaging the students in group work
and social interactions that fomented motivation and appreci-
ation for the chemical sciences as well as learning. Yet, the
impact of the remote instruction for these core courses on the
academic and professional preparedness of students should be
investigated to mitigate any potential learning gaps.

From the instructor’s perspective, the time needed for the
development and implementation of remote courses surpassed
that of traditional courses offered in person. One factor that
contributed to the time spent in the planning and execution of
remote teaching is the need to overcome technological barriers
needed for the construction of highly engaging virtual learn-
ing environments that included, for example, storytelling as
well as video recording and editing. Universities should sup-
port remote teaching by providing additional training, tools,
and resources for educators to effectively engage students in
remote learning.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03243-5.
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