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Title: Integration of a water quality laboratory sequence into a core chemistry course

Abstract:

According to the President’s Council of Advisors on Science and Technology, less than 40% of
students entering college intending to major in STEM-related fields graduate with a STEM
degree. High-performing students frequently credit uninspiring introductory courses for their
change in direction. Introductory courses in the Department of Chemistry and Life Science at the
United States Military Academy include two semesters of general chemistry. General Chemistry
IT is a core chemistry course required for Chemical Engineering, Chemistry, Kinesiology, Life
Science, Environmental Engineering, Environmental Science and Mechanical Engineering
majors; students preparing for medical school; or as a science elective. The roughly 200 students
enrolled each semester are divided into sections of approximately 20 students taught by 6 faculty
members. To improve student engagement in General Chemistry II, a research inspired, water
quality themed laboratory sequence was implemented beginning in the Spring 2017 semester.
The water quality laboratory sequence consists of four introductory skill-building labs followed
by three labs during which students tour a water treatment facility, then collect and analyze water
samples of their choice. Students collect samples from water sources near the student living area,
to include treated tap water, an estuary, and a reservoir. Examples of water quality analyses
students complete include titrimetric methods, which are applied to measure parameters such as
total hardness and total alkalinity; and UV-Vis spectroscopy to measure dissolved iron. The goal
of the new laboratory sequence was to implement the following key elements: (1) support
content goals of the course; (2) be hands-on; (3) balance expository and inquiry-based
instruction; (4) be feasible to implement with available resources; and (5) promote a constructive
affective learning environment. The first four elements listed above were assessed based on
alignment with course learning objectives and American Chemical Society guidelines and
analysis of the data generated by students in the laboratory. The final element was assessed based
on feedback from students. More than half of the students surveyed each semester reported the
lab sequence increased their level of interest in pursuing research in a STEM field. These
preliminary findings suggest the water quality themed lab sequence was successful in improving
student engagement and maintaining or increasing level of interest in STEM-related fields.



1. Introduction

More than two decades ago, the National Science Education Standards recommended a
transition from traditional expository to inquiry-based curricula in the science classroom. This
recommendation stemmed the development of standards and frameworks built upon inquiry-
based methods (National Research Council, 1996 and 2012; Cooper, 2013; Bybee, 2014). The
belief is that inquiry-based learning will not only improve students’ knowledge of science, but it
will also improve their ability to think critically and creatively about the natural world
(Maienschein, 1998). Introduction of a new approach, such as inquiry-based learning, could also
be a useful intervention to increase the percentage of students that remain in STEM related
fields. Studies have determined that less than 40% of students entering college intending to
major in STEM related fields graduate with a STEM degree. One of the reasons high-performing
students frequently give for changing majors is uninspiring introductory courses (National
Research Council, 2014). Given a historical reputation of emphasizing rote memorization, it is
necessary to evaluate the teaching approaches and learning experiences in general chemistry
curriculum not only to improve retention in STEM fields, but also to improve scientific literacy
in general (Korn, 2015).

To improve scientific literacy, the Chemistry Program in the Department of Chemistry and Life
Science (CLS) at the United States Military Academy (USMA) in West Point, NY implemented
an inquiry-based learning approach in our General Chemistry I (CH101) and General Chemistry
IT (CH102) courses in 2015. Approximately 1100 students each year take CH101 — a required
course, while approximately 400 students each year take CH102. In 2017 our institution
increased the depth of CH102’s inquiry-based learning approach with the introduction of a water
quality laboratory sequence. We used five key elements to develop the laboratory curriculum.
First, we determined that the laboratory curriculum must satisfy the course goals, which broadly
included learning safe laboratory practices, developing data analysis skills, and developing
laboratory techniques required for more advanced STEM courses (American Chemical Society
Committee on Professional Training, 2015). Second, we determined that laboratory work should
primarily be a hands-on experience in which students are provided the opportunity to carry out
experiments themselves (Larsen, et al. 2013; Obenland, et al., 2014). Third, we determined the
introductory laboratory curriculum should be a balance of expository and inquiry instruction and,
if possible, an introduction to independent research techniques (Svinicki and McKeachie, 2014;
Tomasik, et al. 2013; Galloway, et al., 2016). Fourth, the laboratory program must be feasible
within available resources, which included time, costs, instrumentation, physical facilities, and
support personnel (Larsen, et al. 2013). Fifth, we developed the laboratory curriculum to
promote a more complex affective learning environment. Galloway et al. showed that accessing
feelings beyond interest about the laboratory experience encourages students to make a
conscious choice to more actively participate in the laboratory learning environment (2016).

2. Course Description and Demographics
USMA is an undergraduate institution where all graduates earn a Bachelor of Science degree and

are commissioned as officers in the United States Military. Our institution has a robust core
curriculum, which includes 24-27 required courses for all students (depending on the major). All



students at USMA are required to take introductory physics, physical geography, and general
chemistry (i.e., CH101); however, CH102 is only required for certain STEM majors, to include
Chemical Engineering, Chemistry, Kinesiology, Life Science, Environmental Engineering,
Environmental Science and Mechanical Engineering. CH102 can also be taken as a science
elective by students majoring in other disciplines. Figure 1 depicts demographics of the 231
students surveyed in Spring 2017 and Spring 2018. As shown, more than 75% of students taking
CH102 come from STEM majors.
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Figure 1. Student demographics by major. Majors that require CH102 shown explicitly;
remaining majors/programs consolidated as STEM (e.g. Physics, Computer Science,
Mathematics) or non-STEM (e.g. English, Philosophy, Foreign Language). The figure is a
composite of 113 students from 2017 and 118 from 2018. Both values exceed 50% of total
students enrolled and the distributions of majors each semester are consistent.

CH102 is designed to extend foundational disciplinary content from the first semester of general
chemistry into new topic areas, which include equilibrium, solubility, acid/base chemistry,
electrochemistry, thermodynamics (entropy and free energy) and kinetics. Basic principles
governing organic chemistry are also addressed. The course is taught in both the fall and spring
semesters by approximately six instructors, who hold either doctorates of philosophy or master’s
degrees in a relevant discipline (e.g., analytical chemistry, biochemistry, chemical engineering).
There are 40 class meetings for CH102. These meetings are divided into 32 eighty-minute
classroom lessons and 8 two-hour laboratory lessons. The laboratory meetings are distributed
throughout the course to align with lesson material as it is presented.



3. Description of Water Quality Laboratory Sequence

Historically, the lab sequence in CH102 relied heavily on expository instruction in the form of
verification labs. Detailed procedures were provided to students and post-lab questions reviewed
what was observed. However, the structured procedures were restrictive thereby limiting
opportunities for creativity and critical thinking (Galloway, 2016). For Spring 2016 and Fall
2016, the lab curriculum was significantly modified with the goal of providing students with an
authentic research experience. The revised lab sequence followed the structure described by the
Center for Authentic Science Practice in Education (CASPiE) (Chase et al., 2017). Table 1
shows lab titles from Spring 2011 and Fall 2016 illustrating the change in approach with the
CASPIE structure. Under the CASPiE approach, students optimized extraction protocols and
compared their results with published values in the literature. While contributing to a research
project was appealing to students, difficulties arose with establishing a new research topic each
semester; linking the topic to lesson learning objectives; and creating a project at an appropriate
skill level for CH102 students to do meaningful research.

Table 1. CH102 laboratory sequence prior to Spring 2017. The lesson number shows where the
lab is located in the 40 class meetings for the course.

Lesson Topic (Spring 2011) Lesson Topic (Fall 2016)
04 Polymers 07 Reading a Scientific Paper & Introduction to Project
06 Kinetics 12 Skill Building: Beer’s Law & Calibration Curves
15 Equilibrium Constant 20 Skill Building: Extraction
22 Buffers 30 _
24 solaily P 1 et 1 Ilemetatn nd
30 Thermodynamics II 32
33 Voltaic Cells 33 Data Analysis & Poster Prep
40 Clean Coal 39 Poster Presentation

Water quality was selected as the laboratory theme in Spring 2017 due to its applicability to
numerous academic disciplines as well as everyday life. On average, adults need to consume
approximately 2 liters of water-containing beverages per day. Water helps regulate numerous
functions in the body, including temperature and nutrient uptake (Mayo Clinic, 2017). In 2015,
663 million people still relied on unimproved water sources, while approximately 1.8 billion
people used a drinking-water source contaminated with feces. From an economic perspective,
access to improved water supply and sanitation and better management of water resources can
boost a country’s economic growth and can greatly reduce poverty (World Health Organization,
2018). Additionally, graduates from our institution are particularly concerned with sustained
provision and use of clean, potable water in austere environments. A thorough understanding of
the importance of water quality can have a direct positive impact on the safety of soldiers.



The water quality laboratory sequence developed includes 7-8 laboratory experiences, which are
listed in Table 2. The book that guided the student experience in our laboratory sequence was
Water Treatment: How Can We Make Our Water Safe to Drink (Kegley et al., 2004). Instructors
also used the associated laboratory guidebook (Kegley et al., 2003). The laboratory sequence
began with three or four skill building labs that introduced analytical techniques for measuring
hardness, total dissolved solids, pH, iron, and alkalinity in water samples. Students also toured
our institution’s water treatment plant after which student groups collected water samples from
various water sources to analyze over the following three lab periods (listed in Table 2 as “Water
Sample Analysis”). Four class periods were allocated at the end of the course to assessing the
analyzed data and preparing and presenting a poster.

Table 2. CH102 laboratory sequence. Each lab sequence concluded with four lessons dedicated
to data analysis, poster preparation and practice, and a final poster presentation.

Lesson Topic (Spring 2017) Lesson Topic (Spring 2018)
07 Total Hardness Titration 07 Total Dissolved Solid Measurement
15 Total Alkalinity Titration 12 Total Alkalinity Titration
20 Total Dissolved Iron (Spectrophotometry) 19 Remediating / Quantifying Hardness

24 Total Dissolved Solid and pH Measurement 21 Water Treatment Plant Tour

Hypothesis Selection & Experimental Hypothesis Selection &

28 Design 2 Experimental Design
Water Treatment Tour & Sample
29 .
Collection
30 Water Sample Analysis 30 Water Sample Collection & Analysis
31 Water Sample Analysis 31 Water Sample Analysis
32 Water Sample Analysis 32 Water Sample Analysis

Students were required to maintain individual laboratory notebooks, which included answers to
pre- and post-lab questions. For two of the initial introductory labs, students were required to
prepare lab reports (one per group of 2-3 students). Prior to collecting water samples for analysis,
students developed individual research proposals. Subsequent analysis of samples and
assessment of data were conducted in student groups consisting of 3-4 students. One
comprehensive poster was prepared per student group which summarized findings and proposed
additional water treatment strategies. The posters were presented in an open forum to the USMA
community.

4. Methods of Assessment

To assess the efficacy of the research-inspired water quality sequence on actively engaging and
inspiring students in the laboratory, students from Spring semesters in 2017 and 2018 were
surveyed. In 2017, students were surveyed once at the end of the semester. In 2018, students



were surveyed on two occasions: once before starting the laboratory sequence and once at the
end of the semester. Survey questions were based on student self-assessment of proficiency of
the laboratory techniques, instruments and skills listed in Figure 2. Students were asked at the
beginning of the semester to indicate if they have no experience or extensive experience with
each of the items. No response was used to indicate average, introductory knowledge.

Titrations

Spectrophotometry

pH probe

Conductivity probe

Volumetric glassware

Air displacement pipette

Maintaining a lab notebook

Writing a lab report

Data analysis

Figure 2. Matrix of laboratory techniques, instruments, and skills on survey. Students were
asked on the initial assessment to place a star next to items with which they have little to no
experience and circle items with which they have extensive experience. In the final survey,
students were asked to circle items for which they felt the laboratory improved their level of
understanding and cross out the items for which their level of understanding was not improved.
No response was an option in both surveys.

Students were also asked to provide feedback on the affective learning environment by
indicating descriptive terms they did and did not associate with their laboratory experience. A
word frequency analysis was then conducted, as described in Galloway et al. (2016). Figure 3
shows the 18 terms used to assess the learning environment in the lab.

Intimidated Motivated Nervous
Confident Confused Anxious
Interested Worried Excited

Afraid Lost Comfortable
Organized Frustrated Inspired
Creative Bored Challenged

Figure 3. Matrix of affective words. Students indicated feelings experienced in the lab by
circling terms and feelings not experienced in the lab by crossing out a term. In 2018, the initial
survey requested assessment based on previous chemistry courses while the final survey focused
on work completed in the lab in CH102.

In total, 113 of 186 students enrolled in Spring 2017 and 118 of 223 students enrolled in Spring
2018 completed surveys. Surveys were only administered to sections of two faculty members



each year. One faculty member had previous experience teaching the course while the other was
new to teaching the course. In addition to survey responses, student performance on the
American Chemical Society (ACS) Full Year General Chemistry standardized exam, which was
given at the conclusion of the course, was also incorporated into the assessment.

5. Results and Discussion

5.1. Improvement in Laboratory Techniques, Instruments, and Skills

Based on student self-assessment, students typically had little to no experience working with
conductivity probes, spectrophotometers, and air displacement pipettes prior to taking CH102.
However, most students had prior experience with data analysis, using volumetric glassware, and
preparing laboratory reports before taking the course.
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Figure 4. Results from student self-assessment of contribution of laboratory sequence to
improving level of understanding with laboratory techniques, instruments, and skills. Top panel
summarizes results from 2017 and bottom panel from 2018 survey. Bands in blue indicate an
improved response (left side of bar graph); orange indicate the field was not improved by the
sequence (right side); and grey indicate no response (middle field).

Student self-assessment in 2017, summarized in Figure 4, was correlated to reported results from
the water sample analysis. For example, 11 groups collected samples from one specific
dormitory. The hardness of those samples was determined by titration with EDTA to be 29 £ 6
ppm CaCO:s after discarding only one outlier. This measured value is within one standard
deviation of the hardness of the natural water source for the dormitory reported by other groups.
The consistent data collected by different groups supports the conclusion that students were
proficient in completing titrimetric analyses.

From 2017 to 2018, an increased number of students responded that the lab sequence did ‘not
improve’ their level of understanding of spectrophotometry or experience in using air
displacement pipettes as shown in Figure 4. This is likely due to a change in the lab sequence. As
shown in Table 2, the total dissolved iron analysis was not explicitly covered in the introductory
labs. Because students were allowed to develop their own plans for analyzing their water
samples, many chose not to analyze for iron. These results suggest that optional techniques are
less likely to be completed by students. That means that techniques recommended as part of the
curriculum by the ACS, such as spectrophotometry, should be explicitly included in the lab
sequence (American Chemical Society Committee on Professional Training, 2015).

5.2. Word Frequency Analysis

The word frequency analysis seen in Figure 5 shows that students tend to be ‘comfortable’ and
‘interested’ while in the laboratory. However, in 2017 roughly equal numbers of students were
‘bored’, ‘excited’, and ‘confused’. A closer look at the bored population yielded some interesting
results. In 2017, Mechanical Engineering majors comprised 29% of the students surveyed.
However, they comprised more than 60% of the bored population. In 2018, this result was not
observed, i.e., the rate of Mechanical Engineering majors stating they were bored normalized to
the course population was consistent with other majors. Regardless of their stated emotion,
Mechanical Engineering majors in 2017 and 2018 showed no significant difference in their ACS
Full Year General Chemistry standardized exam scores (i.e., ACS exam scores were consistent
between bored and not bored populations). This result suggests that numerous external factors
may contribute to affective environment of the course and that multi-year sampling is needed to
monitor changes in attitudes. In the 2018 panel of Figure 5, the percentage of ‘confused’ students
doubled from the previous year. This change can likely be attributed to changes in the lab
sequence. In 2018, students remediated then analyzed a sample for total hardness. Due to the
limits of a two-hour lab period, a portion of the analysis was completed for them and numbers
were provided. Students indicated that truncating the procedure for them led to confusion.
Though the results of the affective learning environment are generally favorable, more work
needs to be done to establish the relatively low ranking of ‘creative’.
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Figure 5. Frequency of words describing affective experience of student in the CH102
laboratory. Top panel summarizes results from 2017 and bottom panel from 2018 survey. Bands
in green indicate an emotion experienced in the laboratory (left side of bar graph); orange
indicate the term was not experienced (right side); and grey indicate no response (middle field).

5.3. Interest in STEM and Achievement of Course Goals

In addition to the word frequency analysis, students provided feedback on whether the lab
sequence increased, decreased, or did not change their interest the field of chemistry and also
their interest in pursuing research. While just under half (49%) of the students surveyed reported
an increased interest in the field of chemistry, over 60% reported an increased interest in
research.

In terms of achieving the content goals of the course, the water quality sequence aligned well
with learning objectives for the course. Table 3 shows the correlation between the lab topics and
learning objectives from select lessons. This alignment was reflected in an 89% agreement from
students surveyed that the lab sequence reinforced topics covered in the classroom.

Table 3. Laboratory sequence alignment with lesson learning objectives addressed in the
classroom.

Lab Topic Lesson Learning Objective

Classify ionic compounds by solubility; Determine if a
precipitate will form

Classify acids and bases applying Brensted-Lowry
Total Alkalinity Titration definition; Recognize buffers and describe what a buffer
does

Determine substance oxidized or reduced; Identify
oxidizing agent; Assign oxidation numbers

Compare and contrast behavior of soluble ionic
compounds and covalent compounds in water

Total Hardness Titration / Remediation

Total Dissolved Iron (Spectrophotometry)

Total Dissolved Solid Measurement

pH Measurement Classify acids and bases according to pH value

In addition to the learning objectives, the lab sequence ties in well with Student Learning
Outcomes designated for the course by our Department and institution. These four outcomes are
for students to: develop practices for thinking scientifically by deducing, predicting, and
explaining scientific observations; explain and apply foundational chemistry concepts; develop
practices for learning independently (intellectual self-reliance); and build practices to work
within teams and lead their peers. With the exception of intellectual self-reliance the Student
Learning Outcomes are clearly addressed by providing students with a research inspired,
chemistry project that is completed in groups.

Though surveys were not administered before Spring 2017, the ACS Full Year General
Chemistry standardized exam was administered to all students in the two semesters prior. The
course average on the score showed no statistically significant changes following the adoption of
the new laboratory sequence. While the water quality lab sequence does not appear to have



improved students’ abilities to explain and apply foundational chemistry concepts, the potential
improvement to the affective learning environment is encouraging.

6. Conclusions and Future Work

The water quality laboratory sequence implemented in CH102 shows great promise for
improving student engagement in a core chemistry course. The sequence addresses content goals
set by the institution and guidance from the American Chemical Society. It is a hand-on
experience that balances expository instruction in introductory labs with inquiry-based
instruction in the form of a research inspired project. This facilitates learning opportunities while
minimizing frustration with learning a new skill. The ability to propose, collect, and analyze their
own water sample affords additional opportunities for students to more actively participate in
their learning experience. This sequence, after some adjustments, has been designed to be
completed within the allocated lab period of two hours. After preliminary analysis, student
feedback on the affective learning environment is positive, but with potential areas of
improvement.

Future modifications to the lab sequence include adding a stand-alone electrochemistry lab along
with an independent experiment for students to individually measure the K. of a weak acid.
These additions to the lab curriculum will address student requests for additional time in the lab
to cover a broader range of topics as well as the Student Learning Outcome of developing
practices for intellectual self-reliance.

Disclaimer
The views expressed are those of the authors and do not reflect the official policy or position of
the US Army, Department of Defense, or the US Government.
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