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ABSTRACT
THE EFFECT OF ADDING GUIDED-INQUIRY TO LABORATORY
ACTIVITIES IN AN ACID BASE UNIT IN A HIGH SCHOOL CHEMISTRY
CLASSROOM
By

Kendon Douglas Smith

This research project studied the effectiveness of adding guided
inquiry sections to laboratory activities in an acid base unit in a high
school Chemistry classroom. The goals were to promote student interest
and understanding of unit content through the addition of guided inquiry
sections at the end of each activity. Students were asked to investigate
teacher’s questions by designing their own procedure in an effort to
engage them more deeply in the process of pursuing answers. Efforts
were also made to connect these sections with the chemicals and materials
already familiar to students in their daily lives in the expectation of
generating higher levels of individual interest in the subject of acids and
bases. The effectiveness of this unit was determined using surveys,
subjective data, and pre/post test comparisons. The results from these
assessments show that the unit was effective. This document also
examines and critiques each of the six lab activities developed and how

they fit with the unit.
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INTRODUCTION

Statement of Problem and Rationale for the Study

Chemistry is one of the most challenging classes that many students
undertake during their high school education. It is also one of the most
challenging classes to teach, and while doing so with seemingly good success
over the past nine years, | have continually found myself searching for better
methods for teaching Chemistry to what seem to be increasingly unmotivated
students. Chemistry is most often taught through lectures supported by
laboratory activities. Lecture is a teacher-centered mode of instruction that
allows large amounts of material to be covered, but does not ensure that
students learn or understand the material (Francisco, Nicoll, & Trautmann, 1998).
In fact, Horowitz has shown that after a few minutes of a lecture, 50% of students
tune out and never again in the course of the lecture are more than half of the
students attentive (Horowitz, 1988 from Spencer, 1999). Spencer also points out
that the best methodology to enable students to grasp and retain a concept
begins with an exploration or data collection (ibid). Laboratory experiments
present an opportunity for students to not only practice techniques, but also to
bring concepts to life as they move from the page to the real worid.

The laboratory setting has the potential to be the most engaging and
enticing facet of the Chemistry classroom; however, after nine years of teaching,
it is the laboratory aspect of my classroom with which | find myself most

dissatisfied. Students seem to be able to follow the list of instructions to



complete a group laboratory exercise; however, they do not seem to be
meaningfully connected to the experience in a way that promotes inquiry and
leaming. Hofstein and Lunetta (2003) point out that studies have shown that
during many laboratory experiments teachers and students consume time and
energy preoccupied with technical and manipulative details, which seriously limits
the time they can devote to more meaningful, concept driven inquiry. For this
reason, the research reported here, on the development of a modified laboratory
experimental protocol, was expected to promote higher thinking and increase

learning through forms of guided inquiry.

The Historical Role of Chemistry Laboratories
Almost thirty years ago, in an review entitled “The Role of the Laboratory in
Science Teaching: Neglected Aspects of Research,” Hofsteing & Lunetta (1982)
reported that
for over a century, the laboratory had been given a central and
distinctive role in science education, and science educators have
suggested that there are rich benefits in learning that accrue from
using laboratory activities. In the late 1970s and early 1980s, some
educators began to seriously question both the effectiveness and
the role of laboratory work, and the case for laboratory was not as
self-evident as it seemed.
While many teachers and researchers recognized the potential for learning
science concepts and skills through laboratory activities, there was uncertainty as
to whether the goals and objectives of such experience were being reached.

Novak (1988 from Tobin 1990) articulated the problem:

The science laboratory has always been regarded as the place
where students should learn the process of doing science. But



summaries of research on the value of laboratory for learning

science did not favor laboratory over lecture-demonstration... and

more recent studies also show an appalling lack of effectiveness of

laboratory instruction... Our studies showed that most students in

laboratories gained little insight either regarding the key science

concepts involved or towards the process of knowledge

construction.
Tobin (1990) further suggested that meaningful learning is possible in the
laboratory if the students are given opportunities to manipulate equipment and
materials in an environment suitable for them to construct their own knowledge of
phenomena and related scientific concepts. Hodson (1993 from Hoffstein &
Lunetta 2003) emphasized that the principle focus of laboratory activities should
not be limited to learmning specific scientific methods or laboratory techniques, but
rather, students should use the methods and procedures of science to
investigate phenomena, solve problems, and pursue inquiry and interests.

Over time research into the laboratory experience began to focus on
aspects of inquiry and providing opportunities for students to engage in
metacognitive activities. Metacognitive knowledge consists primarily of
knowledge about what factors or variables act and interact in what ways to affect
the course or outcome of cognitive enterprises (Flavell, 1979). Flavell further
suggests that metacognitive experience can help in the process of assimilating
observations to existing knowledge structures and accommodate the knowledge
to the observations. In other words, metacognition is a higher level of thinking
that involves elaboration and application of one’s learning, which can result in

enhanced understanding (Hoffsteing & Lunetta, 2003). This concept is also

found in the current Michigan science Grade Level Content Expectations (2007),



which state that teachers can prepare students for academic success by applying
knowledge to new situations, to solve problems by generating new ideas, and to
make connections between what they learn in class and the world around them.

This concept as applied to science teaching and leaming also drives the
modern theory of constructivism, an underlying doctrine that replaced objectivism
in the 1990s. Objectivism holds that reality is external, and the role of teachers is
to interpret events for students. The learners are simply told about the world and
expected to replicate its content and structure into their thinking (Jonassen,
1991). Jonassen further states that constructivism, on the other hand, claims
that reality is in the mind as the knower constructs his or her reality, or interprets
it. Teaching strategies based on constructivism should focus on providing
students with physical experiences that induce cognitive conflict and encourage
students to develop new knowledge schemes (Ketpichainarong et al, 2009).

The constructivist approach often incorporates inquiry based learning as a
method to promote greater student engagement in the learning process. This
may include the implementation of guided inquiry approaches, which require a
change in the traditional roles of students and instructors (Landis et. al. 1998).
The NSF-supported New Traditjons Project of reform in teaching chemistry
stated the following (Landis et. al 1998 from Spencer 1999):

The overarching vision of the New Traditions Project is that we can

facilitate a paradigm shift from faculty-centered teaching to student-

centered learming throughout the chemistry curriculum, such that
students obtain a deeper learning experience, improve their
understanding and ability to apply leaming to new situations,

enhance their critical thinking and experimental skills, and increase
their enthusiasm for science and learning.



Enthusiasm for science and leaming is the most powerful motivating force for any
student to leamn. A constructivist, ‘andlor inquiry-based, perspective is based on
the premise that the heart of science education is the involvement of the students
in the process of conceiving problems and scientific questions, forming
hypothesis, designing experiments, gathering and analyzing data, and finally
drawing conclusions (Hofstein et al. 2005). Scientific inquiry is a fundamental
principle in the current Michigan High School Content Expectations for Science
(2006), which describes inquiry as a complex process that involves many
aspects of designing experiments and collecting and analyzing data. It also
describes inquiry as being more flexible than a rigid set of steps. It involves
developing habits of the mind, such as openness and curiosity, which engage
students in logical reasoning and the application of imagination as they devise

hypothesis, design experiments, and generate explanations.

Definitions of Inquiry

Inquiry may appear to be a simple process or state of mind at first glance,
but it is in fact a more complicated issue, if it is to be completely described. In
fact, many teachers do not even use inquiry in their classrooms as a method of
teaching. Some of the most common reasons for this include confusion about
the meaning of inquiry, belief that is only works with high achieving students, as
well as feelings of inadequate preparation for such instruction or that it will be

very difficult to manage (Colburn, 2000). The fact is that although inquiry is a



core concept in teaching standards nationwide, teachers are still uncertain as to
its true meaning, and even more uncertain of how exactly to put it into practice.

The National Research Council (1996) states that “scientific inquiry refers to
the diverse ways in which scientists study the natural world and propose
explanations based on the evidence derived from their work. Inquiry also refers
to the activities of students in which they develop knowledge and understanding
of scientific ideas, as well as an understanding of how scientists study the natural
world.”

So what is inquiry? Inquiry is a highly involved and motivating process for
both the students and the teacher, or at least it can be. Inquiry, as practiced in
classrooms, can be described on four different levels according to Herron (1971
from Windschitl, 2002). The lowest level is confirmation experiences, sometimes
called “cookbook labs”, which do not contain any inquiry opportunities since
students are simply required to follow a written procedure in order to verify a
known answer. The next level is called structured inquiry, in which students
search for the answer to a question posed by the teacher by following a given
procedure. In the third level, referred to as guided inquiry, students must design
their own investigation to a question provided by the teacher. In open inquiry,
students generate their own questions and design their own investigations. Each
of these levels requires that the teacher play a slightly different role in the
process. One study suggests that higher levels of inquiry require a more active
participation by the teacher than simply a facilitator or guide through the process.

The teacher must not only carefully develop the initial question, but also



orchestrate the instruction and mentor the students, modeling how scientists
work, as they grapple with data, ask questions, and generate conclusions
(Crawford, 2000).

Inquiry activities have also been described as being “close-ended” or “open-
ended”. Close-ended inquiry provides students with a very limited experience
because they simply follow specific instructions given in a laboratory manual. In
an open-ended inquiry experience, students are much more involved in choosing
a question for further investigation, planning and conducting the experiment, and
analyzing the findings and arriving at conclusions (Hofstein et al., 2005).
Structured inquiry activities would be examples of more close-ended inquiry
activities, while open inquiry activities are designed to be open-ended in nature.
Guided inquiry activities, however, fall somewhere in between, by providing some
structure to get students started, but ending with student generated sections of
more open-ended style.

Inquiry is a broadly defined construct in science education, associated with
a wide range of intellectual activities (Windschitl, 2002). | took on essentially two
specific goals for the inquiry activities in the research documented here. The first
objective was to engage students in investigations that stimulate curiosity or
provoke wonder in a way that produces meaningful learning as they seek
answers or explanations (Haury, 1993). The second objective was to involve
students in the process of designing an investigation, giving them opportunities to
explore and understand the natural world around them by themselves, thus

establishing connections between their prior knowledge and the science of the



natural world (Panasan et al., 2010). It is the expectation that these real world

connections can lead students to experience more authentic leamning.

Review of Scientific Principles

Acids and bases can be described and defined in multiple ways.
Arrhenius described acids as compounds that release hydrogen ions, H', in
aqueous solutions, while bases release hydroxide ions, OH", in aqueous
solutions. Hydrogen ions are protons, and according to Bronsted's definition,
acids are any compounds that donate protons, while bases are any compounds
that accept protons. This broader definition accounts for some acid base
reactions with compounds that are not traditionally thought of as acids or bases.
Water, for example, is neutral on the pH scale, but has the ability to either donate
a proton or accept a proton, making it an amphoteric substance that can behave
as either an acid or a base, according to Bronsted.

Acids and bases can change the color of chemicals known as acid-base
indicators. These chemical indicators are weak acids or bases that change their
structural conformation, resulting in a visual color change, at specific pH ranges
as the molecules donate or accept a proton. By knowing the range at which
color changes occur for a specific indicator, it is possible to estimate the
unknown pH of solutions. Anthocyanins are a group of naturally occurring plant
pigments that can change their colors depending on pH. They are found in the

flowers, leaves, stems, fruits, and even roots of many different plants. For



example, as the pH in the cytosol of cells changes, the anthocyanins may
change color, signaling that the fruit is becoming ripe for harvest.

pH itself is a calculated value equal to the negative logarithm of the
hydrogen ion (or proton) concentration. The pH scale is made up of values from
0 to 14, and each step in the scale represents a change by a power of 10 in the
concentration of hydrogen ions in a solution. For example, an increase of 3
stebs on the pH scale signifies an increase of 1000 times in the concentration of
hydrogen ions. Likewise, the pOH scale represents the same thing for the
concentration of hydroxide ions. Generally, acidic solutions are those with a
higher concentration of hydrogen ions than hydroxide ions, while basic solutions
have a higher concentration of hydroxide ions than hydrogen ions. In neutral
solutions, the concentration of hydrogen ions is always equal to the concentration
of hydroxide ions. The product of the hydrogen and hydroxide ion concentrations
is always equal to a value of 1.0 x 10™%, called k.., the ion-product constant for
water.

Titration is a laboratory testing procedure that involves the addition of a
base to an acid solution until the solutions are neutral. If the volumes of both
solutions are carefully measured, and the concentration of one of the solutions is
known, the concentration of an unknown solution can be determined. At the
endpoint, the neutral solution will have equal moles of hydrogen ions and
hydroxide ions, so by calculating the moles of the known solution, and dividing by

the liters of the unknown solution, the molarity of the unknown is determined.



Buffers are solutions made with a mixture of a weak acid and its conjugate
base, or a weak base and its conjugate acid. An acid and its corresponding
conjugate base will differ only by the presence or absence of a hydrogen ion.
According to Le Chatlier's principle, if a chemical system at equilibrium
experiences a change, then the equilibrium shifts to counteract the imposed
change and a new equilibrium is established. A buffered solution is able to react
with both acids and bases, to the extent of their buffering capacity, in order to
maintain the equilibrium of hydrogen ions. By doing so, the solution’s pH is not
changed, so buffers enable solutions to resist changes in pH. This is critical in
many life systems, including the blood stream and lakes, where changes in pH

could cause problems to organisms or other processes being carried out.

Demographics

Columbia Central High School is a rural school with a population of
approximately 550 students located in Brooklyn, Michigan. The village of
Brooklyn has a population of approximately 13,000 people. However, the
Columbia School District services many of the smaller outlying communities and
families. The average household income for Brooklyn was $49,000 in 2008;
Estimates for the surrounding areas, which are more rural, would be slightly
lower. 29% of high school students qualify for free or reduced lunch. There is
very little diversity within the student body, with 95% white, 2% Hispanic, 1%

Asian, 1% American Indian, & 1% African American. The high school graduation
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rate in 2009 was 96.27% with 57% of students graduating “with honors”. 70% of
the graduates were college bound.

Columbia Central High School operates on a standard two semester
school year, with two marking periods per semester. Students are required to
complete three years of science credit in order to graduate, including Science 9
(Physical and Earth Science), Biology, and Chemistry. Columbia also offers
several advanced science courses such as Anatomy and Physiology, Physics,
A.P. Biology, and Chemistry Il. The second year Chemistry course in which this
study was conducted, is an honors class that requires the completion of
Chemistry | with a grade of C or higher. A typical school day is composed of
seven periods, with duration of 49 minutes each.

| chose to teach my unit to my first and second hour Chemistry Il class.
These students consist of mostly high achieving students who successfully
completed the first year of Chemistry. A majority of these students were also
enrolled or planning to enroll in more of the advanced science courses offered at
our school. All of the students had successfully completed Algebra Il, with some
enrolled in Pre-Calculus or Calculus I. All forty-six students participating in the

study were juniors and seniors.
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IMPLEMENTATION

Explanation of Unit Sequence and Purpose

The unit studied addressed acid/base chemistry, and incorporated many
different teaching and assessment techniques. Forty-six students completed
student assent forms (Appendix A) and their parents completed parent consent
forms (Appendix B) to be a part of this research study. All students completed a
pre-test on the first day of the unit. The unit was taught in much the same way it
had been taught previously, with the addition of the newly developed laboratory
activities. General information and explanations were presented through
classroom lectures with fill-in-the-blank style lecture outlines provided by the
teacher. Lectures lasted no more than 20 - 30 minutes in length in order to better
hold student attention. Some concepts and calculations presented during these
lecture periods were practiced and reinforced with worksheets and short quizzes
not included in this study.

For this research project, current and new laboratory activities were
adapted for a high school Chemistry classroom, that were a blend of both close
and open-ended activities. High school students lack the technical knowledge of
laboratory procedures, and they require detailed step-by-step instructions so that
they learn how to use basic tools. This is especially true when safety is a
concemn in a procedure, such as adding acid to water, and not the other way
around. In this paradigm the teacher is initially more focused on the students’
ability to follow directions and answering questions about the methods being

introduced, such as how to fill, read, or use a buret. At the point when many of
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the more structured labs are complete, the activities described here continued
with a problem for further investigation of a more open-ended inquiry. In this
phase, students were not given specific instructions, but rather a question was
posed. Students used the knowledge acquired during the structured phase of
the activity to design a simple experiment, set up tables, collect data, and draw
conclusions about the unknown problem. The role of the teacher during this
phase was as a facilitator, encouraging students to consider multiple methods for
collecting or displaying data. Direct answers to student questions were also
avoided by pointing students to resources or reminding them of prior experiences
from the structured portion of the laboratory activity. Another focus in the open-
ended phase is the was the use of materials familiar to students in their daily
lives, such as soda pop or vinegar, and to involve students in connecting the
activities with familiar materials found in their daily lives. These connections are
intended to make the lab experience more real, more personal, increasing
student interest and motivation, and ultimately producing more authentic
learning.

The adapted laboratory activities were spaced evenly throughout the unit,
never allowing students more than a few consecutive days in the classroom
without a day or two of hands on lab work. Table 1 shows the general sequence

of the unit activities and their objectives.
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Activity Description

Objectives

Rainbow Connection Demo

To generate interest in the unit through visual
changes of acid base indicators.

Observing Various pH Indicators

To observe an array of pH indicators and use
them to estimate pH of unknown solutions.

Making pH Test Strips

To create pH test strips using natural
compounds and use them to estimate the pH
of unknown solutions.

Simple Acid Base Titration

To learn the basics of titration and observe
differences between monoprotic and diprotic
acids.

Analytical Acid-Base Titration

To use titration to determine the accurate
molarities of unknown solutions.

Graphing a pH Curve To observe and create a pH curve on a
logarithmic scale.
Effects of Acid Rain on Lakes To observe the buffering effect of limestone

and dissolved carbonates in a solution.

Table 1: Unit Activities and Objectives

DESCRIPTION OF AND ANALYSIS OF ACTIVITES

Teacher Demonstration - The Rainbow Connection

The teacher demonstration titled “The Rainbow Connection” (Appendix F)

was not an activity developed by me. The title and procedure were given to me

by MSU professor, Dr. Merle Heidemann, and it was performed without any

adaptation the first day of the unit. Five beakers were pre-treated with mixtures

of three different acid base indicators and a base solution was added to each

beaker. Stirring of each beaker instantly tumed each colorless solution into a

distinct color of the rainbow as the indicator mixed with the base. Students were

impressed with the sudden nature of the color change, as well as the bright
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spectrum of colors that resulted. When all five beakers, now brightly colored,
were poured together into a large beaker containing a small, unseen amount of a
strong acid, the resulting mixed solution returned to a completely colorless state.
Again, students showed wonderment and expressed amazement at the process
and began to ask questions immediately. This demonstration, however, was
intended to pique student interest, so questions were not answered in full with

the promise that the upcoming unit would provide them.

Activity #1 - Observing Various pH Indicators

The purpose of this activity (Appendix G) was for students to observe an
array of natural and synthetic indicators and use them to estimate the pH of
unknown solutions. Students were asked to bring in red, blue, or purple flowers,
leaves, or fruits in order to extract the pigments for testing. Student provided
samples included grapes, blueberries, red cabbage, roses, poinsettias,
camations, and an array of other unknown flower samples they found around
their homes. Plant materials were then boiled briefly to extract the natural
anthocyanin pigments into solution. Buffer solutions with a pH range of 1 - 12
were provided for testing and observing the color changes in the extracted
pigments, as well as those of a wide range of synthetic indicators provided by the
teacher. Students tested a total of 6 natural and 6 synthetic indicators in each of
the 12 buffer solutions, recording the resulting color spectrums onto their papers
using colored pencils. Students then tested four solutions of unknown pH with

their choice of chemical indicators. Color changes of each indicator in the

15



unknown solutions were compared to their color spectrums in order to estimate
the pH of the unknown solutions.

This activity proved to be very engaging, and yet some students found the
procedure and data recording to be a bit tedious. Students spent a lot of time
adding drops of solution to tiny wells in their reaction plates, as wells as coloring
their lab paper. The activity took two days, as most students were only half
done at the end of the first day. Some students reported feeling rushed to
complete the activity at the end of the hour. | was very pleased with the results
as students obtained very colorful trays showing a multitude of color spectrums
and variations in chemical indicators. Students seemed to really enjoy that part
of the activity, but some were discouraged by the tedious nature of the
procedure.

There are several solutions that could eliminate the time problems,
keeping the activity to a single day and allowing students to enjoy the
observation a bit more. Reducing the number of indicators each group tests and
allowing groups to pool their results together would save time and possibly allow
for students to see the results from more indicators. Another option would be to
replace coloring with a digital photograph that each student could attach to their
lab sheet. This would require some technology, but would record the exact
results better than student coloring could show. Another solution would be for
the teacher to prepare solutions of all the natural indicators, however, that part of
the process is intended to generate student interest by creating connections

between the natural indicator pigments and plant products around their homes.
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Activity #2 - Making pH Test Strips

The goal of this activity (Appendix H) was to introduce students to the
concept of pH testing strips by allowing them to make their own that they could
use to test solutions. The pH strips were made by soaking a piece of filter paper
with the juice extracted from red cabbage leaves. Once the paper had been
allowed to dry overnight, students then cut it into strips which they used to test
pH buffers from 1 - 12. The red cabbage anthocyanins show a broad spectrum
of colors over this pH range. Once the colors were associated to their pH levels,
students made multiple testing solutions using vinegar, ammonia, sodium
hydroxide, orange juice, and even soap, and recorded the estimated pH of the
unknown solutions. Students were then given a small vial of their pH test strips
and asked to design an experiment in which they tested at least 15 different
solutions found at home. Students were required to generate a table or chart in
which to record the results of their tests and identify the solutions as acidic,
basic, or neutral.

Students were very engaged with the hands on approach to making their
own test strips. The strips worked very well, showing distinct color changes
across the pH scale, which were easy for students to observe and record. The
most important objective to this activity was to get students thinking about acid
base chemistry around the house. Students found many different solutions to
test, including juices or sauces from their refrigerator, household cleaners, and
toiletries. Some students tested their make-up, saliva, and even their urine.

Students involved members of their family in this at home chemistry experiment
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as they explored the house searching for solutions to test. After this activity,
students were better able to categorize general types of solutions and materials

as acids or bases.

Activity #3 - A Simple Acid Base Titration

Acid-base titrations and the required calculations can be complex, so this
simple activity (Appendix 1) was designed to introduce students to the concept of
titration, while eliminating some of the complexity. In this stripped down version,
the titration was performed by simply counting the number of drops required to
neutralize each of the acid solutions provided. Students measured out exactly
1.0 mL of acid and added drops of a prepared sodium hydroxide solution until the
phenolphthalein indicator showed a persistent pink color. Students tested three
concentrations of hydrochloric acid, a monoprotic acid, and three concentrations
of sulfuric acid, a diprotic acid. The concentrations of the acid were 0.2M, 0.4M,
and 0.6M, so the number of drops required to neutralize the solutions was
expected to double and triple with the more concentrated solutions. Also, the
diprotic acid was expected to require double the number of drops as the
monoprotic acid. The resulting numbers of drops were plotted on a simple graph,
which revealed two lines with different slopes for the monoprotic and diprotic
acids. In a further investigation, students were asked to estimate the molarity of
vinegar. Students were further required to determine if vinegar was monoprotic

or diprotic in order to make the estimation.
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This activity provided very consistent data for almost every group. During
the initial stage of testing the various acid solutions, students were asked to show
their final data to the teacher. At a quick glance, anomalies in data were able to
be spotted and some groups were told to repeat some of their trials. This
seemed to fix the problems, most of which were attributed to inconsistent
technique or simple errors in counting or measurement. It was noted that
answers varied greatly between individuals due to the size of the drops, but this
did not affect the data as long as the same individual performed all the dropping.
The resulting graphs showed a nearly perfect linear relationship, with the diprotic
acid having double the slope of the monoprotic acid as expected. In the further
investigation, students were able to identify the acetic acid in vinegar as a
monoprotic organic acid. Most students performed 3 - 4 trials with samples of
vinegar and averaged the result. When the average number of drops was plotted
on the extrapolated line formed by the monoprotic acid on the graph, a consistent
result of 0.8M - 0.9M was obtained by most groups. Students were successfully
able to explain difference in hydrogen ion concentrations between monoprotic
and diprotic acids after completion of this lab.

This activity also raised awareness of simple issues associated with
titrations. Students learned that a single drop is all that is needed to show the
endpoint of a titration. Some students were frustrated at times, particularly with
the stronger acid concentrations, as the solution would turn pink and then go
back to colorless when stirred. They learned that patience and stirring are

important to finding accurate endpoints of titration. They also were able to
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explain simple associations between the amounts of base required to neutralize
increasing concentrations of acids, as the number of drops always increased with
concentration. They also were able to note that if a more concentrated base had

been used, fewer drops would have been required.

Activity #4 - Analytical Acid Base Titration

This activity (Appendix J) allowed students to work through the entire
process of a titration on a much more analytical level, since they were required to
make accurate base solutions of very precise concentration. Students also had
to make accurate volume measurements using a buret, which was a new piece
of lab equipment to them. They carried out four titrations on two HCI solutions of
unknown concentration. The resulting volumes were then used to perform higher
level calculations, including finding the moles of OH™ and H*, and ultimately the
molarity of each of the unknown acid solutions. In a related investigation,
students titrated fresh carbonated soda, uncarbonated soda, and lemon juice in
order to calculate the concentration of H in each solution. Students performed
two trials with each solution for comparison and conducted all the calculations
required for moles and concentration.

This activity was the most challenging activity for the students in terms of
math and calculations. They were much more cautious with their techniques,
measurements, and data as they were being graded on their accuracy. The first
trials went more slowly as students worked through only four titrations the first

day, with some groups unable to complete all the trials. However, all groups to
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complete their work on the second day. Students found a definite difference
between the acidity of the fresh soda and the flat soda, and were able to explain
that presence of carbon dioxide in the soda produces carbonic acid, making the
fresh soda more acidic. The carbon dioxide was also associated with commonly
experienced flavor differences between fresh and flat soda. Students were also
able to diagram the molecular structure of citric acid found in the beverages and
identify it as a triprotic organic acid. The lemon juice titration produced very
consistent results; however, the soda titrations varied due to changes in the
carbonation. It was also very difficult to measure out exactly 10mL of the initial
carbonated soda with a pipet due to the fact that CO, bubbles being produced
continuously displaced the volume of the liquid. Students did the best they could
and understood that their data may not be reliable, but were intended to show a
trend.

They main purpose of the extension to the activity was to generate more
interest by allowing students to titrate familiar solutions. Most titration
experiments are performed with stockroom supplied chemicals, but every student
has had soda or lemonade to drink, so the experiment became much more
relevant to them. Each titration also gave students another chance to practice
the more complex mathematical processes involved in calculating moles and

concentrations.
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Activity #5 - Graphing a pH Curve

The main purpose of this activity (Appendix K) was to model the concept
presented in lecture that pH is a logarithmic value, and not linear in nature.
Students worked in groups of 3 - 4 to collect data as aliquots of 0.1M sodium
hydroxide were added to a sample of 0.1M hydrochloric acid. The pH of the acid
solution was tested with a digital meter after the addition of each aliquot and
recorded. The results were placed on a graph generated by the students.

This activity was one of the simplest to perform by students, and yet the
results seemed to surprise most of the students. The pH of the original acid
changed very little at the beginning, only going up a fraction at a time with the
addition of the base. No chemical indicators were used to visually show the
endpoint of neutralization, so students were surprised as the pH shot up very
suddenly past neutral and the solution became basic. When the seemingly
strange data was graphed by the students, a typical pH curve for the addition of a
strong base to a strong acid emerged.

Many students lacked knowledge of logarithms and what a logarithmic
curve is all about. This simple activity was an introduction to them and reinforced
the concept that each change in pH is actually a tenfold change in the
concentration of H+ ions in the solution. It attacked student misconceptions that
a steady addition of base would have a linear effect on the pH of the solution. It
also allowed students to see how pH changes during a titration, and why a single
drop is all that is needed to reach the endpoint of titration, while any additional

drops quickly raise the pH level above neutral.
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This activity did not contain any particularly inquiry driven sections;
however, the sequence and method in which it was approached allowed for
some inquiry to take place through the process. Students were not told what the
expected outcome would be. Rather, students were given a simple procedure
and asked to come up with reasons for the surprising results they observed.
These unknown and unexpected results generated a certain level of curiosity and
interest in the students, most of who thought they had done something wrong
until they began to notice other groups getting the same results. They were
successful in developing hypotheses for what they were observing as they

gained new understanding about pH and the pH scale.

Activity #6 - Effects of Acid Rain on Lakes

This activity (Appendix L) was challenging because the concept of buffers
was completely new to students. This unit did not delve deeply into the complex
calculations pertaining to buffers, but rather introduced the concept in some
simple real-world examples, such as the buffers in you blood stream and also
those found in lakes. Students compared the buffering ability of distilled water to
solutions containing limestone and granite. Drops of 1.0M hydrochloric acid were
added to each solution and the pH was measured to observe any changes.
Distilled water and water with granite chips showed no buffering and the pH
dropped dramatically. The calcium carbonate found in limestone became slightly
more soluble as it reacted with the acid, and was able to keep the pH from

changing as much as it reacted to neutralize the acid. Bromcresol green
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indicator was used in order to visualize the pH changes taking place. The water
and granite solution tumed yellow and stayed yellow, however the limestone
solution turned yellow immediately but slowly tumed back to greenish blue as it
reacted with the acid. Students were then asked to crush up rock samples and
test them for the presence of calcium carbonate. They were to design the
experiment, describing the procedure, record their data and observations in a
table, and finally write out their conclusions for each rock sample analyzed.
Students were able to successfully explain how a carbonate buffer system works
as carbonate reacts with hydrogen ions to become bicarbonate and ultimately
carbonic acid. Students were also able to describe how carbonic acid can break
down into water and carbon dioxide, explaining the bubbles they saw during the
reaction. Finally, students were able to explain how pH might or might not
fluctuate in a lake, depending on whether or not the lake bed consisted of
limestone or granite.

This procedure was somewhat effective, and was able to show very
simple reactions between limestone and acid that were not present with the
granite. However, further extensions of this were not as successful. Students
had trouble finding good clean rock samples to test and had further trouble
crushing up the samples to be tested. Smashing rocks with a hammer was
hazardous and produced flying debris. Students were able to test some crushed
up bricks, but none of the rocks tested appeared to have any noticeable calcium
carbonate. In the future, it would be better if clean rock samples were obtained

and crushed and provided for students to investigate.
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RESULTS AND EVALUATION

Objective data for this unit were collected with a fifteen question test
(Appendix C) administered at the start of the unit. The same test was again
administered upon completion of the unit, immediately following the standard
chapter test. The test consisted of ten multiple choice questions and 5 short
answer questions, which focused on the key objectives covered in the six
adapted guided-inquiry laboratory activities. Subjective data were also collected
by way of a post-unit survey (Appendix D) that was administered upon the
completion of the unit. Both the objective and subjective data were used to
determine the overall effectiveness of the adapted lab activities in the unit. The
objective data were statistically analyzed using a paired t-test to show

effectiveness.

Pre/Post Test Analysis

Forty-six students were involved in this study, completing both the pre-test
and post-test for the unit (Appendix C). Data from the test were divided and
analyzed separately in two sections, due to the nature of the responses. In the
multiple choice section, students were encouraged to guess if they did not know
the answer, so the possibility exists of variability due to guessing. In contrast,
each of the five short-answer questions was scored out of a possible four or five
points, which eliminated the element of guesswork. While most students did their
best to come up with answers on the pre-test, in some cases students simply left

them blank or responded with “| don't know”.
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It is also important to note that all students involved had previously
completed one year of general Chemistry. A majority of the class entered
Chemistry Il having completed Chemistry | the previous year, meaning they
should have some prior knowledge of the fundamental concepts of acid-base
chemistry. A few of the students completed Chemistry | two years prior, and did
not complete the acid-base unit during that year. Two students transferred from
other school districts, having completed Chemistry at their previous schools, and

it is unknown how much prior knowledge they may had.

Pre/Post Test Statistical Analysis: Multiple Choice

Figure 1 shows the combined results of the 10 question multiple choice
section of the pre-test and post-test. 45 students scored higher on the post-test,
with only one student scoring lower on the post-test. Out of 10 points possible,
the mean score on the pre-test was 3.9, while the post-test was 7.4, giving a

mean difference of 3.5.
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Figure 1: Comparison of Student Pre/Post Test Multiple Choice Scores
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A paired t-test was used to determine if the unit results were statistically
significant. The null hypothesis was that the implemented experiments and
activities would have no effect on student leaming as indicated on the pre and

post-test comparisons. Statistical data and calculations are shown in Table 2.

Mean of Difference Scores 3.5
Standard Deviation of Difference Scores 1.9292
Estimated Standard Error 0.2844

Hypothesized Mean of Difference Scores (Null Hypothesis) 0

Degrees of Freedom (n - 1) 45
t-value 12.23
p-value 0.000

Table 2: Pre/Post Test Multiple Choice Statistical Data

The p-value for the pre and post-test comparison was equal to 0.000.
Therefore, the null hypothesis is rejected indicating that the increase in student
scores was significant, suggesting that the unit with these activities had an effect

on student learning.

Pre/Post Test Statistical Analysis: Short-Answer

Figure 2 displays the combined results of the 5 short-answer questions of
the pre/post test. All 46 students scored higher on the post-test. Out of 21 points
possible, the mean score on the pre-test was 7.2, while the post-test was 12.9,

giving a mean difference of 5.7.
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Figure 2: Comparison of Student Pre/Post Test Short Answer Scores

A paired t-test was used to determine if these results were statistically

significant. The null hypothesis was that the implemented experiments and

activities would have no effect on student learning as indicated on the pre and

post-test comparisons. Statistical data and resulting calculations are shown in

Table 3.
Mean of Difference Scores 5.7
Standard Deviation of Difference Scores 3.0903
Estimated Standard Error 0.4556
Hypothesized Mean of Difference Scores (Null Hypothesis) 0
Degrees of Freedom (n - 1) 45
t-value 12.50
p-value 0.000

Table 3: Pre/Post Test Short Answer Statistical Data
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The p-value for the pre and post-test comparison was equal to 0.000.
Therefore, the null hypothesis is rejected, indicating that the increase in student
scores was significant, suggesting that the implemented unit activities had an

effect on student learning.

Individual Item Analysis: Pre/Post Test Short-Answer Questions

The assessment of each short-answer question was based on 4 or 5
points for each question. Students were not able to guess at answers in this
section, as they could in the multiple choice section. However, the teacher was
able to give partial points for answers. It was interesting to note trends and
misconceptions in each of these sections, as students attempted to explain their
answers on the pre-test. A breakdown of overall scores for each individual
question gives a good picture of the prior knowledge or ideas each student
brought to the unit, and clearly shows areas where substantial knowledge was
gained. It also exposes specific areas of weakness that would merit further focus

and attention by the teacher in future units.

Question #11: Acid Base Definitions

Figure 3 shows the overall student scores on the pre and post-test for
question #11. In this 4 point question, students were asked to explain standard
definitions of acids and bases, specifically according to Arrhenius, Bronsted, and
Lewis. It was expected that many of the students would recall definitions from

material covered in the first year of Chemistry. Observation of individual scores
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(Appendix E) shows that while 11 students increased their scores on the post-
test, 8 students actually scored lower on the post-test (Appendix C). Many of the
incorrect answers on the pre-test centered on descriptions of acids and bases,
such as their taste, or pH, or other physical characteristics, but they lacked actual
definitions. On the post-test, most of the students attempted to give those
definitions, with some mixing up which were the “proton acceptors” or the “proton
donors”. As the question asked students to give two definitions of acids and
bases, many were only given partial credit for only giving a single definition and
failing to contrast the multiple definitions. In all, this question did not reveal

significant progress, and these definitions should be given more attention in the

future.
Question 11: Acid-Base Definitions
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Figure 3: Comparison of Pre/Post Test Scores for Short Answer #11

Question #12: Definition of pH and the pH Scale

Figure 4 shows the overall student scores on the pre and post-test for

question #12. In this 5 point question, students were asked to explain pH and
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describe the pH scale. Very few students were able to describe pH as a
calculation derived from the concentration of hydrogen or hydronium ions in a
solution. However, most students had some knowledge of the pH scale and
were able to describe, or at least come close to describing, where acids, bases,
and neutral solutions fall on the scale. Post-test scores show dramatic increase
in scores with nearly half of the students scoring 5 points (See Appendix E).
This result was expected since first year Chemistry students engaged in a more
descriptive acid-base unit, in which they were taught the pH scale, but did not go

into detail about logarithms and hydrogen ion concentrations.

Question 12: pH Scale
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Figure 4. Comparison of Pre/Post Test Scores for Short Answer #12

Question #13: Acid-Base Indicators

Figure 5 shows the overall student scores on the pre and post-test for
question #13. In this 4 point question, students were asked to explain what acid-
base indicators were and how they are useful. The most common answer on the

pre-test, which was not accepted, was that “Acid-base indicators indicate
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whether something is an acid or a base.” A few students were given partial
points for stating that indicators change color or help us understand the pH of a
solution. Post-test scores were much higher, with almost all students able to
describe that color changes occur at specific pH ranges. Only one student was
able to use detail to describe that they are weak acids or bases that change their

color as they undergo conformation changes from the gain or loss of a proton.
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Figure 5: Comparison of Pre/Post Test Scores for Short Answer #13

Question #14: Buffers

Figure 6 shows the overall student scores on the pre and post-test for
question #14. In this 4 point question, students were asked to explain what
buffers are and how they work. 35 of the 46 students scored 0 points on the pre-
test. Post-test scores were dramatically higher. This was expected because
most students had never even heard of buffers before this unit. On the post-test,
most students were able to describe the role of buffers in maintaining equilibrium

of pH levels. However, many still could not describe the composition of a buffer
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as a solution of a weak acid and its conjugate base. Some students also came
away with the misconception that all buffers are neutral, probably due to the fact
that most of the buffer examples we discussed, like those found in lakes or your

bloodstream, do maintain pH levels close to 7.0.

Question 14: Buffers
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Figure 6: Comparison of Pre/Post Test Scores for Short Answer #14

Question #15: Neutralization Reactions

Figure 7 shows the overall student scores on the pre and post-test for
question #15. In this 4 point question, students were asked to complete a
neutralization reaction for the production of water and a salt. Students were also
asked to identify the reaction as a double-replacement reaction. This topic was
covered in the first year Chemistry course, as noted by the distribution of scores
on the pre-test. The post-test showed a dramatic increase in scores, with nearly

two-thirds of the class scoring 4 points.
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Question 15: Neutralization Reactions
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Figure 7: Comparison of Pre/Post Test Scores for Short Answer #15

Analysis of Post-Unit Survey Results

Upon completion of the unit, students were given a post-unit survey
(Appendix 4) as a method of gathering feedback about each of the seven
activities performed throughout the unit. Students were also asked for personal
feedback about their favorite and least favorite parts of the unit and given
permission to give any other comments. Students ranked individual activities in 4

different categories shown in Table 4 on a scale of 1 to 5 (1 = low, 5 = high).

Criteria Description

Students ranked how physically involved they
felt in this lab activity.

Students ranked how much the activity seemed
to engage them in thinking about the process.

Students ranked how interesting or enjoyable
they felt the activity was personally to them.

Students ranked how much they felt the activity
helped them learn about the topic.

Physically Engaging

Mentally Engaging

Interesting

Learning

Table 4: Student Post-Unit Survey Activity Rating Categories
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The results of the post unit survey, shown in Table 5, show some very

interesting correlations in student opinions in the various categories. These

correlations show that the sequence of activities was intentionally structured to

bring students into the unit and guide them to progressively more challenging

topics. A closer look at each of the four rating categories shows patterns that

may be significant in the development of a successful unit.

Activity Zﬁﬁ;ﬁ:‘g Elf‘ :;t:i':‘yg Interesting | Learning
Rainbow Connection Demo 1.1 2.7 3.8 3.2
Observing Various pH Indicators 3.8 3.2 3.7 3.5
Making pH Test Strips 3.7 29 34 3.3
Simple Acid-Base Titration 3.3 3.3 2.7 3.2
Analytical Acid-Base Titration 3.5 3.6 3.2 3.8
Graphing a pH Curve 3.2 3.3 3.1 3.6
Effects of Acid Rain on Lakes 3.1 3.3 34 3.6

Table 5: Average Student Activity Ratings on Post-Unit Survey

Category #1 - Physically Engaging

In the first rating category, students rated how physically engaging each of

the activities was to them. This rating was not intended to rank student learning,

but rather as an observation of how much each individual student felt they

participated in the activity. As expected, the opening demonstration received a

very low rating as students were merely observers as the teacher performed the
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activity. The first two activities following the demonstration were rated most
physically engaging by the students. The activity “Observing Various pH
Indicators” was a two day activity that kept students involved in combining many
different indicators and buffers, and recording their results with colored pencils. |
believe both the mixing process and the coloring, although viewed as tedious by
some, definitely allowed each student to physically participate in the activity. The
third activity “Making pH Test Strips” also presented each student with individual
hands-on work as each student created their own pH test strips. Each student
then took the strips home that night and tested solutions found around the house.
Each student was intentionally asked to complete their own work in both of these
activities so as to increase physical participation and avoid dependency on a lab
partner to complete the assignment.

Each of the final four lab activities were completed in groups of two or
three partners. A successful lab group shares the responsibilities of the work in a
lab activity. However, this can decrease the feeling of physical involvement as
students find themselves once again playing the role of observers as their
partner completes a step in the activity. For example, in the activity “Graphing a
pH Curve” there were a limited number of digital pH meters. Not only did groups
share the pH meters, but only one individual in each group was involved with
addition of aliquots and the use of the pH meter while the other student recorded
the data. Therefore, the data pattern taught them something very important
about pH curves, in spite of the fact that the collection of data itself was viewed

as less physically engaging.
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Category #2 — Mentally Engaging

Student opinions of the most mentally engaging activities were exactly the
opposite of the physically engaging activities. The opening demonstration and
first two activities were rated least mentally engaging, while the last four lab
activities were rated most mentally engaging. The first two activities, while the
most physically engaging, were not rated to be most mentally challenging. They
involved strictly observations of color and recording visual results in a table.
There were no complex calculations or high level comprehension questions with
these activities. However, as the unit progressed, the complexity of the activities
and the difficulty of the concepts increased, resulting in activities that were rated
by students to be more mentally engaging. The most mentally engaging activity
was the “Analytical Acid-Base Titration”. This activity challenged students not
only to make very careful measurements, but then process the resulting data
using multiple calculations to discover the molarities of unknown solutions.

These results show an important pattern that is worth mentioning and
studying further in the future. Students do not need to be highly physically
engaged to feel mentally engaged. Teachers often look for hands-on activities
as a way to physically engage their students in a topic, hoping to produce higher
levels of cognitive engagement. However, students in the past have commented
that when they are too focused on the mechanics of completing a procedure,
they sometimes don't have time to really think about what is taking place. For
example, several years ago | modified my lectures to be “fill in the blank” style

note taking when students reported that they had trouble listening because they
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were too busy writing. Being both physically and mentally engaged may create a
cognitive overload, so it makes sense that as a unit progresses students may

become more mentally involved without requiring as much physical stimulus.

Category #3 - Interesting

The third category simply asked students to rank how interesting they felt
each of the activities was. One of the goals of the adapted activities was to
increase student interest in the topic and the activities. Simply being physically
or mentally engaged does not necessarily reflect how each student personally
feels about each activity, especially with honor students at this level who are
willing to complete almost any task put before them, whether they like it or not. |
feel that a real connection with the topic and concepts can only take place if there
is a genuine interest held by the student. However, interest can be generated
through a multitude of pathways, which can vary from year to year with different
groups of students.

In these lab activities there is a definite progression of interest that seems
to be tied to specific elements from each activity. The opening demonstration
seems to have accomplished its objective, generating the highest level of interest
on the first day. The primary purpose of this demonstration was to capture their
attention and generate interest in the unit. The first activity “Observing Various
pH Indicators” was also ranked as very interesting to the students. This activity
followed on the heels of the demonstration and allowed students to produce

bright rainbows of colors using a multitude of indicators. “Making pH Test Strips”
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also rated as very interesting to students, possibly because of the fun colors
involved and also the exploration involved in the at home investigation. Students
really seemed to be fascinated by the “magic” of indicator color changes.

Least interesting to the students were the activities that involved titrations.
These three activities involved more complex concepts surrounding acid base
reactions and required more data collection and calculations by the students.
This suggests that students do not find these types of activities and calculations
to be as fun as the more observational activities. It is also interesting to note that
these three activities were ranked as the least physically engaging, suggesting
that students feel they are having more fun if they feel they are physically

participating in an activity.

Category #4 - Learning

The final category asked students to rate how much they felt the activities
promoted learning about topics. A very distinct pattern emerged once again in
which the last three activities rank the highest. These responses correlate
almost exactly to the rankings in category #2 - mentally engaging. Quite simply,
this means that students felt they leamed the most from the activities that were
the most mentally engaging. While they found some of the more physically
engaging activities to be more fun, they did not report feeling that they learned as
much from them. The “Analytical Acid-Base Titration” was the most complex

activity in terms of data collection and calculations. Some students struggled to
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understand and complete that activity, but in the end, they felt they learned the
most from it.

The results of the post-unit survey provided valuable feedback. The
activities were structured and organized in a sequence that produced a desired
pattern of student participation, cognitive engagement, interest and leaming.
Early activities were meant to introduce topics and generate interest, while later
activities were meant to really challenge students on the topic with information
being covered concurrently in classroom lecture. In the end, students feit they
learned more when they were challenged to be mentally engaged in an activity.

In the future, this progression will be used in all units.

Feedback and Student Quotes

The post unit survey also included three questions where students were
asked to give feedback. In the first question students were asked to share what
part of the unit they felt helped them learn the most. In the second question they
were asked what their least favorite part of the unit was. In the final question
they were asked if they would change anything about the unit.

The first question had an overwhelmingly common response. Most of the
students felt that the lab activities were the part that helped them leamn the most
during the unit. One student wrote, “Doing all the labs. | like doing hands-on
experiments.” Another student responded by saying, “l am a very hands-on
leamer and by doing labs it helps me remember things.” A third student put it

this way, “Labs also showed me certain concepts that weren't portrayed through
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the lecture.” A few students responded more specifically about the labs, stating a
particular lab or activity that they thought helped the most. “Making the pH strips
and taking them home. It was fun to find out things at home and got me more
interested,” stated on<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>