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Abstract
The purpose of this research project was to study the conceptual understanding achieved in a general

chemistry course based on a constructivist approach. A group of 28 students participated in repeated
measures obtained by means of conceptual maps about the mole concept prepared three times during the
course: at the beginning the course, immediately after the concept was studied, and after studying other
related concepts. In addition, eight students selected from the group of 28 were interviewed. The
interviews were carried out focusing on their conceptual maps. The analysis of the repeated measures
indicated significant differences among the three times, especially between the first two. It was
evidenced, therefore, that these students obtained a significantly higher level of understanding of the
mole concept. The qualitative analysis carried out with students identified a broad range of responses
that represent different levels of hierarchical organization, of progressive differentiation, and of
formation of significant relations of the mole concept. Some recommendations offered are to develop
and implement teaching methods that promote understanding of scientific concepts, and to prepare
science professors and teachers to emphasize teaching for conceptual understanding.

Introduction

According to the American Association for the Advancement of Science (AAAS), a
fundamental assumption for changes in the classroom is that schools do not need to teach more
and more content, but instead should focus on the essence of scientific knowledge and teach this
more effectively [1-2]. In the area of science, these reforms in teaching methods become
imperative in order to achieve higher levels of effectiveness. The National Science Foundation
(NSF) supports initiatives that experiment with ways to change teaching practices [3].

The teaching of science requires clear goals and non-traditional models that use the
inquiry processes—exploration, based on the natural curiosity of human beings—to promote the
development of skills associated with scientific culture [4]. Through these active learning
strategies, the objective is to promote the understanding of basic concepts by students, as an
indispensable requirement to understand the fundamental theories of science. Conceptual
understanding is defined as the student’s ability to adequately recognize, interpret, explain, and
illustrate the connections among the subordinate concepts of a macroconcept and among these
with other related concepts [5].
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In chemistry, for example, the teaching of the core courses should promote students’
capability to design their own scientific experiments [6]. That capability requires a higher order
understanding of the concepts that make up accepted theories. Consequently, any instructional

process that fails to achieve understanding of concepts should be considered ineffective.

There are a considerable number of studies that illustrate the problems students face in
developing understanding of concepts and principles of chemistry [7-12]. The problems
underscored by this literature are: (1) student learning is predominantly through repetition or
memorization, rather than through the active construction of knowledge; (2) students do not know
the most important attributes of the concepts nor can they establish the necessary relations among
the concepts to understand a macroconcept or a chemistry idea; (3) teaching could fail if it does
not offer enough experiences in which the learner can reflect and express the ways in which they

are establishing connections.

There 1s much controversy about what promotes conceptual understanding in a discipline.
In chemistry, the relation between solving numeric problems and understanding the concepts has
been studied [13]. It is also important to point out the research related to the alternative concepts
presented by the students on some chemistry concepts. The studies by Gabel [13], Gabel,
Sherwood, and Enochs [14], Anamuah-Mensah [15], and Bunce, Gabel and Samuel {16] indicate
that the depth of conceptual understanding usually attained by students is inadequate to solve
chemistry problems that require transfer—in other words, chemistry problems in which students
must use and relate concepts in a different context to be able to solve them. Likewise, the studies
demonstrate that students frequently solve numerical problems only by using an algorithmic

approach.

Other studies have shown that traditional instruction in chemistry modifies students’
concepts, but not to a great extent [17,18]. Occasionally, instruction creates errors in scientific
conceptions or misconceptions. Based on these findings, the need has been identified to explore
the effectiveness of instructional strategies designed to promote depth of conceptual
understanding. For this purpose, professors and educational and scientific researchers on the
secondary and university levels in Puerto Rico carry out educational innovations that seek to
promote conceptual understanding. For example, the Puerto Rico Statewide Systemic Initiative
(PR-SSI) and the Puerto Rico Collaborative for Excellence in Teacher Preparation (PR-CETP)
focus their efforts toward the transformation of science and mathematics education through the
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development of innovative curricula, and the use of innovative teaching and assessment

strategies.

One of the transformed courses through these efforts 1s the General Chemistry course of
the University of Puerto Rico, Rio Piedras, which serves as a basis for this study. The study 1s
part of a larger research project that constitutes the master’s thesis of the first author of this paper
[19]. In this thesis, besides what is presented here, the effectiveness of the constructivist approach
adopted through this course in promoting conceptual understanding of the core concepts of
General Chemistry was evidenced, in comparison with another course taught with traditional
teaching methods. The group studied evidenced a significantly higher level of conceptual
understanding, compared with another group with comparable sociodemographic and educational
charactenistics, on a test developed by William Robinson from Purdue University, translated and

adapted in Puerto Rico.

The study presented here intends to delve into this finding through a detailed study of the
understanding of the mole concept with students taking the General Chemistry course based on a
constructivist perspective. The professor for this course uses extensive active learning activities.
Within these teaching and learning strategies are tasks in cooperative learning groups inside and
outside the classroom. Interactive demonstrations based on the process of predicting-observing-
explaining, and based on experiments done in the classroom, are also widely used. The professor
guides students through a process in which they all predict what could happen in a given situation
and which they later research, to clarify their ideas. For example, she introduces the mole
concept using an interactive demonstration based on an analogy described by Arce [20]. The
professor brings an electronic balance and various matchboxes, each filled with the same number
of paperclips, but with different kinds of clips. The thinking process is guided by means of the
handout shown in Figure 1. With this interactive demonstration, students “discover’ or construct
their own understanding of the origin of Avogadro’s number before the actual number is known.
Later on, another activity carried out in the classroom is the critical analysis of a letter to the
editor published in a local newspaper (excerpt shown in Figure 2). In these activities, students
work in groups to discuss the problems and agree on an answer. In the letter to the editor activity,
students must apply their newly acquired knowledge of stoichiometry and balancing equations to
a real life situation in order to understand the important piece of information omitted by the

writer.
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Interactive Demonstration
Avogadro said: Equal volumes of gases contain the same number of particles.

As an analogy to equal volumes, we have four match boxes, each one containing the
same number of paper clips, but with different kinds of clips inside each box.

Box label A B C D

Mass of box
and content

Mass of box

Mass of
content

How can we express the ratio of the masses of the clips contained inside each one of
the boxes?

How can we define a clipol?

Let’s weight the mass of a cl/ipo/ of each kind of clip and count the number of clips in
each.

A B C D

Clips in box

Mass of
clipol to be
weighted

Number of
clips in a clipol

Figure 1. Handout of the interactive demonstration used to study the mole concept.
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Can’t release more weight than it burns

In my quest for information regarding the coal-fueled Cogentrix ® plant
in Mavaguez, I read with interest the article titled “Can’t Trust
Regulations on Cogentrix®” by professor JB, a fine article that exposes
the principal reason to oppose the establishment of this electricity
generating plant at its current location.
The main reason used by most against the plant and expressed clearly
by JB, is the lack of confidence in the regulatory agencies ability to
establish appropriate standards and much less enforce them.
We must require that the appropriate standards are established and
must insist that they are the same all over the world.
JB’s article, as usual in the printed matter by Cogentrix® oppositionists,
has some figures that are grossly exaggerated and cannot be true. In the
third paragraph of the article JB states “These discharges include.....15.3
million pounds per day of the “greenhouse” gas carbon dioxide.
As a professor in chemical engineering, JB should not believe this. The
little chemistry that I took in college always taught that the molecular
weight in a chemical reaction had to remain equal. How about the true
weights? Is Cogentrix® going to exhaust more weight than the coal it
consumes? How about a free Chemistry class, Prof. JB?

Signed H.L.F, Jr.

Mayaguez

Figure 2.  Transcript (only names omitted) of the Letter to the Editor used in the General
Chemistry course.

To guide the study reported here, the following research questions were posed: Does
students’ understanding of the mole concept increase after participating in constructivist learning
activities in a General Chemistry course? What are the characteristics of the conceptual

understanding achieved by students in relation to the mole concept?

Method

A mixed method approach was used to achieve a better understanding of the problem
studied. The qualitative and quantitative methods were used independently, but simultaneously
[21].

The basic research technique used was the concept map administered three times: once at
the beginning of the course; again immediately after the mole concept was studied; and then after
studying other related concepts. This technique, in conjunction with a rubric, enables the
assignment of scores to students according to their performance, and it can be used to guide
interviews to obtain qualitative information. A repeated measures statistical analysis of the scores

obtained by all students in the concept maps they constructed was carried out (n=28). On the
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other hand. an individual interview was carried out with eight students selected from among the
28, to inquire about their conceptual work in the three concept maps they elaborated during the

course.

Participants - Students who took the constructivist course during the first semester of the
academic year were the participants in the study. There were twenty females and eight males with
an average age of 19.2 years and an average college entrance GPA of 3.43 (from a maximum of
4.0). The eight students interviewed were selected from among the 28 students. To select them,
students were placed in descending order based on the scores they obtained in the second concept
map. The students were divided into four equal groups. The highest quarter (highest scores) and
the lowest quarter (lowest scores) were selected. In each of these groups, four students were
randomly selected. This selection justifies the interest in describing the understanding developed
by students who are outstanding in terms of the conceptual understanding they achieve, in
contrast with students who manifest difficulty or limitations in their conceptual understanding. In
this way, the power to observe a broad range of characteristics related to conceptual

understanding 1s optimized.

Data Collection — The concept map is a procedure developed by Novak [22], based on a theory
developed by Ausubel [23] and used in several studies to evaluate conceptual understanding in
chemustry [22, 24]. Concept maps are made by establishing a hierarchy and relating concepts
through propositions. They are used to allow students to express their knowledge about a concept

through their own construction and learning styles.

To collect information, 28 students were asked to construct a concept map of the mole
concept three times during the course. Students had 45 minutes to elaborate the conceptual map
each time. At time 1, at the beginning of the course (August 2000), each of the students was
asked to elaborate a concept map to explore the prior knowledge students brought to the course
about the mole concept. At time 2, after the concept of mole was taught in class (October 2000),
students were handed the concept maps they had elaborated in time 1, to correct, add, eliminate or
re-elaborate according to what they deemed most appropriate. At time 3, a little before the end of
the course (November, 2000), after related concepts had been taught, the concept maps created
during the two previous times were handed to the students again. They were instructed to make
corrections, to add concepts, to eliminate concepts or to establish new relations with other
concepts they had studied.
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Through the in-depth interviews, the understanding achieved by students was determined.
They were asked to explain their thought processes and the ways in which they evidenced
changes 1n conceptual understanding. Questions such as the following were asked: What reasons
did you have to establish this hierarchy? Why do you think this relation is important in this part of
the map? How do you justify the changes in hierarchy between the first and second maps? Why
did you make these changes in the second and third maps? Why do you present a larger number
of connections in this map? What examples can you add to these concepts?

Data Analysis — The scoring of the maps was done through the use of a rubric applying the
criteria developed by Novak [22]. The score is distributed according to the characteristics of the
map, including: hierarchy, propositions, ramifications. intercrossing, and examples. The
fundamental base of the scoring scheme is the cognitive learning theory of Ausubel [23].

The researcher scored all students’ conceptual maps using the rubric; the final score
given to each of the maps for the three times was cumulative. Also, a doctoral student in
education with experience in the conceptual map technique independently evaluated all of the
maps. using the same rubric. Reliability between the two judges who evaluated the maps was
determined through Spearman’s statistical rko test. Results showed high reliability between the
judges for the independently derived scores the three times (Spearman r=0.980, 0.989, 0.995,
respectively). In case of discrepancy between scores, the two judges sought agreement regarding
the score of the maps, and the scores that were assigned by consensus were the ones used in the

analysis.

The scores attained by the students in the conceptual maps the three times were
statistically analyzed calculating the mean and standard deviation for each administration. To
evaluate differences among the three measures, the statistical test MANOVA (SSPS) was used.

For the qualitative analysis of the data gathered through the interviews, the constant
comparative method was used. Through this method, the coding of information in deductive and
inductive categories is combined at the same time that all the units of meaning are compared
among themselves [25]. The use of a computer program for the qualitative analysis, The
Ethnograph version 5.0, facilitated the grouping of the fragments corresponding to each category

in thematic files.
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Results

The first question that guided this study focused on the increment in conceptual
understanding attained through the course. The inspection of the means of the repeated measures
obtained through the maps suggests that there was an increase between scores for times 1 and 2,
and they continued to increase, although to a lesser degree. in time 3 (see Table 1). The
MANOVA test for repeated measures identified significant statistical differences among the
concept maps of the three times (F=57.24, gl=2, p=0.000). Differences between times 1 and 3
were identified in the same way (F=80.09, gl=1.27, p =0.000) and between time 2 and the mean
of times 1 and 3 (F=14.16, gl=1.27, p =0.001). From these results, it is concluded that students
evidenced a progressive improvement, and a statistically significant one, throughout the different
times of measurement, which indicates that their conceptual understanding of the mole concept

increased considerably as the learning process advanced in the constructivist course.

Table 1. Mean and Standard Deviation of the Repeated Measures.

Times Means Standard Deviations
Time 1 1.536 1.934
Time 2 12.250 7.511
Time 3 15.536 8.500

Regarding the characteristics of the conceptual understanding achieved by students of the
mole concept, the second research question of this study, data was analyzed through coding in
categories based on the cognitive learning theory of Ausubel [23] and the studies by Novak and
Gowin [26]. The selected categories are processes described by Ausubel that characterize the
achievement of conceptual understanding, including hierarchical organization, progressive
differentiation, and integrative conciliation. These categories were divided into subcategories
that allowed the discovery of gradations or levels within each of the processes.

Results are illustrated below with examples -of the answers given by the students
interviewed.  Examples included evidence of the different characteristics of conceptual
understanding that were observed. The answers correspond to the participants from the two
groups of students in the sample—that is, students with high scores and those with low scores at

time 2.
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Hierarchical Organization — According to Ausubel [23]. the cognitive structure is organized

hierarchically. A sound hierarchical structure for the understanding of a concept begins with
broad, inclusive concepts and later follows with more specific and less inclusive concepts. The
characteristics associated with hierarchical organization that characterize conceptual
understanding attained by students are the following: (1) general or concrete conceptual relations:
(2) conceptual relations without a clear distinction between general and concrete concepts; (3)
simple high or low level conceptual relations; and, (4) complex high and low level conceptual
relations. These characteristics denote progress in the conceptual understanding achieved by
students.

In the analysis of the information from the interviews, it was observed that students with
low scores in the maps had a tendency to form only general or concrete conceptual relations
(45%). In an equal proportion, students formed conceptual relations without clearly
distinguishing between general and specific concepts (45%). In the group with high scores in the
maps, a tendency to form high and low level conceptual relations, simple as well as complex, was
observed, although the latter occurred to a lesser extent (64.7% and 17.64%, respectively).

An example of a general conceptual relation is a statement by Beatriz (the names used are
pseudonyms, those beginning with an “A” are used to identify students from the group with high
scores and those with “B” to identify those from the group with low scores). She establishes a
hierarchy with very general concepts. Although she also mentions specific concepts, Beatriz does
not express a coherent relation in her conceptual hierarchy. She also explains the reasons that led

her to establish the hierarchy shown in the map:

When I thought about a mole I thought that it could be about elements as compounds, ...
and in fact I am thinking that in a mole of an element there is the same amount as there is
in a compound... and ..... that what this tells me about a mole.... In a mole of a certain
amount, there are certain grams or 6.02 by 10 to the 23 units of a mole.

In these expressions, it can be observed that the relationships between concepts do not
incorporate hierarchy. At first instance, she relates the mole concept with elements and
compounds without reaching a greater degree of specificity of these concepts. Later, she relates
the mole concept with grams and with the Avogadro number, evidencing a leap between the first
level (elements and compounds) and the second level (grams, Avogadro number). This is to say,
the general concepts on one hand and the specific or concrete concepts on the other.
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Alfred establishes a simple hierarchical organization. He defined the mole concept in
first instance. From this definition, he starts to relate concepts, keeping in mind the general and

inclusive ones, as well as the specific and non-inclusive one. He commented:

Well, from the mole to the most explicit, defining the mole as the quantity of substance
and from there each concept leads to the other... it became normal in other words...1t
was pretty easy for me to go from the lower definition to compound, and from compound
to element, and from there to molar mass... the definitions take us there... the higher one,

I really guide myself by the higher one.

These expressions evidence a logical way of organizing the compounds. Defining the
mole concept allowed the student to acquire a broader view about the relationships he established.
This shows a better understanding of the set of relations between the mole concept and the ones
that are subordinate to it. On the other hand, it is important to keep in mind that the creative
students are capable of finding new ways to represent relationships and conceptual hierarchies
[26].

Alice establishes hierarchies with conceptual relationships considered complex. Her
hierarchical organization begins with the definition of the concept, and later establishes relations
with broad and inclusive concepts and continues with less inclusive and more specific concepts.
In the hierarchical organization of the maps of the second and third times, a greater degree of
specificity of the mole concept is observed. About this she comments:

Mole is a unit that represents a quantity of a substance whether of a compound or of an
element. .. because the elements are the simplest and the compounds are beyond. The
compounds and the elements are represented by the chemical formulas and from here you
reach the stoichiometric calculations to determine atomic mass, molar mass.. atomic mass
is expressed in u.m.a. ... molar mass is in grams by mole of molar mass I can reach the
Avogadro number which is equal to 6.02 by 10 to the 23 molecules, ions and other
things.

From the findings, it can be said that students with lower scores in general present an
insufficient understanding of the concepts related to the mole concept which is clearly manifested
in the lack of hierarchical organization that is evident in their answers. This is consistent with
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studies by Herron [27] and Abraham [28]. These researchers point out that the students present
difficulties of understanding the mole concept due to limitations in their understanding of the
related concepts and the use of rules and memorized algorithms. On the other hand, students with
high scores presented definitions of the mole concept based on other concepts that are consistent
with the findings from previous studies [29-32]. These researchers point out that a clear indicator
of sound understanding of the mole concept in students is that they express a clear definition of
the concept. Also, they can relate it with other concepts such as stoichiometry, molar mass, and
solution concentration, among others.

Progressive Differentiation — The Ausbelian principle of progressive differentiation establishes

that significant learning is a continuous process, during which new concepts reach higher
significance as they acquire new relations [26]. Therefore, concepts are “never totally learned,”
but are always being developed, modified or becoming more explicit and inclusive as they

continue to differentiate progressively.

Among the identified characteristics associated with progressive differentiations that
characterize students’ conceptual understanding, are the following: (1) assimilation of the
meaning of concepts; (2) recognition of new conceptual relationships; and, (3) reorganization of

the cognitive structure.

The observed tendency in students with low scores 1s mostly in the assimilation of the
meaning of the concepts (64.28%). In the group with high scores in their concept maps, we found
the tendency toward differentiation of the mole concept is to recognize new concepts (40%) and
to change or reorganize their cognitive structure (52%). The following i1s an example of

assimilation of the meaning of concepts expressed by Beto:

Mole is the quantity of something... it is the quantity of substance, molecules, atoms...
it’s very confusing to relate it because it is so abstract, the stoichiometry, all that... 1t

confuses and one has to understand it well.

From these expressions, it can be said that although Beto has internalized the meanings of
the given definitions of the mole concept, he is not able to relate new concepts to those already
existing in his cognitive structure. The differentiation he makes of the concept is limited. To a
great extent, it could be because he did not establish specific new conceptual links. These
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conceptual links are relatively precise indicators of the degree of differentiation of a concept that
can be attained [26].
An example that evidences the recognition of new concepts is Alfred’s explanations:

I can not say that they are a conversion measure at the start if I don’t give the definition
of mole to understand it more... because that helps to understand what a mole 1is, all the
definitions and relations of the mole are important to point out in the map... it Is
important to know for what it is used... how it relates, for example to atomic mass, molar
mass, grams of a compound.. it is important to know that there is a basic number that is
called Avogadro because he was the scientist who knew that there was an exact number,
although he didn’t know exactly which, but he knew.

In Alfred’s answers, we observe the importance he gives to the definition of mole. He
also makes reference to its use and how it relates to other concepts. Alfred’s differentiation level
of the concept is in evidence. On the other hand, his expression of a preference to understand the
concept better, serves as an indicator to affirm that his level of differentiation is in continuous

development.

Alba, for her part, in explaining the relations that she establishes in her maps, makes a
differentiation between the atoms and molecules of a compound. She also differentiates that the
molar mass is defined as the quantity of grams per mole. An example of the conceptual links and

differentiation Alba makes is:

When I look at the periodic table and I see hydrogen and it says that it is 1.008 I have to
be aware that it i1s a quantity that I have of hydrogen in a mole...when you analyze the
composition of hydrogen you find that it is the atoms that form a molecule and the
Avogadro number lets you know that a mole of any substance is 6.02 by 10 to the 23
atoms of that specific substance... and that molar mass is defined as grams per mole and
that atomic mass is measured in u.m.a.

From Alba’s explanations, it can be observed that one of the characteristics of conceptual
understanding of the mole is to be able to differentiate it. This means to be able to reach higher
levels of specificity through which the student internalizes the meaning of the concepts. Also, to
be able to establish more differentiated relations of the mole. Alba’s explanations are consistent
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with Novak and Gowin’s study in which they showed that high differentiation in concepts in the
cognitive structure of individuals is an indication of sound conceptual understanding [26].

Integrative Conciliation — Novak and Gowin establish that there is a sound understanding of a

concept 1f the leamer recognizes new relations (illustrated through the interconnections in a
conceptual map) among related sets of concepts in hierarchical levels [26]. They also sustain that
when understanding of a concept is achieved by the student, he/she is capable of solving

conceptual conflicts in meaning.

Among the characteristics associated with the integrative conciliation related to
conceptual understanding attained by students about the mole are the following: (1) relationships

with non-appropriate concepts; (2) memory relationships; and, (3) significant relationships.

In analyzing the information from the interviews, a tendency to establish relations
between non-appropriate concepts was observed in the group with low scores (54.5%). Another
charactenistic was the establishment of relations based on memory (40.9%). On the other hand,
four students with high scores in their maps established mainly significant relations among
concepts (87.5%).

Bemie explained erroneous or poor connections. He had difficulty in relating the
subindex of chemical formulas with the appropniate number of atoms. An example of these

relationships is the following:

Well, if you have an element then you can associate that such an element is equivalent to
a mole..it is an association that you make that in this element there is a mole.. if you had

an element such as hydrogen (H?) then you would have about two moles.

Bemnie’s explanations are consistent with the findings of Yarroch [12]. This researcher
found that students do not make appropriate distinctions between the coefficient that precedes the
formula in an equation and the subindexes of the formulas of either compounds or elements.

Belkis and Beatriz presented erroneous conceptions when they defined the mole. Belkis

defines the mole as follows:
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The mole is... it is like the atomic mass in which grams of the elements and compounds

are found... that is the mole.

In this definition, it is clearly shown that the relationships established are not appropriate
for the mole concept. This is consistent with the findings of Staver and Lumpe which show that
one of the most frequent mistakes made by students is that they define mole as a mass expressed

in grams [30].

Beto, for his part, establishes new relations among related sets of concepts, but does not
explain how or why a determined conceptual link is important. The relations he establishes are

based on memory. An example is:

I do not know the real importance of the relation (mole and um.a.) ... I placed what I
understood about mole... I really didn’t want to put it all together... one thing has
nothing to do with the other... I know that the Avogadro number is equal to 6.02 by 10 to
the 23 particles, I don’t know what relation all this has, I just put them together, that’s all.

The conceptual relationships (interconnections) that Beto establishes are essentially based
on memory. This finding from this study coincides with Herron’s [27] and Abraham’s [2§]
statements that one of the barriers to successfully solve chemical problems that deal with the
mole concept is the use of rules or memorized algorithms. An example of the significant relations

1s what Alicia expresses:

The atomic mass is the mass of an element but expressed in u.m.a.... it is the same as if
could use the example of the oxygen element which is 16 u.m.a. as it is the same for the

molar mass but expressed in grams.

It 1s considered significant because the student explains adequately how and why a
particular conceptual link (interconnection) is important in the map. This description provided by
Alicia agrees with the studies by Staver and Lumpe [30] who point out that there is a connection
among the students’ definitions of mole, and their explanations of the numerical identity that

exists between the atomic mass and the molar mass of a substance.

Discussion
A progressive increment in the understanding of the mole concept throughout time, as
evidenced in repeated measures on concept maps, was observed in students from the General
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Chemistry course taught through a constructivist approach. The design of this study does not
enable us to conclude that the changes were solely due to the constructivist approach. However, it
evidenced that a significant increase in conceptual understanding was attained, thus suggesting
that the teaching strategies used in this General Chemistry course might have been effective for
this purpose. The understanding of concepts in chemistry 1s mmportant for students to
comprehend the scientific processes inherent in this discipline in a significant way. Moreover.
good instruction in chemistry should modify students’ comprehension of concepts [17-18].
Feasible and effective instructional models are needed for promoting the understanding of

chemical concepts [24,33].

The study also evidenced the characteristics of the understanding of the mole concept
achieved by students, as observed during in-depth interviews. We noticed that students,
particularly those who obtained low scores in their conceptual maps, established general or
specific conceptual relationships about the mole concept. For this reason, a hierarchical
organization of the concept was not observed in their conceptual structure. This finding is
consistent with the studies of Novak and Gowin [26]. These researchers determined that the
meaning a student has of a particular concept depends on first instance on the hierarchical level of
the conceptual relations they establish. On the other hand, it was identified that some students,
specifically those who obtained high scores in their maps, established high-low level conceptual
relationships, some simple and others more complex. These relationships reflect an organized

hierarchical structure of the mole concept.

This research also evidenced that one of the characteristics of conceptual understanding
achieved by students is that of relating new concepts with previously existing ones in their
conceptual structure. This was illustrated in the continuous differentiation of the mole concept
evidenced by students in their conceptual maps and in their explanations of the changes they
made between the first map (before instruction) and the second one they developed (after
instruction). This finding illustrates the statement by Osbomne and Cosgrove who pointed out that
each student has previous knowledge and that through the teaching and learning process, prior

knowledge gradually progresses [34].

The establishment of significant relations of the mole concept by students is another
characteristic, no less important, that was documented through this study. These relations
evidence the knowledge structure acquired by students and are an indication of the sound
understanding of a concept. This finding is consistent with the results of Novak [22]. This
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researcher indicated that significant relationships show the mutual connections of the concepts as
well as their hierarchical order for the transformation of knowledge by students.

Another important finding highlighted by this study is the persistence of inappropriate
relations among concepts in some students, specifically those who obtained low scores in their
maps. This was observed in the explanations they offered to the ideas included in their conceptual
maps in the three different times, in spite of the instruction received. This means that even
though the constructivist teaching-learning methods were effective for most of the students in
changing their initial levels of conceptual understanding, the establishment of inappropriate
relations persisted with some students. A study by Cros, Castrette, and Fayol points out that
erroneous concepts are difficult to eradicate even through effective instruction [17]. This finding
constitutes a challenge for faculty and researchers in the teaching of chemistry. It reinforces the

need to continue seeking ways to modify these erroneous concepts in some students.

In view of the findings of the present study, the following conclusions can be reached:
(1) The constructivist approach apparently contributed to promote an increase in the
understanding of the mole concept in a General Chemistry course; (2) the understanding of the
mole concept progressively increased in students who took the researched course, evidenced
through the analysis of understanding before studying the concept in class, as they finished
discussing it, and some time after the discussion; (3) a broad range of answers was identified
which represent different hierarchical organization levels in the understanding of the mole
concept—this encompassed the presentation of general or concrete conceptual relations alone, to
the establishment of high level conceptual relations; (4) a progressive differentiation of the
understanding of the mole concept developed by students was identified—this progressive
understanding was evidenced in several forms, that is, including the assimilation of the meaning
of concepts themselves, through the recognition of new relations about it, and through the
reorganization of their cognitive structure; (5) the formation of meaningful relations using
subordinate concepts of the mole concept, was characteristic of the integrative conciliation
process among students; (6) even though most students increased the level of their conceptual
understanding after participating in constructivist activities, the establishment of inappropriate

relations among the concepts persisted with some students.

From the experiences and results of this study, the following recommendations are made:
(1) the teaching of science should focus on the promotion of understanding of scientific concepts;
(2) science professors and teachers should be prepared to implement teaching and leaming
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processes that promote improved conceptual understanding among students; (3) they should also
be prepared to adequately assess conceptual understanding (concept maps and interviews are
alternatives): (4) special attention should be given to the development and implementation of
effective strategies to help students substitute erroneous or incomplete concepts: (5) courses in
which teaching methods are being transformed should be studied to learn about the educational
value of such efforts.

As 1n all research endeavors, the present study has strengths as well as limitations. The
use of a mult-method approach allowed access to broad and precise information, as well as depth
to the obtained findings. This is evidenced by the fact that the quantitative changes observed in
the repeated measures could be described in more detail and understood in depth through the
interviews camed out with the students. Because of this, one of the contributions made through
this research for educational practice is to offer a multi-method approach that represents a useful
option for the study of understanding of any concept in science. The mixed methods approach in
this study was based on the use of concept maps, a technique used in multiple research projects
by authors such as Easley [35] and Novak and Gowin [26] to study changes in cognitive
structures. In the present study, the usefulness of concept maps to detect these changes was
confirmed. The participation of an external evaluator, besides the principal researcher, to score
the maps. the high reliability of their independent judgements and the calibration of their scores
with each other was also a strength of this research. Moreover, the development of a rubric to
score the maps. applying Novak’s criteria but with a different population and scientific concept,
and in conjunction with the high level of agreement among judges, adds evidence to the validity
of the rubrnic. For this reason, the rubric might be used by other researchers interested in studying
the conceptual understanding of students on different levels. Professors and teachers could also
use it to assess the conceptual understanding achieved by their students at different times in their

learning process.

On the other hand, a limitation of the study was that the principal researcher was the only
person who carried out the categorization of data obtained in the interviews. Nevertheless, the
elaboration of the categories integrated the input of three professors from the University of Puerto
Rico and of a doctoral student of the Program of Curriculum and Teaching of Science, who
participated as an external evaluator in the scoring of the concept maps. A more important
limitation of this study is the absence of a comparison group and appropriate controls to be able
to conclude that the observed changes in the understanding of the mole concept were due to the
constructivist teaching strategies and that the levels of change observed were higher than would
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have been observed using more traditional teaching approaches. Studies of this kind are needed to
convincingly reach these conclusions. However, results from another part of the larger research,
on which this study is based, suggest that that could be the case. It involved a quasi-experimental
design in which students from the constructivist course targeted in this study were compared to a
group taught through traditional teaching methods: the groups were similar in sociodemographic
and educational characteristics and did not differ in their pre-test scores. The experimental group
showed a significantly higher level of conceptual understanding than the comparison group on a
test, developed by William Robinson from Purdue University, that assesses concepts covered in a

general chemistry course, including the mole concept. |

Acknowledgments

We are grateful to Dr. Maria Aguirre and Dr. Maria Medina for their recommendations as
members of the Thesis Committee of the first author. We also acknowledge the contribution of
Elena Maldonado who willingly assisted as evaluator for the concept maps. Finally, we wish to
express special thanks to Dr. Josefina Arce and to the students of her General Chemistry course

for allowing us to carry out this research and bring it to a happy conclusion.

Bio
Carlos Utrnia-Echevarria is Professor of Chemistry at the INEM University Miguel
Antonio Caro, at Baranquilla, Colombia, and Advisor to the Research Centre of the Universidad

Autonoma del Caribe, in Baranquilla, Colombia.

Milagros Bravo-Vick is Professor in the College of Education at the University of Puerto
Rico, Rio Piedras, and Coordinator of the Evaluation Component of the Puerto Rico
Collaborative for Excellence in Teacher Preparation (PR-CETP).

References

m Science for all Americans, American Association for the Advancement of Science, Washington, DC, 1989.

[2] J. Wandersee, J. Mintzes, and J. Novak, “Research on Alternative Conceptions in Science,” in D. Gabel (ed.),
Handbook of Research on Science Teaching and Learning, Macmillan, New York, 1994.

[3] M. Nakhleh, K. Lowrey, and R. Mitchell, “Narrowing the Gap Between Concepts and Algorithms in Freshman
Chemistry,” Journal of Chemical Education, 73(8) (1996) 758-762.



(4]

(6]

[7]

(8]

[9]

(10]

[

(12]

(13]

(14]

[15]

(16]

UNDERSTANDING OF THE MOLE CONCEPT .. 93

A. Rivas, “La importancia de la naturaleza de las ciencias en el desarrolio de una cultura cientifica” (“The
Importance of the Nature of Science in the Development of a Scientific Culture”™), £l Gran Educador, 1(2)
(1999) 7-8.

M. Aguirre, Open-ended questions: An alternative mode to assess the students’ performance in concept
development and use of scientific vocabulary. Unpublished dissertation. State University of New York at
Buffalo, 1998.

J. Arce, “Student—designed Experiments in Scientific Lab Instruction.” Journal of College Teaching, (1997)
114-118.

S. Novick and J. Nussbaum, “Junior High School Pupils’ Understanding of the Particulate Nature of Matter: An
Interview Study,” Science Education, 62(3) (1978) 273-281.

S. Nurrenbern and M. Pickering, “Concept Learning versus Problem Solving: Is There a Difference?”” Journal
of Chemical Education, 64(6) (1987) 508-510.

M. Pickering, “Further Studies on Concept Learning versus Problem Solving,” Journal of Chemical Education,
67(3) (1990) 254-255.

R. Peterson and D. Treagust, “Grade 12 Students’ Misconceptions of Covalent Bonding and Structure,” Journal
of Chemical Education, 66(6) (1989) 459—460.

B. Sawrey, “Concept Learning versus Problem Solving: Revisited,” Journal of Chemical Education, 67(3)
(1990) 253-254.

W. Yarroch, “Student Understanding of Chemical Equation Balancing,” Journal of Research in Science
Teaching, 22(5) (1974) 499-459.

D. Gabel, “Use of the Particle Nature of Matter in Developing Conceptual Understanding,” Journal of
Chemical Education, 70(3) (1993) 193-194.

D. Gabel, R Sherwood, and L. Enochs, “Problem-solving Skills of High School Chemistry Students,” Journal
of Research in Science Teaching, 21(2) (1984) 221-233.

J. Anamuah-Mensah, “Cognitive Strategies Used by Chemistry Students to Solve Volumetric Analysis
Problems,” Journal of Research in Science Teaching, 23(9) (1986) 759-769.

D. Bunce, D. Gabel, and K. Samuel, “Enhancing Chemistry Problem-solving Achievement using Problem
Categorization,” Journal of Research in Science Teaching, 28(6) (1991) 505-521.



94
07

(18]

(19]

[20]

(21]

[26]

(27]

(28]

(29]

C. UTRIA-ECHEVARRIA AND M. BRAVO
D. Cros. M. Chastrette, and M. Fayol, “Conceptions of Second Year University Students of Some Fundamental

Notions of Chemustry,” International Journal of Science Education, 10(3) (1988) 331-36.

J. Rowell. C. Dawson. and H. Lyndon, “Changing Misconceptions: A Challenge to Science Educators,”
International Journal Science Education, 12(2) (1990) 167-75.

C. Uma. “Entendimiento conceptual logrado por_estudiantes en un curso de quimica general de corte
constructivista™ (“Conceptual Understanding Achieved by Students in a Constructivist Course™), Tesis de grado

(Masters’ thesis). Universidad de Puerto Rico, 2000.

J. Arce. “Relative Atomic Mass and the Mole: A Concrete Analogy,” Journal of Chemistry Education, 70
(1993) 233.

M. Bravo, “El enfoque multimetodolégico en la investigacion intercultural: Bases conceptuales vy
epistemologicas™ (“The Multi-method Approach in Intercultural Research: Conceptual and Epistemological
Foundations™). Pedagogia, 28 (1992) 42-49.

J. Novak, “Application of Advances in Learning Theory and Philosophy of Science to the Improvement of
Chemustry Teaching.” Journal of Chemical Education, 61(7) (1984) 607-612.

D. Ausubel, Educational Psychology. A Cognitive View, Holt, Rinehart, & Winston, New York, 1968.

M. Nakhleh. “How Can Research Uncover What Students are Learning?” Journal of Chemical Education, 71(3)
(1994) 201-203.

B. Glaser and A. Strauss, “The Discovery of Grounded Theory,” in R. Strauss and J. Corbin, Basics of
Qualitative Research: Grounded Theory Procedures and Techniques, Sage Publications, Newbury Park, CA,
1990.

J. Novak and D. Gowin, Aprendiendo a aprender (Learning to learn), Traduccién por (Translation by) J.M.
Campanario y E. Campanario, Ediciones Martinez Roca, 1988.

J. Herron, “The Role of Reasoning in Problem Solving,” in J. Staver and A. Lumpe (eds.), Problem solving and
conceptual understanding, Symposium conducted at the Midwest regional meeting of the American Chemical
Society, Kansas State University, Manhattan, KS, 1990.

M. Abraham, “Sources of Alternative Conceptions in Chemistry,” in J. Staver and A. Lumpe (eds.), Problem
solving and conceptual understanding, Symposium conducted at the Midwest regional meeting of the American
Chemical Society, Kansas State University, Manhattan, KS, 1990.

J. Staver and A. Lumpe, “A Content Analysis of the Presentation of the Mole Concept in Chemistry
Textbooks,” Journal of Research in Science Teaching, 30(4) (1993) 321-337.



(30

(31]

(32]

(33]

(34)

(35]

UNDERSTANDING OF THE MOLE CONCEPT ... 95

J. Staver and A. Lumpe, “Two Investigations of Students’ Understanding of the Mole Concept and its Use in
Problem Solving,” Journal of Research in Science Teaching, 32(2) (1995) 177-193.

R Cervellati, A. Montuschi, D. Perugini, N. Grimellim-Tomasini. and P. Balandi, “Investigation of Secondary
School Students’ Understanding of the Mole Concept in ltaly,” Journal of Chemical Education, 10 (1982) 852—
856.

S. Novick and J. Menis, “A Study of Student Perceptions of the Mole Concept,” Journal of Chemical
Education, 53(11) (1976) 171-173.

M. Freedman, “Relationship Among Laboratory Instruction, Attitude toward Science, and Achievement in
Science Knowledge,” Journal of Research in Science Teaching, 34(4) (1997) 343-357.

R. Osborne and M. Cosgrove, “Children’s Conceptions of the Changes of State of Water,” Journal of Research
in Science Teaching, 20(9) (1983) 825-838.

J. Easley, “The Structural Paradigm in Protocol Analysis,” Journal of Research in Science Teaching, 11 (1974)
281-290.



