This paper, by Paul Burgmayer and written in the spring of 2008, describes his preparation for and reflections on a high school chemistry lab he taught.  

Active Scientific Inquiry – Percentage of H2O in CuSO4•5H2O 

1. Instructional Context

I teach three sections of Fundamentals of Chemistry, an introductory course (48 students).  This class has 11 students in Grades 10 and 11, ages 15 and 16.  The students are mid-level (college-bound) academically; all are White, four male and six female; all speak English as their first language.  None are behavior problems although two have attention-related IEP’s and two others probably have undiagnosed ADD.  One student with drug issues misses class weekly to see her counselor; another misses class on a regular basis for health issues.  Because the class is small, students comment that they feel “exposed” as I can question each student multiple times in a period.  But the overall feel is relaxed and, at times, a free-flowing conversation on some chemistry-related topic will spontaneously erupt.  While there are a couple of “quick learners,” most students struggle to learn the abstract concepts.

My classroom is well-equipped with twelve in-room computers, six lab benches, an overhead LCD projector linked to a teacher computer and video recorder that I used on a daily basis for PowerPoint based lessons.  The school operates on a “modified block” schedule with one period every cycle being a double period allowing for regular lab and extended project time.

2. Planning

This lab is at the end of a unit called Materials: Structure and Uses
 that asks “big picture” questions like, “How can chemical and physical properties of matter be explained?” and “What information do chemical equations convey and about matter and its changes?”  Students study physical and chemical properties, periodic patterns, how minerals are mined and transformed by chemical reactions to make metals, the relative reactivity of metals, oxidation-reduction reactions, d aconservation of matter (balanced reactions, molar mass and % composition).

Throughout the unit, experiments using copper illustrated these principles.  First, copper is used in an inquiry lab distinguishing metals from non-metals; then conservation of mass is demonstrated in cookbook lab where Cu metal is oxidized to CuO and back via HCl dissolution and Zn reduction.  Copper is also used as part of a metal activity series lab.  Finally in a second inquiry lab shown in this video, I selected and adapted a student-developed procedure to determine the % mass of H2O in copper sulfate pentahydrate (CuSO4•5H2O) , an inquiry lab that supported the curriculum already taught.
 

I had three objectives for the lab.  First and most important, students should experience the ambiguity and struggles of an authentic inquiry lab including issues
  related to planning and design of an effective and efficient procedure, identifying important variables and sources of error, gaining experience in needed lab techniques, learning what constitutes “proof” in a lab, and learning how to revise a procedure based on lab experience.  Second, the lab should reinforce their previous “real-life” exposure to the signs of a chemical change (gas evolution, color change, mass changes).  Last, the lab should reinforce the Unit 2 concepts of conservation of matter during its transformation in chemical reactions. 
3. Lab Observations
The lab was designed to employ a deliberately sequenced variety of research-driven instructional strategies promoting active and sustained learning over three days.  The Day 1 discussion helps students conceptualize the investigation prior to data collection and helps me determine students' understandings of science behind the experiment.  Class begins with a “bell work” problem calculating the % mass of sulfate in anhydrous CuSO4.  Students then record their observations of physical properties of CuSO4•5H2O samples.  In a short whole-class discussion, properties are listed and students asked if the properties indicate the presence of water.   I then ask a series of open-ended questions to help students see that 1) many everyday objects contain hidden water, 2) water sometimes can be lost by drying, 3) drying rate can be increased by heating, 4) % of water driven off can be determined by weighing, and that 5) mass %  of water in CuSO4•5H2O can be found with this method.  

Students then write their own lab procedures to determine the % water in any hydrated compound using CuSO4•5H2O as a model.  I give students access to a wide variety of laboratory equipment and materials to create a memorable learning experience.  Through peer discussions they come to understand that they, like scientists, varied widely in how they seek knowledge about the dehydration process. I chose to take a risk and not initially ask about variables influencing the lab except to raise the question, “How will you know when the dehydration reaction is complete?”   Instead, I try to mimic real scientific research
 by allowing variables to arise “naturally” from their lab experience.  I also reinforce the provisional nature of their experimental results by having students wait to Day 3 after they have written and tried their procedures twice, to calculate the expected water %  (36.1%).
After students have characterized the physical properties of the blue solid (CuSO4•5H2O).  I introduce the formula and ask for evidence of water.  After getting negative responses, I ask for other examples of solids containing water.  Ice, broccoli, pasta, apples were all suggested.  After some discussion about invisible water, I ask how to determine if water is present in an apple (2:41) and in pasta (3:03).  Biting, crushing, and drying were suggested.  For pasta I note that, after drying, sometimes you can’t tell if the pasta was previously cooked.
  

I ask about drying ice trying to get them to realize that ice can be “dried” by sublimation, something we already discussed with iodine.  I then asked them how to drive off water in CuSO4•5H2O and ways to speed this up.  They suggest light and heat.  I show them my own experiment to remove water by pulling a vacuum.  Reminding them of the bell work, I ask how to experimentally determine the % mass of H2O in CuSO4•5H2O, pushing them to name specific measurements.  This is a critical question and I wait about 8 seconds before one student suggests measuring the vaporized water while another suggests measuring the solid mass before and after.   Before sending them off to write
 their procedures in pairs, I explain that they are developing a procedure for any hydrate using CuSO4•5H2O  as a “model” compound, equipment that they can use, and say that I will find any equipment they want and that, like real scientists, are free to discuss their methods with other lab groups.  I stress that I must approve procedures for safety but that I will not say tell students if their lab procedures will work. 

As they assembled procedures, students asked many questions about equipment names.  I was surprised as I thought they would remember the ones they had used previously.  The fact that they asked demonstrated their relatively high level of engagement in the inquiry lab where they need to commit even compared to the cookbook labs they profess to enjoy.   Reviewing their lab report where I asked about initial assumptions (see below), these included that water would evaporate after a couple of minutes of heating, thinking the solid would remain a blue color (not expecting the transformation to a white powder), and expecting water to puddle in the beaker rather than vaporize.  

Affectively, many students were worried that their ideas would not work.  By including a procedure revision and “second try” lab on Day 3, many of their concerns were alleviated.  I liked the background discussions during the procedure-writing.  One girl asked, “What if the water floats on top of it?”  I answered “I don’t know” and I truly didn’t as I did not understand what she was talking about.  Another girl yells out “That’s why it’s called experimentation.”  Another thought that, heated long enough, the solid will melt to form a liquid.  These types of comments suggest to me that the students were engaged in their process to a greater extent than would be with cookbook labs.
  

On Day 2, students and try their procedures.  Throughout the lab, I continue to ask how students know dehydration is complete.  Most students identify qualitative methods (color changes from blue to white, lack of water vapor).  Only a few students identify heating to constant mass.  
During the second day, I focused my observations on two sets of students, K&K and T&S.  Based on my previous lab experience with K&K, I expected them to struggle executing the lab,.  But they surprised me.  Once they recognized the parallel to a previous copper oxidation lab, they efficiently did the lab.  Other than checking their crucible a few times, I left them alone.
  
I realized later that despite being able to develop a “correct” procedure, K&K did not completely understand the lab objective until they had finished heating the crucible for a third time.  Assuming they had the procedure all correct, I asked them if they had weighed the crucible.  K asked a few questions about transferring the contents to another crucible.  As I walked away she verbalize her thinking “Maybe whatever evaporated is water?”  I said “OK...” and she responded “Whatever’s left in there…?”  She did not finish the sentence but I believe she understood.  It would have been better had I prompted her to complete the sentence.  

Most other students in the class had the same procedure design as K&K.  T&S was an exception.  T&S most clearly experienced the frustration and confusion of experiments and their interpretations not proceeding as planned. When I first walked over, I saw a beaker on a hot plate with CuSO4•5H2O crystals immersed and dissolving in water.  T&S wondered why copper sulfate was dissolving.  I asked neutral questions like “What’s your thinking?”  “What do you think it is going to do?” and “Why are you dissolving it (the copper sulfate crystals)?”    I eventually understood that their molecular-level model mimicked pasta with the blue crystals soaking up added water to hydrate them.  Based on this molecular model, they wanted to weigh crystals, add water, heat to hydrate, drain off excess water, and reweigh.  

They hung on to this model even after I reminded them that we wanted to know water in the original blue crystals.  While they said they understood, I see now they did not understand hydration as water bound in a crystal lattice.  I suggested that they talk with their colleagues (classmates) about their experimental designs.  They talk to K&K.  T was confused by the white color and asked to change their procedure.    

I check later in the period and find they still add water.   I asked again their objective.  S said “How much water…?”  I asked “How much water is where?”  S answered “In the copper sulfate..”.  T tried to summarize their logic:  “We already know how much water is there.  We already know how much the copper weighs. So if we figure out…then we’ll know…”  Finally I asked “Why are you adding the water?”  At that point, they acknowledged they were still using the pasta model and T asks to try it without water.

Another pair (K&D) tried heating in a microwave oven.  Their protocol was excellent but slow.
  I thought their approach was creative and told them so.  On the 3rd day, I suggested grinding the crystals before heating.  That still didn’t work.  I could have discouraged this impractical approach but wanted to encourage their creativity.  

Throughout the 3 days, I stressed to students the basic scientific idea of verifiability by asking, “How will you know when you are done?”  This was the hardest concept for students.  When writing their 1st procedures, most students mimicked the cookbook CuO lab with Cu heated for 5 minutes, broken up, and heated for another 5 minutes without weighing.  On Day 2, as they heated their samples and watched the fading blue color, most students modified their procedures to say the blue color disappearance indicated they were done.  I tried to get them to notice that this was not conclusive as the color changed from white to tan for some.  

After my first discussion with T&S, I suggest that they talk with their colleagues about how other ways to do the experiment.  T said to K “He (me, the teacher) said we were wrong.”  Although I never said those words, watching the video I can see how they got that impression.  I spent more time on Day 2 with them than other groups.  I kept questioning their reasoning about their design and thinking.  After trying two designs that involved adding water, they finally chose a method that did not.  I am not sure if they were still adopting a cookbook approach by copying others without understanding the design flaws. 

Before leaving, students record their results on the board.  
Using their data, I start Day 3 by showing the data.  Results varying from 10% to 65% water.  I let the students struggle to explain the data spread and then ask them to list variables they think might contribute to it.
  Based on my Day 2 observations, I called on individual students.  First I asked S  who said the amount of added water.  At first I said that was not a controlled variable but then I realized T&S did deliberately add water.  I see now that T&S still were seeing water addition as a valid way to determine the percentage of water.  

M (another student) responded “the copper sulfate” which I interpreted to the class as the “mass of copper sulfate.”  Next Sh (another student) said “How much heat.”  I asked him “When you say ‘how much’, what do you mean?”  He responds with temperature and time which to me indicates he understands the rather subtle relationship between heat, time, and temperature.  I ask how temperature was controlled and ask each group their method (hot plate, Bunsen burner, microwave oven).  Again I acknowledge the cleverness of the microwave approach.  

I then asked “Which heat source was the most intense?”  M answered  “microwave” while R said “Bunsen burner.”  Students gave various responses without supporting their arguments.  So I asked “Which one drives the water off the fastest?”  I then say “We don’t know which one” and drop the issue. 
 

I ask for another variable.  T volunteers “the amount of copper” and I point out that we already have that variable.  I then ask for another variable; no one responds for about 4 seconds. I reframe the question by asking them to think “what you did versus what someone else did” and point out that would be a variable.  I probably didn’t wait long enough before asking “What did you heat it (the copper sulfate) in?”  S responded “What you used to heat it.”   I wasn’t sure what she meant and asked her to clarify.  She said hot plate or Bunsen burner which I took to mean she did not understand what I had said.  This time, I tried to write down her response but as I was writing I realized that she was identifying “heating source” as a variable, something I had not yet recorded.     Sh volunteered “what was used to hold the copper sulfate” giving me back the answer I had prompted them for.  I asked for a show of hands for beaker vs. evaporating dish vs. crucible and listed “type of vessel” as a variable.  

I then pushed for them to identify how they handling the copper sulfate during heating.  T said “stirred” and I asked H (another student) based on what I saw his group do on Day 2.  He said “stirred” and “crush it up.”  I then ask for any other variables, wanting descriptions of their procedures for weighing the material before and after.  Based on the copper oxide lab, many groups weighed copper sulfate on filter paper and then transferred the solid to the crucible.  After heating in this lab, some groups transferred the white material back to the crucible.  The video ends with me asking K&K about their procedure as I knew they did not use filter paper but had pre-weighed the crucible, minimizing possible transfer losses.   
Using what they learned in this discussion, they modified their procedures and redid the lab, and I tabulate results, showing the reduced data spread (35%-42%).  Only then do students calculate the expected value of 36.1%.  
Finally on Day 4, we spend 10 minutes discussing lab report preparation.  To help me assess student progress towards the learning objectives, I asked students to complete a series of fill-in-the-blank statements examining their perceptions before, during, and after the two attempts.  For instance, in the Results section, they complete statements like, “Before I did the lab I expected…”, “In my first procedure I assumed…”, “After I did the lab once, I modified my procedure by…”, “After the class discussion on variables, I modified my procedure to …”  In the Discussion, I asked them to finish the statement, “If I were to do the experiment again, I would …”.  I also asked them to journal on the statements “I learned…”, “I question…”, and “I wondered…”    

4. Reflection

I stated three objectives in doing the lab, having student experience an authentic quantitative inquiry lab, reinforcing their understanding of how to detect a chemical change, and reinforcing the concept of conservation of matter during its transformation in chemical reactions.  

Of the three, the first dominated.  As evidenced in the videos, students were clearly engaged in planning, conducting and analyzing their own lab procedures.  They experienced and had to incorporate the values inherent in the practice of science by devising a good lab procedure, identifying important variables and sources of error, interpreting ambiguous results largely on their own.  As noted above, the issue of verifiable proof that the reaction is complete was perhaps the most difficult for students. 

Based on their lab report responses and their questions during the lab, it was clear to me that students experienced the ambiguity and struggles of an authentic quantitative inquiry lab and understand that the inquiry process is not a uniform series of predetermined steps but cyclical. Once they actually saw the reaction, they made their own modifications to improve the lab including crushing the crystals into powder, heating until color changed rather than set time, lowering the mass of material used, heating at higher temperature, and changing the weighing procedure to minimize losses. In her lab report T said it best:  “I learned how to successfully change a lab procedure so it would show the best results and that you usually need to try things multiple times and change them a lot. The first time you are most likely not going to be 100 percent successful.”  And M definitely showed a greater interest in science with his comments: “I learned how to construct and follow my own lab procedure. I learned to carefully record the results on a chart.  This was a great lab a gave me a better look at what chemist have to do, rather than following directions, they make their own.”

That said, I was struck again and again during the lab how much students drew upon prior science content knowledge from previous cookbook labs.  I previously had viewed inquiry and cookbook labs as conflicting.  I now see now that they are complementary as techniques from cookbook labs can be templates for student-developed techniques in the inquiry labs.  One author
 points out that inquiry actually is a continuum of teaching techniques that vary the amount of learner self-direction and that these levels of self-direction should be adapted to specific needs in the classroom.  I can see now how I evolved to this position.

The second goal of reinforcing previous exposure to the signs of a chemical change was also met for most students.  They had the experience of watching water vaporize (and not puddle as one student expected.  Almost all were surprised by the color change (blue to white) but all eventually recognized this change as a sign of the dehydration reaction and as a way to monitor reaction progress.  

The third goal of reinforcing the conservation of mass was met as all students recognized the role of the lost water in the reaction.  More interestingly, some students began to ask questions about reversibility.  For instance in her lab report, S asked how the water gets into the copper sulfate originally and how water “fits” inside the crystals.  Comparing this lab to the copper ( copper oxide ( copper labs done previously in the unit, T asked how the water could be put back into the copper sulfate and make it look like the initial blue crystals.
With this lab and the previous inquiry lab on metals and non-metals, I believe the students are on their way to understanding the patterns in the methods that successful scientists use of recognizing a problem (How do I measure the mass % of water?), asking relevant questions (What kinds of equipment and techniques can I use?), formulating working hypotheses (What are my initial ideas and procedures?), observing phenomena, recording and interpreting data (What did I learn in the 1st and 2nd attempts?), reaching tentative conclusions consistent with data, and expressing themselves clearly about the significance of findings (What should I say in my lab report?).  Unlike some traditional chemistry classes, the ChemComm curriculum does not have an “introduction to lab equipment.”  Given that many students have never seen or used this equipment, I wonder about the idea of a “demo” lab prior to doing any inquiry labs so that students understand tools available to them.  Although this could be done prior to individual labs, I think the “all-at-once” approach would make the lab more authentic.  As a researcher, when I go into a lab, I want to know this.  Students should have the same type of information.  Another possibility is to modify earlier cookbook labs to demonstrate techniques I would like them to adopt in inquiry labs.  So for instance, I could modify the copper oxide lab to include weighing after heat each heating.  Or I could make questions like “When can I weigh a hot crucible?” a mini-inquiry lab.  On Day 2, I stressed that students should not weigh the very hot crucibles.  Finally I had one group monitor the mass over time of a hot crucible.  They could see small changes that occur as the crucible cooled and convection stopped “pulling” the crucible up.
I believe the Day 3 video validates my decision to delay the “identifying variables” discussion.  This allowed the students the time needed to develop fluency with science inquiry processes and had given them enough practice so that on Day 3, after having written and tried their procedures, students not only recognized more of the variables but then went back immediately and tried changing their procedure to reflect their new knowledge.  The post-lab discussion also help students to develop a better “gut-level” understanding of the word “variable” and how identifying variables leads to more accurate and precision results.  
Time is usually cited
 as an issue for inquiry labs.  As a cookbook lab, students would have completed this in less than one period.  I chose to extend the lab to 3 ½ days.  Although I could have eliminated the second lab attempt, I feel strongly that an authentic research experience should include repetition as it leads to additional insights not possible in a “one-shot” lab.  

I think one inherent issue with inquiry labs is ensuring the students learned what they should have learned.  Once I have all the lab reports, I will summarize their responses to my fill-in-the-blanks and present these for a general discussion.
� Unit 2 of Chemistry in the Community


� the lab was adapted from an article “Modifying Cookbook Labs by R. L. Clark, M. P. Clough, and C. A. Berg published in The Science Teacher; Oct 2000, 67, p. 40
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� As a practicing scientist, I know from experience that we control identified variables based on our previous knowledge but then work hard after an initial experiment to identify and control previously unrecognized variables.


� See more comments about this in the Reflection section
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� In a period they had removed less than 10% of the water


� In the discussion I emphasized the need for credible evidence and consistency in their thinking while trying to mimic the kind of tentative, hypothetical, exploratory language I would use in my own research
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