Catalysis with the Nano-Structured Surface of Mentos
Background:  The reaction between Diet Coke and Mentos candy is vigorous and dramatic, with soda eruptions typically reaching tens of feet into the air.  Scientists have discovered that the nano-structured surface of Mentos—among other factors—plays a large role in the reaction by providing nucleation sites for carbon dioxide bubbles that are quickly released from the liquid phase.  These effects can be studied by observing the reaction using large and small scale systems with different catalysts and by inspection of high magnification microscope images of surface roughness.
Part A- Warm up:

In the spaces below, write down whatever you already know about each topic.

Topic 1 - Gases dissolved in liquids.

Topic 2 – Catalysts and speeds of reactions.
Topic 3 – Nano-scale surface roughness.
Question A1 – What happens to dissolved carbon dioxide gas in soda when the bottle is left open for several days?  Would you classify the speed of this process as fast or slow?
Part B – Outdoor Demonstration Procedure:

Materials:  

Diet Coke, 3 two-liter bottles (4 bottles if control is performed the previous day)
Mentos candies, one pack of 12

Table salt, about ¼ cup
Skittles candies, about 20 pieces
One Geyser Tube (http://www.stevespanglerscience.com/mentos-geyser-tube.html)

Stopwatch

Pen and paper
Step 1.  Place one bottle of Diet Coke on a flat surface. 
Step 2.  Add 8 Mentos candies into the Geyser Tube, and push the pin to the “in” position.
Step 3.  Unscrew the Diet Coke bottle cap and replace with the loaded Geyser Tube.
Step 4.  Pull the trigger and stand back!

Step 5.  Record your observations.  Observe and record the approximate height of the Diet Coke “geyser.”  Also record the time of the reaction with a stopwatch.  Observe or measure how much carbon dioxide remains in the soda by either tasting the leftover soda in the bottle or shaking it and recording the time of disappearance of bubbles.  Finally, record the amount of soda volume remaining in the bottle after the bubbles have settled.
Step 6.  Clean and dry the Geyser Tube (or use a new one).  Repeat steps 1-5 once more with 20 Skittles candies in step 2 instead of the Mentos candies.  The Geyser Tube should be able to hold the Skittles in place, but handle the loaded tube more gently to avoid misfiring.
Step 7.  Clean and dry the Geyser Tube (or use a new one).  Repeat steps 1-5 once more with table salt in step 2 instead of the Mentos candies.  Since the Geyser Tube cannot accommodate salt, attach the empty Geyser Tube to the Diet Coke bottle with the pin removed, then quickly pour salt into the small opening on the top.
Control Experiment.  In pondering question A1, one should realize from everyday experiences that a soda bottle left open for several days will eventually lose most of its dissolved carbon dioxide.  This control experiment could be carried out a few days in advance, or this can be a simple thought experiment.  In either case, remember to observe and record as usual (Step 5).
QUESTION.  By comparing the reaction times of the three experiments to that of the control, how could we classify the additives such as Mentos, Skittles, or table salt?  Would they be considered catalysts?
HYPOTHESIS.  From the results of the Warm Up in Part A and the experiments in Part B, generate a hypothesis about the relative catalytic activity of the three additives.
Data Analysis:  Calculate the volume of soda lost in each experiment.  Measure the change in soda height and either assume a cylindrical shape or use a more complex algorithm.
Part C – Indoor Experimental Procedures:

Materials:  

Diet Coke, 1 or 2 two-liter bottles
Pack of five-ounce plastic cups, 20 or more

Aluminum, plastic, or glass tray to contain spills
Mentos Candy, 2-3 packs 
Table salt, about 1 cup
Skittles, 2 or 3 two-ounce packages
Stopwatch
Popsicle sticks or tongue depressors, 10-20 sticks
1 Ruler, a pen, and paper

Step 1.  Place a plastic cup into the spill tray, open the Diet Coke bottle, and slowly pour soda into the center of the cup.  (With Diet Coke, pouring into the center avoids bubble nucleation at the surface of the cup.)  Fill the cup as high as possible without spilling soda.  Measure the starting height of the soda (control measurement) by placing a popsicle stick into the cup, touching the bottom, removing, then marking the liquid’s position on the popsicle stick.  Use a ruler to quantify this liquid level.
Step 2.  Add 4 Mentos candies into an empty cup, then use this cup to rapidly add the Mentos to the cup filled with soda.  Immediately upon adding the candy, begin recording time of reaction using the stopwatch.  Stop the timer once the most vigorous reaction has ceased.  Record this time of reaction.
Step 3.  Record the amount of soda volume remaining in the cup after the bubbles have settled.  Do so by placing a fresh popcicle stick into the cup, touching the bottom, removing, then marking the liquid’s position on the popsicle stick.  Use a ruler to quantify the liquid level.
Step 4.  Using a new cup, repeat steps 1-3 once more with 10 Skittles candies in step 2 instead of the Mentos candies.  Be sure to record the time of reaction and liquid level.
Step 5.  Using a new cup, repeat steps 1-3 once more with about 3 tablespoons of table salt in step 2 instead of the Mentos candies.  Be sure to record the time of reaction and liquid level.
Control Experiment.  In this case, the control experiment is the volume before reaction (at zero time), i.e. the liquid level measurement taken in Step 1.

QUESTION.  Were there any differences using this smaller scale experimental setup?  Specifically, what were the differences in the Mentos and table salt results between Parts B and C?
HYPOTHESIS.  From these findings related to overall soda volume and timing, refine your hypothesis about the catalytic activity of the three additives.
Data Analysis:  Calculate the volume of soda lost in each experiment.  Measure the change in soda height and either assume a cylindrical shape or use a more complex algorithm.
Part D – Follow-Up Presentation and Reflection:

SEM images:  

Scanning electron microscopes (SEM) were used to assay the surface roughness of Mentos and table salt.  Scientists have shown that this surface roughness provides nucleation sites for carbon dioxide bubbles to form, thereby promoting its release from the liquid phase of the soda [Am. J. Phys. 2008, 76 (6), 551.].  If available, presentation slides with SEM images and additional information should be viewed at this time.
Presentation slides with SEMs are shared on AU-MSP website, Teacher Resources section:  http://www.auburn.edu/academic/cosam/departments/chemistry/outreach/MSP_AU_web/MSP-AU.htm
HYPOTHESIS D1.  From these SEM images, generate a hypothesis about why the experimental systems in Parts B and C gave different results.
HYPOTHESIS D2.  Using your experimental results from Parts B and C, generate a hypothesis about the surface roughness of Skittles candies compared to Mentos candies.
REFLECTION.  Propose a few follow-up experiments that could be used to prove or disprove these hypotheses.  Also, propose what could be done in order to make an even more explosive Diet Coke geyser than ever before?
Part E – Data Tables:
Note:  Tables contain space for additional runs if higher precision is desired.
Outdoor Experiments from Part B

	Run #
	Approx. geyser height (ft)
	Reaction Time (s)
	Soda Flat?
	Bubble lifetime (s)
	Soda Volume Left (fraction of bottle)

	Mentos 1
	
	
	
	
	

	Mentos 2
	
	
	
	
	

	Mentos 3
	
	
	
	
	

	Mentos Mean
	
	
	
	
	

	
	
	
	
	
	

	Skittles 1
	
	
	
	
	

	Skittles 2
	
	
	
	
	

	Skittles 3
	
	
	
	
	

	Skittles Mean
	
	
	
	
	

	
	
	
	
	
	

	Salt 1
	
	
	
	
	

	Salt 2
	
	
	
	
	

	Salt 3
	
	
	
	
	

	Salt Mean
	
	
	
	
	

	
	
	
	
	
	

	Control 1
	
	
	
	
	

	Control 2
	
	
	
	
	

	Control 3
	
	
	
	
	

	Control Mean
	
	
	
	
	


Indoor Experiments from Part C
	Run #
	Starting Height
	Ending Height
	Height Change
	Calculated Volume Change

	Mentos 1
	
	
	
	

	Mentos 2
	
	
	
	

	Mentos 3
	
	
	
	

	Mentos Mean
	
	
	
	

	
	
	
	
	

	Skittles 1
	
	
	
	

	Skittles 2
	
	
	
	

	Skittles 3
	
	
	
	

	Skittles Mean
	
	
	
	

	
	
	
	
	

	Salt 1
	
	
	
	

	Salt 2
	
	
	
	

	Salt 3
	
	
	
	

	Salt Mean
	
	
	
	


Part F – Additional Notes for Teachers:
Possible extensions to the protocol:
It is also possible to investigate the nature of the reaction.  In the thorough characterization of this reaction system by T. S. Coffey and coworkers [Am. J. Phys. 2008, 76 (6), 551.], the authors showed that the reaction with Mentos does not change the pH of the Diet Coke, while a similar type of reaction with baking soda does indeed increase the pH significantly.  This helps prove that the “reaction” is physical.  In other words, we are observing a physical change from solvated aqueous carbon dioxide, CO2(aq), to gaseous carbon dioxide, CO2(g).  There are multiple other interesting tests that can be borrowed from this work as well.

Article shared on AU-MSP website, Teacher Resources section: http://www.auburn.edu/academic/cosam/departments/chemistry/outreach/MSP_AU_web/MSP-AU.htm
Teachers could also hold a viewing of a PBS Dragonfly video in which the effects of surface area are tested.  Link:  http://pbskids.org/dragonflytv/show/surfacearea.html
Notes on interpretation of results:
All of the additives could be considered catalysts, since they increase the speed of the physical reaction  CO2(aq) ( CO2(g)  compared to the control experiment where the soda is simply left out for a few days.  Catalysts lower the activation energy of the reaction, thereby promoting a faster conversion to CO2(g).
There should be a rather obvious difference in the results from Part B and Part C.  The table salt should not have generated as vigorous of a reaction as the other additives in the outdoor experiments with the 2-liter bottles.  However, the salt typically generates the most vigorous reaction in the indoor experiments, or at least as vigorous as the Mentos reaction.  This actually agrees with the results of the published study [Am. J. Phys. 2008, 76 (6), 551.], where the authors showed that the size of the Mentos candies promotes a more rapid descent to the bottom of the large bottle, allowing nucleation of many more bubbles.  When confined to the small cups, this effect is lessened significantly, and the surface roughness of the salt and Mentos are the main contributors to the nucleation (essentially equal roughness).
As for the Skittles, the results in this module seem to indicate that the surface roughness is significantly lower than that of the Mentos or table salt.  Although we do not have SEM images of the Skittles’ surfaces, the experiments show a slower and less vigorous reaction.  Considering that the size and weight of each particle are in between the Mentos and salt, the results indicate a lower surface roughness.  This conclusion also matches the visually smooth appearance of the Skittles.
