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Equilibrium and Spontaneity

Introduction

In lecture, you’ve discussed thermodynamics, solubility, acids and bases and more. Although Chemistry seems to be broken up into several distinct topics, the goal is to get the ‘big picture’— to see how all the topics overlap and depend on each other. Understanding the big picture is a process that starts now, and continues until you stop asking “I wonder how that works?” The cool thing is that chemistry uncovers the secrets of the really big picture; how the universe works. Everything that happens in the universe is an interaction of mater and energy and that’s what chemistry is all about. In the words, “Understand chemistry and you understand the world!”

This investigation is geared toward your putting several Chemistry ideas together to see a small slice of the big picture. You will use your understanding of acids, bases and titration to determine the solubility product (Ksp) of a compound commonly called Borax. As you have seen in lecture, the free energy ((G) of a reaction and the equilibrium constant (like Ksp) depend on temperature. By varying the temperature of Borax solutions and measuring Ksp, you will be able to calculate the thermodynamic parameters of the Borax dissolution reaction. 

We will look at the mineral borax, which is also commonly found in lakebeds in the dessert southwest. An entire industry revolves around the collection of borax from dry lakebeds for use in soaps, solder, and as a preservative.. 

The tetraborate anion is a weak base. It reacts with water (hydrolyses) to form the hydroxide ion (OH-), a strong base (and boric acid, H3BO3, an extremely weak acid that we won’t be concerned with):
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The important thing is that amount of tetraborate in solution is precisely related to the amount of OH-. So if we can determine the number of OH- ions in solution, we know how many tetraborate ions were there. We will use titration to count the number of OH- ions in solution. Titration of OH- simply means we will add H+ ions in the form of a strong acid (HCL), until we’ve added one H+ for each OH- present. The H+ and OH- react to form water. The point where all the OH- is used up (converted to water) is called the endpoint of the titration. It is usually not obvious to the naked eye, so to find the endpoint, we will use an acid/base indicator that will change color just when the OH- ions are gone. 

If we immediately stop adding acid (H+) at the endpoint, the number of OH- ions originally present is precisely the number of H+ (acid) ions that we added. We can calculate the number of H+ ions added from the volume and concentration of the acid used. Hence we can determine the number of OH- ions in the original solution and their concentration.

Once we have determined the number of OH- ions, it is a simple matter to relate this to the number of tetraborate ions because the reaction shown above goes to completion as we perform the titration. In the titration, the hydroxide ions (OH-) react with H+. The tetraborate ions will continue to hydrolyze to replace hydroxide ions by LeChatelier’s principle. 

When the tetraborate concentration is known, we can also calculate the Ksp for borax using the equilibrium expression for the dissolution reaction. By performing titrations of borax solutions at different temperatures, we can measure the temperature dependence of Ksp and hence the thermodynamic parameters (G°, (H°, and (S°. To refresh your memory on how the thermodynamic parameters are related to the temperature dependence of K, recall 
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This is a form of the Van't Hoff equation that relates the thermodynamic quantities (H° and (S° to temperature and K(Ksp works too, it’s just an equilibrium constant). This equation will looks like the equation of a straight line ( y = mx + b ) if we make the following substitutions:
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(H°/R and from the y intercept, b, we have (S°/R. From (H° and (S° we can calculate (G°.

Experimental

The Problem

Determine the solubility product, Ksp, for Borax at various temperatures and create a Van’t Hoff plot to calculate thermodynamic parameters.

The Approach

You will prepare borax solutions at three different temperatures and titrate each to determine the borax concentration (and hence Ksp). When you have determined Ksp for three different temperatures, you can make a van’t Hoff plot to determine the thermodynamic functions of the dissolution reaction.

Work in groups by lab bench to prepare borax solutions and set up titration stations as described below. Each bench requires:

1. A bottle of standardized HCl (this should be approximately 0.500 M) 

2. A bottle of solid borax 

3. A plastic bucket of ice 

4. A dropper bottle of bromocresol green indicator solution 

Prepare Borax Solutions

Working together, each lab bench should set up three saturated solutions of borax at three temperatures. One in an ice bath where the borax solution should be between 4° - 10° C, the second at room temperature, the third on a hot plate between 40° - 70° C. You will also set up a beaker of hot water to use to rinse pipettes later.

	1. Using a tared plastic weighing boat, measure out approximately 20 g of borax and place it into a 250 mL beaker. Add around 150 mL of distilled water. The exact amounts are not crucial. Stir and swirl constantly for a few minutes to dissolve the borax. 
	

	1. While swirling, decant about equal volumes of the solution into three 150 mL beakers. The object here is to transfer liquid and solid so that the three beakers are more or less equivalent. 
	

	1. Place one 150 mL beaker containing borax solution in an ice bath stir and swirl it often as it cools. You can stir gently with a thermometer. 
	

	1. Set up two hot plates for the hot borax solution and the hot water rinse. 
	

	1. Place a second 150 mL beaker of borax solution on a hot plate. This solution should also be stirred frequently. You may have to add more borax if the solid in this beaker totally dissolves. You will also have to carefully monitor this solution to keep it between 40°-70° C. Be conservative with the temperature adjustment to prevent overheating. Do not let the solution cool off by more than 10 degrees at any time. 
	

	1. The third solution of borax may be left on the lab bench to come to room temperature. Stir it frequently. 

2. Set up a hot water bath with around 200 mL of distilled water to use for rinsing later. This hot water bath may be allowed to boil, add more water as necessary. 
	


Titrations

Set up two (2) titration stations of three (3) burets each (six total burets).

	1. Rinse the burets with distilled water and then with a small amount of the standard HCL solution. 
	

	1. Clamp the burets and fill them to near the 0.00 mL mark with the standard HCL solution. 
	

	1. Record the exact concentration of the standard HCl in your notebook. 
	

	1. Rinse with distilled water and set aside 8 – 10, 250 mL beakers to hold your borax solutions for titration. 
	


When the saturated borax solution reaches the appropriate temperature ranges, you are ready to begin the titrations. Each lab bench will divide into two groups, one for each titration station.

Prepare Saturated Borax Solutions For Titration

Each group should titrate three samples of saturated borax solution from each temperature range. Follow the instructions below to prepare the samples. Each group will do three samples at each temperature range, or nine total titrations. Every group member should make sure to do one or two titrations. 

	1. Stop stirring the borax solution for about a minute to allow the borax crystals in the solution to settle. 
	

	1. The temperature of the borax solution should be stable for several minutes and solid borax must be present (indicating equilibrium between solid and dissolved borax). When this is the situation, record the exact temperature of the borax solution in your lab book. 
	

	1. Carefully transfer 5.0 mL of borax solution into one of your clean 250 mL beakers using your 5 mL pipette. Be careful not to transfer any borax crystals. For the warmer solutions, warm the pipette first, by filling it with hot water from your rinse bath. Let the hot water stay in the pipette for a few minutes to heat it up, then drain the pipette and quickly work to measure out the hot borax. A hot pipette is necessary to prevent the borax from crashing out of solution and clogging your pipette. 
	

	1. Rinse any borax left over in the pipette into the flask by drawing 5.0 mL of hot distilled water from your rinse bath into the pipette and emptying it into the flask. Rinse the pipette several times after every transfer. 
	

	1. Bring the volume of water in the 250 mL flask up to about the 50 mL mark by adding room temperature distilled water. The exact amount isn’t important  
	

	1. Add four drops of bromocresol green indicator. The solution should turn a light blue color. You are now ready to begin a titration. 
	


Performing the Titrations 

	1. Make three solutions to titrate at each temperature. It makes sense to do a quick titration to find the approximate volume of HCL that gets you to the endpoint. It’s okay if you overshoot a little on this one. For the next two titrations, you can go rapidly to with in a 2 mL or so of the endpoint and titrate carefully the rest of the way to find a precise endpoint. Your GSI will demonstrate good titration technique. In estimating the endpoint a helpful conversion factor is 1 drop of HCl = 0.02 mL. 
	

	1. Average the results of the careful titrations. Make a table in your lab book to organize all the titration/ temperature data your group collects. 
	


Double rinse all glassware with hot water. The second rinse can go down the drain. The first rinse and all other borax waste should be placed in the waste bucket provided. Be sure to wipe off your lab bench with hot water to clean up any borax spills.
In the Write-Up

This is your final write up. It must be competed on a word processor and will be carefully graded for both content and structure. 

Suggestions:

Purpose:
The goal here was to get some thermodynamic parameters…not to do titrations.


Methods:
You indicate that you use titration to achieve your purpose.


Data and Calculations: 

5. Create a table in your report similar to the one below using your averaged data for the two careful trials and performing all necessary computations. 


6. Make a Van't Hoff plot using the ln Ksp and 1/T entries in your table. Use linear regression to find the equation of the best-fit line to your data (use a computer or calculator to make your life easier). You should include this line on your graph. Determine your experimental values for (H° and (S° from the slope and intercept of the regression line using the Van't Hoff equation given in the introduction. Note: be careful with the units of (H° and (S°. No error analysis is required for this part. 


7. Determine (G° for the dissolution reaction of borax in water at 30ºC: Be careful with units! 


	Na2[B4O5(OH)4].8 H2O (s) <—> 2 Na+(aq) + B4O5(OH)42-(aq)+ 8 H2O(l)


Table 1: M standard HCl:_______________

	Trial
#
	Temp 
(°C)
	HCl
(mL)
	moles
HCl
(x10-3)
	moles
borax
(x10-3)
	conc.*
[borax]
(M)
	Ksp
Borax
	ln Ksp
	Temp
(K)
	1/T
(K)
(x10-3)

	1
	
	
	
	
	
	
	
	
	

	2
	
	
	
	
	
	
	
	
	

	3
	
	
	
	
	
	
	
	
	


Ex. If T=10.0°C  and the amount of 0.500M HCl added to neutralize the base is  2.05 ml, the amonut of moles of base will be .5/0.00205 = 1.03*10-3. For each mole of tetraborate 2 moles of [OH-], so 1.03*10-3/2 ( 5.15E-4) moles of tetraborate are present. The ratio of those moles and the volume of borax used in the titration is the concentration of Borax in the beaker (0.103M).  The K of borax is [Na+]2[B4O5(OH)42-]= (0.103)3 = 1.10E-3.

Results and Discussion:
What does the value of (G° at tell you about Ksp at 30°C? Under standard conditions does the solvation reaction favor products or reactants? If (G° is positive (it should be), why does some of the borax still dissolve at room temperature? (Hint: what is the difference between (G and (G° ?) Does your value for (H° suggest that the solvation of borax is endothermic or exothermic? Explain why this result is consistent with the observation that more borax dissolved at higher temperatures. (If your value for (H° is inconsistent with this observation you may have made an error in part 2 and should review your calculations). 


