Titration Curve for a Polyprotic Acid

NAME:________________________________________  PERIOD:___________

Prelab
Show Calculations.

1. For the titration of 20.0 ml of 0.100M maleic acid with 0.100M NaOH, using a Ka1 of 

    1.4 x 10-2 and Ka2 = 8.6x10-7, calculate the pH:

a. Initially (0 ml of NaOH added):

b. At the first half equivalence point:

c. At the first equivalence point:

d. At the second half equivalence point:

e. At the second equivalence point:

f. 10.0 ml beyond the second equivalence point:

Titration Curve for a Polyprotic Acid

Objectives:


In this experiment, a solution of H3PO4 will be titrated with a solution of NaOH. The pH of the solution will be monitored as the NaOH is added with a pH probe attached to a CBL. The shape of the pH titration curve will be observed and the Ka values for the acid will be determined.

Introduction:

Polyprotic acids possess several ionizable hydrogens and undergo stepwise ionization. Each ionization characterized by specific equilibrium constant. Phosphoric acid, H3PO4, is a triprotic acid and shows the following ionization reactions in aqueous solution:

H3PO4 (aq   +   H2O (l)    (    H3O+1(aq)     +    H2PO4-1(aq)



H2PO4-1 (aq   +   H2O (l)    (    H3O+1(aq)     +    HPO4-2(aq)



HPO4-2 (aq   +   H2O (l)    (    H3O+1(aq)     +    PO4-3(aq)




During the titration of H3PO4 each hydrogen ion will react will NaOH in a one-to-one ratio with the net ionic equations:

H3PO4 (aq)   +    OH-1(aq)     (    H2O (l)     +    H2PO4-1(aq)
H2PO4-1 (aq)   +    OH-1(aq)     (    H2O (l)     +    HPO4-2(aq)
HPO4-2 (aq)   +    OH-1(aq)     (    H2O (l)     +    PO4-3(aq)

The titration curve should show a jump in pH at each equivalence point as show in the curve for a diprotic acid (Fig.1).
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(Figure 3-Experiment 25-Titration of a Diprotic Acid)- from Chemistry with CBL by Holmquist, Randall, and Volz from Vernier Software 1995)

These significant increases in pH at the equivalence points will only be clearly visible if each successive Ka is significantly smaller than the previous one by a factor of 103 to 104 and the Ka is greater than the ionization constant for water (1x10-14). For instance, if Ka1 and Ka2 are too close in value, only one jump in pH may be seen at the position of the second equivalence point. If Ka is too small, no jump in pH may be apparent.


If the initial volume of the polyprotic acid and the intial concentrations of the polyprotic acid and NaOH are known, the equivalence points and Ka values can be calculated from pH values on the titration curve. 


Ka1 can be calculated using the initial concentration of the acid and the initial pH of the solution. If Ka1 is significantly greater than the other ionization constants by a factor of at least 103, the [H3O+1] can be assumed to come essentially from only the first ionization and can be calculated from the initial pH. The [H2PO4-1] approximately equals [H3O+1] in the initial solution. Since the H3PO4 is only slightly ionized, the [H3PO4] is assumed to be approximately equal to its initial concentration.


Ka1 can be calculated from the pH at the first half-equivalence point. At this point in the titration, half of the moles of H3PO4 have been converted to H2PO4-1. The [H2PO4-1] = [H3PO4], the ratio [H2PO4-1]/[H3PO4] equals one, the [H3O+1] equals Ka1, and the pH of the solution equals pKa1.


Ka2 can be calculated from the pH at the first equivalence point (assuming Ka1 has been calculated). All the moles of H3PO4 have been converted to H2PO4-1. The H2PO4-1 can hydrolyze by the reaction:

H2PO4-1 (aq)   +   H2O (l)   (   H3PO4 (aq)    +    OH-1 (aq)
It can also ionize further by the reaction:

H2PO4-1 (aq   +   H2O (l)    (    H3O+1(aq)     +    HPO4-2(aq)
If Ka1 and Ka2 are significantly different, the pH at the first equivalence point will be approximately equal to the average of pKa1 and pKa2.





Ka2 can be calculated from the pH at the second half-equivalence point. At this point in the titration, half of the moles of H2PO4-1 have been converted to HPO4-2. The 

[HPO4-2] = [H2PO4-1], the ratio [HPO4-2]/[H2PO4-1] equals one, the [H3O+1] equals Ka2, and the pH of the solution equals pKa2.


Ka3 can be calculated from the pH at the second equivalence point (assuming Ka2 has been calculated). All the moles of H2PO4-1 have been converted to HPO4-2. The HPO4-2 can hydrolyze by the reaction:

HPO4-2 (aq)   +   H2O (l)   (   H2PO4-1 (aq)    +    OH-1 (aq)
It can also ionize further by the reaction:

HPO4-2 (aq   +   H2O (l)    (    H3O+1(aq)     +    PO4-3(aq)
If Ka2 and Ka3 are significantly different, the pH at the second equivalence point will be approximately equal to the average of pKa2 and pKa3.





The Ka3 for H3PO4 is too close to Kw so a third jump in pH is usually not seen at the third equivalence point. Ka3 can be calculated from the pH at the third half-equivalence point. At this point in the titration, half of the moles of HPO4-2 have been converted to [PO4-3]. The [PO4-3] = [HPO4-2], the ratio [PO4-3]/[HPO4-2] equals one, the [H3O+1] equals Ka3, and the pH of the solution equals pKa3.


The pH at the third equivalence point will be controlled by the hydrolysis of PO4-3.

PO4-3 (aq)   +   H2O (l)   (   HPO4-2 (aq)    +    OH-1 (aq)
The equilibrium is controlled by the Kb for PO4-3:




The [PO4-3] is calculated from the initial moles of H3PO4 and the total volume of the reaction mixture at the equivalence point. The pH gives the [H3O+1] and the [OH-1] by using 

Kw = [H3O+1] [OH-1] = 1.0 X 10-14
Since [OH-1] = [HPO4-2] at the equivalence point, the Kb for the conjugate base can be calculated. An important relationship between Ka for the acid and Kb for its conjugate base is Kw = Ka x Kb.




This allows Ka3 to be calculated.


After the third equivalence point, the pH is controlled by the excess NaOH and the hydrolysis of the PO4-3 since the Kb is fairly large (2.1x10-2).

Procedure:
Using the initial volumes and molarities of the H3PO4 and NaOH, calculate the equivalence point and half-equivalence point volumes of NaOH and make sure that these points are part of the titration data taken.

1. Use a pipet and bulb to pipet 10.00 mL of an approximately 0.100 M H3PO4 solution into a clean 250-mL beaker. Add a small magnetic stir bar.

2.Pipet 50.00 mL of distilled water into the beaker

3. Rinse a 50-mL buret with a few mL of approximately 0.100 M NaOH solution. Repeat rinsing once more with a few more mL of NaOH solution. Allow the NaOH solution to drain into a waste beaker. Fill the buret a little above the 0.00mL level with the 0.100 M NaOH solution. Drain a small amount of NaOH solution so it fills the buret tip and leaves the NaOH at the 0.00mL level of the buret. Make sure there are no air bubbles in the buret tip.

4. Record the actual concentrations of the H3PO4 and NaOH solutions.

Set up the calculator and CBL for pH measurement:
1. Connect the CBL unit to the TI-83/83+ calculator with the unit-to-unit link cable using the I/O ports 

    located on the bottom edge of each unit. Press the cable ends in firmly.

2. Connect the CBL DIN adapter to the end of the Vernier pH probe and plug the adapter into channel 1,

    CH 1, on the CBL unit. Plug the CBL voltage adapter into the bottom of the CBL

3. Turn on the CBL unit and calculator. The CBL system is now ready to receive commands from the

    calculator.

Calibration Procedure:

Make sure the CBL unit and the calculator are turned on. 

1. Press [PRGM] on the TI-82/83. Using the arrow keys, highlight the program CHEMBIO. Press

   [ENTER]. CHEMBIO maybe under the [APPS] menu on the 83+.

2. (Display should read “prgmCHEMBIO”) Press [ENTER].

3. (Display should read “VERNIER SOFTWARE...”) Press [ENTER].

4. Select SET UP PROBES by using the arrow keys to highlight this choice. Press [ENTER]. 

   (If you get the ***Link Error*** message check all link connection and make sure CBL is turned on.

   Press [ENTER] and continue) 

5. The display should read “Enter number of probes.” You are using only one probe, therefore press [1] and

    [ENTER]. The CBL display should show three dashes.

6. You are using the pH probe, therefore, select pH. Press [ENTER].

7. You should have your probe connected in channel one, CH 1, therefore, press 1 and [ENTER].

8. The display should now show a Calibration Menu.  You want to select Perform New by using the 

    arrow keys to highlight this choice then press [ENTER].  The message “Use [CH View] Button on 

    CBL to Monitor Voltage When Stable Press CBL Trigger” will appear. 

9. Remove the pH probe from the storage bottle. Rinse the pH probe with distilled water and carefully 

    shake off the water. Place the probe in the standard solution pH 4.  When the voltage reading on the

    CBL is stable, press TRIGGER on the CBL. The probe is in the standard solution pH 4, enter

    [4] as the reference value in the calculator and press [ENTER].

10. Rinse the pH probe with distilled water and carefully shake off the water. Place the probe in the 

      standard solution pH 10. When the voltage reading on the CBL is stable, press TRIGGER on the CBL.

      The probe is in the standard solution pH 10, enter [10] as the reference value in the calculator and press 

      [ENTER].

11. The calculator should show the intercept and the slope values of the calibration line. Press [ENTER].

12. You should now be back at the Main Menu display on the calculator. 

13. Place the pH back in the storage bottle until you are ready to take measurements. 

Collection of pH Data:
1. Place the beaker with the H3PO4 solution under the tip of the buret. Remove the pH electrode from the storage bottle and rinse it with distilled water into the waste beaker. Clamp the pH electrode in the 250mL beaker so the tip of the electrode is below the surface of the solution. Adjust the position of the electrode so the stir bar will not hit the electrode.

2. Turn on the magnetic stirrer and stir the solution at a moderate rate but not so fast that it vortexes or splatters solution on the side of the beaker.

3. Select Collect Data. Press [ENTER].
4. Select Trigger/Prompt. Press [ENTER]. (The calculator display should read “Allow 30 sec. for CBL to warm up. The CBL should display “Ready” and three numbers.)

5. Press [ENTER].
6. Monitor the CBL display and when the numbers on the CBL display have stabilized, press [TRIGGER] on the CBL.

7. “[ENTER] volume (mL)” should appear on the calculator’s display. This display prompts you to enter the amount, in mL, of NaOH you have added to the acid in the beaker. You have NOT yet added any NaOH from the buret to the acid, therefore,type 0 for volume of NaOH added. Press [ENTER].

8. The calculator now displays a Data Collection menu. Select MORE DATA. Press [ENTER].
9. Add as close to 1.00 mL of NaOH as possible from the buret to the acid in the beaker.

10. When the CBL display is stabilized, press [TRIGGER].
11. Enter into the calculator the cumulative volume of NaOH that was added to the beaker (1.00mL) which should be the buret reading. If you accidently add more than 1.00 ml of NaOH, enter the actual buret reading (ie. 1.10 ml).

12. You should now be back to the Data Collection menu. Select MORE DATA. Press [ENTER].
13. Repeat Steps 9-12 until 35.00 - 40.00 mL of NaOH has been added to the acid in the beaker.

14. Select Stop and Graph (a graph should appear). Sketch the graph below. Press [ENTER]. 





15. Select [NO] for repeating the experiment. Press [ENTER]. This should return you to the Main Menu.

16. Select Quit to exit the program. Press [ENTER].
17. Rinse the pH probe with distilled water and return it to the storage bottle. Turn off the CBL.

18. Check your lists by pressing [STAT]. EDIT should be highlighted. Press [ENTER]. The volume of NaOH added should be in L1 and the pH data should be in L2. Record these values in the Data Table.

19. Take your calculator to a computer, which has the TI-Link cable and down load your data.

20. Label and units for the X-axis: Volume of NaOH and ml.

21. Label and units for the Y-axis: pH with the no units.

22. Set the number of decimal places to two.

23. Add Connecting Lines under the Graph Menu.

24. Select Scaling under the Graph menu and scale both axes from zero.

25. Name the graph as H3PO4-NaOH Titration.

26. Click on the ZOOM box at the upper right corner of the graph window to enlarge the graph. 

27. Select Page Setup under the File menu and select the option to print the graph so that it goes down the page. Print the graph.

28. Click on the data table. Name the data table as H3PO4-NaOH Titration.

20. Print Data Table under the File Menu.

Calculations:
1. Plot the titration curve and submit a set of data for the titration.

2. Use the initial pH the solution to calculate Ka1. Remember that 50.00 ml of water were added to the 10.00 ml of H3PO4 before the pH was measured so a dilution effect must be calculated to get the actual initial concentration of H3PO4.

3. Use the pH at each half equivalence point and equivalence point to calculate Ka1, Ka2, and Ka3 for H3PO4.

4. Average the values for each ionization constant and calculate the percent error based on the accepted values:


Ka1 = 7.5x10-3

pKa1 = 2.12


Ka2 = 6.2x10-8

pKa2 = 7.21


Ka3 = 4.8x10-13
pKa3 = 12.32

This experiment was adapted from Experiment 24- Acid-Base Titration- from Chemistry with CBL by Holmquist, Randall, and Volz from Vernier Software 1995

Titration Curve for a Polyprotic Acid

NAME:_____________________________________________ PERIOD:__________

LAB PARTNER:_____________________________________ COURSE:_________

Data Table

Plot your data using Graphical Analysis. Submit the graph and data table for the titration, being sure to label both axes.

	Molarity of H3PO4
	

	Molarity of NaOH
	

	Volume of NaOH required to reach first half-equivalence point
	

	Volume of NaOH required to reach first equivalence point
	

	Volume of NaOH required to reach second half-equivalence point
	

	Volume of NaOH required to reach second equivalence point
	

	Volume of NaOH required to reach third half-equivalence point
	

	Volume of NaOH required to reach third equivalence point
	

	pH at initial point
	

	pH at first half-equivalence point
	

	pH at first equivalence point
	

	pH at second half-equivalence point
	

	pH at second equivalence point
	

	pH at third half-equivalence point
	

	Ka1 based on initial point
	

	Ka1 based on first half-equivalence point
	

	Ka2 based on first equivalence point
	

	Ka2 based on second half-equivalence point
	

	Ka3 based on second equivalence point
	

	Ka3 based on third half-equivalence point
	

	Average value of Ka1
	

	Average value of Ka2
	

	Average value of Ka3
	

	Accepted value of Ka1
	

	Accepted value of Ka2
	

	Accepted value of Ka3
	

	% Error in Ka1
	

	% Error in Ka2
	

	% Error in Ka3
	


Show your calculations below:

pH





Volume NaOH (ml)
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