03-232 Biochemistry                                          Sample Buffer Problems                                

Sample buffer problems:

The goal in making a buffer is to generate a solution of a weak acid whose pH doesn't change very much if a strong acid (e.g. HCl) or a strong base (NaOH) is added.  The steps in making a buffer are as follows:

1. Select a weak acid which has a pKa value within 1 unit of the desired pH of the solution.  It does not matter whether it is a monoprotic acid or a polyprotic acid.

2. Sketch a titration curve for the compound that you have chosen.  This will help you interpret the number of equivalents needed to make the buffer; especially useful for polyprotic buffers.  You may find it useful to draw an additional scale on your titration curve for the reverse titration, adding a strong acid to the fully deprotated weak acid.
3. Determine the ratio of the protonated weak acid, HA, to the deprotonated form, A- ,that will give the desired pH.  Use the following formula to determine this ratio:
R=10(pH-pKa),    fHA = 1/(1+R)   fA- = R/(1+R).

The pH of the solution is defined by the problem, use the pKa value that is closest to the desired pH.

4. Using the fHA and fA- values to determine how to actually generate the buffer.  Remember, the only thing that matters is that the final solution has a ratio of HA to A- (fHA to fA-) that gives the desired pH.  There are three methods of generating the buffer:

a) mix the amount of the protonated weak acid and its conjugated base to give the desired ratio.

b) start with the fully protonated form and add fA- equivalents of base to generate the desired ratio by converting part of the initial HA to A-.

c) start with the fully deprotonated form of the weak acid (e.g. the sodium salt) and add fHA equivalents of acid to generate the desired ratio of fHA to fA-.
In the case polyprotic acids and methods b) or c) it may be necessary to add one full equivalent of base or acid to fully titrate or protonate the initial species in order to bring the pH into the buffer region that you are using.  Method a) works in all cases, provided the compounds are available.

Convert from equivalents to moles: Remember that the definition of an equivalent is the ratio of the concentration of the strong base to the concentration of the weak acid:

eq = [OH-]/[AT]

For example, if you make a buffer where the concentration of the weak acid is 0.05 M, then one equivalent of base is 0.05 M.  Consequently, if you determine that you need Y equivalents of strong acid or strong base to generate the buffer, then you will need to add Y ( AT to the solution, where AT is the concentration of all species of the weak acid that is acting as a buffer, 0.05 M in this example.  The units in this case will be moles/L. To obtain the number of moles, multiply by the volume in liters.
Sample Problems – Try to do these problems and then check the solutions on the next page.

1.  Make 2 liters of a buffer solution at pH 4.0 using a monoprotic weak acid with a pKa of 5.0.  The concentration of the weak acid in this solution is 0.01 M.

a) Show all three methods to make the buffer.
b) What is the capacity of your buffer, assuming the reaction produces acid?
c) What is the capacity of your buffer, assuming the reaction consumes acid?
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2. You need to make 50 ml of a buffer at a pH = 2.5, the concentration of the buffer should be 0.5 M.  You only have succinate to act as your buffer.  Succinate is a diprotic acid with pKa values of 3 and 6.
a) Show all three methods to make the buffer.

3. Make 3L of a 0.2 M buffer at pH 7.4 using phosphate buffer.  Assume that the pKa values for phosphate are 2.2, 7.2, and 12.6.  Show all three methods of making the buffer.

Answers:
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1. Monoprotic buffer:

R=10 (pH - pKa)         fHA = 1 /(1 + R)

fA- = R/(1 + R)

R = 10 (4 - 5) = 0.1   fHA = 1 /(1 + 0.1) = 0.91
fA- = 0.09
a) Generating the buffer

i) Mix 0.91 equivalents of the protonated weak acid with 0.09 equivalents of the sodium salt of the weak acid.  To convert from equivalents to concentration, multiply by the concentration of the weak acid.  To determine the number of moles, multiply by the volume of the buffer:

moles HA  = fHA x AT x V = 0.91(0.01 moles/L ( 2 L = 0.0182 moles HA.

moles NaA= fA x AT x V   = 0.09(0.01 moles/L ( 2 L = 0.0018 moles NaA.

ii) If you only had the fully protonated form of the weak acid, you would need to add 0.09 equivalents (= fA-) of the strong base to generate the correct ratio of HA to A- for the weak acid, as indicated in the diagram above.  A total of  0.0018 moles of NaOH (0.09 eq ( 0.01 moles/L ( 2L)
iii) If you only had the sodium salt of the weak acid, you would need to add 0.91 equivalents (= fHA) of the strong acid to generate the correct ratio of HA to A- for the weak acid, as indicated in the diagram above. This would be 0.0182 moles of the strong acid (HCl); 0.0182 = 0.91 eq ( 0.01 moles/L ( 2L).
b) Buffer capacity – acid produced.

The capacity of this buffer is essentially zero, because any additional acid will move the pH out of the buffer region.

c) Buffer capacity – acid consumed.
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The capacity is 0.91 - 0.1 = 0.81 eq., i.e. the difference in the fraction protonated between the starting pH and the right edge of the buffer region.  Since the concentration of the acid is 0.01 moles, a total of 0.81 x .01 moles of NaOH could be added before you would leave the buffer region. 
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2. Diprotic Example: The desired pH falls within the first buffer region, which has a pKa = 3.  So we will do our calculations assuming that this is a monoprotic buffer with a pKa = 3:

These calculations are consistent with the pH titration, at pH = 2.5 (< pKa) the fraction deprotonated ~ 0.25 (or 0.25 equivalents of NaOH are required to give that pH).
Method i:  
moles AH2 = fHA × [AT]  x V = 0.75 × 0.25 moles/L × 0.5 L = 0.09375 moles
moles AH  = fA- ×  [AT]  x V = 0.25 × 0.25 moles/L × 0.5 L = 0.03125 moles

Method ii:  Using the fully protonated acid (H2A).  This is the same as the monoprotic case since our buffer region is the first ionization – we can ignore the second: eq of NaOH = 0.25

moles NaOH = eq X [AT] X V = 0.25 X 0.5 M X 0.05 L = 0.00625 moles

       This would be added to [AT] × V moles of H2A = 0.025 moles.
Method iii – using the disodium salt.                      eq. of HCl = 1 + 0.75 = 1.75 eq 

moles of HCl  = 1.75 ([AT](V = 1.75 × 0.5 moles/L × 0.05 L = 0.0437 moles HCl.


This would be added to [AT] × V moles of Na2A = 0.025 moles.
3. Triprotic Example.
Since the desired pH of 7.4 falls within the 2nd buffer region, the correct pKa value to use in calculating fHA and fA- is the second pKa, or 7.2.  Note that in this case "HA" is H2PO4- and "A-" is HPO42-.

R = 10(7.4-7.2)  = 1.58.                          fHA = 1 / (1 + 1.58) = 0.387.                 fA- = 1- fHA =  0.613.
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Note that the values of fHA and fA- are consistent with the titration curve, since a pH of 7.4 is past the pKa of 7.2, more than half of the weak acid should be deprotonated at this stage, i.e. fHA should be less than 0.5.
i)  At this pH the fHA = 0.387 and fA = 0.613.  Remember -  NaH2PO4 = "HA" and Na2HPO4 = "A".

To convert to moles:

[NaH2PO4] = 0.387 ( 0.2 M ( 3 L = 0.232 moles

[Na2HPO4] =0.613 ( 0.2 M ( 3 L = 0.368 moles 

both of these would be added to 3L of water.

ii) Beginning with the fully protonated form, phosphoric acid (H3PO4). You would have to add one full equivalent of hydroxide to completely remove the first proton (generating H2PO4-), and then an additional 0.613 equivalents of hydroxide ( = fA-) to reach a pH of 7.4.  The total number of equivalents of NaOH to add is then 1.613.   To convert this to moles:

1.613eq ( 0.2 M ( 3 L  = 0.9678 moles of NaOH (would be added to 3L of 0.2 M phosphoric acid).

iii) Beginning with the fully deprotonated form, sodium phosphate (Na3PO4).  You would first have to add one full equivalent of a strong acid (HCl) to fully convert PO43- to HPO42-.  An additional 0.387 equivalents would be required to reach a pH of 7.4, converting part of the HPO42- to H2PO4- (38.7 % to be exact).  Therefore a total of 1.387 equivalents of a strong acid are required.  To convert this to moles:

1.387eq  X 0.2 moles/L X 3 L = 0.8322 moles of HCl (would be added to 3L of 0.2M sodium phosphate).
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