Mathematics used when doing biotechnology labs

aka: Biotech Math

Part 3: pH and buffers

pH 

pH = -log [H+]

pH= the negative log of the concentration of hydrogen ions

[  ]  = concentration of

The concentration is a number.  Most often it is a number in terms of Molarity, but Molarity units are not used. 

pH of 0 – 6.9 = acid

pH of 7.0 = neutral

pH of 7.1 – 14 = base

pH values are somewhat backwards because we’re taking the log of a small number.  For example log 10-5 = -5.   Since chemists did not want to work with negative numbers (or for some other more scientifically correct reason), they take the negative of the log.  Thus - log 10-5 = - (- 5) = 5

With the pH scale, we actually do not measure anything larger than 100 M.  This means that all concentrations of acids that give a pH value are less than 1 M.  

log 100 = log 1 = 0. 

Examples of the relationship between molarity and pH:

What is the pH of a 0.23 M solution of HCl?

- log 0.23 = -(-0.638) = 0.64 

This is acidic. 

What is the pH of a 2.3 M solution of HCl?

- log 2.3 = - 0.3617 = a negative value.  

Negative values can not be measured on a pH meter. 

What is the pH of a 0.023 M solution of HCl?

- log 0.023 = -(-1.638) = 1.64

This is acidic.

What is the pH of a 0.0023 M solution of HCl?

- log 0.0023
= -(-2.638)  = 2.64

This is acidic. 
Notice any pattern yet?

What is more concentrated, an HCl solution with a pH = 0.64 or pH 2.64?  Why?

The higher the pH value, the lower the concentration of hydrogen ions. [H+] 

10-6 is ten times smaller than 10-5.  The pH of 10-6 is 6. The pH of 10-5 is 5. 

A solution of pH 5 has ten times more hydrogen ions than a solution with pH of 6.  So even though 5 is a smaller number than 6, with the wacky math, the concentration of a solution with a pH of 5 is actually ten times larger than the concentration of a solution with a pH of 6. 

Calculate the pH of a 3 x 10-4 M solution of HCl.

- log (3 x 10-4) 
= - (log 3 + log 10-4)




= - (.477 + -4)




= - (-3.523)



pH
= 3.5

OR you can use a calculator and type in the 3 x 10-4 without splitting it apart.

If you have a non-graphing calculator, put in 3 ‘EE or EXP’ - 4.  Then push the log button.  Take the negative. 

If you have a graphing calculator, I believe you can just put in “log” then 3 x 10-4 then enter. Then you would take the negative.

pH + pOH = 14

pH and pOH are based on math obtained by studying water. pOH = - log OH-
Where does this come from?

H2O(l) ( H+(aq) + OH- (aq)
What this means is that liquid water molecules can split apart into positive hydrogen ions and negative hydroxide ions. Likewise, hydrogen ions can combine with hydroxide ions to make water.  Since the rate of making ions and of ions combining to make water is equal, this is at equilibrium. 

Since it is at equilibrium, equilibrium math can be done. You may not have seen this before, so you will just have to trust me. 

Keq is the abbreviation for equilibrium constant

Kw is the abbreviation for the equilibrium constant of water

Keq = 
[products]

[reactants]

By definition of Keq, take the concentration of the products and divide it by the concentration of the reactants. 

Since densities of solids and liquids are constant, they are not included in the equilibrium constant expression. 

· If you add more solid to a container of solid, the ratio of mass to volume will always be the same. 

· If you add more liquid to a container of the same liquid, the ratio of mass to volume will always be the same.

· If you add more ions to a liquid like water, the mass to volume ratio will change. You can pack small amounts of ions between water molecules without changing the overall volume. By adding more ions, you are changing the mass because ions have mass. 

Keq for water:

Recall that the dissociation equation for water is:  H2O(l) ( H+(aq) + OH- (aq)
Keq = [H+][OH-]

H2O is not included in the equilibrium expression because it is a liquid. Adding any more H2O or removing H2O does not change the mass to volume ratio. 

Water is special. Using equipment, scientists have figured out that Keq for pure water is always 10-14. Since it is a special Keq that is constant, it is given the abbreviation Kw.

Kw = 10-14
Kw = [H+][OH-]

If one mole of H2O falls apart, we get 1 mole of H+ ions and 1 mole of OH- ions. Our balanced equation tells us that the ratio of H+ ions to OH- ions is one to one. 

So if we have [H+] = x, then [OH-] = x

Kw = (x)(x)

Kw = x2
10-14 = x2

taking a square root is the same as multiplying an exponent by ½ so

10-14 (1/2) = x2 (1/2)
10-7 = x

So 
pH 
= -log 10-7


= -(-7)



= 7

And pOH
= -log 10-7


= -(-7)



= 7

When we have pure water, the pH = 7 and the pOH = 7.  Therefore  

pKw 
= pH + pOH

= 7 + 7 

= 14. 

Because the measurement of water at equilibrium is 10-14, the pH scale ranges from 0 to 14.  10-14 is the smallest number we can get when measuring water at equilibrium.  We can not get a number like 10-15 or 10-16 when measuring any acids or bases that are diluted in water. When diluting in water, the properties, and therefore the values, of water’s ions will be involved. When the calculated H+ ions gets less than 10-14, the properties of water are what will guide the pH of the solution.

Diluting acids in water

Let’s say we have 1 M HCl. This means we have 1 mole of H+ ions per liter of solution.

HCl (l) ( H+(aq) + Cl-(aq)

Keq
=  [H+][Cl-]

Keq = (1M H+ ions)(1M Cl- ions)

Our equipment does not measure Cl- ions. It only measures the H+ ions so when diluting in water all we care about are the H+ ions.

pH = -log H+ ions

For 1M H+ ions

pH = -log 100
pH = -log 1

therefore pH = 0  

(recall that anything raised to the 0 power = 1)

Dilute the 1M 10x (10 times).  You get 0.1 M HCl.  This will give you 0.1 M H+ ions.   

0.1 = 10-1
pH = -log H+ ions

pH = -log 10-1
pH = -(-1)

pH = 1

Dilute 0.1 M 10x (10 times).  You get 0.01 M HCl. This will give you 0.01 M H+ ions. 

0.01 = 10-2
pH = -log H+ ions

pH = -log 10-2

pH = -(-2)

pH = 2

What gets complicated is when you get to more dilute than 10-7 when you are using water to dilute an acid. This is because water’s equilibrium will now be the dominant property of the solution. Sure you can mathematically say that 10-8 M HCl should have a pH of 8, but when you actually create 10-8 M HCl, it’s pH will measure 7. Water’s properties will take control of the solution. The 10-8 M HCl is too dilute to affect water’s equilibrium. 

So how do we get pH values greater than 7 when our solvent is water? 

We have to add OH- ions.  Extra OH- ions will pull H+ ions out of solution to create more H2O molecules.  Adding OH- ions will decrease the H+ ion concentration. Now the H+ ion concentration can go below 10-7 M. 

Mathematically this can look like:

Recall:

Kw = [H+][OH-]

pKw = pH + pOH

14 = pH + pOH

pH = - log H+

pOH = -log OH-
So if we have 1M NaOH.

NaOH(s)
(
Na+(aq)
+ OH- (aq)
Na+ ions are useless. If anything they interfere with some pH electrodes because they are so small. Na+ ions are always spectator ions. They hang out in the solution and watch all of the other ions execute their chemical properties. OH- ions on the other hand can become involved with the equilibrium of water. OH- ions can steal H+ ions that are in solution to create water molecules H2O.

For 1M NaOH, we have 1M OH- ions.

pOH = -log OH- ions

pOH = -log 1

pOH = -log 100
pOH = -log 1

pOH = 0

So why is the value of pOH significant? Why does a value of “0” give us a positive pH value?

Recall pKw = pH + pOH

14 = pH + pOH

if pOH = 0, then 14 = pH + 0

therefore pH = 14.

Life would be more confusing than it has to be if we talked about solutions in terms of both pOH and pH. It is just easier to think of the pH scale as running from 0 – 14 instead of thinking pH goes 0-7 and pOH goes 0-7. Saying pOH of 6 is just not the custom. YES we will do calculations where pOH = 6, but when we talk about the pH of the solution it will be in terms of pH, not pOH.  

pKa = pH + pOH

14 = pH + 6

so when pOH = 6, 
pH = 8.

Another way of looking at adding or removing H+ or OH-

Adding H+ ions to a solution that is NOT buffered will decrease the pH.  That backwards chemistry thing again. 10-2 M is less concentrated than 10-1 M. Therefore a pH of 2 has fewer H+ ions than pH of 1.  pH of 1 is very concentrated with H+ ions. pH of 6 is not as concentrated, in fact it is 10,000 times more dilute. 

Adding OH- ions to a solution that is NOT buffered will increase the pH. Recall pH + pOH = 14. If [OH-] ions gets higher, the pOH gets lower. If pOH gets lower, then the value for pH increases. 

We have a solution that has a [OH-] ion concentration of 10-3 M.   What is its pH?

pOH = - log [OH-]

pOH = - log 10-3
pOH = - (-3)

pOH = 3

since pH + pOH = 14

pH = 14 – pOH

pH = 14 -3

pH = 11

If we add OH- ions, lets say the concentration of OH- ions goes from 10-3 to 10-2 M, the math becomes: 

pOH = - log [OH-]

pOH = - log 10-2
pOH = - (-2)

pOH = 2

since pH + pOH = 14

pH = 14 – pOH

pH = 14 – 2

pH = 12

Buffers

Buffers are chemicals that can absorb or release H+ ions, therefore keeping the pH constant. Yes they can get worn out and you can add so much acid that the buffer does not appear to work. You can add so much base that the buffer does not appear to work. Within specific pH ranges, buffers keep the pH constant. 

The chemicals involved are usually 

· two variations of a salt, example: KH2PO4 and K2HPO4; OR

· a weak acid with its conjugate base, example: carbonic acid and sodium carbonate, H2CO3 and Na+HCO3-; OR

· a weak base with its conjugate acid, example: ammonium hydroxide and ammonium nitrate NH4OH and NH4NO3.
In each situation, the two main chemicals are either grabbing H+ ions from solution or they’re releasing them to the solution. We won’t be going into the details of what conditions lead to H+ ion donation or H+ grabbing, but there are specific chemical properties of the substances that determines if H+ ions are going to be released or absorbed. 
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