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Acids, Bases, and Buffers notes

We studied equilibrium so that you would understand how acids, bases, and buffers work.  In some way, just about all chemicals can act as buffers.  The chemicals that are really good at it, however, are what are truly considered buffers.  A buffer is a chemical that lets the H+ ion and/or OH- ion concentration be controlled in a solution.  The following notes and such will hopefully guide you through acids, bases, and buffers.

First let’s get a few definitions out of the way.

Acids

The Arrhenius definition for acids states that acids produce hydrogen ions in aqueous solutions.  The Bronsted-Lowry version says that acids are proton (H+) donors.  A Lewis acid is an electron pair acceptor.  H+ not having any electrons is regarded as a Lewis acid because it can accept a pair of electrons when it joins with a Lewis base (an electron pair donor)

How strong an acid is is labeled as pH.  The lower the pH, the stronger the acid.

Bases

The Arrhenius definition for bases states that bases produce hydroxide ions.  The Bronsted-Lowry version says that bases are proton acceptors.  Both definitions will be visualized in class.  In fact, Small Scale lab Experiment 26 utilized the fact that NaOH donated OH- ions and that NH3 stole H+ ions from solution to make NH4.  Both NaOH and NH3 are bases.  A Lewis base is an electron pair donor.

How strong a base is is also labeled using pH.  The higher the pH, the stronger the base.

It is important to note that water is often used in acid/base interactions.  Water, H2O, can steal a proton from an acid thereby acting like a base.  When water steals a H+ ion, it becomes H3O+, the hydronium ion.  For chemists, H3O+ and H+ are synonymous.  In these notes, H+ will most often be used, but keep in mind that in reality, the hydronium ion, H3O+, is what exists. 

For the equation:


HA (aq)
+
H2O (l)
(
H3O+(aq)
+
A- (aq)
We get the equilibrium mass action expression for Ka as:


Ka
=
[H3O+] [A-]
=
[H+][A-]




      [HA]

    [HA]

A few remarks about the mass action expression:


Ka
= 
the equilibrium constant with reference to acids, therefore the “a”

Ka is known as the acid dissociation constant.  It gives you an idea of whether or not you are working with a strong acid or a weak acid.   (strong and weak acids are mentioned below)


H2O is not a part of the mass action expression because it is a liquid


H3O+ can be rewritten as H+
Strong acids:

Strong acids disassociate very easily.  HCl is an example of a strong acid.  For the mass action expression with HCl, it is essentially [H+][Cl-] because there is very little [HCl] left in the solution.  

For a strong acid, the Ka will be high, but still less than one.

Weak acids:

Weak acids to NOT dissociate easily.  HC2H3O2 is an example of a weak acid.  Its dissociation equation looks like: HC2H3O2 (aq)  
( 
H+ (aq)   
+ 
C2H3O2- (aq)

In this case the Ka will have a large denominator and a small numerator because HC2H3O2 does not dissociate easily.


Ka
= 
[H+] [C2H3O2-]



   [HC2H3O2]

For a weak acid, the Ka will be small.  

The Ka for HC2H3O2 is 1.8 x 10-5.  The Ka for HF is 7.2 x 10-4.  This means that acetic acid is a weaker acid than hydrofluoric acid.  

Conjugate acids and Conjugate Bases

When and acid and a base react a conjugate acid and a conjugate base is produced.  A conjugate base is what remains after the proton is donated to a form a conjugate acid.  When a proton from the original acid is donated to the original base, the molecule that accepts the hydrogen ion is the conjugate acid.  

In reverse, a conjugate acid can give its proton (H+) to the conjugate base to produce the original acid and the original base.

Remember, acid base relations are in equilibrium and are therefore reversible reactions.

General example:


HA (aq)

+
H2O (l)

(
H3O+ (aq)
+
A- (aq)


acid


base  


conjugate acid

conjugate base


donates


accepts


the proton 

the proton


the proton

the proton

is accepted

is removed

Water can be an acid and a base:

Since two water molecules can produce the hydronium ion and the hydroxide ion, the water molecule is considered to be an amphoteric substance.


H2O (l) 
+
H2O(l)
(
H3O+ (aq)

+
OH- (aq)


acid

base

conjugate acid


conjugate base

Substances that can behave as both an acid and a base are amphoteric substances.

What is Kw?

Kw is an equilibrium constant for the dissociation of water, thus the “w”.

Kw
 =
 [H3O+] [OH-]
=
[H+][OH-]

at 25 (C [H+] = [OH-] which = 1.0 x 10-7 M

this means that the Kw at 25 (C is (1.0 x 10-7) (1.0 x 10-7) 

Kw
= 1.0 x 10 -14   (the units are omitted)

The pH scale

We use the pH scale to describe how many hydrogen ions are dissolved in a solution.  The notation pH comes from taking the negative log of the hydrogen ion concentration.  In mathematical terms it looks like this:


pH = - log [H+]

The term, p, means we have taken the negative log of something.  The letters that come after the p tell us what the negative log was taken of.  Therefore:


pOH = - log [OH-]       the negative log of the hydroxide ion concentration


pKa = - log Ka         the negative log of the equilibrium constant for acids


pKb = - log Kb         the negative log of the equilibrium constant for bases


pKw =  - log Kw
     the negative log of the equilibrium constant for water


pK  = - log K

This information is quite useful and nifty.  See:


Kw = [H+][OH-]

Take the log of both sides.  Remember when you have stuff multiplied together, when you take the log, you add them. 


so log Kw = log [H+] + log [OH-]


Now multiply by -1 through the entire equation to get:


 -log Kw = -log [H+] - log [OH-]


By definition of what the p means, you get:


therefore pKw = pH +   pOH =  14

Review:

general rules for logarithms:


log bu = v if and only if u = bv

from this definition, log b b v = v 

and b log b u = u  (that should be b raised to the power log based b u equals u.)

What does this mean to us doing acid and base equilibria?

Well, acids and base equilibria is done using a base ten system.  This means that our b is 10.  


If we have an acid whose [H+] is 10-5  then we have the math:


log 10 10-5 =  - 5

You can see that having the - 5 is not as comfortable as using a positive 5 which is why the “p” means we took the negative log.  The negative of -5 is 5. 

Therefore pH for this situation is:

- log 10 10-5  
= -(-5)



= 5

Since all acid and base equilibria is written as log base 10, the subscript 10 is omitted when we do pH calculations.

Using the original equation, perhaps we can make more sense of logarithms:


from this definition, log b b v = v 


If the concentration of our acid is 10-5 M, then:

we have little b = 10  (for base 10 system)

and we have big b also equaling 10 because we are dealing with scientific notation

the exponent on the big b, v, becomes our answer.

v = -5 in this example.

When does this equation seem to get wacky?  

When we are dealing with a situation where the hydrogen ion concentration is not merely a power of ten.  For example, we can have a [H+] that is 3.4 x 10-5 M.  This one is not as easy to visualize as just plain ol’ 10-5 so we must use our calculators. 


See:    log (3.4 x 10-5 ) can be solved two ways:


You can type 3.4 exp or ee - 5 in the calculator and hit the log button.  You should get: -4.47.  

OR you can do log 3.4  + log 10-5 to get:  0.531 + - 5  = - 4.47.   

Note: if this was a calculation for pH, we’d be doing the – log so the final answer would be pH = 4.47

Type in 3.4 log and store the number in memory.  Type in 1 ee or exp -5  log and add it to your number in memory. 

Remember that when you multiply stuff after a log sign, it means you are adding up the log of each multiplier. 

When all else fails with logarithms I like to see a simple example:


log x 64 = 3    written in exponential form is x 3 = 64


This shows us much more easily that the base raised to the answer after the log is taken equals the number that was logged.  I know, in words it is much more fuzzy.


Log x y = z
written in exponential form is  x z = y

Have fun!

BACK TO pH

Examples of using pH in calculations.

1. Calculate the pH of 0.10 M HNO3.

HNO3 is a strong acid so what you have in solution are H+, NO3- and H2O.  Don’t forget that acids are dissolved in water.  

The equilibrium equation for water is:


H2O (l) 
(
 H+ (aq) 
+ 
OH- (aq)

When HNO3 is added, it will shift left because you are adding an excess of H+ ions.

What you end out with are H+ ions contributed from the HNO3 and H+ ions contributed from the H2O.  The number of H+ ions contributed by the water will be so small it can be neglected.  This means that the H+ ions from HNO3 are the only important source of H+ ions and will be taken as there being 0.10 M H+ ions in the solution.  


[H+] = 0.10 M
therefore
pH = -log 0.10 

=   1.00

How does this relate to buffers?

First of all we must define a buffer.  A buffer is a solution that resists a change in pH when either hydroxide ions or protons, hydrogen ions, are added.  The most important buffer in our body is that in our blood.  The buffering system in our blood involves the HCO3- ion and H2CO3.

A buffered solution contains either:

a. a weak acid and its salt

ex:  HF and NaF

b. a weak base and its salt

ex: NH3 and NH4Cl 

(remember a salt is another name for an ionic compound or something that resembles an ionic compound.)

In our body we use the equilibrium of:


HCO3 - (aq)
+ H3O+ (aq) 
(
H2CO3 (aq)
+ H2O (l)

When an acid is added to the system, the equilibrium will shift right as the bicarbonate ions neutralize the acid molecules.  If a base is added, the equilibrium will shift toward making bicarbonate ions as the base reacts with the carbonic acid.


H2CO3 (aq)
+ OH- (aq) 
(
HCO3 - (aq)
+ H2O (l)

In our cells, the phosphate buffer system works to keep the pH range from 6.4 to 7.4.  When DNA is extracted from cells, a phosphate buffer is used so that it can remain in as stable environment as possible.

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

Adding a base shifts the equilibrium to the right.  Adding an acid shifts the equilibrium to the left.

What does pH  and pKa have to do with buffers?

Recall that
Ka =
[H+] [A-]




    [HA]

when expressed in logarithmic form we get:


 log Ka
=
 log [H+]      +
 log [A-]





        [HA]

multiplying both sides by -1:


 -log Ka
=
 -log [H+]      -
 log [A-]





        [HA]

now we have a new term:  pKa = - log Ka.  Substituting where possible we get:


pKa = pH -   log 
[A-]




[HA]

Subtracting pH from both sides, then pKa from both sides and then multiplying by -1 through the entire equation to get rid of the - signs we get:


pH = pKa +  log 
[A-]



[HA]

This last equation is known as the Henderson Hasselbalch equation.

Who cares about this information?

The reason we went through all of this mess is for the following statement:

“Buffers are most effective at pH values that are at or near to the pKa values of the component weak acid or base.”

The pKa for carbonic acid, the buffer in our blood is: 6.37.  This means that carbonic acid buffers best at pH around 6.37.  Why our blood pH is kept at 7.3 to 7.4 using the carbonic acid equilibrium is not something I can explain at this moment.  

What are amino acids?

Amino acids are the building blocks of proteins.  All amino acids have an amino group and a carboxylic acid group.  An amino group is NH2.  A carboxylic acid group is COOH. 

At pH of 7 the NH2 group will gain a proton to become a charged ion: NH3+.
At pH of 7 the COOH group will lose a proton to become a charged ion: COO-
This means that in acidic solutions the amino acid will exist as NH3+ and COOH.  In acidic conditions both parts of the amino acid will be protonated.

At pH of 7 the NH3+ will be protonated and the COO- will have lost its proton.  The pKa for COO- for most amino acids ranges from 1.80 to 2.43.  This means that at pH values higher than 3.43 most of the amino acids will have lost the H ion from the COOH group.  Remember, the higher the pH, the fewer the number of H+ ions in solution.  If there are fewer H+ ions in solution, then the COOH group is more likely to donate its H+ to the solution.

To lose the H+ from the NH3+ group, the pH of the solution must go above 8 - 10 for most amino acids.   What this means is that at a high pH there are so few H+ ions in solution that the equilibrium favors the NH3+ donating its H+ to the solution.  In other words, the NH3+ does not want to release its H+ until the concentration of H+ ions in the solution is very low.  

(Remember high pH means low H+ concentration.)

What this means, is that in our blood, amino acids are essentially electrically neutral in terms of their NH3+ and COO- groups.

Why do we care about the pKa of amino acid side groups?

There are a few reasons we care.  Biotechnologists want to isolate proteins and to purify them.  If a researcher knows which amino acids make up his/her protein then s/he can manipulate the pH of the solution to try to extract their protein.  In many cases the role of a researcher is to obtain the molecule s/he is looking for.  Many separation techniques are used.  Molecules are run through columns that separate the molecules based on size or based on charge.  By changing the pH of a solution, the researcher can change the charge on proteins. This change in charge may allow his/her protein to stick to the column while other proteins or cellular matter goes through the column.   Then the researcher can wash the column with a buffer with the pH of choice and collect his/her protein. 

There is a way of running protein gels such that you put glycine in the buffers. The gel has a stacking gel and a resolving gel.  In the top part of the gel the pH is  6.7  because at pH 6.7 glycine carries a slightly negative charge. It will create a high resistance which forces the protein in the gel to carry the bulk of the current.  The result of this is that the proteins squish together.  When the proteins hit the running gel, the pH is higher and now the glycine has more of a negative charge. More NH3+ ions have given up their protons to form neutral NH2 so the glycine molecule has a more of a negative charge due to the COO-.  The glycine molecules now move out of the way and carry some more of the charge.  What happens is that the current is now distributed in the running gel differently than it was in the stacking gel.  In the running gel, the proteins can now separate according to size.  Keep in mind that even at a pH of 9 some proteins will have some positive charge so they run mostly according to size but somewhat due to charge.  A protein with many positive charges will run more slowly than a protein with more negative charges.  To separate proteins based on size only, a molecule called SDS is often mixed with the protein.  The SDS gives the protein a huge negative charge thereby overcoming any positive charge the protein could contribute.  When the protein is mixed with SDS, the protein will move through a gel based on size only.

In summary, by knowing the pKa of proteins or of amino acids, researchers can manipulate the pH of their solutions so that they will have or will not have charged proteins or parts of proteins.  The charge or lack of a charge on a protein may help a researcher separate the protein from other proteins or other contaminants.
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