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Acid-Base Equilibria 
 

Section 96 – Polyprotic Acids  
 

 

96-1 Which of the following concentrations would be practically equal in a calculation of the equilibrium 
concentrations in a 0.134-M solution of H2CO3, a diprotic acid: [HଷOା], [OH–], [H2CO3], [HCOଷ

ି], 
ൣCOଷ

ଶି൧? No calculations are needed to answer this question. 
Solution 
[𝐻ଷ𝑂ା] and [HCOଷ

ି] are equal in a 0.134-M solution of H2CO3. Ka of H2CO3 is significantly larger than Ka 

for HCOଷ
ି. Therefore, very little of HCOଷ

ି ionizes to give hydronium ions and COଷ
ଶି ions, and the 

concentrations of HଷOା and HCOଷ
ି are practically equal in an aqueous solution of H2CO3. 

 
96-2 Calculate the concentration of each species present in a 0.050 M solution of H2S. 

Solution 
HଶS(𝑎𝑞) + HଶO(𝑙) ⇌ HଷOା(𝑎𝑞)  +  HSି(𝑎𝑞)   (𝐾௔ଵ = 8.9 × 10ି଼) 
HSି(𝑎𝑞) + HଶO(𝑙) ⇌ HଷOା(𝑎𝑞)  +  Sଶି(𝑎𝑞)   (𝐾௔ଶ = 1.0 × 10ିଵ ) 

As indicated by the Ka values, H2S is a much stronger acid than HS–, so H2S is a dominant producer of 
𝐻ଷ𝑂ା in solution: 

 
Assume that (0.05 – x) = 0.05. Thus: 

𝐾௔ଵ = 
[𝐻ଷ𝑂ା][HSି]

[𝐻ଶ𝑆]
 = 8.9 × 10ି଼ 

      = 
(𝑥)(𝑥)

0.05
 = 

𝑥ଶ

0.05
 

x2 = 0.05 × 8.9 × 10–8 
x = 6.7 × 10–5 

[H2S] = 0.050 – x = 0.050 – 6.7 × 10–5 = 0.050 M 
[𝐻ଷ𝑂ା] = [HS–] = x = 6.7 × 10–5 M 

𝐾௔ଶ = 
[𝐻ଷ𝑂ା][𝑆ଶି]

[HSି]
 = 1.0 × 10ିଵ  

      = 
(6.7 × 10ିହ)[𝑆ଶି]

6.7 × 10ିହ  = 1.0 × 10ିଵଽ 𝑀 

[𝑆ଶି] = 
(1.0 × 10ିଵଽ)(6.7 × 10ିହ)

6.7 × 10ିହ  = 1 × 10ିଵଽ 𝑀 
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The [OH–] can be calculated from Kw as follows: 

[OHି]  =  
𝐾௪

[𝐻ଷ𝑂ା]
 =  

1.0 ×  10ିଵସ

6.7 ×  10ିହ
 =  1.5 ×  10ିଵ଴ 𝑀 

In summary, the concentrations of all species present in a 0.050-M solution of H2S are: 
[H2S] = 0.050 M 
[HS–] = 6.7 × 10–5 M 
[𝐻ଷ𝑂ା] = 6.7 × 10–5 M 
[S2–] = 1 × 10–19 M 
[OH–] = 1.5 × 10–10 M 
 

96-3 Calculate the concentration of each species present in a 0.010-M solution of phthalic acid, C6H4(CO2H)2. 
C଺Hସ(COଶH)ଶ(𝑎𝑞) + HଶO(𝑙) ⇌ HଷOା(𝑎𝑞) +C଺Hସ(COଶH)(COଶ)ି(𝑎𝑞)  𝐾௔  = 1.1 ×  10ିଷ 

C଺Hସ(COଶH)(COଶ) (𝑎𝑞)+ Hଶ𝑂(𝑙) ⇌ Hଷ𝑂ା(𝑎𝑞) + C଺Hସ(COଶ)ଶ
ଶି(𝑎𝑞)  𝐾௔  = 3.9 ×  10ି଺ 

 
Solution 
[C6H4(CO2H)2] 7.2 × 10–3M, [C6H4(CO2H)(CO2)–] = [𝐻ଷ𝑂ା] 2.8 × 10–3M, [𝐶଺𝐻ସ(COଶ)ଶ

ଶି] 3.9 × 10–6M, [OH–] 
3.6 × 10–12M] 
 

96-4 Salicylic acid, HOC6H4CO2H, and its derivatives have been used as pain relievers for a long time. Salicylic 
acid occurs in small amounts in the leaves, bark, and roots of some vegetation (most notably historically 
in the bark of the willow tree). Extracts of these plants have been used as medications for centuries. The 
acid was first isolated in the laboratory in 1838. 

(a) Both functional groups of salicylic acid ionize in water, with Ka = 1.0 × 10–3 for the––CO2H 
group and 4.2 × 10–13 for the–OH group. What is the pH of a saturated solution of the acid 
(solubility = 1.8 g/L). 
(b) Aspirin was discovered as a result of efforts to produce a derivative of salicylic acid that 
would not be irritating to the stomach lining. Aspirin is acetylsalicylic acid, CH3CO2C6H4CO2H. 
The–CO2H functional group is still present, but its acidity is reduced, Ka = 3.0 × 10–4. What is the 
pH of a solution of aspirin with the same concentration as a saturated solution of salicylic acid 
(See Part a). 

Solution 
(a) First, find the concentration of the saturated solution. The molar mass of salicylic acid is 138.123 
g/mol. This gives: 

1.8 g Lିଵ

138.123 g molିଵ  = 0.0130 𝑀 

The reactions and equilibrium constants are: 
HOC଺HସCOଶH(𝑎𝑞) +  Hଶ𝑂(𝑙) ⇌ HOC଺HସCOଶ

ି(𝑎𝑞)  +  Hଷ𝑂ା(𝑎𝑞)   𝐾௔  =  1.0 ×  10ିଷ 
HOC଺HସCOଶH(𝑎𝑞) +  Hଶ𝑂(𝑙) ⇌ HOଶCC଺HସOି(𝑎𝑞)  +  Hଷ𝑂ା(𝑎𝑞)   𝐾௔  =  4.2 ×  10ିଵ  

Because the equilibrium constant for the first reaction is so much larger than for the second reaction, it 
will dominate. The equilibrium expression for this reaction is: 

𝐾௔  =  
[HOC଺𝐻ସCOଶ

ି][HଷOା]

[HOC଺𝐻ସCOଶ𝐻]
 =  1.0 ×  10ିଷ 

The initial and equilibrium concentrations for this system can be written as follows: 
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Substituting the equilibrium concentrations into the equilibrium expression, and making the assumption 
that (0.0130 –x) ≈ 0.0130, gives: 

[HOC଺HସCOଶ
ି][HଷOା]

[HOC଺𝐻ସCOଶ𝐻]
 =  

(𝑥)(𝑥)

(0.0130 −  𝑥)
 ≈  

(𝑥)(𝑥)

0.0130
 =  1.0 ×  10ିଷ 

Solving for x gives 3.61 × 10–3M. Because this value is 28% of 0.0130 M, our assumption is incorrect. 
Therefore, use the quadratic formula. Using the provided data gives the quadratic equation: 
x2 + 1.0 × 10–3x – 1.30 × 10–5 = 0 
Using the quadratic formula gives (a = 1, b = 1.0 × 10–3, and c = –1.30 × 10–5) 

3 3 2 52

3 3
3

(1.0  10 )  (1.0  10 )   4(1)( 1.30  10 )   4
    

2 2(1)

(1.0  10 )  (7.28  10 )
     3.14  10      (positive root)

2

b b ac
x

a

M

  

 


        
 

   
  

 

Thus, [H+] = 3.14 × 10–3 M 
pH = –log(3.14 × 10–3) = 2.503 = 2.50; 
(b) The reaction and equilibrium constant are: 

CHଷCOଶ𝐶଺𝐻ସCOଶ𝐻(𝑎𝑞) +  Hଶ𝑂(𝑙)  ⇌  CHଷCOଶ𝐶଺𝐻ସCOଶ
ି(𝑎𝑞)  +  Hଷ𝑂ା(𝑎𝑞) 

𝐾௔  =  3.0 ×  10ିସ 
The equilibrium expression for this reaction is: 

𝐾௔  =  
[CHଷCOଶ𝐶଺𝐻ସCOଶ

ି][𝐻ଷ𝑂ା]

[CHଷCOଶ𝐶଺𝐻ସCOଶ𝐻]
 =  3.0 ×  10ିସ 

For a 0.0130-M initial concentration, the initial and equilibrium concentrations for this system can be 
written as follows: 

 
Substituting the equilibrium concentrations into the equilibrium expression, and making the assumption 
that (0.0130 –x) ≈ 0.0130, gives: 

[CHଷCOଶ𝐶଺𝐻ସCOଶ
ି][𝐻ଷ𝑂ା]

[CHଷCOଶ𝐶଺𝐻ସCOଶ𝐻]
 =  

(𝑥)(𝑥)

(0.0130 −  𝑥)
 ≈  

(𝑥)(𝑥)

0.0130
 =  3.0 ×  10ିସ 

Solving for x gives 1.97 × 10–3 M. Because this value is 15% of 0.0130, our assumption is incorrect. 
Therefore, use the quadratic formula. Using the above data gives the quadratic equation: 
x2 + 3.0 × 10–4x – 3.90 × 10–6 = 0 
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Using the quadratic formula gives (a = 1, b = 3.0 × 10–4, and c = –3.90 × 10–6) 
4 4 2 62

4 3
3

(3.0  10 )  (3.0  10 )   4(1)( 3.90  10 )    4
    

2 2(1)

(3.0  10 )  (3.96  10 )
     1.83  10      (positive root)

2

b b ac
x

a

M

  

 


        
 

   
  

 

Thus, [H+] = 1.83 × 10–3 M 
pH = –log(1.83 × 10–3) = 2.737 = 2.74 
 

96-5 The ion HTe– is an amphiprotic species; it can act as either an acid or a base. 
(a) What is Ka for the acid reaction of HTe– with H2O? 
(b) What is Kb for the reaction in which HTe– functions as a base in water? 
(c) Demonstrate whether or not the second ionization of H2Te can be neglected in the 
calculation of [HTe–] in a 0.10 M solution of H2Te. 

Solution 
(a) as an acid, 

HTeି(𝑎𝑞)  +  Hଶ𝑂(𝑙) ⇌ Teଶି(𝑎𝑞)  +  Hଷ𝑂ା(𝑎𝑞) 

𝐾௔ଶ = [Teమష][ுయைశ]

[HTeష]
 = 1.6 ×  10ିଵଵ; 

(b) as a base, 
HTeି(𝑎𝑞)  +  Hଶ𝑂(𝑙) ⇌ HଶTe(𝑎𝑞)  +  OHି(𝑎𝑞) 

𝐾௕ = [ுమTe][OHష]

[HTeష]
 = ௄ೢ

௄ೌభ

 = ଵ.଴ × 10షభర

ଶ.ଷ × 10షయ  = 4.3 ×  10ିଵଶ; 

(c) The reactions and ionization constants are: 
HଶTe(𝑎𝑞)  +  Hଶ𝑂(𝑙)  ⇌  HTeି(𝑎𝑞)  +  HଷOା(𝑎𝑞)   𝐾௔ଵ = 2.3 ×  10ିଷ 
HTeି(𝑎𝑞)  +  Hଶ𝑂(𝑙)  ⇌ Teଶି(𝑎𝑞)  +  HଷOା(𝑎𝑞)   𝐾௔ଶ = 1.6 ×  10ିଵ  

As a general rule, if the first ionization constant is larger than the second by a factor of at least 20, then 
the second ionization can be neglected. Since𝐾a1is 230-times larger than𝐾௔ଶ, the assumption should 
hold true for HTe–. To test the assumptions, find [HTe–] from the first reaction. The equilibrium 

expression for this reaction is 𝐾௔ଵ = [HTeష][ுయைశ]

[ுమTe]
 = 2.3 × 10ିଷ. 

The initial and equilibrium concentrations for this system can be written as follows: 

 
Substituting the equilibrium concentrations into the equilibrium expression, and making the assumption 

that (0.10 – x) ≈ 0.10, gives [HTeష][ுయைశ]

[ுమTe]
 = (௫)(௫)

(0.10 ି ௫)
 ≈  

(௫)(௫)

଴.ଵ଴
 = 2.3 × 10ିଷ. 

Solving for x gives 0.0152 M. Because this value is 15% of 0.10 M, our assumption is incorrect. Therefore, 
use the quadratic formula. Using the data gives the quadratic equation: 
x2 + 2.3 × 10–3x – 2.3 × 10–4 = 0 
Using the quadratic formula gives (a = 1, b = 2.3 × 10–3, and c = –2.3 × 10–4) 
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𝑥 =  
−𝑏 ± √𝑏ଶ  −  4𝑎𝑐

2𝑎
 =  

−(2.3 ×  10ିଷ) ±  ඥ(2.3 ×  10ିଷ)ଶ  −  4(1)(−2.3 ×  10ିସ)

2(1)
 

   = 
−(2.3 ×  10ିଷ)  ±  (0.0304)

2
 =  0.0141 𝑀    (positive root) 

Thus [HTe–] = 0.014 M. For the second ionization, 𝐾௔ଶ = [Teమష][ுయைశ]

[HTeష]
 = 1.6 × 10ିଵଵ. 

The initial and equilibrium concentrations for this system can be written as follows: 

 
Substituting the equilibrium concentrations into the equilibrium expression, and making the 
assumptions that (0.0140 – x) ≈ and (0.0141 + x) ≈ 0.0141, gives: 

[Teଶି][𝐻ଷ𝑂ା]

[HTeି]
 = 

(𝑥)(0.0141 +  𝑥)

(0.0141 −  𝑥)
 ≈  

(𝑥)(0.0141)

0.0141
 = 1.6 × 10ିଵ  

Solving for x gives 1.6 × 10–11 M. Therefore, compared with 0.014 M, this value is negligible (1.1 × 10–7 

%). 
 


