Chapter 15

TITRATION CURVES FOR
COMPLEX ACID/BASE SYSTEMS
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1. Treating Complex Acid-Base Systems

Complex systems are defined as solutions made up of:

1) Two acids or bases of different strengths
HC1 + CH;COOH
NaOH + CH;CO0O"

2) An acid or base that has two or more acidic
protons or basic functional groups
H;PO,
Ca(OH),

3) Anamphiprotic substance that is capable of acting
as both acid and base

HCO; + H,0 <=> CO;> + H;0"
HCO_“_ i H:O e HECO_‘, +OH
NH; CH,COO + H,0 <=>NH,CH,CO0 + H;0"

NH; CH,COO" + H,0 <=> NH; CH,COOH + OH’




2. Equations for more than one equilibrium are
required to describe the characteristics of any of
these systems.

3. Applications

1) Systems in most biological and environmental
matrices

2) To predict which species will be present (and in
what amounts) is important in defining biological
acid/base buffering.

3) To use the titration curve to examine how the
species will change as we slowly add titrant (in
other words, change the pH).
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4. Examples

A. Mixtures of Strong and Weak Acids or Strong and
Weak Bases

B. Polyfunctional Acids and Bases
C. Buffer Solutions Involving Polyprotic Acids

D. Calculation of the pH of Solutions of Amphiprotic
Salts (NaHA)

E. Titration Curves of Polyfunctional Acids.

Questions:

(a) Can we titrate the two components (two
acids or two bases, or different protons or
hydroxide ions) separately?

(b) If yes, in general, what conditions should
be met in term of dissociation constants (K
or K;) and concentrations?
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Example A. Mixtures of Strong and Weak
Acids or Strong and Weak Bases

Derive a titration curve for a titration of a 50.00
mL solution containing 0.1000 M strong acid, HCI,
and 0.1000 M weak acid HA (Ka = 1 X 10-4) with
0.1000 NaOH.

T'he equilibria:

HCl + H,0 == H,0"+CI' [1]
HA + H,0<=>H;0"+ A 2
2 H,0 <=>H;0" + OH" [3]

[H:0'] = Cyey + [AT] + [OH]

Since the HC1, which is completely dissociated, will repress the dissociation
of HA and H,0.

7

Assume that [OH] and [A"]<<Cyiq so that [H:0+] = Cyycy.

1. Viaon =0: The pH before the addition of titrant is determined by the

concentration of HCI alone: [HyO+] = Cyey

2. 0=V =50.00 mL: After titrant has been added, the titration

curve will be identical to that for the titration of the HCI alone and
pH will be determined by the remaining HCI in the solution.

Moles of [H,0" ]—Moles of [OH ] .,
v

total

3. Vion =50.00 mL: When the HCI has been neutralized (the
first equivalence-point), the presence of the weak acid must be
considered. At this point, the equilibrium described in eq. [2]:

g = [HOJ[HAT] [H,0*]=+fC\ K, CK"-‘>100
2 [H.A] :

[H,0"]=

4.50.00 mL<V 01 <100.00mL HA is now reacting with the titrant
and the titration curve will be identical to that of the titration of a
weak acid and

pH=pK, —-Iog[m?‘1 =pK, +log il PK, +I0g@
[A7] [HA] Cinn

5. Vison =100.00 mL At the point where both HCI and HA are

neutralized (the second equivalence-point), the titration solution now
contains A" which reacts with water
A +H,0 <=> HA+OH

and the pH at this equivalence point is determined by concentration of
[A]and Ky, (1.0 e-10)

[OH ]=4/C,K,

o

L >100

b




6. Vi,on =100.00 mL After all of the acid has been neutralized,
further addition of titrant results in a mixture of a weak and strong
base.

pH of the solution is determined by the concentration of the strong
base.

Moles of [OH ],y —Moles of [H,O07]

[OH ]=

total

In summary, the titration curve includes a titration curve of
HCl (a strong acid) with NaOH and a titration curve of HA
(weak acid) with NaOH.
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EXAMPLE 15-1 HCI + HAc with KOH

(Initial Volume = 25.00 mL)
Solution
' Crier Viser “CronVior Vi rkon = 23.00x0.1200/0.1000= 30.00mL

CiiaVia=CronVion Vanarn— Vis ko 25.00x0.0800/0.1000= 50.00mI

H;0O. In the presence of the two acids, however, we can be cermain thar the concentration
of hydronium ions from the dissociation of water is extremely small. We, therefore, need

to take into account only the other two sources of protons. Thus, we may write
[HyO'] = efia + [A7] = 0.1200 + [A7]
Note that [A ] is equal to the concentration of hydronium jons from the dissociation of HA.

Now, assume that the presence of the strong acid so represses the dissociation

of HA that [A7] << 0.1200 M; then,

[HyO7] = 0.1200 M, and the pH is 0.92
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To check this assumption, the provisional value for [H307] is substitured into the
dissociation-constant expression for HA. When this expression is rearranged, we obtain

K, 1.00 = 107

[H,0'] 0.1200

ATl
— 833 x 107
1Al

F
This expression can be rearranged w0
[HA] = [AT]/(8.33 X 107Y)
From the concentration of the weak acid, we can write the mass-balance expression
an = [HA] + [A7] = 0.0800 M
Substituting the value of [HA] from the previous equarion gives

[AT)(8.33 ¥ 107% + [A7] = (1.20 % 10°) [A"] = 0.0800 M
[A"] =67 X 1075M

We sce that [A ] is indeed much smaller than 0.1200 M, as assumed.

12



’7 Before the 1* equivalence point: 5.00 mL <30.00 mL
[H,0°]= Moles of [H,0" |- Moles of [OH ], 4.4
(b) 5.00 mL KOH ‘ V.

total

25.00 ¥ 0.1200 — 5.00 % 0.100
= - ~ = 0.0833 M
25.00 + 5.00

and we may write

EIH_‘('\'| = 0.0833 + [A7] = 0.0833 M
pH = 1.08
To determine whether our assumption is still valid, we compute [A ] as we did
in part (a), knowing that the concentration of HA is now 0.0800 % 25.00/30.00 =
0.0667, and find
[AT]=80x 107" M

which is still much smaller than 0.0833 M.
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EXAMPLE 15-2

Solution
" Before the 1% equivalence point: 29.00 mL <30.00 mL
Moles of [H,0"]—Moles of [OH ] ;.4

V,

total

[H,07]=

As in the previous example, a provisional result based on the asumption thar [Hy0'] =
s 3 5 F1.90 5 Saf ot ;

1.85 % 10 M yields a value of 1,90 > 10 M for [A~]. W see char [A ] is no longer

much smaller than [HyO" |, and we must write

HO = qua + A= 1.85 % 1077 + [A7] (15-1)

In addition, from mass-balance considerarions, we know thar

MBE [HA] +[A ] = g =370 X 1072 (15-2)

14

[
We rearrange the acid dissociation-constant expression for HA and obrtain
[H;0"][A7]
[HA] = p————

1.00 X 10

Substitution of this expression into Equation 15-2 yiclds

[H;O"]1[A] .
n -+ A ]=370x 107"
1.00 X 10

_ 3.70 X 10°¢
[HyO*] + 1.00 x 107*

(A7]

Substitution for [A™] and ¢y in Equation 15-1 yields

3.70 X 10°°¢
[H;07] = 1.85 X 1077 + =
: [H;07] + 1.00 x 107*

15




8/12/2021

Mulriplying through to clear the denominator and collecting terms gives

[HyO' ) — (1.75 X 103)[H,07] — 3.885 X 10°°=0

Solving the quadratic equarion gives

[HO1=303x10*M

pH = 2.52

Note that the contributions to the hydronium ion concentration from HCI (1.85
3 N 3 = 3 :

1077 M) and HA (3.03 X 107* M — 1.85 X 107 M) are of comparable magnitude,

Hence, we cannot make the assumption that we made in Example 15-1.
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The composition of a
mixture of a strong
acid-weak acid can be
determined by titration
with suitable indicators
if the weak acid has a
dissociation constant
that lies between 10
and 108 and the
concentrations of the
two acids are of the
same order of

0 10 20 30 40 50 60 | magnitude.
Volume of 0.1000 M NaOH, mL
Titration Curves of Strong acid/weak
acid mixtures with NaOH
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B. Polyfunctional Acids:
These acids may donate two or more H', and the bases may accept
two or more H'.

An example of a polyfunctional acid is H;PQ,, with the following
equilibria:
H;PO, + H;O <=>H,0" + H,POy
_[H,0"][H,PO, ]

= =7 Ix10F
[H,PO,]
H,PO; + H,0 <=> H;0" + HPO,
o =BOIHPO, 1 _ g 5p0
' [H,PO,"]
HPO,? + H,0 <=> H,0" + PO,
Ky, = RO IR0 1y 5310

[HPO,™ ]

18
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Equilibria Constants for Overall Reactions
H;PO, + H,0 <=> H;0" + H,PO, [Eq. 1]
.. + c 3 =
: _HOHPO]_ 4100
: [H,PO,]
H,POy + H,0 <=> H;0" + HPO,” [Eq. 2]
KﬂzilHio ”HP_O* I_634x10°
[H,PO, ]
HPO,* + H,0 <=> H,0" + PO;* [Eq. 3]
+ 3-
HOIPOT_ o
' [HPO, ]
[Eq. 1] HEq. 2] +[Eq. 3] :  H:PO, +3H,0 <=>3H;0" + PO~
K KK, =HOTPOT ) o 10
N [H.PO, |
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Definition of K, and K, for Polyfunctional Acids
Kq
H3PO4 + H,0 <=> H30™ + H,POy K
=
H>PO4 + H,0 <=>H;0" + HPO;J' Ka> )
HPO.” + H,0 <=> H;0" + PO,™ Kas
Ky
PO, + H,0 <=>HPO4” + OH Kp
HPO, + H,0 <=> H,PO, + OH K2
o
H,PO,+ HyO <=> HiPO, + OH' Ko g
Ko K= K K, = K Ky = [HO[OH] = K
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C.  Buffer solutions Involving Polyprotic Acids:
(A) Three buffer systems can be described when using a
weak diprotic acid, HA, and its salts, FbA” HA™ and A™,
e
» H:A A pH=pK, + log%

H;A

5 - : &
r HgA/HA2 pH=pK, +log—&

H3A

2-/A3- C
» HA'/A pH=pK_ +log—2

HAY

When K, Kq» Kqs are well separated

&>10‘ &>IO‘

a2 a3

21



(B) Two buffer systems can be described when using a weak
diprotic acid, H.A, and its salts, HA and A

C
> H.A/HA~  PH=pPK, +|U§E,ﬁ‘~

HoA

G,
A pH =pK.; +log ==

HA

When K, is well-separated from K ,.:

Kasio

a2

W e can treat these systems as separated one for calculation of
~ pH and species present.

8/12/2021
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" EXAMPLE 15-4

Solution

The principal equilibrium in this solution is the dissociation of HyPOy.

[H;0"| [H,POy" |

HyPO, + H0 = H,0" + HPO, o= o

= 7.11 x 107}

Wie assume that the dissociation of HyPO, ™ is negligible, that is, [HPOZ ] and

[POS] << [H,PO, ] and [H,PO,]. Then,

[H3PO,] = i po, = 2.00 M
[HPO, ] = dpipo, = 150 M
7.11 % 1074 % 2.00

[HyO%] = T =949 X 107 M

We now use the equilibrium constant expression for K; to see if our assumption

was valid.

23

We now use the equilibrium constant expression for K; to see if our assumprion
was valid.

e [HyO'][HPOS]  9.48 % 10 3[HPO,
2= 6.34 bz L L I e
it [H,PO,] 1.50
Solving this equation yields

[HPO ] = 1.00 % 107° M

Since this concentration is much smaller than the concentrations of the major species,
H,PO, and H,PO,", our assumprion is valid. Note thar [PO] is even smaller than
[HPOX].

24




D. Calculation of the pH of Solutions of Amphiprotic Salts (NaHA)

The pH is determined by the following equilibria:

. - Kb‘
HA" + H,0 <=> H,A +OH * K,

HA +H,0 <=> A +H:0" Kg

At the first equivalence point, the solution will be either acidic or basic
based upon the relative magnitude of the equilibrium constants (K, and
K.2)

8/12/2021
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( Using the systematic method to solve for the [H;O|:
1. Equilibrium Constants

K, =auolan]

[HA']
K, _[OH J[H,A)
T HA
K, =[H,0'][OH ]
2. The mass balance equation:
Cuania =[H2A] + [HAT] + [A7]

3. The charge balance equation:

[H0] + [Na'] = [OH] + [HA'] + 2[A¥]
[Na'] = Crania
" Hence [H;0'] + Craia = [OH] + [HAT] + 2[A%]

26

Subtracting the mass balance from the charge balance equation
[H;07] = [A¥] + [OH] - [H,A]
We can express all terms using [HA'], [H;07], K, K, and K>

(H0=KaHA ] K. [HOJHA]
[HO'] [HO'] K,

Multiplying both sides by [H;0"|:
[H,0* F 11 +“:('ng =K, [HA ]+K,

K [HA J+K,
|4 [HA']
K

[H,0']=

27




Assume [HA'] = Cuana
(not true for HA very dilute, or K, or Ky, very large)

Ie
lr K“\ 22 ﬂ KnJC?\'uHA = K\\

[H30+] =4 K. K,

8/12/2021
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‘The pertinent dissociation constants are K,; and K, which both contain [HPO"].
Their values are K; = 6.32 % 107" and K, = 4.5 % 10°"%, In the case of a Na;HPO,

solution, Equation 15-15 can be writecn

(X
[H0%] Vi

aHA

Note that we have used Ky in place of K, in Equation 15-15 and K in place of K,
since these are the appropeiate dissociation constants when NaHPO, is the sl
If we consider again the assumptions that led to Equarion 15-16, we find that
the term o /K = (1.0 % 1079/(6.32 * 107" is much larger than 1 so that the
4 can be simplificd. In the however, Ky = 4.5 2 10714 =
00 3 10 is comparable to K, so that no simplification can be made there, We,

therefore, use a partially simplificd version of Equation 15-15:

[H,0°] = =
il K
[4.5 % 1071 (1.00 > 107Y) + 1.00 = 107" y
L1 % 107" N
| (1.00 x 107)/(6.32 % 1077 RLS J

The simplified Equation 15-15 gave 1.7 % 107 '* M, which & in error by a large amount.
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EXAMPLE 15-7

Solution

The two dissociation constants of importance (those containing [H,PO7 ] are
K, =7.11 x 107 and K, = 6.32 % 107%). A test shows that the denominator

of Equation 15-15 cannot be simplified, but the numerator reduces to Koo po,.

Thus, Equation 15-15 becomes,

[ (6,32 % 1079 (1.00 X 1073

[H,07] =/ = 1.62 % 107°M
(.01 Y 1.00 + (100 % 1073/(7.11 % 107%)

30
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EXAMPLE 15-8

Solution

We assume, as we did earlier (page 353), that [H,CO;4] << [CO,(aq)] and that the
following equilibria describe the system:

_ [H,O"][HCO,]

COyag) + 2H,0 = H,0" + HCO,~ K, :
) - ? ’ [CO,(ag)]

=4.2%x 1077

HCO,” + H,0 =H,0 te 0 dico
HCO, + H,O =H;0™ + COy° o= 5 5
e : 2 el [HCO, ™|

= 469 % 107"

We note that a2/, == 1 so that the denominator of Equation 15-15 can be
simplified. In addition, Kjenq0 has a value of 4.69 % 107", which is substantially
greater than K. Thus, Equation 15-16 applies, and

Fy rom e
[HyO'] = V42X 1077 X 469 X 107" = 4.4 X 1077 M

31

Titration Curves for Polyfunctional Acids
1200
E; Salution
ofNaA
1000 ™ | F: Solution
13: Buffier seilution of NaOH
of HA™ and A*
20 mL of 0.1000 M
H,A with 0.1000 M
.l NaOH. K., 1.00e-3
kil US—— and K, 1.00e-7
A HAMIEA" ™ ¢ Sotation of NaHA
400 — .
200
‘A Weak achd with
K, = L00% 107
000 : . .
o0 100 w00 W00 400 500
Volume of 0,100 M NaOH, mL.

E. Titration Curves of Polyfunetional Acids:

For the titration of a diprotic acid (H,A) with a strong base,

the [H;O'| in the following regions of the titration curve are
calculated as follows:

” \‘le.uu =0 n|L

Ny s oo
If =10, treat as monoprotic acid

If Cioal/Ka >100, [H,0"]=/Cy . K,

2) 0<Vygam<V

15t equivalence point

c o K [HA]
H=pK, +log HA IH‘.O |= al 2
p pK,, +lo; c, ___IHA_.I

A

3) V Titrant = 3 1st equivalence point
c

If }\A‘ 1 KaaCratia >> Ky K2 <107, K;,p<107

[H0"]=JK, K,

33
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") \ 15t equivalence point <V Titrant < V 2nd equivalence point

K, [HA™]
[A*]

HA

€.;
pH=pK,, +1w__!(. * [H,0"]=

5) V Titrant = V 2nd equivalence point

= Gl
If /Ky, >100 [OH ]=JC/K,, =\j(n K

w

moles of acid (H,A) before titration _ Ci; s Viciaetor iaion

b ]
total volume Vs T Vimn

6) Vriirant > V2nd equivalence point

Moles of [OH ] ;.4 —Moles of [H,0"]

[OH |=

total
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EXAMPLE 15-9

Solution
Initial pH
Initially, the solurion is 0.1000 M H,M. Ar this point, only the first dissociation

makes an appreciable contribution to [HyO"[; thus,

[HO"] = [HM"] Cipu/K,, <100

[H*] =sqrt(K,c) cannot be used

35

Mass balance requires that
i = [HM] + [HMT] + [M*] = 0.1000 M
Since the second dissociation is negligible, [M* 7] is very small so thar
g = [HM] + [HMT] = 0.1000 M

or

[H;M] = 0.1000 — [HM™] = 0.1000 — [H,07]

Substituting these relationships into the expression for K, gives

. [HO T[HM] [H,0"]*
Ky=13x1072=—2 = — .
[HM] 0.1000 = [H;0°]

Rearranging viclds

3

[H O™ + 1.3 % 107 [H,0"] = 1.3 % 1073 =0

36
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Because K for maleic acid is relatively large, we must solve the quadratic equation
or find [H3O"] by successive approximations. When we do so, we obtain
[H;O' ] =301 X 107* M
pH=2—log3.01 = 1.52
First Buffer Region First Buffer Region: 0 <V ,,<25.00 mL

T'he addition of base, for example 5.00 mL, results in the formation of a buffer con-
sisting of the weak acid H,M and its conjugare base HM . To the extent that dissoci
tion of HM ™ 1o give M*" is negligible, the solution can be treated as a simple buffer
system. Thus, applying Equations 9-27 and 9-28 (page 220) gives

(HM] 5.00 > 01000 e Y,
O == [H} = = 1.6 el
et 30.00

2500 X 01000 — 5.00 X 01000 = 3
— = 6.67 X 100°M
30.00

i = [HM] =

Substitution of these values into the equilibrium-constant expression for K, yields a
tentative value of 5.2 % 1072 M for [HyO"]. It is clear, however, that the approxima-
tion [HyO'] <
be used, and

. 0r G- is not valid: therefore, Equations 9-25 and 9-26 must

8/12/2021
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[HM™] = 1.67 X 107 + [H;07] — [OH]
[HM] = 6.67 X 107* = [HyO0"] = [OH7]
Because the solution is quirte acidic, the approximation thar [OH™] is very small

is surely justified. Substitution of these expressions into the dissociation-constant

relationship gives

[H,O'1(1.67 % 1072 + [H,O"]) .
- = = -= 1.3 X 107°

o 6.67 % 102 — [H,0]
[H;0" ]2 + (2.97 X 107H)[H,07] — 8.67 X 1074 =0
[HiO'] = 1.81 X 107 M
pH = —log(1.81 X 107%) = 1.74

Addirional points in the first buffer region are computed in a similar way until just

prior to the first equivalence point,

38

[
Just Prior to First Equivalence Point
Just prior to the first equivalence point, the concentration of H,M is so small
that it becomes comparable to the concentration of M* ™, and the second equilib-
rium must also be considered. Within approximartely 0.1 mL of the first equiva-
lence point, we have a solution of primarily HM™ with a small amount of H,M

remaining and a small amount of M?*” formed. For example, at 24.90 mL of

NaOH added,

24.90 % 0.1000
49.90

[HM™] = sum = 499 % 107 M

25.00 X 0.1000  24.90 X 0.1000 2.00 % 10~4 M
= =200 % 1074 M

M 49.90 49.90

Mass balance gives

i+ oy = [HM] + [HM] + [M*]

39
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Charge balance gives
[H;0'] + [Na®] = [HM™] + 2[M*7] + [OH"]

Since the solution consists primarily of the acid HM ™ ar the first equivalence point,

we can safely neglect [OH ] in the previous equation and replace [Na™] with e

After rearranging, we obrain
aunn = [HM™] + 2[M*7] = [H,07)

Substituting this equation into the mass-balance expression and solving for
[H,0°] give

[H;0"] = ey + IM*] — [H:M]
1f we express [M*"] and [H,M] in terms of [HM "] and [H,0"], the result is
RHMT]  [H;071[HMT]

HOT K

[Hy0"] = um +

40

Mulriplying through by [H;O"] gives, after rearrangement,

o [HM"] r v e
[H;0 |-(1 = eumlH;0'] = K,[HM | = 0
al
Substituting [HM ] = 4.99 % 1077, e = 2,00 2 1077, and the values for K, and

K leads 1o
4,838 [HyO P — 200X 1074 [H;0T] — 294 x 10 =0
The solution ta this equation is
[HyO'] =1.014 X 10°*' M
pH = 3.99
The same reasoning applies ar 24.99 mL of titrant, where we find

H;07] =801 X 10°M

pH =4.10

8/12/2021
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Vo= 25. 00 mL
First Equivalence Point

At the first equivalence point,

25.00 > 0.1000

— = 5,00 X 107*M
50.00

[HM ] = cran =

ation 15-15 is certainly justified. On the

Our simplification of the numerator in Eq

other hand, the second term in the denominator is nor <<< |, Hence,

_—
(0% = . | Kot _ [ 59X 107 X 5.00 X 1072
ST TN 4 aundK N 1L+ (500 X 1079/(1.3 % 1073)

=7.80 X 1077 M

80 % 1077 M) = 4.11

pH = — log(7.

42
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Just after the First Equivalence Point

Prior to the second equivalence point, we can obtain the analytical concentrations
of NaHM and Na;M from the titration stoichiomerry. Ar 25.01 mL, for example, the
values are

mmol NaHM formed — (mmol NaOH added — mmol NaHM formed)

EHHM 5 total volume of solution
25.00 X 0.1000 — (25.01 — 25.00) X 0.1000 -
~ < = 0.04997 M
50.01
(mmol NaOH added — mmol NaHM formed) 5
ENaM = = 1.9996 X 107’ M

toral volume of solution

In the region a few tenths of a milliliter beyond the first equivalence point, the solution
is primarily HM ™ with some M*™ formed as a result of the titration. The mass balance
ar 25.01 mL added is

Gum + Gunn = [HaM] + [HMT] + [M*] = 0.04997 + 1.9996 % 1073

0.04999 M

8/12/2021
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and the charge balance is
[H307] + [Na™] [HM™] + 2[M*] + [OH7]
Again, the solution should be acidic, and so, we can neglect OH ™ as an important

species. The Na™ concentration equals the number of millimoles of NaOH added
divided by the total volume, or

M 0. 1000

[Nat] = — - = 0.05001 M
50.01

Subtracting the mass balance from the char,

: balance and solving for [H30"| gives

[H,07]

= [M?7] — [H3M] + (aep + aean) — [Na]

44

Expre

ing the [M*7] and [H;M] in terms of the predominant species HM ™,
we have

KolHMT]  [H;0")[HM"] 3
H.O'] % + (enae + ) — [Na']
yC

[H0'] =

Sinee [HM "] = agum = 0.04997. Therefore, if we substiture this value and numeric
values for ey, + egaan and [Na™] into the previous equation, we have, after
ranging, the following quadratic equartion:

al

Car-

[H.0'] Ka0.04997)  [H;O'1(0.04997)
1,07] = = T -
: [H,07] K

Ky [H;07 2 = 0.04997 K, Ky — 0.04997[Hy0° |* = 1.9996 % 105K, [H,0"]

— 1.9996 % 107°

(K + 0.04997) [HyO']? +1.9996 X 10 *K, [HyO] — 0.04997 K, K, = 0
This equation can then be solved for [H307].

[Hy0'| =760 X 107 M

pH = 4.12

45
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Second Buffer Region 25.00 <\-v:\“0H <50. 00 mL

Further additions of base to the solution creare a new buffer system consisting of
HM ™ and M*". When enough base has been added so thar the reaction of HM
with water to give OH can be neglected (a few tenths of a milliliter beyond the first
equivalence point), the pH of the mixture may be calculated from Ky, With the intro-
duction of 25.50 mL of NaOH, for example,

(25.50 — 25.00)(0.1000) _ 0.050
50.50 5050

and the molar concentration of NaHM is

2.45

(25.00 X 0.1000) — (25.50 — 25.00)(0.1000}
[HM™] = oy, = =
e 50,50 50,50
K, = 5.9x107

a2 =

Substituting these values into the expression for K; gives

pH =pK , +log

[H;O'1[M*]  [H;071(0.050/50.50) "
3 = =— = 5.9 X 10
u [HM ] 2.45/50.50 2

[HyO7] = 2.89 X 107% M

8/12/2021
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Just Prior to Second Equivalence Point

Just prior to the second equivalence point (49.90 mL and more), the ratio M)
[HIM "] becomes large, and the simple buffer equation no longer applies. At 49.90 mL.
e = 1.335 % 107 M, and ey~ = 0.03324. The prir

ary equilibrium is now

M* + H,O0=HM" + OH

We can write the equilibrium constant as

_[OH]

HM] [OH1(1.335 % 107* + [OH])

127 (0.03324 — [OH])

1.00 X 107" -
= o = 160 %10
59 X 10

In this case, it is easier to solve for [OH | than for [H;07]. .\-u|\'in-t: the I‘C.\llllilll_‘_
quadratic equation gives

47

[OH] =4.10 X 107 M
pOH = 5.39

pH = 14.00 — pOH = 8.61

The same reasoning for 49.99 mL leads to [OH ] = 1.80 % 107* M, and pH = 9.26.
Vxaon = 50. 00 mL

Second Equivalence Point SaOn
After the addition of 50.00 mL of 0.1000 M sodium hydroxide, the solution is 0.0333
M in Na,M (2.5 mmol/75.00 mL). Reaction of the base M~ with warer is the predom-
inant equilibrium in the system and the only one that we need to take into account. Thus,

M*™ + H;0=0H + HM
A [OH][HM]

iy = o = LU 190
o moles of acid (H,M) before titration - Cit;00 Vet before tirstion
total volume Veia + Vi
=0.0333M

|
IC, == =2.38x10~
J

[OH" ]=yC,K,, =\ K,

48

16



[OH™] = 237 X 107° M, and pOH = —log(2.37 X 107%) = 4.62

pH = 14.00 — pOH = 9.38

_ moles of acid (H,M) before titration _ Cy s Vicistetoresimion_ 0.1000x25.00

: total volume Vi TV 25.00 +50.00
=0.0333M X
[OH ]=CK,, :Vfc,, KJ =2.38x10°°

pH Just beyond Second Equivalence Point

In the region just beyond the second equivalence point (50.01 mL, for example), we still
ive OH "~ since not enough

cal concentration of

need to take into account the reaction of M*™ with water to
OH" has been added in excess o suppress this rea

S B T . =
M*" is the number of millimoles of M* ™ produced divided by the total solution volume:

25.00 ¥ 0.1000

o = = (L03333 M
M 75.01 33 M

8/12/2021
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The OH ™ now comes from the reaction of M*™ with water and from the excess
OH"™ added as titrant. The number of millimoles of excess OH ™ is then the num-
ber of millimoles of NaOH added minus the number required to reach the second
equivalence point. The concentration of this excess is the number of millimoles of

excess OH ™ divided by the toral solution volume, or

. (50.01 — 50.00) X 0.1000 .
[OH7] = = 1.333 X 10°M

e 75.01
The concentrarion of HM ™ can now be found from &

[M*] = o [HM™] = 0.03333 = [HM]

[OH] = 1.3333 X 1077 + [HM ]
[HM ][OHT] _ [HM](1.3333 % 10°* + [HM]) i
bl = ] = - = 1.69 X 10
[M*] 0.03333 — [HM ]

Solving the quadraric equation for [HM ™| gives

[HM ] = 1.807 X 1073 M

50

and

(3

[OH 1=13333 X 10+ [HM | =133 X 10+ 1807 X 10 =314 X 10° M
pOH = 4.50 and pH = 14.00 — pOH = 9.50

The same reasoning applics to 50.10 mL where the calculations give pH = 10.14

pH beyond the Second Equivalence Point

Addition of more than a few tenths of a milliliter of NaOH beyond the second equiv-
alence point gives enough excess OH ™ o repress the basic dissociation of M?*". The
pH is then calculated from the concentration of NaOH added in excess of that re-
quired for the complete neurralization of HyM. Thus, when 51.00 mL of NaOH have
been added, we have 1.00-mL excess of 0.1000 M NaOH, and

1 1.00 > 0,100
[QHT] = ——— =132 % 107>M
76.00

pPOH = — log(1.32 X 107%) = 2.88

pH = 14.00 — pOH = 11.12
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J‘a 14
LN 25 mL of 0.1000 M H,M 25 mL of 0.1000 M
o With NaOH (A) H,PO,

(B) Oxalic acid

8/12/2021

g (C) H,SO,
E

6

4

2

[ 0

0 10 20 30 40 50 6 0 10 20 30 40 50 il
Volume of 0.1000 M NaOH, mL Volume of 0.1000 M NaOH, mL
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— =

pH

0 10 20 30 40 50 60
Volume of (L1000 M HCI, mL

Titration Curves for Polyfunctional Bases

(25 mL of 0.1000 M Na,CO4 with 0.1000 M HCI)
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The composition of solution of a
polyprotic acid as a function of pH

HM < H' +uM k- [HOEM] - [HM] K,
= Y [HM CO[HM] [H]

. S _ [HM*]
HM = H'+M K, = N
[HPMY] M*] KK,
[HM] ° [HM] [H']

HM 2 2H +M* KK, =

MBE: ¢, = [H,M] + [HM ] + [M*]
_[HM]_ [H,M] _ 1
¢ [HMI+[HM]+[M*] | [HM]  [M]
[H,M]  [H,M]
~ 1 _ [H'T
+ Kal + KalKaz - [H+]Z+ Kﬂl[l‘r] + K, Ka
[H'] [H'TP

%
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For a diprotic acid (H,M):

[H,M] [H,0'T
[[0 = = = = =
C, [H,O'T+K,[HO']+K, K,

_[HM]_ K, [H,0']
Cr  [HO'] +K,[H,0']+K,K,,

a,

" M K.Ko
' ¢, [H0'T7+K,[H,0']+K K,

dy+a, +a, =1

8/12/2021
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0.8
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Alpha values

=
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0.0

pH

2004 Themaen - Brocka/Com

Composition of H,M solution as a function of pH
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F. General Expression for « Values of a Polyvprotic Acid (H,A)
(Fraction of species when pH is fixed and known)

For the denominator:
D=Cr ={H0 "+ Ky[H0'[* "+ KyK o012 4.+ KiK. K,
where n = number of acidic protons in formula

_[HO'T
W=
— KI'I[HjO‘]nl
D
o Ka'lKa_‘{IISor]n-:
y D

d, +a, +d,+.=1
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Phosphoric Acid Species Composition Distribution

Lo PO H,PO; HPO,” PO.*
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e
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0.0
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CHE311 Assignment (due in 7 days):

Use Excel or other software to construct the
composition curves of phosphoric acid
solution as a function of pH. H;PO,: K, =
7.25%103, K,, = 6.31x108, K ; = 4.80x10-"3.
You are required to email the instructor your
Excel spreadsheet. Please make sure to
label the plot properly, and use the file name
of “CHE311_Assignment 7_your name”.
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Chapter 15 Summary

Find the pH of mixtures of strong and weak acids and
strong and weak bases

Construct titration curves of mixtures with NaOH

Calculate the pH in solutions of polyfunctional acids and
bases, such as phosphoric and carbonic acid

Calculate the pH of buffer solutions made from
polyfunctional acids

Determine the pH of amphiprotic salts

Construct titration curves of polyfunctional acids and bases

Compute alpha values for polyprotic acid solutions
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Important Equations

_ [Hy0"][H:PO,]

+ H0= =+ i g S = 711 X 107?
For H,PO, + H,0 = H,PO,~ + H,0 e 0] 7
- . . [H,0*][HPO] .
For H,PO,” + H;O = HPO# + H,0 Ka= W =632 % 10
For HPO,#™ + H,0 = PO/~ + H,0" Ky =

HO =/ h
(K07 N1+ avan/Ka
[HaM] [HM] ]
a = = Tl

Alpha values: ag = [HyO™1YD, e = K, [H,O0* 1"~ YD, and so forth, where

D= [HOT + Ky [HO [ + K K[H,0

61
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