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A More Rational Treatment of the Acid-Base Equilibria
Applying the Proton Condition, or the Hydroxyl
Condition, in Equilibrium. How the Hydroxyls

are Additive in Equilibrium: Dissolutions of Bases,

Salts and Mixtures

Alfonso Casado-Riobo

Departmento de Quimica Aplicada, Faculted de Quimica, Universidad del Pais Vasco,

San Sebastian, Spain

The calculus of the acid-base equilibria can be rationalized by applying the proton condition or
the hydroxyl condition in every case, on solutions of strong bases, mixtures of bases, mixtures of
acids and bases, and different salts. Furthermore, applying the proton condition or the hydroxyl
condition in equilibrium, it is clearly pointed out that the hydroxyls in equilibrium are additive
in solutions of strong bases as well as in those of weak bases.

Keywords Proton condition, hydroxyl condition, the hydroxyls are additive

INTRODUCTION

The system procedure followed in the textbooks of the last
decade for the treatment of the equilibria in dissolutions of bases,
salts and mixtures, is identical to the one used for the solution of
acids. They make a balance of masses and a balance of charges
that, combined with their respective constants of equilibria that
take part on the system, guide us to the hydroxyls in equilibrium
(1-7).

In a similar way to how the dissolutions of acids have been
treated (8), in this work the dissolutions of bases will be treated,
too, using the proton condition in equilibrium. And as the bases
provide hydroxyls to the dissolution, we will be able to solve
them, too, applying the hydroxyl condition in equilibrium, that
as we will observe, guides to the same solution.

Here we will solve several cases of dissolutions of bases,
although the same situations we set out for the dissolutions of
acids can be set out now, and we will use the same system and
the same criteria we used in the case of the acids:

¢ We will consider every term that is a hundred times
smaller than another one to be negligible.

e We will suppose that what weak bases dissociate is
negligible compared to their initial concentrations,

Address correspondence to Alfonso Casado-Riob6, Departamento
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and later we will prove if the supposition made is
valid.

¢ Here it is proposed that the OH™ that come from strong
bases will be called OHp . because they are not sub-
ject to any equilibrium, on a similar way to what was
described with the strong acids.

DISSOLUTIONS OF BASES
Strong Base BOH

The strong base is completely dissociated providing B* and
OHpggg to the dissolution on equal concentrations to the initial
concentration of BOH. We would have a dissolution:

4 I
% —» B" + OHpree
Ci Ci i

C

107"
H,O =— H' + OH

X X /

This is a dissolution that is in equilibrium and to which we
can apply the proton condition.

Proton condition in equilibrium : [H*]equinbrmm

= Z[H+]provide - Z[H+]rem0ve

147
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In the dissolution as many protons as OH™ appear due to the
equilibrium of H,O, and as many protons as OHg,p that the
dissolution of strong base provides will disappear (the OH™ are
—HT™). This way we would get [HY] = [OH™] — [OH™ |gREE,
that putting it in order leads us to:

[OH™ ] = [OH leree + [H']

and if we fix carefully on the solution we have reached, we will
notice that what we have obtained is the balance of hydroxyls
of the dissolution, the hydroxyl condition.

In any dissolution we can reach the situation of equilibrium
through the H* in equilibrium or through the OH™ in equilib-
rium. Thus, we can propose the hydroxyl condition in equilib-
rium making the corresponding balance of OH™, balance that
will be given by the hydroxyls that are provided and removed
from the dissolution.

Hydroxyl condition in equilibrium:[OH™ Jequitibriuum

= Z[OH_]provide_ Z[OH_]remove

In the dissolution as many OH™ as [OH™ Jgrgg are provided
due to the strong base, and furthermore, as many OH™ as H*
due to water (in this dissolution OH™are not removed). Then we
will get:

[OH™] = [OH " Iggee + [H']

Exactly the same as with the proton condition, and where
writing the H' according to the OH™ in equilibrium, it guides
us to the general equation for strong base:

Kw
[OH™]

It is a similar equation to the one obtained for strong acids,

that solves the same way with different situations of more or

less concentrated bases, and that is simplified in a similar way
depending on the case we find.

[OH™] = [OH™ Jrree + (1]

Moderately Concentrated Strong Base
For instance, let us suppose a strong base BOH 1073 M, so
that in the dissolution we would have:

—% B" + OHges

10° 102 107
o™

HO0 =~ H' +OH

X X

This is a dissolution that is in equilibrium, as there is no
possibility of any reaction. The OH™ of the strong base are
OHpggg, that play like common ions with those of H,O.

Applying the OH™condition, we would find that as many
hydroxyls as OHpy ., appear due to the strong base, plus as many

OH™ as protons due to water: [OH™] = [OH lgrge + [HT],
and where writing the H' according to the OH™ we would get:
[OH™] = [OH™ ]rreg + [OKTWT

Arguing the same way we did for the acids (8), we observe
that as a minimum there are 10~>M of OH™, so that [OH"] =
1072+ 202 = 1073+ ~ )!" = 107> M. In the dissolution,
the OH™ of the strong base prevail, as it was expected, and what
water provides is negligible.

We continue assuming that every term 100 times less than
another one is negligible.

For concentrations of strong base higher than 10~°M, the con-
tribution of water is negligible comparing with the contribution

of the base, so that [OH™] = [OH™ |grEE.

Very Diluted Strong Base

Let us suppose a dissolution of strong base BOH with con-
centration 107 M, so that initially in the dissolution we will
have:

—p BT+ OHpree

107 107 107
10—14

HO = H' + OH

X X

Applying the hydroxyl condition we will have:
[OH™] = [OH ™ Jgree + [H'].
That will guide us to the Eq. [1], [OH™] = [OH ™ Jpreg + e

[OH™]”
where substituting the OH™ that are in the dissolution due
to the base forms the equation [OH™] = 1077 + ;%1,47 =

10774 a2 10~7. The contribution of water is not negligible yet,
so we will have to take it into account solving the complete
equation [OH™ ] = 1077 4+ %, from where it is obtained that
[OH™] = 107%7M. With these hydroxyls in equilibrium, the
HT that H,O provides will be 10~72! M, that will also be the
OH™ that H,O provides to that dissolution.

Thus, the dissolution in equilibrium will be formed by:

—> B+ + OH}REE

107 107 107
107

H,O0 = H' + OH

10—7.2] 10—7,21

As the hydroxyl condition said, [OH™] = 10774+ 1077?! =
10767 M. Where the contribution of water is not negligible, it



12: 04 17 January 2011

Downl oaded At:

ACID-BASE EQUILIBRIA APPLYING THE PROTON CONDITION 149

seems that something else happens: The hydroxyls in equilibrium
are additive, as well as they were the H" in equilibrium in the
case of the acids.

Following the same reasoning as with the acids, we reach the
conclusion that for concentrations of strong base between 10~°
and 1078 M the contribution of water is not negligible, so that
the complete Eq. [1] will have to be solved.

Finally, for concentrations of base less than 10~8 M, the con-
tribution of the base will be negligible, and the hydroxyls in
equilibrium are the ones that water provides. That is: [OH™] =
1077 M.

Mixture of Strong Bases
Let us suppose a dissolution that contains strong bases BOH,
COH, and DOH on 10~2 M concentrations.

GX{%BwLOHQ

1072 10

%H —» C  + OH e

0 1072 1072

% » D+ OHier
0~ 1072 1072

10—14
HO = H' * OH
\_ o~ )

We have a dissolution of strong bases in equilibrium, and we
can apply the proton condition:

[H*] = [OH ] — [OH Irree — [OH ™ Jeree — [OH ™ Jrree
that written in order will lead us to:
[OH™] = [OH ™ Irree + [OH™ Igree + [OH ™ Jrree + [HY]

that would be the same result if we applied the hydroxyl condi-
tion. In the dissolution there appear as many OH™ as the sum of
free hydroxyls, plus as many OH™ as H* due to water.

Substituting the concentrations of OHggppp and writing the
protons of water according to the OH™ that the dissolution has
in equilibrium:

Kw
[OH™]

[OH™] =) " [OH Jerer + [2]

that is the general equation for mixture of strong bases

In this case we will have [OH"] =3 x 1072 + %, and
if we take into account that in the dissolution there are at least
3 x 1072 M hydroxyls, we will get [OH"] = 3 x 1072 +

10" 3% 10724 ~ X '%5 = 3 x 1072 M. The hydroxyl
Sa0” = R = . The hydroxyls
of the dissolution are due to the strong base, and what water
provides to this dissolution, from H' and from OH™, will be
107125 M.

Thus, the dissolution in equilibrium will be formed in the
following way:

02 1072 1072
C —p» C + OHree
102 1072 1072
}fgﬁ —> D+ OHe
0 1072 1072
10—14

J—

H,0 = H' * OH
k 107125 1042,5/

where the hydroxyls in equilibrium are: [OH™] = [OH™ Jrrge+
[OH Jeree + [OH Jgree + [HT] = 1072 + 1072 4+ 1072 +
M9 =3x1072M

Monoprotic Weak Base
Let us suppose a weak B™in concentration Ci and K that in
dissolution will be:

TR

B~ + H,0 = HB + OH-
Ci-x X X

10—14

H,0 ~ H' + OH
k y y /
Applying the proton condition, we observe that as many
H™ as OH™ appear due to the equilibrium of H,O. And as
many H™ disappear as HB appear, that will be the same as the

OH~ that appear: [HY] = [OH™] — [HB]. Writing it in order
will be:

[OH™] = [HB]+[H"]

that is really the hydroxyl condition; as many OH™ as HB appear
due to base B, plus as many OH™ as H" due to water.
Writing the concentration of HB according to the initial con-
centration of B~ and of the OH™ that the dissolution has in
equilibrium, and the H according to the OH™ in equilibrium
leads to:
- Kg-[B~7] Kw
[OH™] = — + = (3]
Kg- +[OH™] = [OHT]
that is the general equation for weak monoprotic base that will
be able to be applied to any dissolution of weak base, and that
will be simplified, depending on the cases, in a similar way to
what was observed in the dissolutions of weak monoprotic acids.
Thus, we will suppose that what the weak base dissociates is
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negligible in contrast with the initial concentration, so that we
will get the simplified equation:

Kg-[B7] Kw
[OH"]  [OHT]

[OH"] = VKg-[B7] + Ky (4]

[OHT] = from where we get that:

What the Weak Base Dissociates is Negligible in Contrast With
its Initial Cconcentration

Let us suppose a dissolution of NH3 with pK = 4.8 and
concentration 1 M. We will have in dissolution:

4 107** \

NH; + H,LO =~ NH,” + OH”
1-x X X

107
H,0 ~— H" + OH"

N S

In the dissolution as many protons as OH™ will appear due to
water, and as protons disappear NHZ’ appear due to the ammonia:

[H*] = [OH™] — [NH;]
that putting it in order guides us to the hydroxyl condition:
[OH™] = [NH{] + [H*]

and that leads us to a similar equation to the Eq. [3]:

Knn, [NH3] Kw

[OH"] = - -
Knn, +[OHT]  [OHT]

(5]

and where supposing that what the ammonia dissociates is neg-
ligible in contrast with its initial concentration, we get that:

[OH"] = \/Kn, INH ] + Ky = /1045 5 1+

= 107%* M.Thus,[OH"] = 107** M = [NH]].

The supposition made is valid, I — 1072# = 1. The [OH] that
water provides to that dissolution will be 10~'!® M, that will
be the same quantity as the protons that water provides. The
dissolution in equilibrium will be.

/ 107** \

NH; + H,0O =— NH,* + OH"
| 10724 1024

10—]4
HO = H' + OH

lo—llb 10—11A6
N /

where it is pointed out that the OH™ in equilibrium are addi-
tive, although the contribution of water is negligible in contrast
with the contribution of ammonia: [OH™] = 107> 4 {16 =
10~2* M. And where every equilibria continue being fulfilled:
10*2-4710*2-4 — 10748 = Kxp,. and 10724 x 107116 — 107~ =
Ky.

The Contribution of the Dissolvent is Not Negligible

Let us suppose a dissolution of o-Phenanthroline (Phen) 10~
M and with pK = 9.0.

/ 1079 \

Phen + H,0 =— Phen-H* +OH"
10*x X X

10—14
HO = H' + OH
y y

\_ J

Dissolution that is in equilibrium and to which we can apply
the proton condition:

[HT] = [OH"] — [Phen — H*]

that written in order leads us to the hydroxyl condition:
[OH™] = [H"] + [Phen — H']

Substituting [HT] and [Phen-H*] by [OH™] in equilib-
rium and by the initial concentration of Phen we reach:
[OH ] = +/KinlPhen] + Ky = V10720 x 1074 + 10714 =
VI0TB + 107 = 107%*M, where it is observed that the
contribution of water is not negligible. With these hydroxyls
in equilibrium we will obtain [Phen-H*] and [H*] that are in
that dissolution in equilibrium, [Phen-H*] = 10762 M and [H*]
= [OH~] = 107732 M due to the equilibrium of water. Again,
what the base dissociates is negligible comparing with the initial
concentration, 10~% — 1072 = 10~* M.
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Then the dissolution in equilibrium will be:

K 107%° \

Phen + H,0 = Phen-H* +OH"
1074 107652 107632
10—]4
HO =— H' + OH
10—7.52 10—7,52

- /

As the proton condition in equilibriums, or the hydroxyl
condition, states is the same: [OH™] = [H*] + [Phen-H"] =
1077224 107652 = 10~%® M. That is, the OH™ that the base o-
Phenanthroline in equilibrium provides, 10762, plus the OH™
that water in equilibrium provides, 10772, are 107648 M. The
hydroxyls in equilibrium are additive.

And as the dissolution is in equilibrium, all the equilibria are
being fulfilled: 100" = 1070 = Kppey, and 10704 x
10772 = 107" =K.

Mixture of Strong Base and Weak Base
Let us suppose a dissolution that contains a strong base AOH
and a weak base B~ with a constant K g —and concentrations Ci.
The dissolution in equilibrium will be:

@Q — > A OH‘FREE\
i

Ci Ci
Kg-
B~ + H,O = HB + OH~
Ci-x X X
10"

H,0O =— H' + OH"

K y y /
from where it can be obtained that:

[OH"] = [OH Jrres+[HB]+[H']

where writing every term according to the initial concentrations
and to the OH™ in equilibrium it leads to:
_ _ Kg-[HB] Kw

OH™] = [OH + + 6

[ 1=1 IrREE Ks +[OH] ' [OH] (6]
that is the general equation for mixture of strong base and weak
base, and that can be simplified depending on the conditions of
the dissolution.

The Contribution of Weak Base is Negligible

Let us suppose a mixture of NaOH 1072 M and OAc~ 102
M with pKg, .- =9.2.

The dissolution in equilibrium contains:

/%H ) Na+ + OH_FREE\

102 102 107
1072
OAc™ + H,0 = HOAc + OH"
1072-x X X
10"
H,0O = H' + OH

v

We have a dissolution that contains two bases and water in
equilibrium, and to which we apply the hydroxyl condition:

[OH ™ ]=[OH " Jprgg+[HOAC]+[H].

Supposing that what OAc~dissociates is negligible comparing
to the initial concentration, it leads to the expression: [OH™ ] =

[OH ™ Jprer + “245122) + Koo Substituting the values of the
constants, and taking into account that in the dissolution there
are at least 1072 M of OH~ due to NaOH, it is obtained that
[OH™] = 1072 10202 4 105 — 10724 ~ 024 ~
{2 = 107>M where it is showed that the hydroxyls provided
by weak base and by water are negligible to the ones that the
strong base provides.

The hydroxyls in equilibrium are the ones that the NaOH
provides, as it was expected. From their respective constants and
the OH™ in equilibrium, we obtain the concentrations: [HOAc]
=102 M, [H*'] = 107> M and [OAc"] = 1072 — 1072 =
1072 M; the hydrolysis of the OAc™ is negligible.

The dissolution in equilibrium will be:

% —p Nat + OHpree
02 1072 1072

10—9.2

OAc™ + H,O = HOAc + OH™
102 10792 10792

107"
HO0 = H' + OH

K 1072 1072 /

The OH™ in equilibrium are additive: [OH™] = 10724+
X2+ M2 = 1072 M, and all the equilibria are fulfilled
in the dissolution.

The Contribution of the Weak Base is not Negligible. Let us
suppose a mixture of NaOH 10> M and NH3 1 M with pK =4.8.
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The dissolution in equilibrium contains:

REE
2 102 107
10—4_8
NH; + H,LO = NH,* + OH™
1-x X X
10™
HO = H' + OH

N

from where it is obtained that:

[OH™] = [OH Jgree + [NH; ]+ [H']

and supposing that what NH; dissociates is negligible comparing
to the initial concentration, it leads to the expression: [OH™] =
[OH Irreg + KN{SS\ET}] + [é(}f;] .Substituting the values of the
constants, and taking into account that in the dissolution there are
atleast 10~2 M of OH~ due to NaOH, it is obtained that [OH™] =
1072 4 100l 4 08— 1024 &~ 107254 ~ 12, where it
is pointed out that the contribution of water is negligible, though
the contribution of ammonia is not negligible yet. Thus, we will
have to solve our problem taking into account the contribution of
the strong base and the contribution of the weak base: [OH™ ] =

- Ky [NH _ 43
[OH™ Jgree + N[F&[{,] =102+ oy from where we get

the second grade equation [OH 12— 1072[OH ]—-10*% =0
that once solved gives us [OH™] = 10794 M.

Once known the concentration of OH™ in equilibrium, we
can obtain the concentration of all the other species of the dis-
solution: [NHI] = 10728 M = [OH] that the equilibrium of
ammonia provides, [NH3] = 1 — 107286 = 1 M (the supposition
made of what the NH3 dissociates is negligible is valid), and the
concentration of protons that water provides to that dissolution
will be [H*] = 107206 M = [OH ] that water also provides.

Then the dissolution in equilibrium will be:

/ }@ " Na® + OMfuee \
0-2

1072 107
10748
NH; + H,O = NH," + OH~
1 1072% 10728
107

H,O = H" + OH"

K 10—12.06 10—]2.06 /

The hydroxyls in equilibrium continue being additive: [OH™]
= 10724 1072804 Y129 = 10~1-%* M. And in the dissolution
all the equilibria are being fulfilled: 102x10" — 1o—48 —
Kxg,, and 1071206 5 10719 = 10714 = K,,.

0! 94

Mixture of Weak Bases
Let us suppose a mixture of OAc™ 1 M with pKg,.- = 9.2
and BO, 1 M with pKgq = 4.8.

e N

OAc + H,O = HOAc + OH™
1-x X X
1078
BO,” + H,0O = HBO, + OH"
-y y y
0™
H,O = H' + OH

N

Applying the hydroxyl condition we will have:

[OH ] = [HOAc] + [HBO,] + [H']

where substituting every term by the initial concentrations and
the OH™ in equilibrium, the following equation is reached:

Koac- [OAcT]  Kgo, [BO; | Ky

[OH] = - = -
[OH™] [OH™] [OH™]

(7]

that is the general equation for mixture of two weak bases, and
operating it is obtained:

[OH] = \/[Koae [0AC ]+ Kgo, [BO; 1 + K,

= \/1)g{*9<2 x14+107*8 x 1 + M =10"2.4 M.

The hydroxyls of the dissolution in equilibrium are due to the
strongest base BO, , and the contributions of H,O and OAc™
are negligible. Once the OH™ in equilibrium is known, we will
obtain the concentrations of the rest of the species in the dissolu-
tion: [HBO,] = [OH~] = 10~2*4 M as it is the main equilibrium,
so the supposition made is valid (1 — 10724 = 1), [HOAc] =
10768 M = [OH~] that OAc~ provides to the dissolution, and
the [OH™] that H,O provides will be 10~'1® M (that will be
equal to [HT]).
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The dissolution in equilibrium will be formed by:

TR

OAc + H,0O = HOAc + OH™
1 10—6_8 10—6_8
10748
BO,” + H,0 = HBO, + OH"
1 1024 10724

0™
HO = H' + OH

\ 107116 107116 /

The hydroxyls in the dissolution continue being additive:
[OH™] =8+ 107244 D¢ = 10724 M and all the equi-
libria are being fulfilled.

DISSOLUTIONS OF SALTS

To solve problems of dissolutions of salts, we will have
to take into account that they are strong electrolytes and
as a consequence, they are completely dissociated in the
dissolvent H,O. Once dissociated in the ions, we will ap-
ply to the ions that provide the dissolution the possible
equilibria that take place with the dissolvent to reach the
dissolution in equilibrium. To the dissolution in equilib-
rium we will apply the proton condition or the hydroxyl
condition.

Salt of Strong Acid and Strong Base

Let us suppose a dissolution of NaCl 10~2 M.

As a consequence of the dissociation of NaCl, in the dissolu-
tion we will have Nat 102 M and C1~ 102 M; as Na* comes
from a strong base, it is a neutral cation (it doesn’t give any acid-
base reaction), and as the anion CI~comes from a strong acid, it
will also be neutral. Then, in the dissolution in equilibrium we

will have:
4 N

K+ H,0 —» Na" + H,0
G G

><+ H,0 —p CI° + Hy0
G C

1 107
H,O =— H" + OH

\ o
The only species with acid-base properties is wa-
ter, so that applying the proton condition we will have:

[H*] = [OH~] = 1077 M. If we had applied the hydroxyl con-
dition, the solution would have been the same: [OH™] = [HT]
=10""M.

Salt of Weak Acid and Strong Base

Let us suppose a salt of NaOAc 1072 M and with pKg, - =
9.2. NaOAc is completely dissociated to give ions Nat 1072 M
and OAc™ 1072 M, that in the dissolution will be:

}{; H,0 —» Na" + H,0
0

107
10—9.2
OAc™ + H,O = HOAc + OH™
1072-x X X

1 0—14
H0 =~ H" + OH
K M M J
In the dissolution there appear as many protons as OH™ due
to H,O, and disappear as many protons as HOAc appear due to
the equilibrium of OAc™. Na™, a neutral cation, does not have
an effect on the acid-base equilibrium of the dissolution (it has
an effect on the ionic force, but that is not a matter of concern

now).
Applying the proton condition we have:

[H*] = [OH™] — [HOACc]

that written in order leads us to the hydroxyl condition:

[OH™] = [HOAc] + [H*].

As can be observed, the solution of a dissolution of salt of
weak acid and strong base is exactly the same as that of a dis-
solution of the weak base OAc™ in water. Substituting [HOAc]
and [H'*] by the initial concentrations and the hydroxyls in equi-
librium leads to: o )

[OH] = L bg{’?“ 1 4 [lC()JI:I’]’ that is similar to the
Eq. [4] that was obtained for weak base and that leads us to
[OH] = V1072 x 102 +107% = V10 2+ )" =
1075 M = [HOAc], [OAc™] = 1072 — 107%° = 1072M,
yand [HT] = 10734M.

Salt of Strong Acid and Weak Base
Let us suppose a dissolution of NH;NO; 1072 M and with
PRy =9.2.
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We will have in the dissolution NH; 107> Mand NO; 1072 M
that will be fulfilling their respective equilibria in the following
way:

@gg + HZO ' N037+ HzO\
1 -2

1072
10—9.2
NH,t = NH; + H
1072x X X
107

HO =— H' + OH"

N oy

The anion NO3 doesn’t have any influence on the equilibrium
because it is neutral, so that we are in front of a dissolution of
weak acid, NHI, in water:

[H*] = [NH;3] + [OH]
that we already know how to solve (8).

Salt of Weak acid and Weak Base

Let us suppose a dissolution of NH4F 10~! M, with PRy =
9.2 and pKy- = 10.8.

In the dissolution, we will have NH; 10~! M and F~ 107!
M fulfilling their corresponding equilibria:

!./ 10—9.2 ‘I
! ONHS T ONH; + HT
g 107'x X X :
i i
' F + H,O = HF + OH” :
107y y oy i

As we have an acid, NHI, that provides HT to the disso-
lution and a base, F~ that provides OH™, it will have to be
questioned if the dissolution is in equilibrium (if what pre-
vails in the dissolution in equilibrium are the species of the
beginning).

In this dissolution, what will happen is that the H* will re-
act with the OH™ to form H,O. And if they were H;REEand
OHppp, K = 10*'4, But as they come from weak acid
and weak base, they are subject to their corresponding equi-
libria and they will have to be taken into account. Thus,
traditionally in the dissolution the following equilibria will be
formed:

10772
NH,t =—NH, + H'
107" x X X
10—]0,8
F- + HLO = HF + OH"
107y y oy
10+I4
H' + OH" =— H,0
X oy
K=10"°°

NH,* + F =— NH; + HF

The value of the K of the reaction of NH; with F~will be the
product of the constants:

K=107%2 x 107108 x 10*!* = 107%°, The value that points
out that the ammonium reacts with the fluoride, but in a small
extension, so that we can assure that the dissolution is in equi-
librium, and prevails NH; 107! M and F~ 107! M.

Personally, I think what really happens is that the F~ directly
reacts with the H* of NHI, that are freer protons than those of
H,O0, as it is a stronger acid. Then, the reaction will be:

1072
NH,” =— NH; + H'
107 x X X
]0+3.2
F- + H" = HF
107-x  x X
K

NH,* + F =— NH; + HF

where the value of the constant continues being the same: K =
10792 x 10732 = 10769,
Anyway, the same dissolution in equilibrium is reached:

A) 1072 B) 1072
NHS = NH, + H' NHS = NH, + H*
10—108 10+32
F- + H,0O = HF+ OH" F~ + HY = HF
107 107
HO =— H + OH H,0 =— H' + OH"

However, by means of Scheme A it can be anticipated how
the dissolution in equilibrium will end, acid or basic. In this
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case, the dissolution has to be acid because with the constants
observed, the acid, NHI, is slightly stronger than the base, F~.
To any of the two schemes we can apply the proton condition in
equilibrium, getting the same solution:

[H*] = [NH;3] + [OH™] — [HF]

that once written in order becomes: [H*] + [HF] = [NH3] +
[OH].

Substituting every term by the initial concentrations and
the protons in equilibrium, and supposing that what both
reactions move towards the right is negligible in con-

trast with the initial concentrations, leads to: [H'] +
KNHIX[NHI]

[HAIx[F7] _ Ky ing i
Kr ~ = T T e Where operating it leads to the
expression:

Knp; [INH T+ Ky
[F~]

[H'] = (8]

that is the general equation for salt of weak acid and weak base,
and that can be simplified depending on the conditions:

o If Kyyr x [NHy] >> K, = K, is negligible.
o If [F7] >> Kyr = 1 is negligible.

We get the simplified equation: [H"] = /Knuy X Kup =
V10792 x 1032 = 10752 M, because in equilibrium [NH; ]
= [F~]. And as we had expected, the dissolution in equilib-
rium is lightly acid. From the corresponding constants, it is ob-

tained: [HF] = ‘Of(fixgo‘ = 107*M, [OH ]= 1078 M, and

[NH3] = w_fgfxﬁ_lzo_] = 10~* M. What both species react is neg-

ligible in contrast with the initial concentration (10~!-107% =
1071, and [NH ] = [F"]=10"! M.

It can attract someone’s attention the fact that the H™ that the
NHIprOVides are not the same as the NH3, and that the OH™ that
the F~ provides are not the same as the HF. Well, initially the
NH; will provide [H"] = 10~* M and F~will provide [OH"] =
10~* M. But these protons and these hydroxyls would not be in
equilibrium because 107 x 10~*> Kw , so that they will react
until they reach the situation of equilibrium. In fact, a dissolu-
tion that contains NHI 10~! M and NH; 10~* M has to have
10752 M of H* in equilibrium, and a dissolution that contains
F~ 10~! M and HF 10~* M has to have 10~7% M of OH™ in
equilibrium.

What happens in this dissolution is that the equilibrium that
prevails is: NHI—}— F~ = NH;+ HF,; this determines conditions
thatin the dissolution in equilibrium are [NH; ] =[F~]=10"'M
and [NH;] = [HF] = 10~* M, that works as a buffer dissolution,
as Butler said (9).

Let us see what happens if we dilute the dissolution of the
beginning. Let us suppose a dissolution of salt NH4F 103 M.
We will have in dissolution:

(D

NH,* =— NH; + H*

107°x X X
10—|0.8

F~ + H,0 = HF + OH~

107~y y y
107

H,0 = H' +OH

N ©

Applying the proton condition, we reach:

e (et [ \/10—12~2+ 10~

1+11(§)% 1+10+0.2

=107% M.

In the general expression it is observed that no term is negligi-
ble yet, and the protons in equilibrium are 10~ M. With these
protons in equilibrium and from their respective constants, the
concentrations of all the species in the dissolution are obtained:
[NH3]=10">M, [HF] = 1075 M, [NH; ] =103 - 107 =
1073M, [F 1=10"3—-10"%!' =10~3 M, and [OH"] = 10777
M, so that the dissolution in equilibrium will be:

SRR

NH," == NH; + H'

10—3 1 0—5_9 10—5_9
10—10.8

FF + H,O = HF + OH"

10—3 1 0—6.] 10—6.]
10—14

H,O ~— H' + OH"
\ 1077 10‘y

The protons in equilibrium will be [HT] = 1073 — 107614+
10777 = 10753 M, and as a consequence of the dilution, the
buffer effect does not prevail yet. The H' that the NHI provides
are the same as the NHj3, and the OH™ that the F~ provides are
the same as the HF. Furthermore, the contribution of H,O is not
negligible yet.




12: 04 17 January 2011

Downl oaded At:

156 A. CASADO-RIOBO

Solutions of Amphiprotic Substances

Let us suppose a dissolution of NaHCO; of concentration
10~! M and with the following constants for H,CO;3: pK; = 6.4
and pK, = 10.3.

We will have in dissolution Na* 10~! M and HCO3 10~
M that will be fulfilling their respective equilibria. As it has
been observed on the previous parts, Nat doesn’t produce any
acid-base reaction, so we won'’t take it into account. Thus, the
dissolution will contain HCO5 that will be able to work as acid
or base, as amphiprotic substance, that is:

10—10.3
HCO; = COs~ + H'
-X X X
107

10—7.6
HCO;” + H,O = H,CO; + OH~
-y y y

10+]4

H* + OH- =— H,0
X y

K=107°

HCO;” + HCO; = CO;* + H,CO;

The value of K of the reaction of HCO;3 as acid with HCO3
as base, will be the product of the constants: K = 107103 x
10776x 107 = 1073, This value that points out that HCOJ
reacts with itself but in a small extension, so that we can assume
that in the dissolution in equilibrium what prevails is HCO; 10~
M. With the constants observed, the dissolution in equilibrium
must be alkaline.

o If we fix on the dissolution, we will take into account
that we are in the same case as in the previous part, a
weak acid and a weak base, that can be solved exactly
the same way.

e In a similar way to what was observed in the previous
case, it is expected that HCOS as base reacts with the
H* that HCOJ gives as acid, as the protons are freer
than the ones that H,O provides.

Anyway, applying the proton condition in equilibrium, the
same solution is reached:

[H"] = [CO3™] + [OH ] — [H,CO;3]

that leads us to a similar equation to Eq. [8]

Ka2[HCO; |+ Ky

[HCO; |
1+ ==

H'] =

that is the general equation for amphiprotic substances.

And as K, x [HCO3] >> K, = that K, is negligible, and
as [HCO5 ] >> K; = that 1 is negligible, we get the simplified

equation: [H™] = _/Ky,co, X Kyco; = /10-64 x 10-103 —

107535 M. Once the protons in equilibrium are known, the con-
centrations of the rest of the species in the dissolution can
be calculated: [CO3 ] = 1072 M, [H,CO;3] = 1072 M,
[HCO;] = 107" = 2 x 107*% = 107" M, and [OH"] =
10756 M.

Once again, we are in front of a stopped up dissolution
[HCO; ] = 107" M in equilibrium with [CO%‘] =[H,COs] =
10~2% M that works as a buffer (10). And if we dilute it enough,
it will stop being a buffer in a similar way to what was observed
in the previous case.

MIXTURES OF ACIDS AND BASES

Here we will lay out the different possibilities of mixtures of
acids and bases.

Mixture of Strong Acid and Strong Base on Equivalent
Quantities

Let us suppose the resultant dissolution of mixing 100 mL of
HC1 2 x 1072 M with 100 mL of NaOH 2 x 1072 M.

The resultant mixture will have 200 mL that initially contains
HCI 107> M and NaOH 102 M and that in the dissolution will
be:

_________________________________

M > Nat + OHoges
2 107 107

| —

This dissolution is not in equilibrium because 1072 x 102> >
K. The Hfggp will react with the OHpgpy: to give water.

4 _ 10+14
H"greg + OH reg = H0

Initial 1072 1072

Equil. x x

The dissolution in equilibrium contains Na™ 1072 M, CI-
1072 M and H,O that has nothing to do with the initial
dissolution.
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/XE + H,O —p CI” + HZO\
1%

1072

){4 + H,0 — Na* + H,0
107 107
10—14

HO =— H' + OH"
\ -

where the only species with acid-base properties is water, so that
applying the proton condition, we will have: [HT] = [OH™] =
1077 M.

Mixture of Strong Acid and Strong Base in no
Equivalent Quantities

Let us suppose a dissolution of the result of mixing 100 mL
of HCl1 4 x 1072 M with 100 mL of NaOH 2 x 1072 M.

The resultant mixture will have 200 mL that initially contains
HCI 2 x 1072 M and NaOH 10~2 M and that in dissolution will
be:

e ————————————————————————

:, — CI" + He \:
AL 2107 2107 |
1 1
1 ' ]
i Nat+ + OHpree i
! ) 1072 107 }
\

The dissolution is not in equilibrium because 2-1072x
1072>> K,,. The H* grpg will react with the OH ™ prgg to give
water:

10+l4

H' prep+OH mree = HO

Initial 2-1072 1072
Equil. 1072 X

The dissolution in equilibrium contains Na* 10=2 M, CI~
2-1072 M, Htgreg 1072 M and H,O, and it will be:

[ Mo 10 N\
%+ H,0 —p CI° + H,0
1R 2:107

X+ H,0 —® Na* + H,0
10 10

107
H,O0O =— H" + OH

K X X

Applying the proton condition we will have:
[H*] = [H*rree] + [OH]

that we already know how to solve (8).
It can be pointed out that in the dissolution in equilibrium the
[H* greg is not the same as the [HCI] initially written.

Mixture of Strong Acid and Weak Base on Equivalent
Quantities

Let us suppose the mixture of 100 mL of HCI 2 x 10~' M
plus 100 mL of NH3 2 x 107" M, pKyy, =4.8.

The resultant dissolution is 200 mL that initially contains HCI
10~! M and NH; 10~ M and that will be in dissolution:

1 \
: :
i 102 |
] 1
i NH; + HYee = NH, i
| 10" |
1 1
1 = 1
. HO = H + OH

The dissolution will not be in equilibrium because the H preg
will react with the base NH; to give NH .

We will have to observe what happens with the dissolution
in equilibrium; according to the concentrations of acid and base
we have:

+92
H'pree + NH; = NHJ (10]
Initial 107" 107"
Equil. x x107!

The dissolution in equilibrium contains NH; 10~'M, CI~
10~'M y H,O0, and they will be fulfilling their respective equi-
libria in the following way:

/K‘ + H, O —p CI™ + HZO\
107

107!

1072

NH,Y* =— NH; + H'
107" x X X

107™

HO = H'
y

+ OH~
\ C
We are in front of a dissolution of weak acid that has nothing

to do with the initial dissolution. Applying the proton condition,
we reach:

[H*] = [NH3] + [OH]

that we already know how to solve (8).
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Mixture of Strong Acid and Weak Base on no Equivalent
Quantities

Let us suppose a mixture of 100 mL of HC14 x 10~! M plus
100 mL of NH3 2 x 107" M, pKyy, = 4.8.

The resultant dissolution is 200 mL that initially contains HCI
2 x 107! M and NH;3 10" M, and as in the previous case, the
H*preg will react with NHj3 to give NH}, although in this case
there is an excess of H prgg.

The dissolution in equilibrium will be:

KT-FREE 10™ \

>§f+ H,0 —p CI= + H,0
2x10™ 2x10™
1072
NH,Y = NH, + H'
107 X X
]0—14

e T ey
y y

That way we are in front of a dissolution in equilibrium of
mixture of strong acid and weak acid, to which we will be able
to apply the proton condition:

[H*] = [H" Jpree + [NH3] + [OH™]

that we already know how to solve (8).

Mixture of Weak Acid and Weak Base that Lightly React
with Each Other

Let us suppose a resultant dissolution of mixing 100 mL of
HBO, 2 x 107" M + 100 mL of NaF 2 x 10~! M, pK of
HBO; = 9.2 and pK of HF = 3.2.

Initially, in the 200 mL of dissolution we will have HBO, 0.1
M, Na* 10~! M and F~ 10~! M due to the dissociation of salt,
that will be fulfilling their respective equilibria:

Bttt

!
I
I
|
I
| 107108
i
I
I
I
I
I
I
I

)€+ H,O

The Na™ does not provide or remove protons from the dis-
solution, and as we have an acid and a base, we will have to
observe if the dissolution is in equilibrium.

1072
HBO, = BO,” + H

10—]0.8
FF + H,O =— HF + OH"

10+
H* + OH = H,O

K=10"°°
HBO, + FF = BO, + HF

The constant of the reaction will be the product of the con-
stants 10792x 107198 10+* = 10760, The value of the K
points out that the dissolution is in equilibrium and that the
species that prevail in the dissolution are the initial ones. Thus,
the dissolution in equilibrium will be:

10—9.2 \

HBO, =—— BO, + H*
107" x X X

10—10.8
FF + H,O = HF + OH"
107 -y y |y

107
HO =— H' + OH
\_ : )

Applying the proton condition, we reach:

[H*] = [BO; ] — [HF] + [OH ]

where, if we pay attention, we will take into account that we are
in the same case as in the dissolution of weak acid and weak
base salt.

Substituting [BO, | by [HBO;] and the protons in equilib-
rium, [HF] by [F~] and the protons in equilibrium, and [OH™]
by the protons in equilibrium, a similar equation to Eq. [7] is
obtained:

[HY] = \/KHBOZ [HBO,] + K, [11]

[F]
1+ K

that is the general equation for a mixture of weak acid and weak
base when they lightly react, and it will be simplified in a similar
way to what was seen for the salt of weak acid and weak base:

e If Kypo,[HBO;] >> K,, = K,, is negligible.
o If[F7] >> Kyr = 1 is negligible.
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So that we get the simplified equation: [HY] =

\/Im =102 x 10732 = 107%2M.

Mixture of Weak Acid and Weak Base that Mostly React
with Each Other

Let us suppose a mixture of 100 mL of HF 2 x 107! M +
100 mL of NaBO, 2 x 10~! M, pK of HBO, = 9.2 and pK of
HF =3.2.

Initially in the 200 mL of dissolution we will have HF 10!
M, Nat 10~! M and BO; 0.1 M, that will be fulfilling their
respective equilibria:

e

J—
(e}
T
©
1Y

___________________________________

As we have an acid and a base, we will have to observe how
the dissolution in equilibrium is.

]0—3.2
HF =— F + H'

]O+9.2
BO,” + HY = HBO,

K = 10+6.0
HF + BO, = F + HBO,

The constant of the reaction will be the product of the con-
stants 10732 x 10*%2 = 10%%0. The value of K points out that
the reaction is moved towards the right, or what is the same, that
it is not in equilibrium and the dissolution in equilibrium have
nothing in common with the initial one.

The acid HF will react with BO; to give F~ and acid HBO,
in the following way:

10+6.0
HF + BO, = F~ + HBO,

Initial 10" 107"
Equil.  x X 107" 10"

So that in the dissolution in equilibrium what prevails is F~
10~' M and HBO, 10~! M, that will be fulfilling their respective

equilibria in the following way:

s )

HBO, =— BO, + H'
107! x X X

10710.8
F- + H,0 = HF + OH"
107" -y y oy

10
HO =— H' + OH

\_ )
Applying the proton condition in equilibrium, we reach:

[H*] = [BO; ] — [HF] + [OH].

This is a similar solution to the one obtained on the previ-
ous part, and where once again we have to point out that the
dissolution in equilibrium has nothing to do with the initial
dissolution.

CONCLUSION

Applying the proton condition or the hydroxyl condition in
equilibrium, all the acid-base equilibria can be solved, including
their mixtures and salts, without need of making balance of
masses and balance of charges.

Newly, what we try is to become immersed in the dissolution
to visualize the different equilibria that are being fulfilled, and
to get to solve it by means of the proton condition in equilibrium
or the hydroxyl condition, what at the end is the same. It is nec-
essary to insist on the fact that it is a dissolution in equilibrium,
proton condition or hydroxyl condition in equilibrium, because
there are cases of dissolutions that initially contain acids and
bases that logically react getting dissolutions that have nothing
to do with the initial dissolutions.

Again, in this work we do not intend for the students to learn
the formulae by heart, but to know to rationalize what happens in
adissolution and how every species that forms that dissolution in
equilibrium will be. The important question is not to get a more
or less complicated formula; what is important is to know how to
reach an understanding of what each of the species’ dissolution
provides.

Using the hydroxyl condition, we reach the conclusion that
the hydroxyls in equilibrium are additive, not only the ones of
strong bases but also those of weak bases. It happened the same
way with the protons in the case of dissolutions of acids (8).

In a similar way to what was seen with the dissolutions of
acids, the equilibria of dissolutions of bases, mixtures and salts
have been solved algebraically, though they can also be solved
graphically using the proton condition or the hydroxyl condition
in equilibrium.
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