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Solving Equilibrium Problems

Techniques:
*  Numerical solution (manual)
(Simultaneous solution of equations)

»  Graphical approach using Log-concentration
diagrams (esp. for acid-base problems)

e Tableau method

e Computer softwares
(MINEQL+, PHREEQC)



Numerical Solution to Equilibrium Problems

An equilibrium system can be defined by a system of
equations, which include:

() Mole/ Mass Balance Equation
(i) Mass Law/Mass Action Equation

(i) Electroneutrality or Charge Balance Equation

(iv) Proton Condition



Numerical Solution to Equilibrium Problems

() Mole/ Mass Balance Equation

Example:
103 M acetic acid (HAc) added to water
HAc = H* + Ac

Therefore, total concentration of acetic ion,
C; = (HAc) + (Ac)



Numerical Solution to Equilibrium Problems

(i) Mass Law/Mass Action Equation

Example: 103 M acetic acid (HAc) added to water
HAc = H" + Ac
Ky ={H*} {Ac} /{HACc}
=1.8 X10>° (at 25° C)

For water, {H*} {OH} =K, =101 (at 25° C)

(This Mass Law equation for water must always be
considered)



Table 4.1} Typical ionization constants for weak acids at 25°C

ORI 51 EAGORIEL s Sanie . #fvve o Environmental
Add s - ,Equi!lbrinm eqnaﬁon " K, ..o uii pK,: . significance
Acetic CH,COOH =H" + CH, COO' 1.8 X 107° 4.74  Organic wastes
Ammonium NH; = H" +NH, 556 x10~" 9.26  Nitrification
Boric H;BO; = H* + H,BO; 58 X 107%Kk,;) 9.24  Nitrogen analysis
Carbonict H,.COf =2 H + HCO; 43X 107"(K,;)  6.37 Many applications
HCO, =B+ €O 4.7 % 107 (K4) - 10.33
Hypobromous HOBr=H" + OBr~ 23x10°° 8.64 Disinfection
Hydrofluoric  HF=H"' + F~ 71 X10°° 3.15  Fluoridation
Hydrocyanic ~ HCN=H* + CN~ L8 XY 9.32 - Toxicity
Hydrogen HS=H"+HY" 91X 107K, 7.04  Odors, corrosion
sulfide HS =H' +§* 13 % - %K) 12.89
Hypochlorous HOCI=H* + OCI~ 20X 107 7.54  Disinfection
Phenol C(H,OH = H* + CH,0" 1.2 x 1078 9.92  Tastes, industrial waste
Phosphoric H,PO, =H" + H,PO; 75X 107%K,,)  2.12  Analytical buffer, plant
62X 10°%(K,,) 7.21 nutrient

H,PO, =H" + HPO:™
HPO;” =H" + PO;"” 18K KL 1232
4.89  Organic wastes, anaerobic

Propionic CH;CH,COOH=H" ¥ CH,CH,CO0™ " I3X W™
digestion

tBy convention, [H,COY] is taken to equal the sum of the actual carbonic acid concentration [H,CO;] plus the dissolved carbon

dioxide concentration [CO;(aq‘)].



Numerical Solution to Equilibrium Problems

(i) Electroneutrality or Charge Balance Equation -

All positively charged species in a solution must be
balanced by equivalent numbers of negatively charged
species.

Example 1: HAc added to water

At equilibrium -
Species present : H,0O, H*, OH-, Hac, Ac

Therefore, the charge balance equation:
(H") = (OH) + (Ac)



Numerical Solution to Equilibrium Problems

(i) Electroneutrality or Charge Balance Equation
Example 2: NaCl added to water

At equilibrium -
Species present: H,O, H*, OH-, Na*, CI-

Therefore, (H*) + (Na*) = (OH") + (CI)



Numerical Solution to Equilibrium Problems

(i) Electroneutrality or Charge Balance Equation
Example 3: Ca(OH), added to water

At equilibrium -
Species present: H,0, H*, OH-, Ca?*

Therefore, (H*) + 2 (Ca?*) = (OH")
[Note:1 mol of Ca?*is equivalent to 2 mol of positive

charge, thus the divalent calcium concentration is
multiplied by 2]



Numerical Solution to Equilibrium Problems
(|v) Proton Condition
Used to solve acid-base equilibrium problems

- Is the mass balance of protons relative to
appropriate reference species (PRL- Proton
Reference Level).

- The species with an excess of protons must be
balanced by the species with a deficiency in proton.

- It can be written as :
2(moles/L (M) of species having excess H* relative

to PRL= Z(moles/L (M) of species having deficiency
of H* relative to PRL



Numerical Solution to Equilibrium Problems

Reference Species (PRL)
- Water is always used as a PRL for H* and OH-.

- Relative to H,0O, H* has an excess of one proton,
whereas OH- has a deficiency of one proton.

- For other acid-base species in the solution, PRL Is
usually assumed to be the species added.

- For example, if acetic acid (CH;COOH) is added to
water, CH;COOH would be the PRL and CH,COO-
has a deficiency of one proton relative to
CH,COOH.



Numerical Solution to Equilibrium Problems

Some basic rales S

are * PRL (é.}é*-ei?oé-é’e4')

-2) CJeak acids/bases
2 / A, NH.S)

11970
-y for salds: park ﬁ»ﬁ-i e s
acid/base reaction Fev
edé '
£, NaHls bl Rz -
- ~Na ey = - & NTD
Ws’ 18 The PRL
red o et
g'ﬁ’ N“z@.ﬁ 5% 3,.;
—alé COJ -.'2.@444’ + &%
2 :



Numerical Solution to Equilibrium Problems

Thus, for equilibrium problem, system of equations are-
(1) Mole/ Mass Balance Equation

(i) Mass Law/Mass Action Equation

(i) Electroneutrality or Charge Balance Equation

(iv) Proton Condition

For a given system, a simultaneous solution of the

above equations [(i) — (iv)] will give concentrations of
species at equilibrium.



Numerical Solution to Equilibrium Problems

Steps:
1. Define the equilibrium equations involved.

2. List all chemical species present initially and at the
equilibrium condition

3. ldentify the concentrations of each species for each
element or entity under initial conditions so that
appropriate mass and charge balances can be made.

4. List all appropriate equilibrium relationships between
the species of concern, together with associated
equilibrium constants.



Numerical Solution to Equilibrium Problems

Steps:
5. List all mass and charge balance relationships for the
system.

6. For acid-base problems, list the appropriate proton
condition.

/. Relationships from steps 4 to 6, must result in as
many independent equations as there are unknown
sSpecies present.

8. A simultaneous solution of the equations from steps
4 to 6 will give the concentration of each species at
equilibrium.



Numerical Equilibrium Calculations

4 A mass equal to 1072 mol of acetic acid is added to Sufﬁcient water to make 1 liter of so-

Juion at 25°C. What is the ethbnum concentratlon of all spectes involved? Ignore ac-
fivity corrections.

1.

The problem is one of ionization of a single weak monoprotic acetic in water. When

* acetic acid is added to water, it ionizes as follows; CH,COOH = CH,C00™ + H".
2. Elements or chemical entities originally present are CH,COOH, H,0, H', and OH".
3. Chemical species likely to be present after equilibrium is attained are

Aceticacid:  CH,COOH (HAc) and CH,C00™ (Ac")
Water: ‘H,0,H,0H



Numerical Equilibrium Calculations

4, Initial conditions are

[HAc] = 102 mollL = (; |
- [H,0] = 1 liter of solution (mass change will be negligible during ionization), and
- [H']=[0H] = 107" mollL |

- Ethbnum relationships of interest are (noting that molar concentranon equals
activity for this problem)

[H'][OH7] = =Ky = 10" at 25°C (4.4)

HACT] _. -s ;
e KA-ISXIO at25°C @y




Numerical Equilibrium Calculations

6. Mass and charge balance realtionships. The acetic acid entity is conserved during

ionization such that
(HAC] + [AcT] =, | 48

The charge balance between all cations and anions is

.

[H]=[OH]+[AcT] @)
The proton condition, with H,0 and HAc being the reference species, is
- [H']=[OH] + [Ac]

Inthis case the charge balance and proton condition are identical.



Numerical Equilibrium Calculations

[H'J(OH] =Kw= 0 atdsC (44
AT 2 i

i KA 8X10* a5 G
(HAc] + [Ac7] = C; ~ (46)

HY=[OH]+[Ac] (@]



Numerical Equilibrium Calculations

HOH]=Ky=10""  ad5C (44)
H]=[OH]+[Ac] @)

Now replacing [OH] in equation 4.7
with the help of equation 4.4

From eqn 4.4, [OH] =K, /[H"]

Now from eqn 4.7, [Ac’] = [H*] - [OH]
=[H*] - K, /[H*] ...... (4.8)



Numerical Equilibrium Calculations

HAC]
[HAC]

(HAc] + [Ac7] = C; ~ (46)

From eqn 4.5, [H*] [Ac]= K, [HAC]
= K, (C;—=[Ac7]) (from egn 4.6)
........... (4.9)

-KA* 18X10° a2sC 9



Numerical Equilibrium Calculations
Al R A S A AR A (4.8)
And [H*] [Ac] = K, (Cr = [ACT]) ........... (4.9)
Now, replacing [Ac’] from egn 4.8 to egn 4.9,

[HTIAC] = K, (Cr = [AcT])
Or, [HT]{[H"] - Ky, / [H*]}= Ka{Cy = ([H'] - Ky, / [H])}



Numerical Equilibrium Calculations

[H'P + K,[H = (KuCr + KH] - KKy = 0 (4.10

Equation (4.10) can be solved for [H*], which can then be substituted into Egs. (4.4)
hrough (4.7) to détennine the concentrations of the other species at equﬂlbnum. The

esults are

[HY]=415%x 107"
[OH™] = 241 X 107"
[HAc] = 9.59 X 107
(Ac]=4.15% 107"



Numerical Equilibrium Calculations
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Numerical Equilibrium Calculations

() K= (Ht) (0w 2 167 ———C

#) (e _a
CQ) k * 2 /o r2 w%??-«éu)

(HeN) ,
(4) Mass balance: Cy= (Hen) + (en”) =16.‘/,--O',';)
(§) Choayge balance : (Ht)z (M) + (enr) ch




Numerical Equilibrium Calculations
o ‘9?! T @'e
Key = (Ht) (0H-) = /0 | ‘

Chayge balance : (Ht)= (oH) + (enT) ,__.._..(i‘o

From eqn (i), (OH) =K,/ (H*

Now from eqgn (iv), (CN-) = (H*) — (OH")
sl | i SO (i RO (V)



Numerical Equilibrium Calculations

CHY) (en-) -92
ALk e
(#Hen) )

Mass balnce: Crz (He) + (en7) = 1@"71__*0{‘.)

From eqgn (ii) Replacing (CN-) from eqn (v)
(HD(CN) = K (HCN) || il S i . (v)
or, (H) (CN") = K, {Cy ~ (CN)} \ 4

or, (H) {(H*) - Ky, [(H")}= Ka [Cr —{(H") - K, / (H)}]
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Numerical Equilibrium Calculations

? T Y T v i

Cw)3+ Ky (02 CxA ( +z<@) (H’f) kA Sinn J
“2272; Egacation J§ Valid For 6l mone profre acids
Far this problem, _

CH#2 406 TH ™ 231506 (4?) = 631x06° 2 o

Solving &y +rial and ewrev, (HY) x 2:75 %6+ M
= 10"5%¢M,

- PH= g.56¢



Numerical Equilibrium Calculations

Ipwes cen cen-tratiens:
CH1)20656p.
(M= 364 x 1070 H
) = (HH) = Ky = 2‘5?%?@ i
 (HeW D= 313 x40 N



Numerical Equilibrium Calculations




Numerical Equilibrium Calculations
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Numerical Equilibrium Calculations




Numerical Equilibrium Calculations

Check. assumption: |
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Graphical Approach
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Graphical Approach
Log C- pH dlagram for (H*) and (OH)
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Graphical Approach
Log C pH dlagram for Weak monoprotlc acid
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Log C pH dlagram for weak monoprotlc acid
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Log C- pH diagram for weak monoprotic acid




Log C- pH diagram for weak monoprotic acid




Log C pH dlagram for Weak monoprotlc acid




Log C- pH diagram for weak monoprotic acid
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Log C- pH diagram for weak monoprotic acid
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Graphical Approach

Steps to be followed in constructing Log C- pH diagrams
for weak monoprotic acids:
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Graphical Approach

Steps to be followed in constructing Log C- pH diagrams
for weak monoprotic acids:
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Graphical Approach

Constructlon of Log C- pH dlagram for 10 it M HAc solutlon
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Graphical Approach

Solution for species concentration
The method of solution Is to —

* locate a point of the Log C — pH diagram, where the
proton condition is solved and

« check this solution using the charge balance
equation.



Graphical Approach

Solution for species concentration

* Here, the charge balance and proton condition
(H,O and HAc are the reference species) are
iIdentical as follows:

st e o AU (1)

* Locate a point on the Log C — pH diagram, where
eqgn 1 is solved.

* Look at intersections of lines in the diagram
Involving the species in the charge balance eqgn.




Graphical Approach

Intersection of [H*] and [OH"] lines at pH= 7 (in the
diagram), cannot the solve the charge balance, as
[Ac] is much higher than 1 X 10,

Hence, the solution lies at the intersection of [H*]
and [Ac], at pH =3.2 (diagram).

Note, mass balance between [HAc] and [Ac] is
solved at any pH on the diagram.




