7. Determination of the dissociation constant of a weak acid from pH
measur ements

The relative strength of acids is based on how,welto what extent they dissociate in
water. Strong acids are strong electrolytes, whiligsociate essentially to 100% in water.
Examples of strong acids are HGJ®INOs, H.SOQy, HCI, HBr and HI. Weak acids, such as HF
and CHCOOH are weak electrolytes that dissociate to ahmesser extent. The extent of
dissociation of any weak acid is indicated by thegmtude of its acid dissociation constant,
Ka:
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Taking into account the relationship between aisti@hd molarity, k can be expressed
as:
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wherey is the activity coefficient.

Kq value of a weak acid can be determined upon pHieriétation with a strong base,
e.g. NaOH. In this case, pH of the solution is stagied with a combined pH electrode during
the titration, resulting a titration curve, simitarthe one, presented in the next figure.
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This curve can be divided into 3 separate regions:

» Before the point of equivalence, where the weall,and its conjugate base is present
in continuously changing concentration ratio (ugdration). Concentration of the
conjugate base increases as the added volume obdbke is increased, while
concentration of the acid is changing in the opieadirection. This latter phenomenon,
namely the decrease of the concentration of thé& el is caused by two processes:



(i) deprotonation of the acid due to the reactiagthwhe base (ii) dissociation of the
weak acid. Since degree of the dissociation israeted by the dissociation constant,
this part of the titration curve can be used fdc@ating the value of K

* Equivalence point, where chemically equivalent dqii@s of acid and base have been
mixed.

» After the equivalence point, where excess of bagedsent, therefore the pH is
determined by the concentration of the strong base.

Difficulty of the determination of the dissociatioonstant origins from the fact, that in practice
we can measure concentration of the compoundsanhspé their activity. Therefore, two
possible routes are opened for the determinatid€yof

1. lonic strength of the solution is kept constantimyithe titration. In this case, value of
Ka,cis measured at different ionic strengths. The$gegaare then extrapolated to zero
ionic strength (considering e.g. the Debye-Huc#el)Ito calculate the value oftK

2. The titration curve is registered with continuougliganging ionic strength, and
dependency of the activity values on the ionicrgjtle is taken into account during the
evaluation of the data. This method requires sicauittly less experimental work, but
evaluation of the data necessitates the use of diffieult mathematical formulas.

During the experiment method #2 is used to detegrthie value of K
Theoretical considerations
Considering the previous equationsg,dén be expressed as
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Activity of H* can be directly calculated from the measured pHesa(pH=-log(a-)).
In order to calculate Kd, therefore, concentratiod activity coefficient of Aand HA is to be
determined.

Denote the concentration and volume of the weaknpavalent acid with €and \b,
respectively. Concentration of the strong baseyjsaBd the added volume issMConsidering
the acid-base reaction and taking into account dihgtion of the solutions, analytical
concentration of the acid (S) and the base (Sheagiven as:
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To calculate the equilibrium concentration of tliedaits dissociation must be taken
into account. Concentration of the dissociated farould be equal to the [ according to
the dissociation equation. Note however, that aotopysis of the water also leads to the



formation of H ions. Amount of protons, formed in this latter gges is equal to the number
of OH ions (HOSH*+OH). Accordingly, equilibrium concentration of theicgs:

[HAJ=S - (H* - OH)

Upon similar consideration, equilibrium concentatdf the conjugate base is:
[A]=B + (H"- OH)

Substitution of these to the expression of theldgitm constant serves:
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Kd = aH30+ X

In acidic solutions, concentration of the hydroxisl@ery small (in the range of 18-10°
M), therefore it can be neglected, leading to aesample formula:
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Kd = aH30+ X

Value of the activity coefficient can be calculatgzbn the extended Debye-Huickel theorem.
For 1:1 ratio biner compounds, which dissociatés ions with unity charge (+1 and -1), the
activity coefficient can be given as:
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where A is a parameter, dependent on both the siohrel the temperature, D’ is a parameter
dependent on the electrolyte, while I is the igtrength. To simply calculate the value of the
activity coefficient, three approximation must b&en:

* Upon the theorem, activity coefficient of the ndmwged species (e.g. HA) is 1.

* In dilute solutiong/H+= ya) =y,

» First two term of the Taylor series of the equai®nsed for calculations

With these approximations, the equation can bestoamed to a significantly easier form:
lg(yyy) = lg(ya) = —ANT+ DI, where D = AD'

Introducing this to the formula, derived fos:K

B+ [H a
pH — 109—[+] + AVI = pK, + DI, where [H*] = == = 10~PH+AVI-DI
S—[H*] YH+



This equation can be further reduced on given satgra the titration curve. If Kis small,
and the analytical concentrations are high (sevadgrs of magnitude higher than the proton
concentration):

B
pH—log§+A\/7=pKd+Dl

Plotting the left side of this equation in fuctiohthe ionic strength leads to a linear, of which
intersection is pKand of which slope is D.

Calculations

Value of A can be calculated:
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When using the simplified equation

pH — log§+A\/7 = pK4 + DI,
ionic strength is to be calculated considering dahé/completely dissociating salt, formed from
the neutralization of the acid. This ionic strenigtdenoted as.l

When using the full equation,
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PR s —TH

+ AVI = pK, + DI,

contribution of the dissociated acid to the iortresgth must be also taken into account. This
ionic strength, containing no approximations isated asJ. However, in this latter case two
computational problems come to the front, namely:

« Equation, derived for the calculation ofHtontains the value of D. To overcome this
issue, the simplified equation is used to derigevélue (denoted aso]) which is then
used for further calculations.

« Equation, derived for the calculation of Hontains itself, according to:

[H*] = A+ — 10~ PH+AVI-DI
Yu+
This issue can be overcome by two methods:
1. The equation is solved by a numerical method (Hegyvton-Raphson), by
applying nonlinear regression
[H+] — aﬁ — 10—pH+Aﬁ—D01
YH+
2. Instead of I, d is used during the calculations. This approxinfatenula

allows us of the calculation of proton concentnaxplicitly.

[H+] — % — 10—pH+AJE—DOIO
Yu+



Experiment

Calibrate the pH meter with the supplied buffeusiohs. Pipette 10 chof ~0.1 M acetic acid
solution to a 250 cfbeaker, and dilute it to 50 énwith distilled water. Wait until the
temperature of the solution stabilizes (10-15 nes)ltAfter having the initial pH of the solution
recorded, the solution is titrated with 0.1 M Na®élution. After adding the next portion of
the NaOH solution, the solution must be mixedperly, and the pH must be recorded.

Added portions of the NaOH solution must be:
« 0.2 cn? until neutralizing 10% of the acidNfor=NHac/10)
+ 0.5 cn? between 10-90 %
« 0.2 cn? between 90-96 %
« 0.1 cn? between 96-104 %
+ 0.2 cn¥ between 104-110 %
« 0.5 cn? between 110-150 %

Evaluation of the measured data

1. Plot the pH in function of the volume of NaOH sadut From its derivative (first or
second), determine the volume at the point of exjance.

2. Determine the value of pKand Dy from the simplified formula by linear regressiday,
using b as the ionic strength. The used plot must beiatdoded!

3. Determine the value of pkand D from the original formula by linear regressiby using
Ip as the ionic strength. The ionic strength is datedl by using the previously determined
value of D). The used plot must be also included, and unceytaif the fitted data must
be evaluated and discussed!

4. Summarize the measured and the calculated date iflolowing table:

\% S| B B I + —
/Cr];g, pH M| /M 1,/ M)1/2 pH—lg§+A\/'I_0 /K/I pH—lg% +A\/Ip

5. Compare the graphs, created using the simplifiedtla@ original equations! Discuss the
similarities and differences between the graphsbrthis, at which [acid]/[base] ratio
can be the simple buffer equation {JeK q[acid]/[base]) used?



Possibletest questions

1.
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Define the ionic strength! What is the ionic strgm@ a solution containing 0.001 M
CH3COONa and 0.02 M $5&y?

Define activity and activity coefficient!

What is the Debye-Hickel theorem, and limit ofapgplication?

What is the point of half-neutralization?

What is the calomel electrode? Why is it used wpdesd?

How can be the value of pKletermined from the measured data?

Explain the Bronsted acid-base theorem in maxnfesees!

Give the formula to calculate the pH of a buffeluson!

. Sketch a titration curve, if a weak acid is titchteith a strong base!

10. Calculate the pH of the following solutions (..8x10°):

a. 0.01 M CHCOOH + 1.0 M CHCOONa
b. 0.1 M CHCOOH + 0.001 M CEHCOONa

11. 5 cnm? of 0.6 M NaOH solution is added to 15%f2 M acetic acid solution. What will

be the equilibrium concentration of acetic acid andtate ion? (pk&1.8x10°)



