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Exercise 7  POTENTIOMETRIC MEASUREMENT OF pH 
 
 

Theory 
ELECTROCHEMICAL CELLS AND ELECTRODES 

  

Principles and the use of electrochemical cells 

 

Electrochemical cell consists in principle of two electrodes, represented by metallic electric 

conductors, dipped into an electrolyte, which is the ionic conductor.  

Electrolyte in the cell is usually represented by a liquid aqueous solution of an ionic compound 

(e.g. salt, acid, alkali), sometimes it is ionic melt or nearly solid ionic substance. Practically 

used cells may be more complicated, as described below. Electrochemical cells serve for 

various purposes, as source of electric energy (galvanic cells) or to for out electrolysis 

(electrolytic cells). We consider the electrochemical cell primarily as the basic piece of an 

apparatus for investigation of electrolyte solutions, by the meaning of various electrochemical 

measurements.  

Inside the cell, the two metallic electrodes must not touch each other directly, but they are 

electrically connected by the electrolyte solution. On the boundary between the electrode and 

the electrolyte, some chemical and physical processes occur, which are connected with the 

transfer of the electric charge, so that the electrodes become electrically charged. Each electrode 

has therefore certain electric potential, depending on the chemical composition of the electrode 

and the respective electrolyte.  

The electrode with lower electric potential is the negative terminal (-), the electrode with higher 

potential is the positive terminal (+) of the cell and they are connected to the respective terminal 

plugs or cable outlets of the considered cell. The difference between the electric potentials of 

the two electrodes is the voltage of the cell. The SI unit for the electric potential and the voltage 

is volt, 1 V, its one thousandth is millivolt:  

             1 mV = 10-3 V  

The cell reactions often involve oxidation and reduction, charging and discharging of ions, or 

adsorption and desorption of ions.  

An electrode dipped in the electrolyte solution is also called the half-cell. In this sense, the 

electrochemical cell is regarded as a unit consisting of two half-cells. Sometimes, the two 

electrodes share the same electrolyte, so the whole cell consists of one compartment. In the care 

that, each electrode is dipped into its own electrolyte solution, then each half-cell is in a sepa-

rated compartment.  

The separation between two half-cells must prevent free mixing of their electrolyte solutions 

but, at the same time, it must allowe the electric contact between the solutions. An electric 

connection between two solutions, which prevents free mixing of the solutions but enables 

certain migration of ions, is called a liquid junction.  

In practice, the liquid junction between electrolyte solutions of the two half-cells is conveniently 

realized by a porous diafragma of sintered glass or ceramic between the solutions. If necessary, 

the solutions of two half-cells may be also electrically connected through a salt bridge. The salt 
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bridge is a glass tube, filled with the solution of non-reacting electrolyte, prevented from 

leaking.  

The cell reaction is also regarded as a sum of two processes called half-reactions, since one 

process occurs in one half-cell and the other occurs in the second half-cell. Another name for 

the half-reaction is the electrode reaction, because it is a process which occurs on one electro-

de.  

 

CELL DIAGRAMS, CELL POTENTIAL AND STANDARD POTENTIALS  

 

Simple example of the electrochemical cell is the zinc-copper cell (Daniel cell). It consists of a 

zinc strip dipping in aqueous solution of ZnSO4 (the first half-cell) and copper strip dipping in 

equally concentrated aqueous solution of CuSO4 (the second half-cell). The cell can be 

diagrammed as follow:  

 

 22 )()( CuaqCuaqZnZn                        (I) 

Only the species important for the cell reaction are written in the diagram. The boundaries 

between electrode and electrolyte (phase boundaries) or between two electrolytes are marked 

by a single vertical line, |. The vertical line in the middle of the diagram stands for the liquid 

junction. If the salt bridge is used, it is marked by a double vertical line.  

The cell consists of two half-cells, the left -hand side (zinc) half-cell: 

 

)(2 aqZnZn 
 

and the right-hand side (copper) half-cell:  

 

)(2 aqCuCu 
 

In practice, when we say electrode, we very often mean the whole half-cell.  

When the cell (I) is put in an electric circuit and operates spontaneously, the following cell 

reaction occurs:  

Zn + Cu2+ → Zn2+ + Cu                                                                                                          (II) 

The cell reaction (II) is an oxidation-reduction reaction and it may be regarded as a sum of two 

half-reactions.  

In the zinc half-cell the atom of zinc metal is oxidized to zinc ion, two electrons are left on the 

electrode and the ion is dissolved:  

 

 Zn → Zn2+ + 2e-            (III) 

In the copper half-cell, the copper ion takes two electrons from the electrode so the ion is 

discharged and reduced to atom of copper metal and deposited on the copper electrode:  

  

Cu2+ +2e-  → Cu              (IV) 

 

The whole cell reaction (II) is the sum of the two half-reactions, or electrode reactions (III) and 

(IV).  

When precautions are taken that no current is passing through the cell, then no reaction virtually 

occurs, and the cell is in a state called the electrochemical equilibrium. In this condition, the 

measured voltage (zero-current voltage, EMF) is the cell potential – E. The cell potential is 

equal to the difference of the electrode potentials:  
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leftright EEE       [V]            (1) 

 

By an accepted agreement (convention), we always subtract the potential of the left-hand side 

electrode (Eleft) from the potential of the right-hand side electrode (Eright)) in the cell diagram. 

After this convention, the cell potential (E) is a positive number, when Eright ˃ Eleft, that is, 

when the electrode written on right-hand side of the cell diagram is a positive terminal of the 

cell and the left-hand side electrode is a negative terminal. If possible, we write the cell 

diagrams by this way.  

After Equation 1, we can write for the potential (E) of the cell (II):  

 

ZnCu EEE        [V]                                                                           (2) 

 

The cell potential depends on the nature of the cell and on its thermodynamic state - the purity 

of the metal electrodes, electrolyte concentrations, temperature etc. Therefore, a standard state 

is defined for each cell or half-cell. The cell (II)  is in the standard state when the respective 

electrodes are made of pure zinc and copper, the concentration (precisely activity) of  the 

respective solutions of ZnSO4 and CuSO4 is 1 mol dm-3, and the standard temperature is 25 °C. 

The standard cell potential (E0) is again the difference of the respective standard electrode 

potentials:  

 

00

ZnCu EEE       [V]             (3) 

 

The standard potential of the Daniel cell is E0 = 1.1 V 

Every electrode (half-cell) is characterized by the standard electrode potential and every cell by 

the standard cell potential. The reference cell used as a voltage standard for potentiometric 

measurements is the Weston cell, its accurately known cell potential is EW = 1.0181 V at 25 °C. 

 

ELECTRODE POTENTIALS AND THE NERNST EQUATION  
 

It is important to stress that the electrochemical measurements are always done with whole cell, 

not with a single electrode (half-cell). The real electric potential between an electrode and the 

solution cannot be measured, but the potential difference betveen two electrodes is readily 

measured as the cell potential. Therefore, the sensing electrode is always combined with a 

suitable reference electrode into a cell and the cell potential (electromotive force) is measured.  

In spite of it, we use so called electrode potentials based on another accepted agreement.  After 

this agreement, the potential of a chosen electrode is assigned at any temperature as exactly 

zero volt, 0 V (by a similar way as the sea level is established zero elevation). The chosen zero 

potential reference electrode is the standard hydrogen electrode. The hydrogen electrode is a 

gas electrode indeed, it is a half-cell. It is set up by a platinum foil covered with very finely 

divided platinum, immersed in a solution and bubbled around by the hydrogen gas. In the 

standard hydrogen electrode, the hydrogen pressure is 101.3 kPa (normal barometric pressure) 

and strong acid (e.g. HCl) is dissolved in the solution, so that the concentration (more accurately 

activity) of the hydrogen ions H+ is (1 mol dm-3).  

When, for example, we wish to determine the potential of the standard zinc electrode, then a 

salt bridge is used to combine the standard hydrogen electrode (left-hand side) with the 

examined electrode (right-hand side) and the following cell is set up:  
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ZnmoldmZnmoldmHkPaHPt 323

2 1(1()100(, 
          (V) 

The potential E0 of the cell (V) can be readily measured and, after Equation 1, it is: 

 

00

HZn EEE     [V]                                     (4) 

 

where 
0

ZnE and 
0

HE are the respective potentials of the standard zinc electrode and the standard 

hydrogen electrode. Since by the accepted agreement: 

 

00 HE    

 

it follows  

 

00 EEZn   

 

the potential of the standard zinc electrode is identified with the measured potential of the cell 

(V).  

The standard hydrogen electrode is rarely used in practice, but the electrode potentials (and 

redox potentials) determined by the described procedure are collected in various tables. They 

are in fact cell potentials (EMF), determined with cells analogous to the cell (V).  

Electrode potentials are often expressed and calculated by the Nernst equation, derived from 

thermodynamics of the electrochemical cell.  

If a metal electrode (M) is immersed in the solution of the salt of its ions (Mz+), the electrode 

reaction (half-reaction) is:  

 

  zeMM z
                      (VI) 

 
 

The potential (EM) of this metal electrode is given by the Nernst equation in the form: 

 

 zMMM a
zF

RT
EE log303.20

           [V]                                                                        (5) 

 

where: 0

ME  - is the standard potential of the electrode 

             R = 8.314 J K-1 mol-1 the gas constant 

             T  is the temperature, unit K  

             F = 96485 C mol-1 is the Faraday constant 

              z  is a charge number of the ion Mz+ and a number of electrons in the electrode reaction  

                  (VI) 

              aMz+ is the activity of the ion Mz+, in the diluted solutions 

 

Tthe activity can be replaced by the concentration of the ion, denoted as [Mz+].  

When the potential of an electrode is given by Equation 5, we say that the electrode is rever-

sible with respect to the Mz+ ion, or that the electrode gives Nernst response to the Mz+ ion. The 

Nernst equation is often used in more simple form, obtained after inserting numerical values R, 

T and F.  For the potential of the electrode with Nernst response to the cation M+ (charge number 

z = 1) at 25 °C (298.15 K) the simplified Nernst equation is: 

  


MMM aEE log0592.00

           [V]                                        (6) 
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There are also electrodes with Nernst response to anions. The Nernst equation for the potential  

of the electrode with response to the anion X-  (charge number z = -1) at 25 °C holds in the form: 

 


XXX aEE log0592.00

          [V]                        (7) 

 

Symbols aM
+ and aX

- are again activities of the respective ions M+ and X-, in diluted solutions 

they can be replaced by the respective concentrations [M+] and [X-]. The response for metal 

cations is exhibited by corresponding metal electrodes and a number of ion-selective membrane 

electrodes.  

The hydrogen electrode and glass electrode (glass membrane electrode) give response to the H+ 

cation, so they are used for the potentiometric pH measurements.  

The calomel electrode and the silver chloride electrode give response to the chloride anion (Cl-

) and there are also numerous ion-selective membrane electrodes responding to various anions.  

 
 A  POTENTIOMETRIC MEASUREMENT OF pH USING HYDROGEN  

      ELECTRODE 
  
Theory  

 pH OF AQUEOUS SOLUTIONS  
 

Aqueous solutions always contain certain concentration of hydrogen ions and this property is 

conveniently expressed in the form of pH.  

Value of pH is the negative decadic logarithm of the activity of hydrogen ions in the solution:  

 


H

apH log                                                                                                                    (8) 

 

Activity (aH
+) of the hydrogen ions in aqueous solution is regarded as the product of their 

concentration [H+] and the mean activity coefficient (γ+): 

 

  

 Ha
H               (9) 

 

In sufficiently diluted solution the activity coefficient is however close to unity (γ+  = 1) and 

when it is neglected, pH can be written as the negative decadic logarithm of the concentration 

of the hydrogen ions:  

 

  HpH log                       (10) 

 

In mathematical formula we write hydrogen ions as H+ for brevity. But they are reactive spe-

cies, in liquid water and aqueous solutions they are strongly hydrated and should be written as 

H3O
+. In spite of it we sometimes call them free hydrogen ions, to distinguish them from the 

undissociated protons of weak acids.  

Larger concentrations of hydrogen ions are produced by the dissociation of the dissolved acids. 

In a small extent, hydrogen ions are also produced together with hydroxide ions by the self-

ionization (autoprotolysis) of water molecules: 

 

 2H2O   H3O
+ + OH-
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For that reason the hydrogen ions are always present in the aqueous solutions and the product 

of the concentrations of H+ (i.e. H3O
+ ) and OH- ions in water and diluted solutions is constant 

and it is called the ionic product of water (KW): 

   OHHKW     or     14log  WW KpK    (at 25 °C)                                             (11) 

 

- In pure water and neutral solutions, the concentrations of the hydrogen and hydroxide ions     

   are thus the same:   [H+] = [OH-] = 1×10-7  mol dm-3   and  pH = 7 

- In the acidic solutions (solutions of acids), pH < 7 

- In the alkaline solutions (solutions of bases), pH > 7 

 

HYDROGEN ELECTRODE 

(gas electrode) used for the potentiometric pH measurements is the half-cell set consisting of 

a platinum foil covered with very finely divided platinum (so called platinized platinum), 

immersed in the measured solution and bubbled around by the hydrogen gas. In principle the 

electrode is the same like the above mentioned standard hydrogen electrode, the hydrogen gas 

is also bubbled under the normal barometric pressure, but the measured solutions are of various 

kinds.  

The hydrogen gas is adsorbed on the surface of the platinum foil and due to the catalytic effect 

of the finely divided platinum the following electrode reaction (half-reaction) occurs on the 

boundary between the platinum and the solution:  

2

1
H2  H+  + e-                                                                                                    (VI) 

With respect to the stated electrode reaction, the potential (EH) of the hydrogen electrode is 

given by the Nernst equation (Equation 7) in the following form for 25 °C:  

 

 
HHH aEE log0592.00

      [V]                      (12)                                                                   

The standard potential 
0

HE  in Equation 12 is identical with the potential of the standard 

hydrogen electrode, which is assigned as zero. Inserting 00 HE  and pHa
H

log into 

Equation 12, a simple relationship between the hydrogen electrode potential and the pH of the 

measured solution is obtained:  

 

pHEH 0592.0     [V]                                                      (13) 

 

However, the potentiometric measurements cannot be done with a single electrode (half-cell) 

but an electrochemical cell with two electrodes is necessary. Therefore, we combine the sensing 

hydrogen electrode with the suitable reference electrode, to set up a complete cell and to 

measure the cell potential. We use a saturated calomel electrode as the reference and by this 

way the following complete cell is set up:  

HgClHglutionstaratedsoKCllutionmeasuredsoHkPaHPt 222 ()()100(, 
                (VIII) 

In the diagrammed cell, the hydrogen electrode (Pt) is the negative terminal (-) and the calomel 

electrode (Hg) the positive terminal (+) of the cell, since the potential (Ecal) of the calomel 

electrode is higher than the potential (EH) of the hydrogen electrode. After the basic Equation 
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1, the measured cell potential (E – electromotive force) is the potential difference between the 

right hand side electrode (Ecal) and the left hand side electrode (EH): 

 

Hcal EEE          [V]           (14) 

 

Inserting for EH from Equation 13 we get a simple formula for calculation of the pH of the 

solution from the measured cell potential (E  in V):  
 

0592.0

calEE
pH


                             (15)    

      

The potential gradient 0.0592 V is valid at 25 °C and at this and the other temperature potential 

of the saturated calomel electrode (Ecal) see you in Table 1. 

 

Table 1 Potential of the saturated calomel electrode at different temperatures 

   

    t 

   

   Ecal F

RT
303,2  

   

   t 

    

  Ecal F

RT
303,2  

   

   t 

   

   Ecal F

RT
303,2  

[°C]    [V]        [V] [°C]    [V]        [V] [°C]     [V]        [V] 

15 0.2473    0.05717 19 0.2450    0.05797  23 0.2423     0.05876 

16 0.2468    0.05737 20 0.2443    0.05817 24 0.2417     0.05896 

17 0.2462    0.05757 21 0.2436    0.05837 25 0.2410     0.05916 

18 0.2456    0.05777 22 0.2430    0.05856 26 0.2404     0.05936 

 

The hydrogen electrode is regarded as a primary standard for the pH measurements, other me-

methodes are in fact based on the data measured by the hydrogen electrode. It can measure the 

whole range of the pH scale, from pH0 to 14. With special arrangement the hydrogen electrode 

can measure the hydrogen ion activity even in a broader scale, in the solutions of concentrated 

strong acids as well as strong alkalises, where other methods fail. The electric resistance of the 

cell with the hydrogen and calomel electrodes is not too high, so the cell potential (EMF) can 

be easily measured, also by older compensation potentiometers.  

On the other hand, there are some severe limitations of the pH measurements with the hydro- 

gen electrode. The hydrogen catalysed by the platinum is highly reactive, it can react with a 

long list of the oxidizing agents, which must not be present in the measured solutions: salts of 

heavy metals, peroxides, nitrates, reducible organic compounds, H2S and sulphides, cyanides, 

ammonia etc. The tedious maintenance and operation of the hydrogen electrode are also 

impractical and unsuitable for routine use.  

The main purpose of the hydrogen electrode is the accurate measurement of the primary pH 

standards, the buffer solutions by which other pH electrodes, such as glass electrodes, are 

standardized (calibrated). The more practical and routine methods of pH measurements are thus 

in fact based on the data measured with the hydrogen electrode.  

 
Equipment and chemicals  

- The potentiometer (pH meter) for the measurements of the cell potential (electromotive force 

- EMF) 

- platinized platinum electrode (Figure 1, electrode 1) 

- saturated calomel electrode (Figure 1, electrode 2) 
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- electrolytic (pure) hydrogen gas in the steel cylinder with outlet valve, manometers and  

   tubings  

- measuring cell with water closure  

- measured solutions of acids, alkalizes, buffers  

 

                 
Fig. 1 Measured cell with hydrogen and saturated calomel electrodes 
 

The platinized platinum electrode (hydrogen electrode) must always be kept immersed in 

distilled water, when you don´t measure. When not used, it must never get dry. The calomel 

electrode is to be kept immersed in the saturated KCl solution.  

 

Procedure 

Manipulations with the hydrogen gas valve may be done by the instructor only, or under his 

(her) supervision!  

 

1 Prepare the electrodes for measurement: clean electrodes with distilled water and don´t dry  

   them. 

2 Pour the sample of the measured solution ito the measuring cell (Figure 1, beaker).  

3 Measure temperature of solution. 

4 Add the electrodes to the solution in beaker - about half of the platinumfoil (or platinum wire)  

   and the liquid junction of the calomel electrode must be immersed in the measured solution.  

5 Connection of electrodes with the potentiometer (pH meter) 

             •   hydrogen electrode is the negative terminal (-)  

             •  calomel electrode the positive terminal (+)  

6 When the whole set up is checked, the instructor will help you to start the hydrogen gas to   

  bubble around the foil of the platinum electrode.  

7 After 10 - 15 minutes of bubbling the cell potential E (electromotive force) is measured and    

  write the result to the Table 2. 
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8 Before starting measurement of another solution and after the measurements, the cell and the  

   electrodes must be thoroughly cleaned with distilled water.  
 

 

Data treatment 

the measured cell potentials (E) in Volts, of the measured solutions from Table 2 calculate after  

Equation 16 pH: 

 
 

       

F

RT

EE
pH cal

303,2


                   (17) 

where Ecal is potential of saturated calomel electrode at actually temperature of measured  

                  solution from Table 1 

             R = 8.314 J K-1 mol-1 the molar gas constant 

             T  is the actually temperature of measured solution, unit K  

             F = 96485 C mol-1 is the Faraday constant 

Calculated values of pH write down to the Table 2. 
 

Table 2  Measured and calculated results for system hydrogen-calomel electrodes  

 

t - .............°C                              Ecal = ....................V 

measured solution E [V] pH 

   

              

   

 

Report (protocol)  
should include the points: • Theory of pH and its measurement by the hydrogen electrode.  

                                          •  Equipments and chemicals 

                                          •  Procedure 

     •  Calculations and table of results 

 

B  MEASUREMENT OF pH USING QUINHYDRONE ELETRODE  
 

Theory 

The quinhydrone electrode is a type of redox electrode which can be used to measure the 

hydro-gen ion concentration (pH) of a solution in a chemical experiment. It provides an 

alternative to the commonly used glass electrode in a pH-meter.  

Redox reaction  

It is familiar from introductory chemistry that oxidation is the removal of electrons from a 

species, a reduction is the addition of electrons to a species, and a redox reaction is a reaction 

in which there is a transfer of electrons from one species to another. The electron transfer may 

be accompanied by other events, such as atom or ion transfer, but the net effect is electron 

transfer and hence a change in oxidation number of an element. The reducting agent (or 

redutant) is the electron donor, and oxidizing agent (or oxidant) is the electron acceptor. It 

should be also familiar that any redox reaction may be expressed as the difference of two 
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reduction half-reactions, which are conceptual reactions showing the gain of electrons. The 

reduced and  

oxidized species in a half-reaction form a redox couple. In general, we write a couple as 

Ox/Red:  

Reduction:    
nzz dneOx   Re     (oxidation number decreases)  

Oxidation:     
  neOxd znzRe  (oxidation number increases)  

What can be written as:  

 

nzz dneOx   Re                                    (IX) 

                                                                             

Redox electrodes  

Redox electrode consists of an inert material like platinum or gold dipping into a solution 

containing a chemical species in two different oxidation states. The transfer of electrons 

between the species takes place through the inert material. The electrode potential is given by:  

 

 
 d

Ox

a

a

nF

RT
EE

Re

0 ln                       (18) 

 

where: E0 is the standard potential of electrode 

            R, T, F are same as in Equation 17 

            n  is a number of electrons in the electrode reaction 

            aOx is acivity of the oxidant               

            aRed is acivity of the reductant  

 

Quinhydrone electrode  

The quinhydrone electrode consists from a platinum dips into a solution saturated with 

quinhydrone. Quinhydrone (HQ) is a slightly soluble compound formed by the combination of 

one mole of quinone (Q) and one mole of hydroquinone (H2Q) – scheme (X) – Figure 2:  

The electrode reaction is: 

 

      

                                                       (X)      

 

 

     C6H4O2 + 2H+ + 2e-  
C6H4(OH)2                                                            (XI) 

 

      Quinone (Q)                        Hydroquinone (H2Q) 
 

Fig. 2  

 

Quinone is oxidant, and hydroquinone is reductant in this reaction. This electrode is very easy 

to prepare and handle. Pure solid quinhydrone is dissolved in the solution to be measured until 

the solution is saturated and excess is present. A platinum wire is dipped in this solution.  
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The electrode potential is given by: 

 

  

 QH

HQ

QHQQHQ
a

aa

F

RT
EE

2

22

2

0

// ln
2

                                                                                (19) 

Quinone (Q) and hydroquinone (H2Q) are obtained by dissolving quinhydrone in solution, 

therefore    aH2Q = aQ  

Applying the following substitution: 

 
 

    pHaa HH )2.(303.2log2.303.2ln
2

                               (20) 

 

the equation (19) is in form:  

 

pH
F

RT
EE QHQQHQ 303.20

// 22
                     (21) 

 

The standard potential of the quinhydrone electrode you calculate according Equation 22: 

 
 

 25000736.06994.00

/ 2
 tE QHQ                                                                  (22)      

 

where t is the temperature in degree Celsius  
 

For the potentiometric measurements we combine the quinhydrone electrode with suitable 

reference electrode to create electrochemical cell. We use a saturated calomel electrode as the 

reference, and the cell is set up: 

 

PtsolutionmeasurHQQHsolutionsaturKClClHgHg ).(,,).( 222


                           (XII) 

 

According to Equation 14, the electromotoric force (E) of the cell is given by: 
 

calQHQ EEE 
2/     [V]                                           (23) 

 

where 
QHQE

2/
 is the potential of quinhydrone electrode 

 

Finally, from Equation 20 and 23, we get pH of solution as: 

 

F

RT

EEE
pH

calQHQ

303.2

0

/ 2


                     (24) 

 

The quinhydrone electrode cannot be used in solutions that would react with quinone or 

hydroquinone. Hydroquinone being a weak acid, the electrode cannot be used above pH = 8.5 

when the dissociation of hydroquinone becomes appreciable. Another drawback is that quinone 

is oxidized by air in strongly alkaline medium. In spite of all this, the quinhydrone electrode is 

frequently used in titration acids with bases since the end point is reached below pH = 8 in most 

cases.  
 

Equipment and chemicals  

- potentiometer for the measurement of the electromotoric force 

- cell with the solution 
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- quinhydrone electrodes 

- calomel electrode 

- solid quinhydrone 

- thermometer 

- beakers 

- filtering paper  

 

Procedure 

1 Take off electrodes from the storage solution. Rinse them with distilled water, don´t 

dry.  

2  Fill the beaker with measured solution. Approximate values pH of solutions are written 

on the flask. Measure temperature of solution (t) and write it down to the Table 3. 

3 Take a little bit quinhydrone (black powder) using a wood spatula, and add to the 

measured solution. Mix the solution carefully using a glass stick to obtain solution 

saturated with quinhydrone.  

4 Put the electrodes to the solution in the beaker.  

5 The quinhydrone electrode is the positive terminal, and the calomel electrode is 

negative terminal.  

6 Read the electromotoric force (E in mV) from the display of potentiometer when its 

value is stable.  

7 Write the E value down to the Table 3.  

8 Using Equation 22 calculate the standard potential of quinhydrone electrode at 

laboratory temperature.  

9 Calculate pH of the solution using Equation 24 and Table 3.  

10 Repeat the procedure for each solution where the use of the quinhydrone electrode is 

possible.  

11 Clean booth electrodes with distilled water. 

 

Table 3 Measured and calculated results for system quinhydrone-calomel electrodes  

 

t  = .............°C                            
0

/ 2QHQE =....................V                 

                                                     Ecal     = ...................V 

measured solution       E [V]      pH 

   

              

   

 

Report  

• Theory (electrode potential, Nernst equation, pH)  

• Equipment and chemicals  

• Procedure and measurements  

• Tables of results and calculation  
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C POTENTIOMETRIC MEASUREMENT OF pH USING GLASS ELECTRODE 

 

Theory  

Potentiometric measurement of pH of various solutions by the glass electrode is a practical and 

often used method of the pH determination. The glass electrode is one of the numerous 

membrane electrodes or ion-selective electrodes, they are sophisticated electrode systems based 

on the existence of the membrane potential between the solution and a suitable membrane. The 

membrane potential is due to the selective ion-exchange, that is adsorption and desorption of a 

certain kind of ions on the membrane surface. Due to the selective ion-exchange the membrane 

exhibits potential response in the presence of certain ion and the membrane potential can also  

be expressed by the Nernst equation.  

Membrane of the glass pH electrode is a thin glass layer, made of special sodium glass, which 

exhibits selective potential response to the hydrogen ions in the solution. The membrane is 

shaped as a small glass bulb and inside the bulb is internal solution with the internal reference 

electrode. The cable outlet (terminal) of the glass electrode is connected just to the internal 

reference electrode. In the most cases, it is the silver-silver chloride electrode, indeed a silver 

wire covered by AgCl, and dipped in the internal solution of diluted aqueous HCl. The potential 

of the sealed internal system of the glass electrode is relatively constant but when the glass bulb 

is dipped in the various measured solutions, potential of the whole glass electrode changes, 

according to the activity of hydrogen ions in the measured solution.  

The sensing glass electrode must be combined with an external reference electrode to set up 

an electrochemical cell. The external reference electrode may be also the silver-silver chloride 

electrode or the calomel electrode. Modern combination glass electrodes have the external 

reference electrode housed together with the glass electrode in one body (shaft), and there is a 

one co-axial (dual) outlet cable from the two electrodes. In the case of the combination 

electrode, the liquid junction of the external reference electrode is placed just above the glass 

bulb of the glass electrode (small grey ish spot). Both the glass bulb and the liquid junction 

must be dipped in the measured solution.  

The complete electrochemical cell necessary for measurements of pH using glass electrode is 

thus represented by the following diagram: 

 

  Ag|AgCl|internal solut.H+Cl-|glass|H+ measured solut.|external reference electrode  
 

 

Potential Eg of the glass electrode dipped in the measured solution can be expressed by 

expressed a modified Nernst equation, at 25 °C it is:  

 


Hgg aEE log0592.0*

        [V]                     (25) 

 

where aH
+ is the activity of the hydrogen ions (H+) in the measured solution  

           
*

gE is here a sum of several potential contributions, it includes the potential of the  

                 internal Ag|AgCl electrode and a so called asymmetrical potential of the glass  

                 membrane  

The measured property is the cell potential (E), that is the EMF of the diagrammed cell with 

the glass electrode. After Equation 1, it is the difference of the potential Eref   of the external 

reference electrode (right) and the potential Eg of the glass electrode (left):  
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gref EEE                (26) 

 

In Equation 25, the activity of the hydrogen ions can be replaced by  

 

 pH = –log aH
+

 

 

and inserting into Equation 26, we receive the relationship between the cell potential and pH 

of the measured solution:  

 

pHEEE gref 0592.0*            (27) 

One of the disadvantages of the glass electrode is the potential 
*

gE is not known  beforehand 

and only relatively constant. As the glass electrode is ageing, it may change somewhat, mainly 

due to the time variations of the asymmetrical potential of the glass membrane. Therefore, the  

glass electrode must be repeatedly standardized (calibrated) by the standard buffer solutions 

with known value of pH.  

At the standardization procedure the electrodes are dipped in the standard buffer solution with 

the known pHst and the corresponding cell potential (EMF) Est is measured. The standard 

solution is then replaced by the measured solution with unknown pH and here the cell potential 

is E. After inserting into Equation 27, the operational expression for the unknown pH of the 

measured solutions is obtained (25 °C):  

 

0592.0

st
st

EE
pHpH


                                 (28) 

 
 

The calculation after Equation 28 is done by the used pH-meter (potentiometer) measuring the 

cell potential in the course of the standardization procedure and the instrument shows the 

resulting pH value of the measured solution.  

For high quality pH measurements, the standardization by two (or more) standard buffers is 

recommended, one buffer with lower pH and one with higher pH than the expected measured 

value are required. The accuracy of the measured pH always depends on the accuracy of the 

standardization of the glass electrode and on the quality of the instrumentation, for the high 

quality measurements it is about 0.01 pH unit.  

The potential gradient ∆E/∆pH of the properly operating glass electrode follows from the 

Nernst equation, it is therefore the same as with other pH sensing electrodes. After Equations 

27 and 28: 

                                 ∆E/∆pH = 0.0592 V (25 °C) 

             the potential change ∆E = 0.0592 V (59.2 mV) thus corresponds to the pH change  

                                          ∆pH = 1 

For accurate measurements, temperature of the solutions should be measured and the pH-me-

ter adjusted, more advanced instruments are equipped with automatic temperature measurement 

and adjustment. The gradient can be also checked by the standardization procedure with two or 

more buffers.  

Another disadvantage of the glass electrodes is a very high electric resistance of the glass 

membrane, about 108 W with electrodes of the recent production. This disadvantage is easily 

overcome by the electronic pH-meters (potentiometers), they are in principle high-sensitive 
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voltmeters, some of them are small and easily portable. Without the electronic instrumentation 

the measurements of pH by the glass electrode are not possible.  

The common types of glass electrodes are used for practical measurements of aqueous solu-

tions in the broad range of pH = 1 - 12, in too acidic and too alkaline solutions the measurements 

of pH may become erroneous. For the extreme pH ranges, as well as for some non-aqueous 

solutions, special glass electrodes are constructed. The main advantage is the versatility of the 

glass electrode and its insensitivity to the oxidation and reduction agents, like salts of heavy 

metals etc., thus they do not interfere with the pH measurements by the glass electrode. 

However, the electrode can be disabled by the glass damaging agents (strong alkalises, 

fluorides, HF) and fouling substances like fats and, of course, the electrode is very fragile. 

Because of the necessity of the standardization by a solution with known pH, the glass electrode 

is not primary standard. 

 
Fig. 3  Combined glass electrode 

                1  sensing part of electrode, a bulb made from a specific glass  

                2  sometimes the electrode contains a small amount of AgCl precipitate inside the  

                    glass electrode  

                3  internal solution, usually 0.1M HCl for pH electrodes  

                4  internal electrode, usually silver chloride electrode or calomel electrode  

                5  body of electrode, made from non-conductive glass or plastic.  

                6  reference electrode, usually the same type as 4  

                7  junction with studied solution, usually made from ceramics or capillary with  

                    asbestos or quartz fibre 
 

Equipment and chemicals  

- pH-meter with combined glass electrode 

- measured solutions 

- beaker 
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Procedure  

The fragile glass electrode must be handled with care, it should be rinsed carefully before and 

after the use. Between experiments, electrode should be kept in the storage solution. 

1 Take off the electrode from the storage solution (shift it vertically up without leaving 

the holder). Rinse it with distilled water.  

2 Fill the beaker with measured solution. 

       3    Put the electrode back to the beaker and add the electrode to the solution. 

       4    Read the pH from the display of pH- meter when the value is stable. 

       5    Write the pH value down to the Table 4. 

       6    Repeat the procedure for each solution. 

       7    Do not forget to write down the laboratory temperature. 
   

Table 4 Measured values of pH for combined glass electrode 

  t = …………°C 

measured solution      pH 

  

             

  
 

 

Report 
 

• Theory (glass electrode, potential, pH) 

• Equipment and chemicals 

• Procedure and measurements 

• Table of results 

 

D. DETERMINATION OF THE STANDARD ELECTRODE   

     POTENTIAL OF THE QUINHYDRONE ELECTRODE  
 

Quinhydrone (HQ) is solid substance which dissociates in solution into quione (Q) and 

hydroquinone (H2Q) – Figure 2, scheme X. 

If the activity quione (Q) and hydroquinone (H2Q) in diluted solution equals: 

 

a(H2Q) = a(Q) 

 
 

and also log a 2(H+) = 2 log a(H+) 

 

after substitution and modification, the Equation 29:  

  

 QH

HQ

QHQQHQ
a

aa

F

RT
EE

2

22

2

0

// ln
2

                           (19)                                            

takes the form: 

)(ln0

// 22

 Ha
F

RT
EE QHQQHQ          [V]                                                                      (29) 
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According to the Equation (29), the potential of quinhydrone electrode depends only on the 

activity of hydrogen ions a(H+). 

Activity a(H+) is calculated as the product of the concentration c(H+) and the mean activity 

coefficient +:  

 

a(H+) = c(H+) +                                                                                                                     (30) 

      

Mean activity coefficient (+) is calculated as follows:  

 

IzzA  log             [mol dm-3]                                                                                (31) 

where z+ is charge number of the cation 

           z- is charge number of the anion 

           ǀ ǀ is absolute value 

           A = 0,511 constant 

           I is ionic strength of the HCl solution, calculated according to:  

 

 

  2

2

1
ii zcI                                                                                                                        (32) 

 

where ci is molar concentration of HCl ions in the solution  

Task 

Prepare hydrochloric acid solutions and determine the standard potential of the quinhydrone 

electrode at room temperature. 

 

Equipments and chemicals 

HCl solution of cHCl = 0.5 mol dm-3, quinhydrone, pH meter, quinhydrone and calomel 

electrodes, volumetric flasks (50 ml), 10 ml pipette, 50 ml and 250 ml beakers, spoon and glass 

rod. 

 

Procedure 

1 According to the Table 5, prepare HCl solutions of different concentrations. Prepare the   

solutions in reversed order as are listed in the Table 5 and as the stock solution of the 

actual solution use the next coming solution in the list. For example; solution No. 4 (cHCl 

= 0.1 moldm-3) prepare from the solution No. 5 (cHCl = 0.5 mol dm-3), solution No. 3 

(cHCl = 0.02 mol dm-3) from the solution No. 4 (cHCl = 0.1 mol dm-3), etc.  

2 Measure the temperature of the solutions and write down the value to the Table 5.  

3 The galvanic cell is prepared from the quinhydrone electrode with the potential QHQE
2/

and referent calomel electrode, with the potential Ekal, in the laboratory. The 

electromotive force (E) can be estimated as follows:  
 

kalQHQ EEE 
2/                                                  (33) 

 

4 Take both electrodes from the storage solutions and clean them with distilled water.  

5 Pour the HCl solution of the lowest concentration (cHCl = 0,0008 mol dm-3) to the beaker 

for the measurement.  
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6 Add a small amount of solid quinhydrone to the solution, mix it with a glass rod, insert 

both electrodes to the solution and measure the pH with the pH meter. Wait until the 

value of electromotive force (E) is stabilized. Write the value to the Table 5.  

7 After the measurement, pour out the solution to the waste bin, clean the electrodes and 

continue the measurement with the solution of higher concentration. 

8 Repeat the previous procedure for each prepared concentration of HCl solution 

(including cHCl = 0.5 mol dm-3). Write all measured values to the Table 5. 

9 After you finish your experiment, clean the electrodes with distilled water and dip them  

to the storage solutions - quinhydrone electrode to the distilled water and calomel 

electrode to the saturated KCl solution.  

 

Table 5  Measured and calculated values for the standard potential determination of the   

              quinhydrone electrode 

t = .........°C                  Ekal.................V 

No. 

meas. 

     cHCl  

[mol dm-3] 

  E 

[V] 

       I 

[mol dm-3] 
  + a(H+) ln a(H+) 

QHQE
2/   

      [V] 

   1  0.0008       

   2 0.004       

   3 0.020       

   4 0.100       

   5 0.500       

 

Data treatment 

1 Calculate the ionic strength (I), according to Equation (32), the mean activity coefficient 

(+) using Equation (31), activity a(H+) using Equation (30) and the natural logarithm of 

the activity of prepared HCl solutions. All calculated values write down to the Table 5. 

2 According to Equation (33), calculate the potential of the quinhydrone electrode QHQE
2/

. Potential of the calomel electrode is written in the Table 1.   

3 Use MS Excel to create graph of the dependence QHQE
2/ = f (ln a(H+)) and fit the 

experimental points with a linear function. The intercept corresponds to the standard 

potential of the quinhydrone electrode 
0

/ 2QHQE .  In conclusion of report write the 

calculated value with its standard deviation and compare the calculated standard potential 

with the value of the standard potential of the quinhydrone electrode calculated according 

Equation (22). 

 

Report  

• Theory (standard potential of quinhydrone electrode, ionic strength, activity coefficient and   

   activity)  

• Equipment and chemicals  

• Procedure and measurements  

• Tables of results  

• Graph 
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