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Linus Pauling (1901–1994) was one of the most 
influential and famous chemists of the twentieth 
century. His work in chemical bonding, X-ray 
crystallography, and related areas had a tremendous 
impact on chemistry, physics, and biology; spanned 
eight decades; and led to nearly every award 
available to chemists. He is the only person to 
receive two unshared Nobel prizes: for chemistry 
(1954) and, for his efforts to ban nuclear weapons, 
the peace prize (1962). In his last years, Pauling 
devoted his immense intellect and energy to the 
study of various diseases and their cures. He became 
convinced that vitamin C, or ascorbic acid, was a 
panacea. His many books and articles on the subject 
fueled the popularity of alternative therapies and 
especially the wide use of vitamin C for preventative 
maintenance of health. This photo of Pauling tossing 
an orange into the air is symbolic of this work and 
the importance of being able to determine 
concentrations of ascorbic acid at all levels in fruits, 
vegetables, and commercial vitamin preparations. 
Redox titrations with iodine are widely used to 
determine ascorbic acid. 
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20A  Auxiliary Oxidizing and Reducing Reagents 

The analyte in an oxidation/reduction titration must be in a single oxidation state 
at the outset. Often, however, the steps that precede the titration, such as dissolving the 
sample and separating interferences, convert the analyte to a mixture of oxidation states. 
For example, when a sample containing iron is dissolved, the resulting solution usually 
contains a mixture of iron(II) and iron(III) ions. If we choose to use a standard oxidant 
for determining iron, we must first treat the sample solution with an auxiliary reducing 
agent to convert all of the iron to iron(II). On the other hand, if we plan to titrate with a 
standard reductant, pretreatment with an auxiliary oxidizing reagent is needed. 

Ex.                   Preadjustment by auxiliary reagent 
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Preoxidation   :     Ammonium Peroxydisulfate ( (NH4)2S2O8 ) 
2 –   ) 

Sodium bismuthate ( NaBiO 
3 

) 

Hydrogen peroxide (H 2 
 O 

2 
) 

Prereduction :       Stannous chloride ( SnCl 2  
) 

Chromous chloride 
Jones reductor (zinc coated with zinc amalgam)       
Walden reductor ( solid Ag and 1M HCl) 

To be useful as a preoxidant or a prereductant, a reagent must react quantitatively with 
the analyte. In addition, any reagent excess must be easily removable because the excess 
reagent usually interferes with the titration by reacting with the standard solution. 
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20A-1  Auxiliary Reducing Reagents 
A number of metals are good reducing agents and have been used for the prereduction 
of analytes. Included among these reductants are zinc, aluminum, cadmium, lead, 
nickel, copper, and silver (in the presence of chloride ion). 
 
Sticks or coils of the metal can be immersed directly in the analyte solution. After 
reduction is judged complete, the solid is removed manually and rinsed with water. The 
analyte solution must befiltered to remove granular or powdered forms of the metal. 
 
An alternative to filtration is the use of a reductor, such as that shown in Figure 20-1. In 
the reductor, the finely divided metal is held in a vertical glass tube through which the 
solution is drawn under a mild vacuum. The metal in a reductor is normally sufficient for 
hundreds of reductions. 
 
A typical Jones reductor has a diameter of about 2 cm and holds a 40- to 50-cm column 
of amalgamated zinc. Amalgamation is accomplished by allowing zinc granules to stand 
briefly in a solution of mercury(II) chloride, where the following reaction occurs: 



6 Figure 20-1 A Jones reductor. 

Table 20-1. 
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Zinc amalgam is nearly as effective for reductions as the pure metal and has the 
important virtue of inhibiting the reduction of hydrogen ions by zinc. This side 
reaction needlessly uses up the reducing agent and also contaminates the sample 
solution with a large amount of zinc(II) ions. Solutions that are quite acidic can be 
passed through a Jones reductor without significant hydrogen formation. 
 
 
Table 20-1 lists the principal applications of the Jones reductor. Also listed in this 
table are reductions that can be accomplished with a Walden reductor, in which 
granular metallic silver held in a narrow glass column is the reductant. Silver 
is not a good reducing agent unless chloride or some other ion that forms a silver 
salt of low solubility is present. For this reason, prereductions with a Walden 
reductor are generally carried out from hydrochloric acid solutions of the 
analyte. The coating of silver chloride produced on the metal is removed 
periodically by dipping a zinc rod into the solution that covers the packing. 
Table 20-1 suggests that the Walden reductor is somewhat more selective in its 
action than is the Jones reductor. 
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20A-2   Auxiliary Oxidizing Reagents 
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Reagents used in redox titration 

 

Reducing agents 

 

    Ferrous salts :  

         ammonium iron(II) sulfate hexahydrate (Mohr’s salt)    FeSO4(NH4)2SO4· 6H2O 

         iron(II) ethylene diamine sulfate (Oesper’s salt)   FeC2H4(NH3)2(SO4)2· 4H2O 

     Sodium thiosulfate pentahydrate      Na2S2O3·5H2O 

     Arsenic trioxide: arsenious oxide      As2O3    

     Sodium oxalate and oxalic acid dihydarte    Na2(COO)2  ,     (COOH)2·2H2O 

     Titanium trichloride         TiCl3 

     Potassium ferrocyanide      K4Fe(CN)6 · 3H2O 

10 
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20B   Applying Standard Reducing Agents 
 
Standard solutions of most reductants tend to react with atmospheric oxygen. For 
this reason, reductants are seldom used for the direct titration of oxidizing analytes; 
indirect methods are used instead. The two most common reductants are iron(II) and 
thiosulfate ions. 
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In its reaction with iodine, each 
thiosulfate ion loses one electron. 

Sodium thiosulfate is 
one of the few reducing 
agents that is not 
oxidized by air. 
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Molecular model of thiosulfate ion. 
 
Sodium thiosulfate, formerly called sodium 
hyposulfite or hypo, is used to “fix” photographic 
images and to extract silver from ore, as well as an 
antidote in cyanide poisoning, as a mordant in the 
dye industry, as a bleaching agent in a variety of 
applications, as the solute in the supersaturated 
solution of hot packs, and of course, as an 
analytical reducing agent. 

The action of thiosulfate as a photographic fixer is based on its capacity to form 
complexes with silver and thus dissolve unexposed silver bromide from the 
surface of photographic film and paper.  
Thiosulfate is often used as a dechlorinating agent to make aquarium water safe 
for fish and other aquatic life. 
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Figure 20-2 Thousands of glucose molecules 
polymerize to form huge molecules of β-amylose, 
as shown schematically in (a). Molecules of 
b-amylose tend to assume a helical structure. The 
iodine species I5 

─, as shown in (b), is incorporated 
into the amylose helix.  
(Reprinted (adapted) with permission from R. C. Teitelbaum, S. L. Ruby, and 
T. J. Marks, J. Amer. Chem. Soc., 1980, 102, 3322. Copyright 1980 American 
Chemical Society.) 15 



16 



17 
When sodium thiosulfate is added to a strongly acidic medium, a cloudiness develops almost immediately as a 
consequence of the precipitation of elemental sulfur. Even in neutral solution, this reaction proceeds at such a rate 
that standard sodium thiosulfate must be restandardized periodically. 
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Standardization of thiosulfate solution: 

Primary standard : potassium iodate (KIO3), K2Cr2O7, KBrO3 

Titration reactions: 

       KIO3 + 5KI + 6HCl  →  3I2  +  6KCl  +  3 H2O 

        I2  +  2Na2S2O3 →  2NaI + Na2S4O6 

       KIO3          ≡    3I2      ≡    6Na2S2O3·5H2O     ≡  6 Equivalent 
        mw 214.02                            248.21 

         214.02 g                     ≡    6 × 248.21g 

         214.02 g  / 6               ≡    1 N  × 1000 ml 

         35.67 g                       ≡    1 N  × 1000 ml 

         a g                              ≡     x N × V ml   

              x N = ( a g × 1 N  × 1000 ml) / (35.67 g × V ml) 

Stabilizer for sodium thiosulfate solution : Na2CO3 

          Na2S2O3 + H2O +  CO2  →   Na2CO3  + H2S2O3 

          H2S2O3    →   H2SO3  + S 19 



Calculations      

 
Equivalent weight  = ( formula weight) / ( e– change) 

Equivalents = g / eq. wt.       meq = mg / eq. Wt.  

Normality (N) = eq / L   =  meq / mL 

Redox Reaction                                        eq. wt of reactant 

 

Fe2+ → Fe3+ + e                                       FW Fe ÷  1 

KMnO4 + 5e → Mn2+                              FW KMnO4 ÷  5 

Na2S2O35H2O → ½ S4O6
–   + e               FW Na2S2O35H2O ÷  1 

Cr2O7
2 – + 6e → 2 Cr3+                                          FW Cr2O7

2 – ÷  6 

20 
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20C   Applying Standard Oxidizing Agents 
 
Table 20-3 summarizes the properties of five of the most widely used volumetric oxidizing 
reagents. Note that the standard potentials for these reagents vary from 0.5 to 1.5 V. The 
choice among them depends on the strength of the analyte as a reducing agent, the rate of 
reaction between oxidant and analyte, the stability of the standard oxidant solutions, the 
cost, and the availability of a satisfactory indicator. 



Reagents used in redox titration 

 

Oxidizing agents 

 

     Potassium permanganate   KMnO4    :         Permanganometry 

     Ceric sulfate / Ceric ammonium sulfate    Ce(SO4)2·2(NH4)2SO4· 4H2O  :   Cerimetry 

     Potassium dichromate   K2Cr2O7    :     Dichrometry 

     Iodine   I2 :    Iodimetry, Iodometry 

     Potassium iodate      KIO3    :    Iodatimetry 

     Potassium bromate  KBrO3 : Bromatimetry 

     Sodium nitrite    NaNO2   :      

     Calcium hypochlorite   Ca(ClO)2  : 

23 
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Molecular model of permanganate ion, MnO4
─.  

 
In addition to its use as an analytical reagent, usually 
in the form of its potassium salt, permanganate is 
very useful as an oxidizing agent in synthetic 
organic chemistry. It is used as a bleaching agent 
with fats, oils, cotton, silk, and other fibers. It has 
also been used as an antiseptic and anti-infective 
and as a component in outdoor survival kits, as well 
as for destroying organic matter in fish ponds, in 
manufacturing printed wiring boards, for neutralizing 
the effects of the pesticide rotenone, and for 
scrubbing flue gases in the determination of mercury. 
Solid potassium permanganate reacts violently with 
organic matter, and this effect is often used as a 
demonstration in general chemistry courses. To 
further explore these and other uses of permanganate, 
use a browser and search permanganate uses. 
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Color Plate 13.  The time dependece of the reaction between permanganate and 
oxalate (see section 20C-1, page 515) 
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Solutions of cerium(IV) in sulfuric acid, however, are stable indefinitely, but permanganate 
solutions decompose slowly and thus require occasional restandardization. Furthermore, 
cerium(IV) solutions in sulfuric acid do not oxidize chloride ion and can be used to titrate 
hydrochloric acid solutions of analytes. In contrast, permanganate ion cannot be used with 
hydrochloric acid solutions unless special precautions are taken to prevent the slow 
oxidation of chloride ion that leads to overconsumption of the standard reagent. A further 
advantage of cerium(IV) is that a primary-standard-grade salt of the reagent is available, thus 
making possible the direct preparation of standard solutions. 
 
Despite these advantages of cerium solutions over permanganate solutions, the latter are 
more widely used. One reason is the color of permanganate solutions, which is intense 
enough to serve as an indicator in titrations. A second reason for the popularity of 
permanganate solutions is their modest cost. The cost of 1 L of 0.02 M KMnO4 solution is 
about one-tenth the cost 1 L of a comparable strength Ce(IV) solution (1/1003 if primary-
standard-grade Ce(IV) reagent is used).  
 
Another disadvantage of cerium(IV) solutions is their tendency to form precipitates of basic 
salts in solutions that are less than 0.1 M in strong acid. 
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KMnO4 is Self-indicator 
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Permanganate titration 
Oxidation with permanganate : Reduction of permanaganate 
 
 
KMnO4     Powerful oxidant that the most widely used.  

In strongly acidic solutions (1M H2SO4 or HCl,  pH ≤ 1) 

         MnO4
– + 8H+ + 5e   =  Mn2 + + 4H2 O                  Eo = 1.51 V 

         violet color                  colorless manganous 

         KMnO4  is a self-indicator. 

In feebly acidic, neutral, or alkaline solutions 

         MnO4
– + 4H+ + 3e   =  MnO2 (s)  + 2H2 O            Eo = 1.695 V 

                                              brown manganese dioxide solid 

In very strongly alkaline solution (2M NaOH)      

         MnO4
–  + e   =  MnO4

2 –                                                             Eo = 0.558 V 

                                  green manganate    
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Standardization of  KMnO4  solution 
 
Potassium permanganate is not primary standard, because traces of MnO2 
are invariably present. 
 
 
Standardization by titration of sodium oxalate (primary standard) : 
 

2KMnO4  + 5 Na2(COO)2 + 8H2SO4 = 2MnSO4 + K2SO4 + 5Na2SO4 + 10 CO2 + 8H2O 
 
               2KMnO4                 ≡     5 Na2(COO)2      ≡   10 Equivalent 
              mw 158.03                      mw   134.01 
              158.03 g / 5              ≡    134.01 g / 2       ≡    1 Eq. 

                 31.606 g                ≡    67.005 g 

             1N × 1000 ml            ≡    67.005 g 

               x N × V ml                            a g             

               x N = ( a g × 1N  × 1000 ml) / (67.005 g × V ml) 
 33 



Preparation of  0.1 N potassium permanganate solution 
         KMnO4  is  not pure.    Distilled water contains traces of organic reducing substances which 

react slowly with  permanganate to form hydrous managnese dioxide. Manganesse dioxide 
promotes the autodecomposition of permanganate. 

 

1)     Dissolve about 3.2 g of KMnO4 (mw=158.04) in 1000ml of water,   

        heat the solution to boiling, and keep slightly below the boiling point for 1 hr. 

       Alternatively , allow the solution to stand at room temperature for 2 or 3 days. 

2) Filter the liquid through a sintered-glass filter crucible to remove solid MnO2. 

3) Transfer the filtrate to a clean stoppered bottle freed from grease with cleaning 
mixture. 

4) Protect the solution from evaporation, dust, and reducing vapors, and keep it in the 
dark or in diffuse light. 

5) If in time managanese dioxide settles out, refilter the solution and restandardize it. 
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Chromium has long been prized for its beauty as a polished coating on metals (see 
photo) and for its anticorrosive properties in stainless steel and other alloys. 
In trace amounts, chromimum(III) is an essential nutrient. Chromium(VI) in the form 
of sodium dichromate is widely used in aqueous solution as a corrosion inhibitor in 
large-scale industrial processes. See margin note on page 523 for more details on 
chromium. 



37 



38 

Autocatalysis is a type of catalysis in which the product of a reaction catalyses 
the reaction. This phenomenon causes the rate of the reaction to increase as the 
reaction proceeds. 
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Solutions of KMnO4 and Ce4+ can also be standardized with electrolytic 
iron wire or with potassium iodide. 
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Applications of permanganometry 

(1) H2O2 

       2KMnO4  + 5 H2O2 + 3H2SO4 = 2MnSO4 + K2SO4 + 5O2 + 8H2O 

(2) NaNO2 

      2NaNO2  +  H2SO4   =     Na2SO4      +   HNO2 

       2KMnO4  + 5 HNO2 + 3H2SO4 = 2MnSO4 + K2SO4 + 5HNO3 + 3H2O 

(3) FeSO4  

        2KMnO4  + 510 FeSO4  + 8H2SO4 = 2MnSO4 + K2SO4 + 5Fe2(SO4)3 + 8H2O 

(4) CaO 

        CaO   +  2HCl   =  CaCl2  +  H2O 

        CaCl2  +   H2C2O4   =  CaC2O4  +  2HCl           (excess oxalic acid) 

        2KMnO4  + 5 H2C2O4  + 3H2SO4 = 2MnSO4 + K2SO4 + 10CO2 + 8H2O   (back tit) 

(5) Calcium gluconate 

      [CH2OH(CHOH)4COO]2Ca   +  2HCl   = CaCl   + 2CH2OH9CHOH)4COOH 

       (NH4)2C2O4   +   CaCl2   =  CaC2O4   +  2 NH4Cl 

      CaCl2    +  H2SO4   =    H2C2O4 + CaSO4 

       2KMnO4  + 5 H2C2O4  + 3H2SO4 = 2MnSO4 + K2SO4 + 10CO2 + 8H2O 
42 



Applications of cerimetry 

 
(1) Menadione (2-methylnaphthoquinon: vitamin K3) 

 2 Ce(SO4)2   

HCl, Zn 

Reduction 

(2) Iron 

      2FeSO4   + 2 (NH4)4Ce(SO4)4     =   Fe2(SO4)3  + Ce2(SO4)3 + 4 (NH4)2SO4  

43 
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Molecular model of Vitamin E. 
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Molecular model of dichromate ion. 
 
For many years, dichromate in the form of its ammonium, 
potassium, or sodium salts was used in nearly all areas of 
chemistry as a powerful oxidizing agent. 

In addition to its use as a primary standard in analytical chemistry, it has been used as an 
oxidizing agent in synthetic organic chemistry; as a pigment in the paint, dye, and 
photographic industries; as a bleaching agent; and as a corrosion inhibitor. Chromic acid 
solution made from sodium dichromate and sulfuric acid was once the reagent of choice for 
thorough cleaning of glassware. Dichromate has been used as the analytical reagent in the 
alcohol Breathalyzer®, but in recent years, these devices have largely been replaced by 
analyzers based on the absorption of infrared radiation. Early color photography utilized the 
colors produced by chromium compounds in the so-called gum bichromate process, but this 
process has been replaced by silver bromide-based processes. The use of chromium 
compounds in general and dichromate in particular has decreased over the last decade 
because of the discovery that chromium compounds are carcinogenic. In spite of this 
danger, many millions of pounds of chromium compounds are manufactured and consumed 
by industry each year. Before using dichromate in laboratory work, read the MSDS for 
potassium dichromate (see the Web Works for this chapter) and explore its chemical, 
toxicological, and carcinogenic properties. Observe all precautions in handling this useful but 
potentially hazardous chemical either in the solid form or in solution. 
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Ex. Redox titration  ( hydroquinone  vs  dichromate standard solution ) 

  HO OH ↔  O O +  2H+  +  2e         Eo= 0.700 

Cr2O7
2–  +  14H+  +  6e     ↔   2 Cr3+ +  7 H2O                                             Eo= 1.33 

 3 

 3  HO OH   +  Cr2O7
2–  +  8H+ ↔    3 O  O  +  2 Cr3+ +  7 H2O 

Eo= Eo
cathode – Eo

anode   =   1.33 –   0.700    =   0.63 V 

 K  =  10 nEo/0.05916  = 10 6(0.63) / 0.05916  =  10 64 

redox indicator :  diphenylamine 

                            colorless to violet 

Very large : quantitative : complete reaction 
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Iodimetry and iodometry 
 

Iodimetry : a reducing analyte is titrated directly with iodine. 

 

Iodometry : an oxidizing analyte is added to excess iodide to produce iodine, 
which is then titrated with standard thiosulfate solution. 

Its solubility is enhanced by complexation with iodide. 

             I2 + I– = I3
–               K = 7 ×102 
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Bromatimetry 

KBrO3            

BrO3
– + 5Br– + 6H+   

 →    3Br2  + H2O 

 2I– + Br2 → I2 + 2Br–  

 I2  +  2 S2O3
2–  

→  2I– + 2S4O6
2– 
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20C-5   Determining water with the Karl Fisher Reagent 
The Karl Fischer reaction is based on the oxidation of sulfur dioxide by iodine. 

I2  +   SO2 +   2H2O   →   2HI  +   H2SO4
 

For the determination of small amount of water, Karl Fischer(1935) proposed a 
reagent prepared as an anhydrous  methanolic solution containing iodine, sulfur 
dioxide and anhydrous pyridine in the mole ratio 1:3:10. In the first step, I2 and SO2 
react in the presence of pyridine and water to form pyridinium sulfite and pyridinium 
iodide : 

C5H5N•I2 + C5H5N•SO2 + C5H5N + H2O  → 2 C5H5N•HI + C5H5N•SO3          (20-2) 

C5H5N+•SO3
–
  + CH3OH →   C5H5N(H)SO4CH3                                                                   (20-3) 

Pyridinium sulfite can also consume water. 

C5H5N+•SO3
–
  +  H2O  →   C5H5NH+SO4H–  

This last reaction is undesirable because it is not as specific for water. It can be 
prevented completely by having a large excess of methanol present.Note that the 
stoichiometry is 1 mole of I2 per mole of H2O present. The end point can be detected 
either by visual( at the end point, the color changes from dark brown to yellow) or 
electrometric, or photometric (absorbance at 700nm) titration methods. For 
coulometric methods (see Chapter 22), the Karl Fischer reagent contains KI instead of 
I2 since, as we will see, the I2 is generated electrochemically. 

(20-4) 

64 



Pyridine free Karl Fisher reagent 
 

In recent years, pyridine, and its objectionable odor, have been replaced in the Karl 
Fisher reagent by other amines, particularly imidazole. 

(1) Solvolysis         2ROH  +  SO2  ↔   RSO3
–      +  ROH2

+  

(2) Buffering          B + RSO3
–     +  ROH2

+   ↔ BH+SO3R–    +   ROH  

(3) Redox               B•I2    + BH+SO3R– +   B   +  H2O    ↔ BH+SO4R–   +  2 BH+I–  

Note that the stoichiometry is again one mole of I2 consumed for each mole of H2O 
present in the sample. 
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Summary 
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