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Preface 
Since we published the first issue of this booklet in 1991, 

there have been only a handful of literature citations in which 
the term "Karl Fischer" has been used in the title of the article-
notwithstanding the fact that the single most common test run 
in analytical labs today is moisture determination. 

Given this insight, one might be tempted to conclude that 
there is nothing new in the world of Karl Fischer reagents or 
procedures, but we would beg to differ. In fact, the GFS com-
mitment to Karl Fischer methodologies expanded to the point 
that we created a new staff position- Karl Fischer Reagents 
Product Manager-to ensure that GFS products and services are 
at the leading edge of the Karl Fischer Reagent Market. 

This is very important for a test methodology that has en-
dured since 1935. The refinements to the techniques that were 
described by John Mitchell, Jr. and Donald Milton Smith are still 
valuable for their insights into the workings of Karl Fischer 
reagent systems. We are also pleased to acknowledge the con-
tributions of Alfred A. Schilt, Professor of Analytical Chemistry, 
Northern Illinois University, whose work laid the foundation for 
the publication of this expanded second edition of Moisture 
Measurement by Karl Fischer Titrimetry. 
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Chapter I. 
Introduction 

Although water covers most of the earth's surface, we 
would put ourselves at grave risk if we took it for granted. In 
fact, the availability of pure water may be destined to become 
the dominant resource issue of the 21 st century, much as was 
oil in the 20th century. However, for the scientist whose job it is 
to quantify moisture, its presence may not be a blessing, nor its 
absence a curse. The method by which it is measured, howev-
er, will frequently be critical. 

To deal with water in any given system, we may need to 
view the quantity that is present in the context of a required 
optimum amount or a minimum acceptable level. Proper per-
spective can only be provided by accurate measurement of the 
amount or concentration of water present. The subject of this brief 
monograph concerns an important method of measurement-
the Karl Fischer titration method. 

The importance of this method is reflected in its inclusion in 
the ninth edition of Reagent Chemicals, the ultimate guide to 
analytical specifications and methods published by the American 
Chemical Society Committee on Analytical Reagents. This text 
devotes considerable space to the treatment of Karl Fischer 
methodologies, addressing both volumetric and coulometric 
procedures. Relevant topics include titration apparatus, electro-
metric endpoint determination, reagent preparation and stan-
dardization, and titration procedures. 

The chemical literature abounds with different techniques 
and methods for the determination of water. This is largely a 
consequence of the complexities involved when water must be 
determined in so many different hosts and kinds of samples. 
Moreover, special methods are required for different concen-
trations, e.g. trace (parts per million) levels of water require 
unusually sensitive methods. 
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Essentially all real samples contain some moisture. If the 
sample is a liquid, a different technique is necessary than for a 
solid or a gas. Heterogeneous mixtures can be particularly trou-
blesome. For solid samples, water theoretically can be present 
in six different modes: 

• adsorbed
• absorbed
• imbibed
• occluded
• hydrated
• water of chemical combination
The tenacity by which water is held or incorporated by these

different modes varies enormously, and so does the ease by 
which it can be detected or removed. Thus, many different 
methods are needed, in as much as none has proven adequate 
for all purposes and samples. 

Of all the different methods available for the determination 
of water, the Karl Fischer method affords the greatest versatility 
and scope of application. It can even be employed for quantita-
tive determination of certain organic as well as inorganic com-
pounds by taking advantage of their reactivities whereby water 
is either liberated or consumed in a stoichiometric manner. 

Described in 1935 by Karl Fischer, 1 a chemist employed by 
Edeleanu Gesellschaft, the reagent that now bears his name 
was composed of iodine, sulfur dioxide, pyridine and methanol. 
Its effectiveness, particularly for the determination of water in 
sulfur dioxide, was quite remarkable. Among the first to recog-
nize the great potential of the reagent, Smith, Bryant and Mitchell, 
employed by E.I. du Pont de Nemours & Co. in Wilmington, 
Delaware, undertook further investigations of the reagent, mea-
suring the stoichiometry of its reactions and developing new 
applications for it.2 Their continuing work helped greatly to 
popularize both the use of the reagent and the name they 
gave to it, the Karl Fischer reagent. The well-known book en-
titled Aquametry by John Mitchell, Jr. and Donald Milton Smith 
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published in 1948 provided even greater impetus for wide-
spread use of the Karl Fischer reagent. Now in its second edition,3 
this and other books4-5 on the subject attest to the importance 
of the Karl Fischer reagent in chemical analysis. Other methods 
for determining water may also be of interest to the reader, so 
they are listed below. Details concerning these methods are 
available in a single source succinctly summarized by Mitchell 
and Smith:6

A. Chemical methods: include those based on reactions
with acetyl chloride, acid anhydrides, lead tetraacetate,
tertiary-butyl-o-vanadate, magnesium nitride, or calcium
carbide.

B. Gravimetric methods: include use of oven dr ying, desic-
cation, thermogravimetry, freeze dr ying, absorption, or 
condensation.

C. Thermal methods: thermal conductivity, reaction, and
differential thermal analysis methods.

D. Spectral methods: visible, ultraviolet, infrared, NMR, 
mass spec, microwave, and X-ray spectroscopy (see
section 6.3 for the use of infrared methods to deter-
mine moisture content via dew point measurement).

E. Separation methods: measurement of water after
separation by distillation, centrifugation, extraction, or 
chromatographically.

F. Physical methods: determination based upon measure-
ment of turbidity, density, refractive index, vapor pressure, 
volume of gas liberated by reaction of water with var-
ious substances, dew point, freezing point, piezoelectric
effect by sorbed mass of water, and other physical
phenomena or properties influenced by moisture
content.

G. Radiochemical methods: measurements based on iso-
tope exchange reactions, neutron scattering, or beta 
and gamma-ray counting.
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Chapter II. 
Fundamental 
Chemistries 

To determine water content in a sample, Fischer dissolved it 
in methanol and titrated with a solution consisting of 790 g (10 
moles) of pyridine, 192 g (3 moles) of sulfur dioxide and 254 g 
(1 mole) of iodine dissolved in 5 liters of anhydrous methanol. 
The first appearance of unused iodine provided a sharp, repro-
ducible endpoint. Fischer reported the stoichiometry of the 
reaction to be as follows: 

Later, more detailed measurements by Smith, Bryant and 
Mitchell revealed that the reaction in methanol takes place in 
the following two distinct steps: 

pyI2 + pyS02 + py + H20 --+ 2pyHI + pyS03

pyS03 + CH30H --+ pyHS04CH3

They also found that when chloroform or benzene was 
employed in place of methanol as solvent, a second mole of 
water is consumed as follows: 

Clearly, use of methanol as solvent affords improved stoichi-
ometry: one mole of iodine consumes one rather than two 
moles of water, a factor of 2 in favor of sensitivity. 
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The following equations show the general Karl Fischer reac-
tion in methanol, as currently accepted: 

2 CH30H + S0 2   CH3SQ3- + CH30H2 
+ (Solvolysis) 

B + CH3SQ3- + CH30Ht CH3S03-BH+ + CH30H 
(Buffering)

H20 + 12 + CH3S03-BH+ + 2B CH3S04-BH+ + 2 BHI 
(where B is a variable amine base) 

(Redox) 

2.1 Role of Solvent 

The stoichiometry of the KF reaction is influenced by the 
nature of solvent employed. As seen by the reaction scheme 
above, sufficient methanol is required to favor formation of 
pyridinium methyl sulfite. If methanol is excluded from the Karl 
Fischer system, methyl sulfite cannot be formed, and the so-
called Bunsen reaction will predominate: 1 

2 H20 + I2 + S0 2 21- + s o / - +  4H+ 

Solvents other than methanol have been investigated for 
use in KF titrations.2,7 Results for the most part confirm the 
importance of methanol. Inert solvents tend to give ill-defined 
stoichiometries. For example, the corresponding values (ratios) 
for pyridine, propylene carbonate, and dimethylformamide were 
found to be 1: 1.09, 1 : 1.10, and 1 : 1.20, respectively. In some 
cases, these values may approach one mole of iodine per two 
moles of water (1 :2). 

One solvent other than methanol is notable in that it acts 
like methanol to ensure favorable stoichiometry but also pro-
vides much longer shelf life to the KF reagent.8 The solvent is 
2-methoxyethanol (Methyl Cellosolve® ), and its stabilizing 
influence on KF reagent systems arises from its inertness in the 
type of side reaction that methanol tends to undergo, as 
described below in the section entitled Side Reactions. 
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2.2 Role of Pyridine and Other Bases 

Various investigators have concluded that the role of pyri-
dine is that of a buffer to maintain a favorable pH for the KF 
reaction. Cedergren9 found that the reaction rate is independ-
ent of pyridine concentration and first order with respect to 
each of the other reactants: water, sulfur dioxide and iodine. 
Investigations by Verhoef and Barendrecht confirmed these rate 
results. 10 They found further that the log of the rate constant of 
the KF reaction increased linearly up to pH 5 and was constant 
(log K = 3. 12) in the range from pH 5.5 - 8. Use of buffers other 
than pyridine, and of the same pH, gave the same reaction rate. 

Suitable buffer substitutes for pyridine, some affording 
improved performance, include sodium acetate, 11-12 aliphatic 
amines (e.g. diethanolamine), 13 heterocyclic amines, 14 imida-
zole 15 and acyclic primary amines. 16 The pyridine-free 
WaterMark® reagents use combinations of these other amines, 
providing safety, performance and rapidity to your Karl Fischer 
titrations. 

2.3 Side Reactions 

Freshly prepared KF reagent suffers an initial rapid loss in 
titer (water equivalency), then a more gradual loss as a result 
of the reaction: 

12 + S02 + 2CH30H + 3py - +  2pyHI + pyCH30S03CH3

This reaction gives rise to formation of quaternary pyridini-
um methyl sulfate salt.2 It is for this reason that the stabilized 
reagent containing Methyl Cellosolve® ,8 as well as the two-
solution reagent, 17-18 have found wide acceptance. The pyri-
dine-free one-component volumetric solutions still go through 
a titer loss, not only because of side reactions, but also because 
this system is very hygroscopic. The simple expedient of keep-
ing at least one of the four ingredients apart from the others 
before use avoids the problem of short shelf-life and the need 
for standardization immediately before or after each use. 
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