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Abstract 
Moisture determination is of great importance in the production and use of many 
substances. For example, the moisture content can affect the efficiency of a chemical 
reaction or determine the shelf life of pharmaceuticals or foods. The standard method for 
moisture determination is Karl Fischer (KF) titration, based on either volumetry or 
coulometry. This thesis concerns new approaches to trace determination in complex sample 
matrices and is focused on oils and substances that interfere with alcoholic KF reagents.  

Moisture is frequently separated from oil matrices before titration by means of evaporation 
techniques. In connection with the preparation of new reference materials for moisture in 
oil, the National Institute of Standards and Technology (NIST) questioned the efficiency of 
such evaporation techniques. NIST claimed that some of the moisture was sequestered in 
the oil phase and that it could only be released and detected by using a modified volumetric 
KF method with a reagent containing at least 65% chloroform. In this thesis, an alternative 
KF method that meets the proposed requirement for a complete dissolution of the oil 
sample is presented. With this method it is shown that there is no reason to question the 
efficiency of the evaporation techniques and that the criticized volumetric method used by 
NIST is biased high.  

Ever since its introduction diaphragm-free coulometry has gained popularity due to its ease 
of use, with a single reagent and short conditioning times. Trace determination with this 
technique sets great demands on the reagent due to the resulting low current densities at the 
generator cathode. The performance of several commercial reagents is evaluated under such 
unfavorable conditions and critical titration parameters are identified. It is also shown that 
decanol has a favorable effect on the cathode process when using reagents modified with 
xylene according to standard methods for moisture determination in oils.   

For samples that are incompatible with the alcohol component in ordinary KF reagent a 
new reagent based on N-methylformamide is presented. It is shown that is works well for 
determinations of moisture in a conductive salt used in lithium-ion batteries. The concept of 
alcohol-free KF reagents is taken a step further in a systematic investigation, also including 
formamide and dimethylformamide. Advantages and disadvantages with these solvents are 
discussed and possible reaction paths are surveyed. It is shown that the position of the 
sulfur dioxide/hydrogen sulfite equilibrium is the main explanation for the large differences 
in the KF reaction rates in these solvents.  
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Introduction 
 
The Karl Fischer technique was named after its inventor, a German chemist from 
Leipzig, who was employed by the petrochemistry company Edeleanu. His job was 
to travel around the world and introduce a refining process in which liquefied 
sulfur dioxide was used to selectively remove unsaturated hydrocarbons from crude 
oil. Owing to problems with corrosion Fischer was faced with the task of 
accurately and reproducibly determining the water content of such sulfur dioxide-
hydrocarbon mixtures. He came up with the brilliant idea of using a well-known 
iodimetric method for determination of sulfur dioxide in an aqueous media, simply 
by interchanging the roles of water and sulfur dioxide. His new method for mass 
analytical determination of the water content in liquids and solids1 was published 
1935 in Angewandte Chemie. 
 
Determination of moisture, or more correctly water content, is of great importance 
since it affects physical and chemical properties of substances and materials. It can, 
for example, make a powder sticky, break down an electrical insulating material, 
cause corrosion in hydraulic valves, change the viscosity of honey, and determine 
the storage life of seeds. Another example is in the trading of oil; with the 
enormous quantities traded today one can imagine the economical benefit/loss from 
a change in water content of say one part per thousand. Water is present in large 
amounts around us, about one teaspoon per m3

Judging from the large variety of samples that can be analyzed, the number of KF-
instruments available, and the volumes of reagents sold by chemical suppliers, it is 
clear that Karl Fischer titration is still today of great importance. There is however 
an arsenal of alternative techniques available for determination of water content, 
some commonly used being: weight loss on drying, IR/NIR spectrometry, 
microwave attenuation, capacitive sensors, distillation, and head-space GC. For an 
extensive review the reader is recommended to read for example Mitchell & 
Smiths comprehensive work Aquametry

 in the air at common room 
temperature and humidity, and it takes tremendous efforts to handle a substance 
without atmospheric contact.  At a trace level it is almost impossible to exclude 
water from gases, liquids, porous solids, and surfaces.  
 

2. The reason why KF-titration is still so 
important is because of its simplicity, accuracy, relatively high selectivity, and 
wide application range. KF-titration is also a standard method and is used for 
calibration of other indirect methods.  
 
Considering the variety of conditions under which the Karl Fischer titration can be 
performed, it is not surprising that it has confused and troubled both chemistry 
students and users during the years, even though it is basically a “simple titration”. 
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It should really be pointed out that the term Karl Fischer titration does not imply 
one universal method, but is rather a concept covering numerous methods.  
 
Before presenting the contributions of papers I-IV in the field of low-level water 
determination, a theoretical and experimental overview will be given. It is clear 
that a complete review cannot be presented in this booklet, but hopefully the 
following pages will make it easier to put this thesis in perspective and to 
understand what has been done, how, and why.  
 

Theory of the Karl Fischer reaction 

Mechanism and stoichiometry 
The KF technique involves an interesting blend of organic, inorganic, 
electrochemical, and physical processes that has challenged and enticed numerous 
chemists for more than 70 years. A variety of modifications has been introduced 
since the original method was published, and the conditions and reagent 
composition can vary greatly depending on the type of sample to be analyzed and 
the technique to be used. Consequently, and as will become evident further on, the 
mechanism of the KF reaction can also vary. Common to all KF reactions, 
however, is the oxidation of a sulfurous species by equimolar amounts of an iodine 
species and water. 
 
As Karl Fischer1 developed the method he started experimenting with benzene as 
solvent, but due to troubling precipitation he ended up recommending methanol as 
the most suitable solvent. Looking at the reagents on the market today, over 70 
years later, most of them are still based on methanol, but it was not obvious to Karl 
Fischer why methanol was particularly successful. Based on his investigations, 
most likely performed in benzene, Fischer assumed that water reacted according to 
the well-known Bunsen reaction in aqueous media: 
 

 2HISOHSOO2HI 42222 +→++  (1) 

 
To take care of the liberated protons and to ensure complete reaction the reagent 
was buffered with the basic heterocyclic amine pyridine (Py) and Fischer proposed 
the following overall reaction: 
 
 HI2PySOH(Py)2PyISO(Py)O2H 4222222 ⋅+⋅→++⋅+  (2) 
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A few years later Smith et al.3 showed that methanol played an active role in the 
Karl Fischer reaction and that the stoichiometry between water and iodine rather 
was 1:1 in this solvent. They identified the PySO3 adduct in the KF reagent and 
suggested that it was a reaction intermediate that preferably reacted with methanol, 
or in lack of alcohol with a second molecule of water. Although this theory could 
explain the observed 2:1 stoichiometry between water and iodine in the absence of 
methanol, it was questioned during later years. Scholz4 and Eberius5, for example, 
pointed out that PySO3

In the seventies Cedergren

 is known to react very slowly with water and methanol. 
  

6 investigated the kinetics of the KF reaction by using a 
platinum electrode to monitor the iodine concentration and by varying the reagent 
composition. The reaction was shown to follow a third-order rate expression, with 
a first order dependence on each of the three reactants water, sulfur dioxide, and 
iodine (3). The third-order rate constant (k3) was determined to be 1200 M-2s-1

O]][H][SO[Ik
dt

]d[I
2223

2 −=

. 
 

  (3) 

 
Something more unexpected in his results was that the reaction rate did not seem to 
depend much on the pyridine content. These results were soon confirmed by 
Verhoef and Barendrecht7, 8, who showed that pyridine acted solely as a buffer and 
that the same reaction rates were obtained with different bases at constant pH. The 
reaction rate did, however, show a characteristic pH-dependence. It increased 
linearly up to pH 5, remained constant between pH 6-8, and from about pH 8.5 
again started to increase somewhat. This dependence suggested that neither sulfur 
dioxide nor a PySO3

+− ++ 233323 SOCH    SOOH2CH OHCHÝ

 complex was directly involved in the main reaction, but rather 
a sulfurous base like methyl sulfite, whose activity would be expected to change 
with pH: 
  (4) 
 
The pKa for equilibrium 4 was determined by titration to be 6.02, and when using 
this to express the rate equation in methyl sulfite concentration (instead of the 
sulfur dioxide concentration) the pH dependence between pH 6-8 could be 
explained. This convincingly confirmed that methyl sulfite is the reactive sulfur 
species in methanolic KF reagents. Furthermore, the pKa value was independent of 
the water concentration and the authors concluded that the formation of hydrogen 
sulfite or sulfite (5) was unlikely. 
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base a denotes B where

BH2SO  BBHHSO    B2SOOH 2
3322

+−+− +++++  ÝÝ  (5) 

 
Although the KF reaction was usually written with iodine as one of the reactants, 
Verhoef and Barendrecht considered that also the triiodide ion (6) was able to 
oxidize the sulfurous base. Triiodide is very stable in methanol and because of the 
high iodide content it was quite obvious that both species were present to some 
extent 
  
 -

3
-

2 I    II Ý+  (6) 
 
They studied the reaction rate at different iodide concentrations and managed to 
separate the individual third-order rate constants, 346 M-2s-1 for triiodide and 
8.8.106 M-2s-1 for iodine, which was a remarkable difference. Wünsch and Seubert9 
assumed that the larger and negatively charged triiodide complex could not 
approach the likewise negatively charged methyl sulfite ion as easily as iodine 
could. 
 
Despite Verhoef and Barendrecht’s convincing study, the presence of hydrogen 
sulfite was confirmed, for example in the observed side reactions with ketones and 
aldehydes. In 1989 W. Fischer10 suggested that even though methyl sulfite was the 
predominant sulfur species in methanolic reagents, the main reaction path involved 
oxidation of hydrogen sulfite to form free reactive sulfur trioxide:  
 
 −− ++ 33233 HSOOHCH    OHSOCH Ý  (7) 
 
 −+− ++→++ 2IBHSO     BIHSO 323  (8) 
 
The success of methanol as a solvent could in that case be explained by its rapid 
reaction with the intermediate sulfur trioxide, thus preventing it from consuming 
water and changing the ideal stoichiometry. Even today it has not been proven 
whether the KF reaction in methanolic media proceeds via oxidation of methyl 
sulfite or hydrogen sulfite. Such studies are complicated by the fact that in either 
case the end product will be the same, i.e. methyl sulfate. Furthermore, it cannot be 
ruled out that both reactions are possible and that the dominating reaction path at a 
certain moment depends on the prevailing concentrations of water and methanol.  
 



 Theory of the Karl Fischer reaction 7 

 

 
The roles of the components 
During the development of more efficient KF reagents several modifications of the 
original reagent has been proposed. One of the most important was the replacement 
of the unpleasantly smelling pyridine with imidazole, as described by Scholz11, 
which in addition resulted in a more rapid KF reaction. In any case, a typical KF 
reagent is prepared by mixing sulfur dioxide, one or several amine bases, and 
iodine in a solvent. Since the components will influence and interact with each 
other they cannot really be discussed individually. This section is intended to give a 
better understanding of the rather complex chemistry involved in a KF reagent.  
 
The solvent must be able to dissolve the reagent components, the sample that will 
be added to it, as well as the KF reaction products. It can be quite challenging to 
keep the ionic species of the reagent in the same solution as a non-polar sample 
like mineral oil, and often a compromise is necessary in such cases. The solvent 
should also be inert to all compounds in the sample matrix, or at least not react and 
produce any interfering substances. Furthermore the solvent may provide for a 1:1 
stoichiometry between water and iodine, which in practice means preventing the 
intermediate sulfur trioxide from reacting with a second molecule of water (Bunsen 
reaction). As described earlier, the reactivity of methanol towards sulfur trioxide is 
the explanation for its superior function as KF solvent. Characteristics of the 
solvent such as basicity/acidity and the relative permittivity (dielectric constant) 
will influence the strengths of bases and the extent of ion pairing. This may in turn 
shift the chemical equilibria in the reagent, affect reaction rates, and enhance or 
suppress side reactions. Since considerable amounts of the other KF components 
are dissolved in the solvent, for example 2 M of a base, 0.5 M of sulfur dioxide, 
and 0.1 M of iodine, it is important to realize that the solvent properties of a 
reagent as a whole will not be the same as for the pure solvent.   
 
Sulfur dioxide is a component of all types of KF reagents and is the source of the 
sulfur(IV) species that is oxidized to a sulfur(VI) species in the KF reaction. Its 
unique properties are obvious since no alternative substances have been reported. 
As was mentioned earlier the exact KF reaction mechanism has not yet been 
proven, but the possible sulfurous (SIV) species are hydrogen sulfite (HSO3

-), 
sulfite (SO3

2-), and alkyl sulfite (RSO3
-), largely depending on the type of solvent 

and conditions used. Wünsch and Seubert9 suggested that a solvation product 
similar to methyl sulfite forms when formamide is used as solvent, but evidence for 
this has not been published. A more likely explanation for the 1:1 stoichiometry 
between water and iodine in formamide is that hydrogen sulfite is oxidized in the 
KF reaction and that the liberated sulfur trioxide forms a charge-transfer (CT) 
complex with the amine base12 or formamide itself13. 
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As already mentioned, it was shown6-8 that the base functions solely as a pH buffer 
and that the type of base has no influence on the KF reaction rate. This may be true 
in most cases, but the amine bases also have important electron-donor properties 
that may be of importance. According to UIPAC14 the definition of a charge-
transfer complex is: 
  
An electron-donor–electron-acceptor complex, characterized by electronic 
transition(s) to an excited state in which there is a partial transfer of electronic 
charge from the donor to the acceptor moiety. 
 
The interactions in CT complexes are considerably weaker compared to covalent 
bonds but nevertheless they are important. Several complexes in a KF reagent can 
be considered as CT in nature, e.g. SO2I- (responsible for the yellow color of a 
spent reagent), I3

-, and PySO3

N
HN

N N
H

HO OH

Imidazole Pyridine Diethanolamine

. Especially strong CT interactions are expected to 
form with the amine bases because of the lone-pair electrons on the nitrogen atom 
(Figure 1). 
 
 
 

        
 

Figure 1. Structures of some commonly used bases in KF reagents 

 
 
Iodine is generally believed to be the oxidizing species in the KF reaction but as 
mentioned earlier the more slowly reacting triiodide ion (6) may also form when 
both iodide and iodine is present. The stability of this complex varies depending on 
the ionizing power of the solvent and the stability constant (of equilibrium 6) is for 
example 103.7, 104.3, and 107.0 in formamide, methanol, and dimethylformamide, 
respectively. Amines are well known to form charge-transfer complexes with 
iodine and this area has been studied extensively15-19. As the polarity of the solvent 
is increased, the amine-iodine complex tends to ionize. As an example, pyridine 
and iodine (1 M and 0.1 M respectively) were shown17 to form a molecular CT 
complex in CCl4 (εr = 2.2) according to reaction 9, but as the solvent was gradually 
replaced with acetonitrile (εr = 37) ionization occurred (10). 
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 2I Py +  Ý 2Py·I  (9) 
 
 22Py·I  Ý -

32 I  IPy ++  (10) 

 
The corresponding complex formation between iodine and imidazole has not been 
as thoroughly investigated, but published results20 seem to provide evidence for a 
strong interaction since extensive ionization (analogous to equilibrium 2) occurs in 
chloroform (εr = 4.8). Unfortunately no comparable data for the stability and the 
kinetics of formation of these complexes with imidazole and pyridine could be 
found. In a sense “positive iodine” is formed from equilibrium 10 and it has been 
considered as a reactive intermediate in KF reagents17, especially as a possible 
explanation for the catalytic effect of the free imidazole concentration on the KF 
reaction21. Another consequence of a high pH is that hydrolysis of iodine is likely 
to occur when water is introduced in the reagent (11). The resulting hydrolysis 
product (hypoiodite) may also oxidize methyl sulfite, which however does not 
affect the stoichiometry of the KF reaction provided that no reaction with hydrogen 
sulfite takes place. In alcohol-free reagents, however, an oxidation of hydrogen 
sulfite by hypoiodite will result in a stoichiometric deviation towards 2:1 between 
water and iodine22, 23

−+ ++++ I2BHIO  2BOHI -
22 Ý  

. 
 
  (11) 

 
Finally, it is also common to add other chemical compounds, so called modifiers, 
to enhance desired properties of the reagent such as sample solubility, reaction rate, 
or suppression of side reactions. Addition of chloroform, for example, will both 
increase the solubility of oils and accelerate the KF reaction. The acceleration has 
been attributed to a shift of the triiodide equilibrium (6) towards the more reactive 
molecular iodine9.  
 

Side reactions 
Whenever a KF method is applied to a new type of sample, perhaps with an 
uncertain composition, it is necessary to make sure that the obtained result is 
correct. When the endpoint cannot be reached within a reasonable time, or when a 
negative result is obtained, the operator can easily suspect that the method is not 
suitable for the sample in question. It is however more difficult to identify slightly 
incorrect results due to interfering side reactions or inappropriate titration 
conditions, when the titration appears to be successful. Below is a short overview 
of common side reactions. For additional information, Scholz4 book on KF titration 
is recommended.  



10 Theory of the Karl Fischer reaction 

 

 
Reaction conditions during a titration 
In order to better understand why interfering reactions occur and find possibilities 
to avoid or correct for them, it is useful to consider the conditions that prevail in a 
titration cell. To begin with, it is important to realize that moisture is present in the 
air surrounding the cell and that it is practically impossible to completely avoid 
some of it entering the cell. A typical leakage is a few micrograms of water per 
minute, which is part of the observed background drift (side reactions may also 
contribute to the observed background drift). A consequence of this is that a 
steady-state condition will be reached at the end-point of a titration, where the KF 
reaction consumes water at the same rate as it is entering the cell. This means that 
the concentration of water, often referred to as unreacted water, will never be zero. 
A KF reagent with slower kinetics will therefore “need” a higher concentration of 
unreacted water to reach a reaction rate that matches the background. If the amount 
of unreacted water changes during a titration it should be accounted for in the mass 
balance set up for calculating the amount of water in the sample. 
 
During a titration the concentrations of water and iodine will vary greatly. Before 
introduction of the sample, iodine is in excess to water, but directly after injection 
the concentration of water will increase and almost all iodine will be consumed. If 
the titration takes a long time there is a risk that the excess water will participate in 
reactions competing with the main reaction and it is therefore generally easier to 
obtain correct results with rapid titration of small amounts.   

Formation and consumption of water  
Hydrogen sulfite (bisulfite) is formed in the reaction of water and sulfur dioxide (5) 
and consequently bisulfite addition to carbonyl compounds is an example of a 
water consuming side-reaction:  
 
 
 (12) 
 
 
 
The extent of this interference depends on the reactivity of the carbonyl compound 
and the activity of hydrogen sulfite. According to equilibrium 5, higher sulfur 
dioxide content will increase the hydrogen sulfite activity, especially directly after 
sample introduction since the concentration of water is momentarily high. 
Increased activity is also expected if a less reactive alcohol is used, or if the 
methanol content is low, due to the less efficient solvolysis of sulfur dioxide 
(reaction 4). Although the bisulfite addition may reverse when the water content 
decreases at the end of a titration, all of the tied-up water is often not released 

CR

R'

O
C

R'

R
O+  HSO3

- S O-

O

O

OH
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within the course of a titration, resulting in underestimation and increased 
background drift.  
 
Opposed to and often simultaneous with bisulfite addition is the acetal/ketal 
formation, a well known water-producing side reaction where the active carbonyl 
compound reacts with the alcohol component of the KF reagent: 
 
 
 (13) 
 
 
 
Scholz24 was the first to systematically investigate this type of side reaction by 
determining the water formation rate (WFR) for various combinations of reagent 
and active carbonyl. He found that the WFR decreased with increased pH, which is 
in line with the fact that the acetal/ketal formation is acid catalyzed. Aldehydes 
were shown to be more reactive than ketones and the WFR decreased with 
increased chain length of both the alcohol and carbonyl. The effect of this side 
reaction is at best a shift in the end-point drift (background level), but in severe 
cases, with high formation rates, it is impossible to reach a satisfactory endpoint. 
When the background shift is moderate and stable a correct result can still be 
obtained by subtracting the higher background and compensating for the increased 
concentration of untitrated water22. Several methods have been proposed where 
methanol is substituted with a less reactive alcohol like 2-methoxyethanol4, 24, 25 or 
with a non-alcoholic medium such as propylene carbonate26, formamide27, or 
dimethylformamide28. 
 
When evaluating a reagent intended for active carbonyl compounds extra care has 
to be taken that a seemingly correct result is not in fact a combination of bisulfite 
addition and acetal/ketal formation. Scholz4 recommended that several different 
sample sizes should be titrated to rule out this risk. Another obvious test is to 
change the concentration of sulfur dioxide because of its above mentioned effect on 
the bisulfite activity. 
 
Esterification (condensation) of carboxylic acids and alcohols is also a water-
producing reaction, with formic acid and methanol as an example of a very reactive 
combination. The reactivity again decreases for sterically hindered alcohols, as 
well as for acids with longer carbon chains. The incompatibility between lithium 
bis(oxalato)borate and methanolic KF reagents that is dealt with in paper III is 
likely due to an analogous reaction involving oxalate and methanol. 
  

CR

R'

O
C

R'

R OCH3

OCH3+  2CH3OH +  H2O
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In paper IV where a range of amines was tested as buffers in amide-based (alcohol-
free) reagents, a more or less pronounced background increase was noted, even 
though no alcohol was present. One possible water-producing reaction could be 
enamine formation between amines and active carbonyl compounds, here 
exemplified by pyrrolidine and cyclohexanone:  
 
 
 
 
 
 (14) 

 

 

Reactions with iodine/iodide 
In some unfortunate cases substances in the sample matrix, or the sample itself, 
will react with iodine or iodide in the KF reagent. Chlorine and dichromate can for 
example oxidize iodide to iodine resulting in an underestimation of water. Iodine 
can be reduced to iodide by substances such as mercaptanes, Sn(II) salts, and 
hydrazines, or in rare cases add to double bonds in organic compounds, causing an 
overestimation of water. There are many examples in the literature of how to 
overcome these kinds of problems by consuming the interfering compounds prior 
to analysis. Sn(II) can for example be oxidized with iodine and chlorine can be 
reacted with sulfur dioxide before the KF titration is performed. Kinetic 
discrimination (see below) of iodine-consuming side reactions by titrating at 
extremely low iodine concentrations has also been shown to allow for 
determination of water in ethylenediamine29. 
 

Substances reacting like water 
Several inorganic oxides and hydroxides react like water in the KF reaction, 
supplying the oxygen needed to oxidize methyl sulfite to methyl sulfate. Examples 
are alkali and alkaline earth carbonates, nitrites, arsenates and arsenites, sodium 
tetraborate, and alkalihydroxides2. Since these substances cannot be consumed by 
iodine prior to analysis they have to be prevented from entering the KF reagent (se 
evaporation techniques below) or kinetically discriminated by accelerating the 
main reaction. 

+ +  H2ONH N

O
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Titration techniques 
An important alternative to the original volumetric addition of KF-reagent 
appeared in 1959 as Meyer and Boyd30 presented a method for coulometric 
generation of iodine in the KF reagent. Both techniques are still in use today, 
mainly because of their complementary properties. Although a few other 
techniques like flow-injection analysis31-33 and direct potentiometric 
determination34, 35 

Usually some kind of background correction is also applied to compensate for the 
constant and small iodine consumption that is needed to maintain the end-point 
potential. When this background drift is due only to the constant intrusion of 
moisture into the titration cell the correction is straightforward. However, if an 
iodine consuming side reaction is accountable for part of the background drift the 
situation is more complicated. The iodine concentration will be very low in the 
reagent as long as the concentration of unreacted water is high, and consequently 
the true drift will also be lower. Correcting for the (higher) drift at the end-point 
will in such cases result in overcompensation and the calculated water content will 
be too low. An excellent demonstration of overcompensation was given by 
Cedergren and Orädd

have been described in the literature, the majority of KF-systems 
available on the market today are based on volumetry or coulometry. Typical KF 
titration systems consist of a closed vessel with a septum for sample introduction, a 
stirrer to ensure efficient mixing, an indication system to measure the iodine 
concentration, and either a generator electrode to produce iodine (coulometry) or a 
dispenser to add an iodine solution (volumetry). The titration is controlled by a 
titrator that monitors the signal from the indication system and generates or 
introduces iodine to maintain a certain excess (the end-point concentration). When 
a sample is injected water will react with iodine, causing a change in the signal 
from the indication system. The titrator will respond by producing/adding iodine, 
and the amount of water in the sample can be calculated from the amount of iodine 
needed to restore the original excess level.  
 

36 in slowly reacting pyridine-buffered reagents. Generally it 
is advisable to use as low an end-point concentration of iodine as possible to 
minimize the effect of iodine consuming sample constituents. A low end-point 
concentration will also minimize the positive error due to reagent dilution when 
large samples are added. The dilution error can easily be understood by imagining 
what would happen if a completely dry sample was added to the titration cell. The 
increased volume (reagent + sample) alone will cause a decreased iodine 
concentration and the dilution error is equal to the amount of iodine needed to 
restore the original concentration. 
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Indication systems for end-point detection 

Visual detection 
Because of the strong color it is possible to visually detect the iodine excess that 
occurs at the end of a titration. This is how the end-point was originally determined 
by Karl Fischer. The color shift is, however, rather more gradual than distinct and 
therefore not very accurate. At iodine concentrations around 10-4 M the weak 
amber-like tone is usually recognized with the naked eye, and if relatively large 
amounts of water are titrated the uncertainty of the end-point (roughly ±10-4 M) is 
small enough. A strongly colored sample will of course make visual end-point 
detection very difficult. Also, the strong yellow color of the SO2I-

Bipotentiometry and biamperometry 

 complex can 
mask the color of an iodine excess, especially when the reagent is buffered with a 
weak base such as pyridine (see equilibrium 4). 

Fortunately iodine and iodide form an electroactive redox couple (15) which can be 
monitored electrochemically.  
 
 --

2 2I    2eI Ý+  (15) 
 
AC/DC biamperometry and bipotentiometry are based on the simultaneous 
oxidation of iodide and reduction of iodine at two platinum electrodes. In the case 
of bipotentiometry, the potential is measured as the electrodes are polarized with a 
constant current, and in biamperometry the current is measured as the electrodes 
are polarized by a constant voltage. The KF reagent usually has a large excess of 
iodide compared to iodine and hence the cathodic reduction of iodine will 
determine the magnitude of the measured signal. In bipotentiometry a large voltage 
is necessary to maintain the polarization current at low iodine concentrations and at 
the end of a titration when the concentration increases the voltage will drop. The 
measured current of biamperometric systems will for the same reason be low at 
low iodine concentrations and increase at the end of a titration. The polarization 
current (or voltage) can be either direct (DC) or alternating (AC). A direct 
polarization causes an ionic migration between the two electrodes and since it is 
easily disturbed by the constant motion of the stirred solution the signal tends to 
fluctuate. A better way is to alternate the polarization (at about 1 kHz) since the 
constantly changing polarity will not cause any net transport of ions between the 
electrodes and the signal is more stable. Typically these kinds of indicator systems 
are useful down to 10-5 M of iodine and because of the ease of use (practically no 
maintenance) all KF titrators on the market are equipped with one of them. 
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Zero-current potentiometry 
This technique extends the measuring range downwards by about three orders of 
magnitude (10-8 M of iodine) compared to bipotentiometric and biamperometric 
indication. The principle is that one electrode (platinum) is held in a reference 
solution, typically with similar composition as the KF reagent, and with both iodide 
and iodine at considerable concentrations. The reference solution is in electric 
contact with the KF reagent, for example through a porous glass barrier, and the 
potential between the reference electrode and an electrode in the reagent is 
measured. The electrochemical potentials of the electrodes depend on the activities 
of electroactive species in the two solutions, and in this case (equilibrium 
conditions) the potential difference (Eind

[ ]2
´´
0ind Ilog

2F
RTln10EE +≈

) between the platinum pins can be related 
to the iodine concentration in the KF reagent by the Nernst equation (16).   
 

  (16) 

 
´´
0E  contains the standard potential of the indicator cell, as well as other 

approximately constant contributions such as activity factors, iodide concentration, 
and the liquid junction potential (over the porous glass). The calibration of the 
zero-current potentiometric indicating system is described in paper I. The major 
disadvantage with this type of indication system is that the reference solution is not 
stable more than typically a few days, and therefore it demands more attention than 
for example a bipotentiometric system.  

Volumetry 
Volumetry brings about advantages like simpler and cheaper equipment, a greater 
water capacity, and a wider choice of solvents. If a one-component reagent (like 
that originally proposed by Karl Fischer) is used, the first step of a determination is 
to pretitrate a solvent to consume all moisture that may be present. If not already 
done, the water equivalent, or titer (mg of water/mL of reagent), of the reagent has 
to be determined by titrating known additions of water. When this relationship is 
established samples can be dissolved in the pretitrated solvent and subsequently 
titrated to determine the water content. 
  
Owing to the instability of the volumetric one-component reagent Johansson37 
suggested dividing it into two components, separating iodine from the base and 
sulfur dioxide. When using two-component reagents the sample is dissolved in the 
solvent component, containing base and sulfur dioxide, and then titrated with the 
iodine-containing component. Apart from the better shelf life, another advantage 
over one-component reagents is that the great buffer capacity of the solvent ensures 
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a rapid KF-reaction and a distinct end-point. Volumetry in general offers the 
possibility to use strongly buffered solvents which is advantageous when titrating 
acids or bases since pH can be kept in the optimal region for the KF reaction. The 
disadvantages of volumetry are that the titer has to be determined daily and that 
large sample volumes have to be used for samples containing small amounts of 
moisture. Large sample volumes mean that the titration vessel frequently has to be 
emptied and refilled with solvent, which can be quite time consuming. An 
additional problem is that the indicating system is more likely to be affected by the 
sample matrix, as described in paper I. 
 

Coulometry 
In coulometry iodine is produced in situ by a generator system, comprised of an 
anode where iodide is oxidized to iodine and a cathode where ideally protons are 
reduced to hydrogen gas. Coulometry is an absolute method since the amount of 
produced iodine can be determined very accurately by measuring the generating 
current, and consequently no calibration is needed. The current-time integral 
(submitted charge) is directly proportional to the amount of generated iodine (nI2

2F
i(t)dt

n
2I
∫=

) 
according to: 

   (17) 

 
i(t) is the generating current as a function of time and 2F is the charge of two moles 
of electrons (F=96485 C/mol), which is needed to produce one mole of iodine. For 
this relationship to be accurate oxidation of iodide to iodine has to be the sole 
anode process. Usually the reagent has to contain 0.1-0.2 M of iodide to ensure 
100% formation of iodine at the anode. Further requirements are sufficiently high 
conductivity and that oxidizable (by iodine) reduction products are prevented from 
being formed at the cathode, or otherwise hindered from coming into contact with 
the generated iodine. If such reduction products react with iodine the calculated 
water content will be too high, i.e. a recovery rate (of water) greater than 100%.  
 

Coulometry with diaphragm cell 
A diaphragm cell, or two-compartment cell, was originally used by Meyer and 
Boyd30 in the first described coulometric KF titrator. The diaphragm separates the 
two compartments, with the anode in one and the cathode in the other. 
Consequently the two separated liquids are referred to as anolyte and catholyte. 
The purpose of the diaphragm is to prevent iodine from being reduced at the 
cathode and oxidizable reduction products from entering the anolyte. Typically it is 
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constructed of a ceramic or porous glass frit, but a Nafion ion-exchange membrane 
has also been recommended38. In the most common cell configuration a tube, 
sealed by the diaphragm at the end, is immersed into the anolyte and the inside of 
the tube constitutes the cathode compartment (Figure 2). Typically 5 mL of 
catholyte is used for 100 mL of reagent in commercial systems. 
 
 
 

 
Figure 2. Schematic picture of a typical two-compartment cell 

 

 
Even though anolyte and catholyte are separated it is desirable that the formation of 
oxidizable reduction products at the cathode is minimized, simply because a 
gradual build-up will eventually result in a disturbing diffusion over the membrane 
into the anolyte. The same reagent can be used in both compartments but the 
diaphragm offers the possibility to use different compositions, optimizing the 
anolyte for the KF reaction and the catholyte for a non-interfering cathode reaction. 
In fact, today there are several catholytes available from reagent suppliers. The 
cathode reaction and the mass transport over the diaphragm were explored in detail 
by Katoh et al.39 and later by Scholz40. They showed that when using an ordinary 
KF reagent in both compartments the current is mainly carried over the diaphragm 
by protonated base and methyl sulfite (see Figure 3). Along with hydrogen gas 
Katoh et al. managed to identify thiosulfate and sulfide as reduction products. 
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Dithionite has also been assumed to form but its existence has not been verified. 
The extended capacity (amount of water that can be titrated before exhaustion) of 
the catholyte that was achieved by addition of carbon tetrachloride was explained 
by its reduction to chloroform and chloride. Carbon tetrachloride is also more 
easily reduced than methyl sulfite. Thus the formation of oxidizable sulfur 
compounds is suppressed, the consumption of protonated base is lowered, and the 
formation of chloride ions increases the conductivity of the catholyte. Scholz also 
managed to replace the hazardous carbon tetrachloride with soluble ammonium 
salts. 
 
 

 
Figure 3. Cathode reactions and ion transport over the diaphragm 

 
 
A major drawback with diaphragm cells is the long conditioning times needed to 
withdraw moisture from the porous frit after the titration cell has been opened for 
refilling of reagents. Moreover, the diaphragm increases the resistance between the 
generator electrodes and in some cases, especially when using reagents with added 
non-polar solubilizers, limits the maximum titration rate. The diaphragm can also 
clog (resulting in further increased resistance) due to precipitation or by substances 
in the sample matrix. Clogging is particularly troublesome when determining the 
moisture content of oils. 
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Coulometry with diaphragm-free cell 
In the mid-seventies Nichugovskii41 modified a coulometric titration cell for gases 
and managed to create the first successful diaphragm-free cell for KF titration. In 
this construction the cathode was placed in such a way to obtain a delayed mixing 
of the solution surrounding it and the rest of the reagent. The problem with 
formation of oxidizable reduction product at the cathode was, however, not solved 
and the complex cell design was probably the reason why it was not 
commercialized. More than a decade later the instrument manufacturer Metrohm 
and the reagent supplier Riedel-de Haën jointly presented the combination of a 
commercial diaphragm-free KF coulometric cell and the reagent HYDRANAL-
Colulomat AD, designed by Scholz. The successful determination of moisture in 
over 40 substances was demonstrated and only a few incompatible substances such 
as nitro compounds and hydroquinone were reported42. Diaphragm-free coulometry 
quickly gained popularity because of its ease of use but surprisingly little was 
published on this new technique in the literature. Today the majority of articles 
concerning diaphragm-free KF coulometry originate from Umeå University and the 
research group of Cedergren. 
 
Katoh43 was the first to report the effect of the current density at the cathode on the 
formation of oxidizable sulfur compounds. It was shown that 100% formation of 
hydrogen gas could be obtained when the reagent was buffered with imidazole and 
a current density of at least 1000 mA/cm2 was used. Two stronger bases, 
diethanolamine and 1,3-di(4-pyridyl)propane, were also successfully employed, but 
with pyridine not even a current density higher than 5000 mA/cm2 was sufficient. 
In continuous coulometry the generating current will be proportional to the 
difference between the measured potential of the indicating system and the preset 
end-point potential. Consequently, the generating current will gradually decrease as 
the end-point is approached, resulting in unfavorable low current densities. A 
practical way to avoid this is to pulse the generating current, i.e. use a constant 
current height and vary the pulse width to adjust the titration rate (see Figure 4). 
The constant current height will ensure high current densities at all times when the 
generating current is applied. At higher titration rates and current densities, 
however, there are no advantages for the pulsed-current technique44.   
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Figure 4. Example of how the titration rate can be controlled in pulsed coulometry 

by varying the pulse width at constant pulse height.  

 
Nordmark et al.44, 45 showed that optimum KF reagents for diaphragm-free 
coulometry should be buffered around pH 10, contain an appreciable concentration 
of both free and protonated imidazole, and preferably a modifier like carbon 
tetrachloride, chloroform, hexanol, or ethylene glycol. Although pulsed coulometry 
ensures a sufficiently high current density, overestimation of water was reported 
for small quantities of water and when using lower titration rates43, 45. Surprisingly, 
the optimized reagents in combination with continuous coulometry even showed 
lower errors compared to those obtained with a commercial titrator using pulsed 
generating current45. The reason for this was also investigated by Nordmark et al.46 
and it was shown that the formation of oxidizable sulfur compounds increased 
dramatically when the pulse width was less than 60% of the total pulse cycle, 
independent of pulse frequency in the interval 5-1000 Hz. A continuous process of 
accumulation of reducible sulfur species at the cathode, during the zero-current 
time periods, was assumed to be the explanation for this behavior.  
 
Optimum conditions for diaphragm-free coulometry can be summarized by the 
following criterions: i) cathode current density preferably higher than 
1000 mA/cm2, ii) minimum pulse width of 60% in case of pulsed coulometry, iii) 
high concentration of free imidazole in a methanolic reagent buffered at pH 10 and 
with molar amounts of one of the mentioned modifiers, and iv) low end-point 
concentration of iodine to minimize the risk of overcompensation when the result is 
corrected for the background drift. 
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Drainable generator electrode 
Cedergren and Jonsson29, 47 described two types of diaphragm-free cells with 
drainable auxiliary electrode compartments. In these cells the reaction of iodine 
with oxidizable reduction products is prevented by the same principle of delayed 
mixing used by Katoh39, but in a more user-friendly fashion and with an ordinary 
type of titration vessel. The cathode is held inside a tube-like compartment and in 
the most recently described configuration the opening of this compartment towards 
the rest of the reagent was optimized for minimum convection. This cell has the 
common advantages of a diaphragm-free cell and in addition it was shown that 
close to 100% recovery of water (practically no influence of iodine consuming 
reduction products) could be obtained with several reagents not suitable for normal 
diaphragm-free coulometry. After some time, depending on the extent of formation 
of oxidizable reduction products in the reagent that is used, the cathode 
compartment can easily be drained by a Teflon plunger. The accumulated 
interfering substances are quickly oxidized by iodine and as the plunger is restored 
to its original position the compartment is refilled with fresh reagent. Since the 
cathode reaction products can be contained, the type of generating current 
(continuous or pulsed) is of less importance.  

Direct zero-current potentiometric determination 
This technique was first described by Cedergren and Lundström35 and as the name 
implies it relies on a calibrated zero-current potentiometric indication system as 
described above. A sample is added to a KF reagent containing an adequate excess 
of iodine to consume all water expected from the sample, as well as the 
atmospheric moisture that will penetrate into the cell during the determination 
(background). Since the iodine concentration can be retrieved from the potential of 
the indicating system it is possible to calculate the amount of water corresponding 
to the potential jump that the sample introduction will cause. The background can 
be accounted for by extrapolating the potential drift before and after the sample 
was added to the time of sample introduction. If the sample volume is very large 
the dilution effect has to be accounted for. The sample matrix may also change the 
response of the indicating system and therefore recalibration can be needed for a 
correctly calculated iodine concentration after the potential jump. This technique 
was used for trace water determination in paper I and a detailed example describing 
corrections for dilution and change in the response of the indicating system is given 
therein.  
 
Although the technique may seem a bit complicated it has some interesting 
features. The sensitivity of the indicating system and the iodine excess in 
combination with a rapidly reacting reagent makes it possible to consume and 
accurately determine very small amounts of water in a few seconds. The time 
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necessary is in practice set by the reaction time of the KF reaction and side 
reactions can be kinetically discriminated. Cedergren and Luan34 even showed that 
a linear response between the zero-current electrode potential and –log[H2O] could 
be obtained in the interval 0.001-1 M of excess water. This is remarkable and at the 
corresponding low "iodine" concentrations, the electrode potential is evidently 
determined by redox species other than the I2/I-

Evaporation techniques 

 couple.   

Evaporation techniques offer the possibility of avoiding direct contact between the 
sample matrix and the KF-reagent. The principle is to heat the sample and transport 
the evaporated moisture to the titration vessel with a dry carrier gas. In this way 
dilution errors and interference with substances in the sample matrix can be 
avoided and typically an increased reagent lifetime is obtained. Volatile sample 
constituents will, however, also be transferred to the titration cell, which leads to 
dilution of the reagent and in severe cases to interference. Some known volatile 
interfering substances are hydrogen sulfide and mercaptanes. 
 
The evaporation devices can be exemplified by two main types: the oven and the 
stripper (Figure 5). The oven has an access door where a ship carrying a solid or 
liquid sample can be inserted. As the sample is heated moisture enters the 
atmosphere in the oven and is eventually flushed to the titration cell by the carrier 
gas. The stripper, on the other hand, is only suitable for liquid samples since the 
cell is sealed by a septum. Evaporation will be quicker because of the relatively 
small void volume and the possibility to bubble the carrier gas through the sample 
(the stripper is actually often referred to as “bubbler”). Since the well sealed 
stripper cell does not have to be opened for sample introduction the pickup of 
atmospheric moisture is minimized, which is advantageous for determination of 
minute amounts of water. After some injections the stripper cell will have to be 
emptied and, depending on the construction, a certain conditioning time is required 
before the next determination can be performed.  
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Figure 5. Schematic picture of an evaporation oven (to the left) and a stripper cell 

(to the right). 

 
 
Irrespective of technique, a rapid and efficient evaporation is essential for 
achieving fast and accurate titrations (preferably 5-15 minutes). Obviously the 
temperature is critical and should in practice be somewhere above the boiling point 
of water. Unfortunately the increased temperature can lead to both water-
consuming and water-producing reactions in the sample matrix. Certain oils and 
waxes may slowly combust and form water. To some extent this kind of problem 
can be avoided by the use of an inert carrier gas such as helium, nitrogen, or argon 
instead of air.  
 
A technique that has proven to be very efficient in combination with KF titration is 
azeotropic distillation. Table 1 shows the boiling point and water content of some 
commonly used azeotropes with water. These solvents all form low-boiling 
azeotropes with water and allow evaporation of moisture below the boiling point of 
pure water. The water/xylene azeotrope has for example a boiling point of only 
84.2°C and performing the evaporation at say 90°C instead of 110°C can mean the 
difference between success and failure. In practice an ordinary stripper cell can be 
filled with an azeotrope-forming solvent and heated to evaporate all moisture. After 
this conditioning procedure samples can be injected into the pre-dried solvent in a 
usual manner. Non-polar samples like oils will dissolve effectively in the warm 
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aromatic solvent and the release of water is facilitated. It is also possible to 
dissolve or mix samples with the solvent prior to sample introduction, but in that 
case a separate blank determination of the solvent has to be performed, which is an 
additional source of error. A disadvantage inherent in azeotropic distillation is the 
continuous solvent transfer to the titration cell, which results in dilution and 
eventually calls for a change of the reagent. The low boiling point of some 
azeotropes can also demand a heated or isolated interface to the titration cell in 
order to avoid condensation before reaching the KF reagent. 
 
 

Table 1. Common azeotropes with water 

Solvent b.p. solvent 
(°C) 

b.p. azeotrope 
(°C) 

Water content  
(mass%) 

Benzene 80.1 69.4 8.9 

Toluene 110.6 84.2 20.2 

m-Xylene 139.1 94.5 40.0 

 

Kinetic discrimination 
Kinetic discrimination has been mentioned earlier and deserves further attention. It 
is not really a technique in the same sense as those earlier described, but rather a 
clever way of choosing reaction conditions to favor the KF main reaction and 
discriminate (suppress) a side reaction. Bisulfite addition and acetal formation can, 
for example, be completely suppressed by titrating aldehydes in methanolic 
reagents at -10°C48. In the case of iodine consuming reactions a rapidly reacting KF 
reagent regulated at a very low end-point concentration of iodine can result in 
negligible interference29, or at least a delay of the side reaction until all water has 
been consumed and the iodine concentration begins to increase. Evaluation of the 
titration curve in such cases demands extra attention and an estimation of when the 
water reaction has finished is necessary. A key prerequisite for a successful 
discrimination is of course a rapidly reacting KF reagent and since the introduction 
of imidazole-buffered reagents by Scholz24 several markedly faster reagents have 
been described in the literature21, 23, 29. 
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Recommendations for successful titrations 

Sampling and sample introduction 
As often when it comes to analytical determinations, sampling and other steps 
before the actual analysis can be a considerable source of error. Sample 
homogeneity, adsorption effects, and contamination should always be considered. 
Samples should if possible be shaken or mixed to avoid water concentration 
gradients, and a larger sample volume will minimize contamination due to 
absorption of ambient moisture. 
 
Water determination is particularly troublesome since contamination by 
atmospheric moisture is difficult to eliminate, especially when handling samples 
containing only a few ppm of water and samples that are hygroscopic. In favorable 
situations the sample can be accessed with a syringe through a septum or an 
opening in the sample container that is as small as possible. Since moisture can 
already be present in the syringe, for example adsorbed on the walls, it is advisable 
to fill it and discard the content outside the sample vessel two or three times, 
followed by repeated flushing with the needle kept inside the vessel. Preferably a 
slightly larger volume is aspirated and immediately before injection the piston is 
adjusted to the desired volume. The needle should always be wiped off with a dry 
tissue before penetrating a septum, regardless of whether it is the septum of a 
sample bottle or that of the titration cell.  
 
As the sample is introduced in the titration vessel the question arises whether to dip 
the tip in the reagent or not. The answer depends on the sample viscosity, the water 
content of the sample, and on the humidity in the laboratory (moisture adsorption 
on the needle). Viscous samples like oils tend to form a drop at the tip of the needle 
and if it cannot be released by carefully tapping the syringe the tip has to be dipped 
slightly into the reagent. Otherwise the small drop will stick on the inside of the 
septum as the needle is drawn out of the cell, causing a slightly too low result and 
sometimes an increased drift (background). Dipping the tip is therefore 
recommended for viscous samples and samples with high water content, and 
should be avoided for trace determinations, especially when the humidity is high. A 
good idea is to test the effect of moisture adsorption on the needle by starting a 
titration and watching the response when a carefully wiped needle is dipped in the 
reagent.  
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Evaluation of the titration curve 
The course of a titration contains valuable information about the determination and 
it can be displayed either on the titrator itself or, preferably, on a computer screen 
by an accompanying computer software. The current-time graph should be 
examined to reveal background shifts due to unsuccessful sample introduction or 
side reactions. Instrument parameters should be optimized to achieve as rapid 
titration as possible, i.e. use as high current and titration rate as possible. Make sure 
that the titration rate reaches the end-point drift within the titration time and adjust 
the titration time if necessary. If a rapidly reacting reagent is used it is usually 
advantageous to choose a low iodine concentration at the end-point (higher end-
point potential when using a bipotentiometric indication system) to minimize the 
effect of iodine-consuming side reactions.  

Use of a working standard 
It can be quite difficult to prepare a water standard that will be stable over time, but 
some solvent mixtures are more suitable than others. Water saturated octanol 
(WSO) can easily be prepared by shaking 1-octanol with water and afterwards 
allowing the two phases to separate for a few days. The certified water content of 
WSO prepared by NIST is 39.24±0.85 µg/µL at 21.5°C49, but it should be 
mentioned that the concentration tends to decrease when the (upper) octanol-phase 
is in contact with the atmosphere50.  Another example is the 5‰ standard supplied 
by Riedel-de Haën that is based on xylene and butanol. This standard is reasonably 
stable, although the water content can slowly increase or decrease depending on the 
humidity in the laboratory and how frequently the bottle is opened. Despite a 
gradual change, a water standard is of great value to check the condition of a KF-
titration system. Daily determination of the water content in a working standard 
makes it possible to identify sudden changes that cannot be contributed to the drift 
of the water standard. Such sudden changes indicate that something is wrong with 
the titration system. When choosing a standard it is important to make sure that it 
will be compatible with the KF reagent as well as with the samples. 

Checks for interference 
When analyzing new types of samples, a “normal” titration curve does not 
necessarily mean that the result is correct. For instance, the sample could contain a 
certain amount of a substance that is rapidly oxidized by iodine and hence 
contributes to the apparent water content. A useful method to rule out this kind of 
interference, or even to compensate for it, is to prepare a reagent similar to the KF 
reagent that will be used, but omitting sulfur dioxide. Since the KF reaction will 
not be possible in this media any iodine consumption that the sample will cause is 
due to a side reaction. Presence of sulfur dioxide in the sample will, however, also 
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result in iodine consumption since it enables the KF reaction, and this would of 
course not falsify a water determination. Two other useful checks for interference 
of the sample matrix on the determination are to use different sample sizes and the 
methods of standard addition. For comprehensive information on interfering side 
reactions and how they can be identified the Analytical Chemistry Report 
“Moisture Determination Using Karl Fischer titrations” by MacLeod51 is 
recommended.   
 

Trace determination of moisture in oils 

Paper I 
Paper I shall be considered in the light of a series of articles52-60

It all started with an article in Analytical Chemistry by Margolis

 dealing with the 
reliability of trace determination of moisture in oils. These studies mainly 
concerned insulating oils used in power transformers, which must meet strict 
demands for a low water content (<10 ppm) to avoid deterioration of cellulosic 
insulation materials and to minimize dielectric losses.  
 

52 who reported 
large discrepancies between volumetric and coulometric moisture determinations, 
initially noted in an inter-laboratory comparison. The National Institute of 
Standards and Technology (NIST) had previously coordinated this comparison on 
two new reference materials: RM 8506 (Exxon Univolt N61 transformer oil), and 
RM8507 (Exxon Coray 22 mineral oil). The consensus results from fourteen 
laboratories were 21±3 and 47±3 ppm for RM8506 and RM8507, respectively, 
based on KF coulometry in accordance with the current ASTM method with 
unmodified commercial reagents. Margolis (employee at NIST) did, however, 
observe markedly higher results with volumetric titration, using various aliquots of 
chloroform in methanol as solvent. He also noted that both the coulometric and the 
volumetric results decreased by as much as 50% when the amount of added sample 
was large enough to cause a phase separation in the KF solvents/reagents. Margolis 
concluded that water was sequestered in the oil phase when the sample was not 
completely dissolved and that the highest results were obtained with the volumetric 
method using a chloroform content above 65%.    
 
In four subsequent publications Margolis53-56 tested several combinations of KF 
coulometers, reagents, and oils in order to explain the large differences compared 
to the volumetric method. Although he was not able to identify the source of the 
discrepancy he stated that the modified volumetric method (with at least 65% 
chloroform in the solvent) was more accurate than the coulometric methods and 
that the water content of RM8506 and RM8507 was 40 and 77 ppm, respectively. 
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By this time Jalbert et al.57 addressed the concerns about the coulometric KF 
method by comparing it with an independent and newly developed method based 
on static headspace capillary gas chromatography (HS-CGC). Calibration was 
made using oil standards, prepared by spiking dried oils (using an in-house 
developed and patented process) with known amounts of water. Two types of 
sample introduction were used for the coulometric determinations: direct, by 
injecting the oils in the KF reagent, and indirect, by azeotropic distillation with 
toluene. A commercial KF reagent mixed with chloroform (30% by volume) was 
used in both cases. Although not customary, a calibration curve was made to relate 
the response of the coulometric KF titrator to the expected moisture content in the 
prepared standards. By doing this the authors claimed that the result would be 
corrected for sample matrix effects. The results of all three methods were fairly 
well in agreement, around 14 and 44 ppm for RM8506 and RM8507, respectively. 
Without correction for the sample matrix, the direct coulometric determination of 
dried Exxon Univolt N61, the same oil as in RM8506, showed an interference 
corresponding to +6 ppm. Taking this into account the results were in good 
agreement with the results of the original inter-laboratory comparison. The 
controversy was now a fact. 
 
Cedergren and Nordmark58 also analyzed the two reference materials by direct 
injection using a commercial titrator and homemade reagents. In addition they used 
a stripping technique coupled with continuous coulometry in a smaller (5 mL) cell. 
The interference effect was separately determined with SO2-free reagents and 
showed around +7 ppm for RM8506 and no significant interference from RM8507. 
If the direct coulometric results obtained by Cedergren et al.58, Jalbert et al.57, and 
the inter-laboratory comparison52, were corrected for this interference effect, all 
results except those by Margolis volumetric titration were in the range 13.5-15.6 
ppm and 42.5-47.2 ppm for RM8506 and RM8507, respectively. Accordingly, six 
different procedures now produced similar results and the volumetric method used 
by Margolis was seriously questioned. Cedergren and Nordmark58 also showed that 
Margolis bias of 20-30 ppm could be explained by the effect of a relatively large 
sample volume (3 mL sample to 23 mL reagent) on a biamperometric indication 
system, in combination with a relatively high end-point concentration of iodine.  
 
Gilbert et al.59 arranged another inter-laboratory comparison based on 10 different 
techniques, including HS-CGC, gas-phase H2 sensor, RH sensors, and KF 
techniques. The samples were prepared from the insulation oil Voltesso 35, dried 
with their patented technique and spiked with a known amount of water. Six 
techniques were considered to give results in the expected range, two RH sensors 
tended to underestimate the result, and two volumetric methods again showed a 
positive bias of ~22 ppm. 
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Margolis and Mele60 responded to the criticism of their volumetric KF method with 
a study on the residual water in oil after oven evaporation and in the oil-toluene 
mixture after azeotropic distillation. Once again they used the modified volumetric 
method and found appreciable concentrations of residual water in both cases. They 
concluded that the water they could measure with the volumetric method was not 
released from the oil phase even when it was heated to 160°C, which would also 
explain why it was inaccessible to the HS-CGC method and the evaporation 
techniques.  
 
This is where the work presented in paper I came into the picture. In collaboration 
with Institute de recherche d’Hydro-Québec (IREQ), where the patented drying 
technique for oils had been developed, the efficiency of oven evaporation and 
azeotropic distillation was studied. A new approach for moisture determination was 
presented, based on a direct zero-current potentiometric method in a specially 
designed reagent containing more than 80% chloroform. The high chloroform 
content would definitely fulfill the requirements for a complete dissolution of the 
oil sample and release of any tightly bound water. The determinations were 
performed with an excess of iodine in the reagent, as compared to the amount of 
water in the sample, and by following the change in the iodine concentration with 
the zero-current potentiometric indication system, the amount of water could be 
calculated. Since rather large sample volumes were used (8 mL sample to 100 mL 
of reagent) the indicating system was recalibrated directly after each sample 
addition. The final results were corrected for the dilution effect and also for 
iodine/iodide interference, as determined separately with a similar reagent free 
from sulfur dioxide. As the results in Table 2 show (equivalent to Table 3 in 
paper I), the bias of the modified volumetric method used by NIST was once again 
shown to be very large at trace levels.  
 

Table 2. Comparison of the resultsa on residual water contents found in paper I 
with the results of NIST60 

 Azeotropic distillation  Stripping/Oven Evaporation  

 Paper I 
(ppm) 

 NIST 
 (ppm) 

 Paper I 
(ppm) 

 NIST 
 (ppm) 

Voltesso 35 1.0 (0.22)  -  1.3 (0.39)  - 
Univolt N61  2.2 (1.52)  24 (6.4)  1.2 (0.55)  34 (4.1) 
Drakeol 35 1.6 (0.43)  12 (3.5)  1.4 (0.70)  28 (10) 

a Standard deviations are given within parenthesis 
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The 1-2 ppm that was found after evaporation corresponded to an evaporation 
efficiency of 90-95%. A reflection in retrospect of our study is that the remaining 
oil and oil-toluene mixture most likely absorbed some moisture during the time of 
cooling. That would mean that the evaporation efficiency is higher than stated in 
paper I, and that results obtained with evaporation techniques coupled to 
coulometric KF titration should be very reliable. It should be kept in mind, 
however, that volatile interfering substances can affect the results of these methods.  
 
This example demonstrates how difficult trace determination of moisture in 
complex matrices can be, and the importance of validating a method for new types 
of samples. Today the reference material RM8506 has been superseded by 
RM8506a and in the Report of Investigation NIST61 states that “the difference 
between the coulometric and volumetric results in this material has NOT been fully 
resolved.”  In this report a correction for chemical interference of 6.2 ppm is given 
for the direct coulometric method. This interference was claimed to be determined 
by a “method developed at NIST”62, but since this procedure has been described 
before34, 58, 63 it is in all honesty rather a validation of the method (essentially 
equivalent to the procedure used by Cedergren and Nordmark58). Finally, the 
sequestration of water in the oil phase, as noted by Margolis52 after a reagent 
mixture has turned biphasic, is important to consider when analyzing oil samples. It 
is, however, more likely that the varying drop in recovery of water (down to 50%) 
is due to a change in stoichiometry, and not that water is preferentially associated 
to the oil phase instead of the alcohol phase. 
 

Paper II 
In paper II several commercially available reagents were evaluated for trace 
determination of moisture using diaphragm-free coulometry. Associated with this 
technique is the problem of formation of oxidizable (with iodine) reduction 
products, causing recovery rates of water of over 100%. As was described earlier, 
this can be attributed to low current densities when using continuous coulometry, 
or long zero-current periods when the generator current is pulsed. This problem is 
accentuated for small amounts of water as the titration rate will be very low during 
the titration course. The study in paper II was based on water standards in methanol 
or xylene/butanol to exclude other interference effects caused by the addition of an 
oil matrix, for example like that observed in RM8506.  
 
A computer-controlled syringe pump (home-build) was used to add the water 
standard and since the needle was immersed in the reagent at all times (never 
removed from the titration cell) very accurate and reproducible additions could be 
made. Since it was not shown in the article, it is worth mentioning that the 
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diffusion of the water standard out from the needle was negligible, even though the 
needle remained in the reagent after injection. An example of sequential injections 
of 5 µL of standard into the microcell is shown in Figure 6 and it is clear that the 
background was low and stable between the injections. The recovery tests in 
paper II were made with a commercial titrator (~100 mL of reagent) and larger 
portions of the standard (50 µL), but Figure 6 is a good example of the remarkably 
good performance of the microcell (4 mL of reagent) controlled by the home-build 
continuous coulometer64. 
 
 

 
Figure 6. Example of sequential injection of 5 µL of methanol into the microcell 

(reagent Hydranal Coulomat AG) with the syringe pump used in paper II. 
The lower portion of the figure is zoomed in around the background 
level. 
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In the first part of the evaluation ~250 µg of water was titrated with different 
generator settings. The results confirmed those of Nordmark et al.46, i.e. that a high 
generating current (400 mA) in combination with maximum titration rate 
(2000 µg/min) gave the lowest errors. Of special interest was that the Hydra-Point 
reagents (from J. T. Baker) and Hydranal Coulomat AG-Oven (from Riedel-de 
Haën) showed very good recoveries (100±1%) even at such low maximum titration 
rates as 500 µg/min. At optimum conditions, all reagents intended for diaphragm-
free coulometry gave results in the interval 99.7-102.9%.  
 
For trace determination in the unmodified reagents, i.e. 10-15 µg of water, the 
situation was not as good. The effect of unfavorable long zero-current periods of 
the pulsed generator current was evident and the reagents now produced results 
between 102-115%. However, it was also shown that the two best reagents could 
give 99.9% recovery with continuous coulometry in combination with a very small 
cathode. This exemplifies the trade-off between maximum titration rate and 
recovery of water.  
 
A volume of 2 mL of oil with 10 ppm moisture and density 0.8 g/mL is expected to 
contain 16 µg of water. When such a sample is analyzed the commercial 
diaphragm-free coulometer would have to work under the unfavorable conditions 
described above. In addition, the reagent usually has to be modified to increase the 
solubility of the non-polar oil, for example by mixing six parts of the reagent with 
four parts of xylene according to the ASTM standard test method for water in 
petroleum products65. This situation was tested with the two reagents Hydranal 
Coulomat AG-H (H.C. AG-H) and Hydra-Point Coulometric Gen (H.P.C. Gen). In 
addition, the effect of decanol additions to these reagent mixtures was studied since 
adsorption of hexanol had previously been shown44 to essentially reduce the 
formation of interfering reduction products at the cathode. The results from 
paper II are reviewed in Table 3 with the performance expressed as the recovery 
rates of water. 
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Table 3. Recovery rates for determination of ~15 µg of water before and after 
modification. 

Reagents and modifiers 
 

Recovery  
(%) 

Pulse height 
(mA) 

100 mL H.C. AG-H 115 400 

60 mL H.C. AG-H, 40 mL xylene 117 200

60 mL H.C. AG-H, 40 mL xylene, 10 mL decanol 

b 

113→118 200a 

100 mL H.P.C. Gen 

b 

102 400 

60 mL H.P.C. Gen, 40 mL xylene 104 200

60 mL H.P.C. Gen, 40 mL xylene, 10 mL decanol 

b 

101 200

60 mL H.P.C. Gen, 40 mL xylene, 20 mL decanol 

b 

104 100b 
a The recovery increased after titration of a larger amount of water. 
b

Adsorption effects of organic and inorganic compounds on platinum electrodes 
have been reported extensively in the literature, but no relevant information could 
be found for this particular case, i.e. the effect of adsorption of decanol on the 
cathodic reduction process in KF coulometry. However, Kazarinov and Mansurov

 Highest possible pulse current. 

 

 

66 
(as reviewed by Damaskin et al.67) showed that adsorption of organic compounds 
on platinum caused substantial changes in the structure of the electric double layer. 
The adsorption of phosphate and sulfate anions was, for example, suppressed by 
the presence of hexanol. In view of this and the previously observed effect of 
hexanol in diaphragm-free KF coulometry44, it seemed possible that decanol could 
interact even more efficiently with the cathode. As shown in Table 3 the addition 
of 10 mL of decanol to the modified reagents did indeed result in better recovery 
rates. Unfortunately this favorable effect disappeared in the reagent based on H.C. 
AG-H, as a result of high generation currents when a larger amount of water was 
titrated. In the other reagent mixture the improved recovery was persistent even 
after high currents had been used. Addition of 20 mL of decanol to the H.P.C. Gen 
reagent limited the conductivity (and thereby the maximum possible generator 
current) and therefore no further improvement could be achieved. 
 
From this study it is evident that the reagent composition can be optimized for 
accurate trace determination of water with diaphragm-free coulometry. The effect 
of adsorption of long-chain alcohols on platinum surfaces is a very interesting area 
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and further studies of the effect and stability of such adsorptions can be very 
rewarding. It is also clear that further improvements of the instrumentation can be 
made, and it should be mentioned that the commercial diaphragm-free systems on 
the market are optimized for a wide range of applications, rather than for trace 
determination. 
 

Alcohol-free reagent solutions 

Paper III 
From the very beginning of the work in this thesis, experiments were made using 
N-methylformamide (NMF) as solvent for KF reagents. Its interesting properties 
had already been noted by Scholz, who even patented this type of reagent, but 
commercial products are still not available. The most striking property of this 
solvent is the high relative permittivity of 182.4, which should be favorable when 
dissolving ionic and polar substances. NMF also has a positive effect on the 
kinetics of the KF reaction as was shown by Cedergren68 more than thirty years 
ago. As with all non-methanolic KF reagents, however, the greatest challenge is to 
provide for a 1:1 stoichiometry between water and iodine.  
 
The results presented in paper III were from a study, supported by the German 
company Chemetall GMBH, aimed at finding a method for moisture determination 
of lithium (bis)oxalatoborate (LiBOB). This compound was the first halogen-free 
conductive salt to be used in lithium ion batteries, but moisture determination in 
ordinary alcoholic KF reagents was not possible due to a side reaction. The yield of 
titration in alcoholic media gives results that agree well with a formation of one 
mole of water per mole of LiBOB. Most likely one of the oxalate ligands reacts 
with methanol to form dimethyl oxalate and water (18). 
 

OHOCO)(CH)BOLiO(COH2CHB)OLi(C 22342384 ++→+  (18) 
 
The water content of LiBOB was not expected to be very high. In view of this 
NMF appeared as an interesting candidate for use as solvent in a non-alcoholic KF 
reagent. Several reagents were prepared to optimize the composition with respect 
to recovery of water in a commercial coulometric diaphragm cell. The study was 
limited to a maximum amount of 240 µg of water in 100 mL of reagent. To point 
out some interesting characteristics the results of six such reagents are given in 
paper III and are reviewed in Table 4. However, instead of initial concentrations 
the compositions are here given as the expected concentrations after preparation, 
i.e. at the time of evaluation of the reagents. The general conclusion that can be 
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drawn is that a good recovery was achieved with: i) a low end-point potential, ii) 
a high quotient [Im]/[ImH+

Table 4. Optimization of the reagent composition 

], iii) a low concentration of sulfur dioxide, and iv) a 
high concentration of iodide. 
 
 

 Reagent composition  Recovery (%) 

 [Im] [ImH+ [I] - [SO] 2  ] 80 µg H2
 O 240 µg H2O 

 (M) (M) (M) (mM)  30 mV 90 mVa  a 30 mV 90 mVa a 

A  0.16  0.7  0.6  60   98.9 95.9  99.1 96.0 

B  0.16  0.7  0.6  470   98.8 93.4  96.9 90.5 

C  0.9  1.1  1.1  90   99.1 -  99.2 - 

D  0.8  1.2  0.2  50   96.6 -  94.9 93.5 

E  1.9  1.1  1.1  40   100.0 -  99.9 97.9 

F  1.9  1.1  1.1  510   99.1 -  98.8 97.8 
aBipotentiometric end-point potential; 50-60 µM excess at 30 mV, and 10 µM at 90 mV. 

 

 

The effect of the end-point potential can be explained by the corresponding iodine 
concentrations: 50-60 µM at 30 mV, and 10 µM at 90 mV. Since the reagent 
volume was 100 mL, the introduced amounts of 80 and 240 µg of water converts to 
the concentrations 44 µM and 133 µM, respectively. This means that when a small 
sample was added at the lower end-point potential, iodine was in excess of water 
and side reactions were effectively discriminated by the rapid KF reaction. The 
main interference expected was between the intermediate sulfur trioxide and water 
from the sample, but other reactions were also assumed to interfere. Possible 
reaction paths were visualized in paper III and are shown here in Figure 7. 
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Figure 7. Possible reaction pathways in NMF reagents. B, base; Im, imidazole. 

 
Even better conditions for discrimination were achieved with a higher [Im]/[ImH+] 
quotient since the KF reaction was accelerated. This is in line with published 
results in methanolic reagents and the reason for the acceleration at high 
concentrations of free imidazole has been proposed to be due to the formation of 
more reactive “positive iodine”10, 21 (Im2I+

The recovery of freshly prepared reagents tended to be low initially and increased 
after some time. This “conditioning” could be accelerated by purging the reagent 
with an inert gas such as helium, which supports the findings of Grünke et al.

). In the NMF reagents, however, the 
imidazole concentration was limited to about 2 M because of an increased 
background drift. As can be seen in Figure 7 the hydrolysis of iodine is also 
favored by a higher pH, and hypoiodite may oxidize hydrogen sulfite, which might 
result in a stoichiometric deviation. The favorable effect of high iodide 
concentration could be due to its suppression of the formation of hypoiodite. 
 

69, 70 
that dissolved oxygen may be able to oxidize hydrogen sulfite. Side reactions 
involving hydrogen sulfite are a general problem in alcohol-free reagents and they 
are favored when the KF reaction is limited by the rate of iodine generation, i.e. 
when a large amount of water is titrated. Improved recoveries at lower sulfur 
dioxide concentration also support the presence of hydrogen sulfite scavenging side 
reactions. 
 
With the optimized reagent, LiBOB samples dissolved in tetrahydrofuran and in a 
mixture of ethylene carbonate and ethyl methyl carbonate could be titrated without 
signs of interference. Although the sample introduction was more difficult, solid 
samples dissolved rapidly in the NMF-based reagent and could also be analyzed. A 
syringe with double plungers was used to sample the solid under argon atmosphere, 
and the septum of the titration vessel was replaced by a valve that could be opened 
briefly as the syringe was inserted and emptied of its content. 
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Paper IV 
Although we consider the proposed reactions taking place in NMF-based KF media 
to be appropriate (see Figure 6), information on the kinetics is lacking. Obviously, 
more studies of the reactions would be of great value for understanding and 
designing successful NMF-based reagents. A systematic investigation was 
therefore initiated, including two other amides that have been used in KF reagents, 
namely formamide (FA) and dimethylformamide (DMF). 
 
Formamide is an excellent solvent for sugars and protein rich samples and is 
usually used as modifier in methanolic reagents. In such mixtures the KF reaction 
is accelerated and the effect is even greater than for NMF68. Reagents based 
entirely on FA have also been recommended for coulometry27, 71. A common 
observation when using FA in KF reagents is, however, a certain instability and 
elevated background drift. DMF, a markedly more stable molecule than FA and 
NMF, was suggested as a suitable solvent for moisture determination of aldehydes 
and ketones28, but stoichiometric deviations were reported72. Orädd and 
Cedergren73 managed to attain a 1:1 stoichiometry in DMF but only by using an 
unusually high iodine content to accelerate the slow KF reaction. 
 
Some physical and chemical properties of the three amides are listed in Table 5. An 
interesting observation is that all properties follow a trend with increasing number 
of amido-methyl groups, except the static relative permittivity (dielectric constant 
єr). The extremely high value for NMF has been attributed to the arrangement of 
the molecules in a linear fashion, with hydrogen bonding within and between 
sheets of such chains74. DMF lacks amido hydrogens and cannot function as a 
hydrogen-bond donor, whereas FA is a double hydrogen-bond donor. 
 

Table 5. Physiochemical data of the amides.

 

a 

ε ρ 
(g/cm3) 

r 

 
η 

(mPa s) 
T Mb 

(°C) 
C 

(mol/l) 
w 

(g/mol) 
pKa 

N
TE(b) 

          

(c) 

 

FA 109,5 1,129 3,31 210 45,04 25,1 -0.48 0.775 
NMF 182,4 0,998 1,65 198 59,07 16,9 -0.04 0.722 
DMF 36,7 0,945 0,80 153 73,09 12,9 -0.01 0.386 
a Static relative permittivity (εr), density (ρ), viscosity (η), boiling point (Tb),  
 molar weight (Mw), molarity (C). 
b pKa values in acetic acid according to Huisgen et al.76 
c Normalized ET(30) polarity scale77, ranging from 0.000 for tetramethylsilane to  
 1.000 for water.
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Screening experiments were carried out by preparing reagents with the three 
amides in combination with well over thirty different bases, mainly secondary and 
heterocyclic amines. The strongest bases reacted violently with the other 
constituents in the reagent and often caused precipitation during the preparation. 
Based on initial experiments a suitable formulation was chosen as basis for 
comparable experiments; after preparation the reagents contained 0.2 M base, 
0.2 M protonated base, 0.2 M iodide, and typically 20 mM sulfur dioxide, 
dissolved in one of the amides. Rather low concentrations of base and sulfur 
dioxide were chosen to minimize the influence from side reactions. The reagents 
were evaluated with respect to kinetics of the KF reaction, recovery of water, and 
side reaction caused by different types of carbonyl compounds. 
 
Although several stronger amines resulted in functional KF reagents, they caused 
strong interference with benzaldehyde and cyclohexanone, the two active carbonyl 
compounds used in the evaluation. The interference appeared as a more or less 
pronounced background increase that was virtually independent of the iodine 
concentration. This suggested that water was formed in a reaction between the 
amines and the carbonyl compounds, possibly due to enamine formation (14). 
Pyridines and imidazoles were shown to be much less reactive and hence the study 
was primarily focused on this group of heterocyclic amines.  
 
The kinetic study was based on direct zero-current potentiometry, where three 
consecutive samples of about 5 µg of water were added to 4.5 mL of reagent with 
an iodine concentration of ~2.10-4 M (equivalent to ~16 µg of water). The potential 
of the calibrated indicator electrode was recorded at a suitable rate and the 
concentration profile was fitted to the third order rate equation of the KF reaction 
(3). The excess concentration of sulfur dioxide was determined separately and the 
concentration of water at a certain time could be calculated from the initial amount 
added, the background, and the iodine concentration (equimolar consumption of 
water and iodine). By arranging the resulting mathematical expression in a linear 
form, the third order rate constant k3 was easily obtained from linear regression 
over the majority of the reaction time. A visual check of the determined rate 
constant was made by a simulated concentration profile superimposed on the 
experimental profile (see Figure 8). 
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Figure 8. Example of kinetic evaluation in a NMF reagent buffered with 

dipropylamine. The left plot shows the simulated concentration profile 
superimposed on experimental data and to the right is shown how the rate 
constant could be retrieved, by linear regression, from the slope of the 
rearranged rate expression. 

 
Since more reactive iodine species had been suggested10, 21 to form with amines, the 
imidazoles were expected to give higher reaction rates than pyridines, judged on 
the basis of their stronger nucleophilic character. Indeed, the imidazoles as a group 
produced higher reaction rates in NMF, but the question remained whether this was 
due to greater Br nsted basicity or nucleophilic strength. Since all reagents 
contained approximately the same concentrations of free and protonated base, the 
pH of the reagents could be approximated by the pKa values of the protonated 
bases. A plot of the rate constants versus pKa values in aqueous solution revealed a 
linear increase in k3

It appeared that the imidazoles gained in Brønsted basicity compared to the 
pyridines when going from an aqueous solvent to NMF. As is shown in Figure 9 
imidazoles (triangles) and pyridines (filled circles) are essentially on the same line 
up to pKa≈8. This led to the conclusion that the reaction rate was solely dependent 
on pH in the reagent under the prevailing conditions, and did not depend much on 
the type of base used or its nucleophilic character. Although not titrated in NMF, 

 with increased pH for the two groups. Imidazoles were, 
however, shifted towards higher reaction rates, i.e. a higher reaction rate than for 
pyridines was attained at a certain pH. This supported the presumption of a kinetic 
acceleration due to greater nucleophilicity, but to be sure, the pKa values in the 
corresponding solvents were estimated by acid/base titration. pH measurements 
were made with an electrode calibrated in aqueous buffers and hence all given 
values were based on apparent pH. More details on how the titrations were 
performed are available in paper IV.  
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other types of amines were also included in the figure to show that the reaction rate 
leveled out a higher pH. Some of the stronger bases gave very low reaction rates, 
most likely because they were partially consumed in side reactions. The 
abbreviations used for the bases are defined in paper IV. 
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Figure 9. Reaction rates in NMF-based reagents versus estimated pKa in NMF for 

imidazoles and pyridines and versus pKa in water otherwise. Triangles 
denote imidazoles, filled circles pyridines, and squares other kinds of 
amines. 

 
Reagents based on FA could not be prepared with bases stronger than 2,6-lutidine 
due to instability. In DMF the slow reaction rates made the evaluations very 
difficult and hence only three of the stronger bases were evaluated. The reaction 
rates increased linearly with pH in these reagents as well, but the rate obtained with 
a certain base was considerably higher in FA and considerably lower in DMF as 
compared to NMF (see Figure 10). For example, with N-methylimidazole the KF 
reaction was more than 2000 times slower in DMF than in NMF, whereas with 2,6-
lutidine it was 34 times faster in FA than in NMF.  
 
The linear relationship is consistent with the observations of Verhoef and 
Barendrecht7, 8 and was therefore associated with the sulfite equilibrium (5). 
Acid/base titration of sulfur dioxide (and excess water) in the three amide solvents 
revealed that piperidine, a considerably stronger base than the imidazoles and the 
pyridines, could shift the equilibrium to hydrogen sulfite but not to sulfite. From 
this it was concluded that hydrogen sulfite was the only reactive sulfurous species 
expected in the KF reaction. This was an important observation since sulfite has 
been shown to react faster than hydrogen sulfite with iodine75, 78.  
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The equilibrium constant K (19) of the hydrogen sulfite equilibrium was estimated 
from the apparent pH and the concentration of water at the inflection point (20) 
where {HSO3

-}={SO2
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K
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3
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It was then used to relate the third order rate constant k3 to a second order rate 
constant k2 for the oxidation of hydrogen sulfite (21). Taking the logarithm of this 
relationship (22) allowed for a linear plot of logk3 versus (pH-pK) with k2 as 
intercept. This is shown in Figure 11, with pH taken as the estimated pKa value of 
the protonated base and pK as the estimated value according to equation 20. 
 



42 Alcohol-free reagent solutions 

 

 

 
    

expression rateorder  2nd

-
322

expression rateorder  3rd

2223
2 ]][HSO[IkO]][H][SO[Ik

dt
]d[I

−=−=  (21) 

 ( ) 23
2

3 logkpKpHlogk           
}{H
Kk

   k +−=⇒
⋅

=
+

 (22) 

 
 

2,0

3,0

4,0

5,0

6,0

7,0

-2 -1 0 1 2 3 4

lo
g 

k 3

pKaest - pKest  
Figure 11. Rate constants in FA (triangles), NMF (filled circles), and DMF 

(crosses) versus pKaest of the base relative to pKest of the sulfur 
dioxide/hydrogen sulfite equilibrium. 

 
A favorable consequence of using the difference (pKaest-pKest) is that any constant 
deviation between the actual and the (measured) apparent pH is cancelled out. 
Figure 11 can therefore be considered as the reaction rate as a function of the base 
strength relative to the position of the hydrogen sulfite equilibrium. If all points had 
fallen on a straight line, the interpretation would have been that the reaction rate 
solely depended on pH in the reagent and the equilibrium constant of the hydrogen 
sulfite equilibrium. Although the correlation between the reagent groups is not 
perfect, it is evident that these two factors explain most of the differences in 
observed reaction rates. 
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Two of the bases used in FA, 3,5-lutidine and benzimidazole, were possibly 
involved in a side reaction with iodine during preparation, which could explain a 
slightly lower reaction rate. Furthermore, the two weakest bases used in FA, aniline 
and 4-chloroaniline, were added to the investigation in an attempt to extend the 
linear relationship to the left in the figure, but the reagents showed a high 
background drift. Consequently it is difficult to draw any confident conclusions 
when comparing FA with NMF. However, the reagents based on DMF showed a 
clear shift towards lower reaction rates, even when compensating for the base 
strength relative to the position of the sulfite equilibrium. This difference was, 
however, expected due to the extreme stability of the triiodide complex (6) in 
DMF. 
 
The conductivity in FA reagents was about 30% lower than in NMF and DMF, 
which could be explained by the considerably higher viscosity. Recovery rates 
were tested by titrating ~25 µg of water in 4.5 mL of reagent and the results in 
DMF and FA were close to 100%. NMF based reagents tended to give a few 
percent lower recovery rates for some bases, but the majority were in the range 98-
100%. It must be considered, however, that several more bases were tested in this 
solvent. Attaining a 1:1 stoichiometry in these reagents requires that the 
intermediate SO3 is efficiently complexed. Both the bases and the solvents can 
form such charge-transfer (CT) complexes. CT interactions with the bases are 
expected to be stronger but it should be kept in mind that the concentrations of 
solvent molecules are about 50-100 times higher. Among the amides, the more 
basic DMF (due to its two electron donating methyl groups) is expected to form the 
strongest CT complexes, which could explain the good recoveries obtained (as long 
as the KF reaction is fast enough). Possibly, the slightly lower recovery in NMF is 
due to a weaker interaction with SO3

In conclusion, NMF was shown to be the most flexible solvent when it comes to 
the choice of bases. The favorable position of the hydrogen sulfite equilibrium in 
both NMF and FA makes it possible to design rapidly reacting reagents using 
rather mild bases at intermediate concentrations. This is favorable since 
interference from side reactions involving the amine bases then can be minimized. 
FA is especially attractive in view of its high molarity and unique ability to 
efficiently dissolve sugars and proteins. Although DMF is the most stable of the 
amides and is expected to interact efficiently with sulfur trioxide, it is unfortunately 
not very useful in KF reagents because of poor solubility of ionic species and the 
need for relatively strong bases in order to obtain reasonable high reaction rate. 
 

, and the good recovery in FA could be 
explained by its higher concentration (see Table 3). 
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Concluding remarks 
Accurate determination of moisture content remains very important in areas such 
as trading of goods, production processes, and quality control. Methods based on 
the Karl Fischer reaction have been continuously developed for more than seven 
decades and the research area is driven by the introduction of new materials and 
substances, as well as the increased awareness of the effect of moisture in various 
systems. Examples of current interest are new types of biofuels and biodegradable 
oils, which often are more hygroscopic in nature than their fossil and synthetic 
counterparts. 
 
In this work a range of problems associated with trace moisture determination have 
been demonstrated, focused on oils and substances that react with the alcohol 
component in common reagents. For samples with very low moisture content it is 
evident that the degree of freedom increases when it comes to selecting suitable KF 
reagent components. This thesis has highlighted several important findings, both 
old and new, that can be used to design dedicated KF reagents and instruments that 
will ensure a rapid KF reaction, 1:1 stoichiometry, and suppressed side reactions, 
even for complex samples.  
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Sammanfattning 
Vattenhaltsbestämning är av stor vikt i många sammanhang. T.ex. kan vattenhalten 
påverka utbytet av en kemisk syntes, eller ha negativ inverkan på hållbarheten av 
läkemedel och livsmedel.  
 
Standardmetoden för vattenhaltsbestämning är Karl Fischer-titrering, baserad på 
antingen volymetri eller coulometri. I den här avhandlingen presenteras nya 
infallsvinklar för bestämning av mycket låga halter vatten i komplexa provmatriser, 
som t.ex. tekniska oljor och substanser som interfererar med alkoholbaserade Karl 
Fischer-reagens. 
 
Vattnet avskiljs ofta från oljematrisen före titrering genom förångning. I samband 
med framtagningen av nya referensmaterial för vatten i olja ifrågasattes 
förångningsteknikernas effektivitet av National Institute of Standards and 
Technology (NIST). NIST menade att en fraktion av vattnet bands hårt i oljefasen 
och att det inte kunde frigöras och detekteras annat än med en modifierad 
volymetrisk metod där reagenset innehöll minst 65% kloroform. I den här 
avhandlingen presenteras en alternativ metod som uppfyller det ställda kravet för 
en fullständig upplösning av oljefasen. Med denna metod visas att det inte finns 
någon anledning att ifrågasätta förångningsteknikernas effektivitet och att den 
modifierade metoden som NIST använder ger systematiskt för höga resultat.  
 
Fördelar som enklare handhavande, kortare konditioneringstider och att endast ett 
reagens behövs har gjort att diafragmafri coulometri har blivit allt mer populär. 
Spårhaltsbestämning med denna teknik ställer dock speciellt höga krav på 
reagensen eftersom strömtätheten vid katoden är låg. Med anledning av detta 
testades olika typer av kommersiella reagensblandningar för bestämning av små 
vattenmängder och kritiska parametrar identifierades. Dekanol visade sig ha en 
gynnsam effekt på katodreaktionen i reagens modifierade med xylen enligt 
standardmetodbeskrivningen för bestämning av vatten i oljor. 
 
För provtyper som inte går att analysera med alkoholbaserade reagenser 
presenteras en ny typ baserad på N-metylformamid. Med ett sådant reagens 
bestämdes vattenhalten i ett reaktivt salt som används i litiumjonbatterier. 
Liknande alkoholfria reagens undersöktes mer utförligt i en djupare studie som 
även inkluderade formamid och dimetylformamid. För- och nackdelar med dessa 
alternativa lösningsmedel diskuteras och möjliga reaktionsförlopp föreslås. Det 
visade sig att läget på jämvikten mellan svaveldioxid och vätesulfit är en avgörande 
faktor för att förklara den stora skillnaden i reaktionshastighet i dessa 
lösningsmedel. 
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