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SUMMARY 

The Karl Fischer titration procedure for the determination of water has been studied. 
In view of the rasults of previous investigations, a methanolic sodium acetate--sulfur 
dioxide solution is recommended as solvent and an iodine solution in methanol as titrant. 
The advantages of this procedure over a conventional Karl Fischer titration are: a much 
mswe rapidly reacting reagent, the possibility of a visual end-point dehction, a titrant of 
constant titre over a tong period of time, and the absence of the disagreeable odour of 
pyridine. 

The two-step mechanism proposed by Smith et al. [l] for the Karl Fischer 
titration reacticm is, in spite of some severe criticism [2,3 J , still generally 
accepted 

I,+ S07+ 3Py+ H,O=2PyHf+ PyS03 01 

PyS03 + C&OH = PyHSO.&H~ (2) 

where Py = C&N. It has been shown [4, 5j that pyritie plays no role in 
the mechanism, provided that the pH of the solution is kept constant. The 
oxidizabfe species in the reagent is neither suIti dioxide, nor a pyridine- 
sulfur dioxide complex, but the monomethyl sulfite ion 

.SQ + 2CH30H * CFi$JO; -?- CH30Hf (31 

It is therefore necessary to buffer the solution to be titrated to convert as 
much sulfur dioxide into methyl sulfite as po&ible. Another advantage af 
good buffering is that little of the yellow complex of sulfur dioxide and 
iodide [Sj fir, = I. i mof-‘) is formed 

SO% i- I’ e so&- (41 
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Thus, a visual end-point detection is possible, for this complex is the cause 
of the yellow color of spent reagent; the equipment for a biarnperometric 
or a tipotentiometric end-point detection is not then required. The titra- 
tion reaction is fist order in methyl sulfite, in water, and in icdine, with a 
third-order rate constant, Iz,.,, = 8 X 10” I2 mol-’ s-’ (average of the values 
published [4-6] previously. Because of the great stability of the triiodide 
ion in methanol [7) 

k’, = cr$c,- l cl, = 2 X lo4 1 mol-‘, (5) 

generally most of the iodine will be converted into triiodide. The reaction 
is alsO first order in triiodide. but the rate constant for this species is much 
srntier than that for iodine: k,.r ,_ = 5 X 10’ I2 mol* s-‘. The effective rate 
constant for the reaction of both iodine and triiodide can be expressed as 

k:, = @,.I2 + JqG K&,-/(1 + K, cr-) (6) 

Thus the greater the iodide concentration, the greater the conversion of 
iodine into triiodide and the lower the effective rate constant k,. 

THEORETICAL CONSIDERATIONS 

it is customary with the Karl Fischer method for methanol to be used as 
solvent. Before the sample is added, the solvent is pretitrated to a sensitive, 
but arbitrary end-point (e.g., in biamperometric end-point detection to a 
current greater than 10 PA, lasting for at least 20 s when one drop of reagent 
is added). After addition of the sample, the solution is titrated to the same 
end-point. 

This procedure introduces a systematic error: the volume at the end of 
the pretitration differs from that at the end of the sample titration (81. 
This error can be kept within acceptable limits by proper choice of the 
initial volume, concentration of the reagent and volume of the sample 
added. More important, however, is the difference in reaction rate. Usually, 
the reagent contains an approximately three-fold excess of sulfur dioxide 
over iodine, so that on addition of each drop of reagent the sulfur dioxide 
concentration in the titration vessel increases. At the end of the pre-titration, 
the sulfur dioxide concentration (assuming that the original solvent is reasonably 
dry) will be amall; generally, this will not be so at the end of the sample 
ti’ration. Since the detection of the end-point depends on the lifetime of a 
drop of reagent, and therefore on the reaction rate, this difference could 
cause _zrious errors. However, the iodide concentration will also increase 
d;rring the titration so that, according to eqn. (6), the effective rate constant 
wiil decrease. These effects compensate each other Lo a large extent, so that 
in practice the systematic error is small. Nevertheless one of the drawbacks 
o? the Karl Fischer reagent is the slow reaction rate and, therefore, the 
tedious titration and tbe dragging end-point. The remedy is to increase the 
reaction rate by increasing the sulfur dioxide concentration, or better, by 



increasing the pH of the solution. Normally, pyridine is added as buffer with 
each drop of reagent (usua.Uy, the reagent contains a seven-fold excess of 
pyridine over iodine). Pyridine and sulfur dioxide have approximately the 
same acidity constant [4] in methanol 

# n.Py = cm en&.& = 10-5*6 (7) 

K &so, = case,- Cu-fcso, = lo+’ (8) 

(these values depend somewhat on the ionic strength of the solution), so that 
a reasonable estimation of the methyl sulfite concentration is 

cRSO,- = O-5 fS0, (9) 

where fso is the formal (analytical) concentration of sulfur dioxide. Unless 
very large’amounts of water are titrated, the sulfur dioxide concentration 
will remain relatively low. It is therefore proposed that a methanolic solution 
of sulfur dioxide (ea. 0.5 M) and sodium acetate (ca. 1 M) is used as solvent 
and a solution of iodine in methanol as titrant. Because the dissociation 
constant of acetic acid in methanol is very small 191 

K a.HAc = CA=- c, +/cHA, = 1o-9e7, WI 

the sodium acetate frill convert virtually all of the sulfur dioxide into methyl 
sulfite 

SO2 f AC- f CH30H == HAc f CH,SO;. WI 

and the solution in effect contains a solution (0.5 M + 0.5 M) of acetate- 
acetic acid buffer. 

The advantages of this procedure are: (1) the good buffer action and the 
large methyl sulfite concentration give a high reaction rate; (2) the absence 
of sulfur dioxide prevents the formation of the yellow SOJ complex and 
makes a visual end-point possible; (3) the absence of pyridine makes the 
reagent more agreeabfe to use; (4) the iodine titre remains constant. 

The only disadvantages are: (I) two separate solutions are necessary; 
(2) the maximum amount of water that can be titrated depends on the amount 
of buffer present, i.e. on the buffering capacity of the solution. The appear- 
ance of a yellow colour before the end-point is agood indication that the buffer 
capacity is not adequate. If, on further addition of iodine, the intensity of the 
colour does not increase, formation of the SO& complex is indicated. 

Some titration curves, whereby the iifetime of a drop of reagent is cai- 
culated as a function of the total amount of reagent added, have been con- 
structed. By the lifetime of a drop is understood the time needed for the 
iodine therein to be consumed and a certain detection limit to be reached 
(expressed in terms of concentration in the titration vessel, see below). For 
the sake of simplicity, some approximations are made: (I) the mixing time 
of the drop with the sampfe solution is neglected; (2) the overall third-order 
rate constant does not change during the drop life; (3) the methyl sulfite 
tincenkation of the solution is constant during the drop life. 
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The first approximation is required as it would be very difficult - if not. 
imposible -to calculste the flow patterns of the mixing of the drop, the 
concentration profiles in the solution and the influence of these factors on 
the drop life. In practice, the mixi!?g time is ca. 1 s. The second approti- 
nation implies that variat.ion of the iodide concentration during a drop 
Iifz is small. For the first few drops this condition is not fulfilled but, from 
an analytical point of view, these fast few drops are not important. Figure 1 
shows the dependence of the overall third-order rate constant, h,, on the 
iodide concentration (eqn. 6). When the iodide concentration is very small, 
the reaction rate constant decreases very rapidly with increasing iodide 
concentraGon; for the relatively large iodide concentration usually found at 
the end of a titration, the decrease in rate constant is much smaller and the 
second approximation is justified. 

The third approximation makes it possible to calculate the drop life with 
peudo-second order kinetics. If the initial sulfur dioxide concentration (at 
the beginning of the customary titration) is zero, some error is incurred; 
again, this is not pertinent analytically. The calculation is as follows: for 
the R th drop of reagent added, the initial concentrations of water and 
methyl sulfite, ~2,‘~ and cz&,;, are calculated. Then, the initial concentrations 
of iodme. fziiodide and iodide are calculated. From eqn. 6, the third-order 
rate constant for the n th drop, k’& is found, and multiplication by cg&; 
gives the second-order rate constant. k:: this is considered to remain constant 
during the lifetime of the n th drop 7”. 

Second-order kinetics give: 

(12) 

where ~2: = ~7:~ + tic0 and c%l is the detection limit of iodine and triiodide 
at the end of tie life of the n th drop. 

Fip. 1. Dcptndence of the effective thirdsrder rate constant on the iodide concentration. 



In Fig_ 2, some titration curves are shown for a pre-titration with a sample 
titration. The following values for the various quantities have been used in 
the calculation. The initial volume and the volume of a drop of reagent are 
taken as 10 ml and 0.01 ml, respectively. Before addition of the sample, the 
water concentration in the titration vessel is 1 m&i, and the sample increases 
the water concentration iu the vessel by a further 10 mM, The pre-titration, 
therefore, demands 10 drops of reagent (0.X ml) and the sample consumes 
100 drops of reagent fl ml). The detection limit is estimated as 0.03 mM 
(I2 + I;). Figure 2(a) shows the titration curve for the customary reagent 
(pH 21 pK,; threefold excess of sulfur dioxide over iodine in the reagent). 
Figure 2(b) shows the titration curve for the same reagent, but with increased 
pH. Figure Z(c) shows the titration curve for the modified procedure in 
which the initial solution contains 0.5 &S methyl s4fite and sulfur dioxide 
is not added during the titration. For the sake of clarity, the titration cmes 
are drawn as solid lines rather than as discrete points for each drop. The 
amount of reagent used for the sample titration equals the distance between 
corresponding points in the pre-titration curve and the sample titration 
curve. If the end-point corresponds to a drop life of 20 s, this distance 
corresponds in Fig. P(a) to 0.95 ml of reagent (i.e. a systematic error of 
-5%). At 30 s, the systematic error is -Z.S%, at the expense of a more 
tedious titration. For the modified reagent, however, this error is negligible 
at 2 s or more. 

Figure 3 shows the values of the second-order rate constant for the 
different cases in Fig. 2. Except for the first few drops, the decrease in the 
rate constant as a result of the increasing concentration of iodide is com- 
pensated largely by the increase in sulfur dioxide concentration (Fig. 3a and b 1. 
For the modified procedure (Fig. 3c), there is no such compensation and 
the variation of the second-order rate constant is much larger. However, 
this rate constant is, even at the end of the titration, so high that all drops 
are very rapidly consumed and the variation in the second-order rate 
constant has no effect. 

Because of the approximations mentioned above, the results of the cal- 
culations are indicative rather than absolute. They show, however, the 
shortcomings of the customary reagent and the improvements obtained 
by increasing the pH and the methyl sulfite concentration. For the measure- 
ment of rate con&ants, the calculations are, of course, not suitable. The 
better-defined conditions and more accurate measuring techniques of 
previous parts of this series are much more suitable for this purpose. 

Reagents and procedure 
The methanol used to prepare the titration solutions (Baker, A.R.) was 

dried by distillation after refluxing with magnesium. Sodium iodide (Baker 
AR.) and sodium acetate (Xsrck, AX, anhydrous) were dried at 150°C for 



at least 24 h. Iodine (Baker, A.R. j and sulfur dioxide (Bakerhlatheson, 
anhydrous gas) mere used without further purification. Both singIe and 
double KW1 Fischer reagents (Merck and Baker) were used. The titre of 
the reagents was determined with watu, injected into the t.itration vessel 
through a rubber septum with a IO-cl1 Hamirton microsyringe. 

Appamtus 
The customary Karl Fischer reagent and methanolic iodine solution were 

inserted into the titration vessel from a &ml electronic burette (Metrohm 
I)osimat E 535/E 552~5B) with a resolution of 0.001 ml. The original 
Teflon tip was replaced by a very fine glass capilIary that just reached the 
solution surface. The methanol and the methanolic solution of sulfur dioxide 
and sodium acetate were added from a 20-ml burette (Metrohm Rosimat 
E 415/E 552-20B) with a resoIution of 0.01 ml. The burettes were fitted 
with Teflon cocks. The supply vessels of the burettes could be opened to 
the atmosphere via a drying tube, filled with silica gel or phosphorus pent- 
oxide; a dock between the supply vessets and the drying tubes was opened 
occasioncliy for a few seconds to equalize the pressure in the supply vessels, 
thus preventing the drying material from interacting with the methanol 
vapours. 

Bipotentiometric and biamperometric end-points were detected with a 
pair of platinum wire electrodes (ca. 5 mm long, 5 mm apart) and a iab- 
oratory-made potentiostat/gaivano_Sat. Some titrations were performed 
with a Metrohm autotitrator E 526-l to which some minor modifications 
were made. The coulometric experiments were performed as described [ 4) 
with a cc:; of reduced size (main ~mp~ment, 9-mi capacity). 

! 
i 

Fig. 2. Cticuiated titration cunms. (3) Customary Karl Fischer reagent. (b) effect on (8) of 
increazed pH, (c) modified procedure (see text). 

Fig. 3. Second-order rate constants for the titration of Fig. 2, 
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RESULTS AND ffISCUSSIOX 

For a customary Karl Fischer reagent, electroanalytical end-point detection 
is normally used. Figure 4 shows bipotentiometric detection curves (E vs. 
total cII, i.e. inclusive triiodide) for various electrode currents. Bipotentio- 
metric detection is well-suited for triggering pm-poses because of the steep 
drop in potential difference. A potential-controlled timing device was started 
when the potential difference fell below 100 mV and was stopped when the 
difference exceeded 150 mV, thus indicating the lifetime of a drop of 
reagent. The hysteresis of 50 mV made the timing device insensitive to small 
fluctuations in the potential difference. 

Figure 5 shows biamperometric detection curves (i vs. tc$al c,_) for 
various potential differences between the indicator electrodes. The indication 
is approximately proportional to t’ne total concentration of iodine {inclusive 
triiodide) and much more dependent on factors such as the rotation speed of 
the stirring magnet and concentration gradients in the titration vessel. The 
fluctuations in the indication are much larger, so that an automatic timing 
device cannot easily be used, Bipotentiometric end-point detection was 
therefore used. The electrode current was usually set at 2 gA, corresponding 
to a detection limit of about 3 X lO* &I. The bipotentiometric detection 
mode is acceptable in modern analytical practice; many pH meters have a 
Karl Fischer polarization current source. 

For the modified procedure, a methanohc solution of sulfur dioxide 
(0.5 M) and sodium acetate (1. M) was used as solvent; the titration was made 
with either a customary Karl Fischer reagent or with a solution of iodine in 
methanol (0.1 M). Both titration reagents are fxnxxlly satisfactory but the 
iodine solution is preferred; the titre of the customary Karl Fischer reagent 
decreases from ca, 0.3 M to 0.1 M over a period of a few months, but the 
effective titre of a methanolic iodine solution decreases by only 3% over a 
period of five months, probabfy through penetration of water into the 
supply vessel). The effective titre of the iodine solution is the difference 
between the a.nalyticaI iodine concentration and the water concentration in 
that solution; in practice it differed by ea. 5% from the amount of iodine 
dissolved in the methanol. 

Both bipotentiometric and visual end-points are possible; the latter is 
somewhat more sensitive (about I X 1CY5 M). 

The use of sodium acetate instead of pyridine has been reported previously 
[ 101. A Karl Fischer reagent with the pyridine repiaced by sodium acetate 
is not very stable and it was recommended that the reagent be stabilized by 
adding iodide. This, however, lowers the reaction rate; the stabilization and 
the loweiing of the reaction rate can be attributed to the same effect. It has 
been suggested [4 J that an iodine-methyI sulFIte complex might be an inter- 
mediate in the Karl Fischex reaction 



The actual Karl Fischer reaction then invoIves the hydrolysis of this complex 

CH,SO,I-; i Hz0 --, CH3SO; + 2 1- $ 2 H’ (14) 

Tfie complex is also thought to react with methanol, but the rate of SO~VO~YS~S 
is much smaller 

CH3S03 I; + CHJOH -, (CH&3Oo + 2 i- + H’ US) 

Dimethyl sulfate is very toxic; a Karl Fischer reagent should therefore be 
handled with care. The introduction of a large amount of iodide will convert 
most of the iodine into triiodide. in this respect, the use of separate so!tltions 
for sulfur dioxide and iodine contributes to safety in the h&oratory; the use 
of separate solutions has been suggested previously [ 11, 121. In Fig. 6, the 
experimental titration curves are shown for (a) a customary Karl Fischer 
titration and (b) the modified titration. There is a fair similarity between 
these curves and the theoretical predictions. For ca 3 y, a customary and 
a mcdified reagent have been compared in use. The water content of many 
non-aqueous solvents used in the laboratory has been measured, e,g. the 
methanolic solutions used previously [ 4-61 and non-aqueous solutions for 
&ectrochemicaI experiments, e.g. dimethyl sJlfoxide, dimethyiformamide, 
propylene carborra+A, etc. The variations in the determinations by the two 
methods are af the same order of magnitude as the variation within one 
method (l-2%). The modified procedure is much faster. it is sufficient to 
check the titre of the iodine solution weekly. 

The applicability of the mudified reagent to coulometric determinations 
has been test&. The cell was filled with the sulfur dioxide - sodium acetate 
solution and iodide (Cr.1 M). The solution was coulometrically pre-titrated 
(if the glassware is not very dry. it is faster to pre-titrate the solution with 

Fig. 4. Bipotentiometric detection curves for different electrode currenCs;q- = 0.1 hi in 
mcthmol. 

Fir. 5. Biampepemmctric detection CUXW‘ZI for different potential diffmnces q- = 0.1 !bl in 
methanol. 
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Fig. 6. Experimental titzation curvea. (a) Titration of 4 $11 of water with 0.25 M Karl 
Fischer reagent; (b) titration of 2 ~1 of water with 0.11 hf iodine solution in methanol; 
CNnAc = 1 % =SO, = 0.5 M, drop volume = 0.01 ml. 

an iodine solution) and small amounts of water were injected with a 
Hamilton I-l.rl microsyringe through a rubber septum. For the coulometric 
determinations, the current source for the generation of iodine, set at 25 m.4, 
was contxoIled by the Metrohm autotitrator. The switching potential was set 
at 100 mV. The autotitrator was slightly modified; e.g. a polarization current 
source (2 HA) for the platinum wire detector eIectrodes was added. The 
overall current efficiency was excellent (99.1+ 0.1% inclusive of the 
tolexa~ces in the electronic equipment and the microsyringe) when the 
method was tested over the range X-12 pg of water. 
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