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A b s t r a c t 

The present work describes the development o f a new experimental set-up to allow 

determination o f water in solid materials that can not be analysed by the traditional Karl 

Fischer's coulometric titration, as they are not soluble in Karl Fischer's solution and 

they only release water at high temperatures. 

For this purpose, a new tubular oven was designed and tested, where the temperature 

can be raised up to 1000 °C, which can be coupled to a Karl Fischer Coulometer. 

Different geological samples were tested, and the results were crossed with other 

traditionally used methods for this type o f determinations. 

I n t r o d u c t i o n 

The determination o f the water content o f some materials is very important, both from 

the point o f view o f their production and commercialisation and for the study and 

characterization o f their chemical and physical properties. 

The present work focus water determination in different geological materials. The 

traditional method for the determination o f the total water content in rocks is the 

Penfield's Method [1]. Nevertheless, it is considered a method of low precision and low 

accuracy, as it is biased by other volatile components of the sample, that will be treated 

as water by the method. 
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T h e adaptat ion o f the t rad i t iona l K a r l F i s che r ' s c ou l ome t r i c m e t h o d [2] here desc r ibed 

arose f r om the need to deve l op a me thod to ascertain the va l id i t y and l im i ta t i ons o f the 

P en f ie ld method . 

T h e c h e m i c a l equa t i on that descr ibes the react ion in the c o u l o m e t r i c c e l l is [3]: 

h + S 0 2 + 3 R N + C H 3 O H + H 2 0 -* 2 R N H I + RNSO4CH3 (1) 

where R is an a l q u i l , c i c l o a l q u i l , a r i l o r ac i l funct ion o f the so lvent . 

T h e quant i tat ive de te rminat ion o f the water content is thus based o n the react ion o f H 2 0 

w i t h an equ iva l en t amount o f 1 2 [4]. In this c ou l ome t r i c t echn ique , the i od ine necessary 

for the reac t ion is p r o d u c e d by the anod i c ox ida t i on o f i od ide , as: 

21 - > I i + 2e" 

S i n c e i od ine is c o n s u m e d as l o n g as there is water present, an excess o f i od ine w i l l 

ind icate the end-po in t o f the t i t rat ion, detected as a sudden d rop i n the potent ia l 

di f ference. 

Water contents u p to a m a x i m u m o f 5-10 m g water can be determined in a short t ime 

( c i rca 10 minutes ) . T h i s me thod is par t i cu lar l y use fu l for samples o f l o w water content 

(10 p g - 10 mg) , i.e. to w o r k i n the p p m range. A s the cou l ome t r i c t i t rat ion is a n 

absolute m e t h o d , it does not require ca l ib ra t i on [5]. A l l th is makes it a s imp l e , fast and 

accurate t echnique . 

T h e K a r l F i she r me thod has been w i d e l y used for the de terminat ion o f water i n different 

mater ia ls that react d i rec t ly , o r d i s s o l v e , i n the K a r l F i s c h e r s o lu t i on [6], F o r these, the 

method is fast and s i m p l e . In cases l i k e the one w e d i d s tudy [7,8,9], there is the need to 

in t roduce an o v e n , so that the water can be l iberated f rom the samp l e , before b e i n g 

titrated in the c e l l . T h i s i m p l i e s adaptat ions to the o r i g ina l c ou l ome t r i c ins t rument , and a 

n u m b e r o f n e w var iab le had to be s tud i ed and op t im i s ed . A n o v e n was des i gned for the 

present purpose , w h i c h was tested and m o d i f i e d throughout the work . 

E x p e r i m e n t a l Procedure 

A K a r l F i s che r C o u l o m e t e r 6 5 2 K F , M e t h r o m , was used for the water de terminat ions . 

T h e flux cont ro l for the ca r ry ing gas was from K e y Instruments. T h e tubu la r o v e n that 

- 303 -

was des i gned for this work can be seen i n figure 1, and the scheme o f the to la l 

exper imenta l set-up in figure 2. 

In a l l cases a M c t l l e r ana ly t i ca l ba lance (+0.0003 g) was used . 

As d r y ing agents, magnes ium perchlorate ( M e r c k , p.a.), su l fur ic ac id ( M e r k , p.A.) and 

mo l e cu la r s ieves ( M e r c k , 0.4 and 1.0 n m ) were used . 

The ce l l c omponen t s were dr ied in an oven at 70 °C, and the more de l icate parts w i th a 

manual a i r drier. A f te r th is , the ce l l was charged w i th 100 m l o f H y d r a n a l - C o u l o m a t A 

(R iede l -de Haen ) and immed ia t e l y c l osed . T h e ca thod i c compar tment was filled w i th 

about 5 m l o f Hyd rana l - C o u l o m a t C (R iede l -de Haen ) . A f te r th is the sys tem was 

turned on , and a l l o w e d to dry and s tab i l i ze . 

The add i t i on o f the s o l i d sample can be made d i rec t l y ( in d i rect t itration) - i n th is case it 

was w e i g h e d o n a w e i g h i n g spoon , covered w i th para f i lm, and added q u i c k l y to the c e l l 

through one o f the open ings . In the cases where this was not poss ib l e , a d r i ed samp l e 

ho lder i n ce ramics was w e i g h e d w i th the sample and was q u i c k l y i n t r oduced in the o v e n 

at the des i red temperature. T h e carr ier gas, n i t rogen ( A i r L t q u i d e , N 4 5 and N 6 0 ) was 

turned on , and connec ted to the measur ing c e l l as dep ic ted i n figure 2. In th is case, a 

b lank exper iment was per formed before each exper iment , i n the same c o n d i t i o n s as the 

measur ing exper iment . T h e amount o f sample to be added had to be adjusted to the 

water content o f the sample . 

The results are presented i n water percentage, de f ined as 

% H2O = M a s s o f t itrated water * JQQ 

M a s s o f sample 

Results and Discussion 

Dif ferent types o f exper iments were per fo rmed w h i c h w i l l n o w be descr ibed separately. 

• Determination of the water content o f the atmospheric environment 

Th i s exper iment was per formed i n order to quantitate the env i r onmen t h u m i d i t y and to 

test the instrument sens i t i v i ty for amounts o f water o f this order o f magn i tude . A 

syr inge was filled w i t h air , and in jected into the measur ing c e l l . T h e add i t i on o f 1 m l o f 

air was f ound to have water amounts be tween 0 and 13.8 u.g, d epend ing o n the 
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atmospher i c h u m i d i t y c o n d i t i o n s . T h i s result shows that extreme care must be used on 

sample management , as var ia t ion in the degree o f h u m i d i t y o f the laboratory c a n 

in t roduce a s ign i f i cant error i n the determinat ions . 

• A c c u r a c y test 

T o check the ins t rument per formance in terms o f accuracy , w e i g h e d samples o f d i s t i l l e d 

water, i n the range 4 m g - 30 m g , were in jected into the measur ing c e l l . T h e results 

present a m a x i m u m re lat ive error o f 1.6%, i nd i ca t ing a good accuracy . 

• P r e c i s i o n test 

F o r the p r e c i s i on test (repeatabi l i ty ) two c h e m i c a l s were used : acetone ( M e r c k , p.a.) and 

N , N - D i m e t h y l f o r m a m i d e ( M e r c k , p.a.). Samp les were taken w i t h a care fu l ly d r i ed 5 0 0 

p i H a m i l t o n syr inge (gas tight), and s m a l l amounts were in jected into the measur ing 

c e l l . In each measurement the syr inge was w e i g h e d before and after in j ec t i on into the 

vesse l , to determine the mass o f added sample . F o r N , N - D i m e t h y l f o r m a m i d e a water 

content o f 0 . 0 2 6 % was ob ta ined w i t h a re lat ive standard dev i a t i on o f 1 4 % (10 

repl icates) . F o r acetone a water content o f 1.08% was obta ined w i t h a re lat ive s tandard 

dev ia t i on o f 4 % (9 repl icates ) . T he s e results c on f i rm the good p r e c i s i o n o f the m e t h o d , 

t ak ing into cons ide ra t i on the l o w water content o f the samples . 

• Carry ing gas 

Firs t , the water content o f n i t r ogen as de l i v e r ed was de te rmined , c o n n e c t i n g the gas 

d i rec t l y to the measur ing c e l l , at a pressure o f circa 1.0 kPa/cm 2 , b u b b l i n g unde r the 

l i q u i d surface o f the catho ly te . In i t ia l l y n i t rogen N 4 5 was used , w h i c h h a d water 

contents o f 4 0 0 - 5 0 0 ug/min . 

A n attempt was made to reduce the water content o f N 4 5 by pass ing the gas through a 

w a s h i n g flask w i th concentra ted s u l p h u r i c ac id , before enter ing the measur ing un i t . T h i s 

reduced the water content to a l e v e l o f circa 3 0 0 pg/min, a va lue that is s t i l l too h i gh . 

A n o t h e r qua l i t y o f n i t rogen , N 6 0 , was then used , w i t h a water content as de l i v e r ed o f 

o n l y circa 100 ug/min. 

Dif ferent d r y ing agents were tested thereafter - s i l i c a ge l , m a g n e s i u m perchlorate and 

m o l e c u l a r s ieves - e i ther a lone o r i n different c omb ina t i ons . T h e most ef f ic ient d r y ing 

was obta ined w i t h the use o f m o l e c u l a r s ieves, par t i cu lar ly w i t h pore s i ze 1.0 n m . T h i s 
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was the adopted d ry ing system, p r o d u c i n g bank exper iments w i t h va lues o f 30 - 4 0 

ug/'min. 

For the actual exper iments the N 2 pressure was ma in ta ined at 1.5 kPa/cm 2 . F o r l o w e r 

pressures the exper iments take too l o n g t ime , and for h i gher pressures the b u b b l i n g is 

tumul tuous , g i v i n g rise to pro ject ions o f t h e catholyte . 

• Oven conditions 

The o v e n (f igure 1) cons i s t s o f a quartz tube, d iamete r 20 m m a n d l ength ( i n the hot 

zone) 12 c m . T h e quartz tube is c l o s e d on both ends w i t h c i r cu l a r me ta l l i c leads, 

c l amped w i t h an o-r ing . T h e end c l o s e r to the operator has 2 ho les , one for in le t and the 

other for the outlet o f the carr ier gas. T h e final arrangement o f 1 and 2 for i n a n d out gas 

was c r u c i a l for a g o o d accuracy o f t h e sample measurements , as the other arrangement 

p roduced b i g losses b y water condensa t i on on the c o l d zone , before enter ing the 

measur ing vesse l . 

F igure 1. T u b u l a r o ven . 1 - out let for N 2 ; 2 - in le t for N 2 ; 3 - The rm i s t o r ; 4 - O - r i n g ; 
5 - O v e n w a l l ; 6 - Re f ract ive w a l l ; 7 - sample ho lde r ; 8 - heat ing part of the o v e n 

• Direct K a r l Fischer's titration of water in geologic samples 

Samples o f m a s s - 1 0 - 6 0 m g were w e i g h e d i n a w e i g h i n g spoon , cove r ed w i t h para f i lm, 

and added d i rec t l y to the measur ing vesse l through one o f its open ings . T h e obta ined 

mean water percentage va lues are presented in table 1, together w i t h the resul ts o f 

hyg roscop i c water ( H 2 0 ) and total water (H20, O I a i ) ob ta ined by the t rad i t iona l me thods 

used i n Instituto Geológico M i n e i r o ( I G M ) for the same samples (the grav imetr i c 

method for H 2 0 " and the Penn f i e ld me thod for H 2 0 , 0 i a i ) . 
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A n a l y s i s o f these va lues shows that, for most o f t h e samples , the d i rect t i t rat ion by K a r l 

F i s c h e r is not able to de termine even the total amount o f h y g r o s c o p i c water , H 2 0 ~ , i.e., 

the obta ined va lues are m u c h l o w e r than the ones obta ined by g rav imet r i c ana lys is and 

the Pen f i e ld me thod . Neve r the l e ss , for the samples ident i f i ed as S D 5 , M S D b ' and 

S D 3 B , w h i c h have l o w water contents (less than 0.5%), the K a r l F i s h e r ' s d i rect t i t rat ion 

method seem to de termine accurate ly the hyg roscop i c water content . A poss ib l e 

exp lana t i on o f these results is that, as the samples d o not d i s so l v e i n K a r l F i s c h e r ' s 

reagent, w h e n the water content is h i g h p robab l y the s o l i d - l i q u i d inter fac ia l contact is 

not e n o u g h to a l l o w detect ion o f the total amount o f surface water. 

T a b l e 1 - Re su l t s o f H 2 0 " e H 2 0 ( D t a i in geologic samples obta ined by the t rad i t i ona l 
me thod and results o f water % obta ined by K a r l F i s c h e r ' s me thod by d i rect t i t rat ion. 

Sample % HjO (a) % H 2 O , 0 W (b) % H 2 0(K.F. ) 

SD1 2.07 1.43 

SD2 2.07 3.38 0.95 

SD4 2.26 4.01 1.10 

SD5 0.0B 0.35 0.06 

SD6 0.5! 1.00 0.25 

SD9A 1.30 1.92 0.83 

CHa4 0.47 4.51 0.82 

MSDb ' 0.33 14.86 0.44 

SD3B 0.43 3.12 0.51 

(a) Gravimetric method; (b) Penfield method 

• K a r l Fischer's titration of water in geologic samples with coupled oven 

T h e K a r l F i s c h e r ' s t i t ra t ion w i t h c o u p l e d o v e n was tested at two di f ferent o v e n 

temperatures: 110 °C e 9 5 0 °C. These temperatures were chosen in ana logy w i t h the 

t radi t ional me thods for the de te rminat ion o f t h e two types o f water - 110 °C for the 

hyg roscop i c water and 950 °C for the total water. 

E a c h sample was w e i g h e d i n a d r i ed c e ram ics sample ho lder , a n d transferred q u i c k l y to 

the o v e n , w h i c h was a lready equ i l ib ra ted at the des ired temperature, w i t h a constant 

f l ow ofN2 w h i c h carr i ed the l iberated water to the measur ing c e l l (see f igure 2). A t least 

2 repl icates were measured for each sample . T h e ob ta ined results are presented in table 

2 . 
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Figure 2 . S c h e m e o f the exper imenta l set-up. V - va l v e for c o n t r o l l i n g N 2 f lux ; F - f lux 
measur ing un i t ; D - d r y i n g un i t s ; S - sample ho lde r ; O - o v e n ; Q - hea t ing part o f the 
oven ; C - c o u l o m e t r i c t i t rat ion c e l l ; M - magnet i c stirrer. 

Tab le 2 - Resu l t s o f % water content o f g eo l og i c samples ana lysed by K a r l 

F i s cher ' s t i t rat ion w i th c o u p l e d o v e n at 110°C a n d 9 5 0 °C. 

Temperature of the oven / "C 

110 950 

Sample a H,0 %. mean n H Z O % , mean 

240 9 2.35 0.20 3 7.47 0.21 

241 2 1.23 0.01 2 6.92 0.15 

242 4 0.45 0.00 4 4,40 0.34 

243 2 0.66 0.03 2 7.02 0.27 

244 2 0.72 0.03 2 6.53 0,25 

246 — 2 6.12 0,16 

252 3 0.60 0.07 3 6.09 0.22 

253 2 0.64 0 2 6.74 0.23 

ii - number of replicates 
c = standard deviation (when n>3) or mean deviation (when n=2) 

The same samples were ana lysed at I G M w i t h the t rad i t iona l me thods - g rav imetr i c 

method for H 2 0 " and Pen f i e ld me thod for H 2 0 [ 0 i a i - and also by the so c a l l e d " l o s s o n 

i g n i t i o n " (measures the amount o f vo la t i l e componen ts ) . In table 3 we c a n see a l l these 

results for c o m p a r i s o n . T h e results are p lo t ted i n f igure 3 , where the ob ta ined 

di f ferences can be more c l ear l y seen. 

In both cases (at 110°C e 950°C) the K a r l F i s c h e r ' s me thod w i th c o u p l e d o v e n p r o v i d e d 

good results. T h e results present good repeatabi l i ty and a g o o d agreement w i t h the 
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va lues ob ta ined by the t radi t ional methods . T h i s was very impor tant as it s h o w e d that, 

o n the contrary to the p r i o r bel ie f , the Pen f i e l d ' s me thod can de termine w i th accuracy 

the total water i n geo l og i c samples . T h e present results, thus, served to va l idate this 

me thod . 

T a b l e 3 - Resu l t s ob ta ined for H 2 0 " e H 2 Ot 0 [ d by K a r l F i s c h e r ' s m e t h o d w i t h c o u p l e d 
o v e n a n d by the t rad i t iona l me thods (grav imetr ic and Penf ie ld ) and results for the " l o s s 
o n i g n i t i o n " me thod . 

Sample % H 2 0 -

(KF) Oen:I10°C 

% H;0" 

(G.M.) 

% H 2 O t o a l 

(KF) Oven: 950°C 

% H ; O l o r a l 

(P.M.) 
L.I.,% 

240 2.35 1.89 7.47 7.50 8.28 

241 1.23 1.24 6.92 6.80 6.72 

242 0.45 0.36 4.40 4.44 3.75 

243 0.66 0.43 7.02 7.22 5.39 

244 0.72 0.44 6.53 6.84 5.18 

246 2.05 6.12 6.25 8.24 

248 0.14 0.12 0.96 1.17 

252 0.60 0.52 6.09 6.44 5.10 

253 0.64 0.64 6.74 7.04 5.68 

Methods: K.F. - Karl Fischer; G .M - Gravimetric; P.M - Penfield; L I - Loss on Ignition 

F i gu r e 3. C o m p a r i s o n o f the results obta ined for H 2 0 " and HiOtomi by the K a r l F i s c h e r ' s 
method w i th c oup l ed oven and the t rad i t iona l methods (gravimetr ic and Penf ie ld ) , as 
w e l l as " l o s s o n i g n i t i o n " results . 

»H20-(K F I 

XH20-1G M] 
A I 

OMZOtotal (P.M.) 

239 240 241 242 243 244 245 246 247 248 249 250 251 252 253 254 

sample number 

I f we compare the va lues obta ined w i t h the " l o s s o n i g n i t i o n " me thod w i th the values 

for the total water, an incoherent result appears for some samples , name ly , that some o f 
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these values are smal le r than the total water. In order to try to understand th is , each 

sample was ana lysed for its major e lements . T h e obta ined results are presented in table 

4, together w i th the values for H 2 0 " , HjOtotaj and " l o s s on i g n i t i o n " . It can be seen that 

the samples that present l ower va lues for " l o s s on i g n i t i o n " than for HzOnn i have a h i g h 

F e O content, name ly , samples 2 4 1 , 2 4 2 , 2 4 3 , 2 4 4 , 2 5 2 and 2 5 3 . M o r e , the h ighest the 

F e O concent ra t i on the largest is the di f ference. 

Tab l e 4 - V a l u e s for the major c omponen t s ( in %) for the ana lysed geo l og i c samples . 

Samp l e 240 241 242 243 244 2 4 5 2 4 6 2 4 8 252 253 

S i 0 2 68.57 67.44 69.75 52.56 S2.67 42.35 79.41 78.54 58.60 54.36 

AI2O3 10.29 12.42 845 13.87 13.69 14.71 10.98 1236 1291 13.02 

F e O 1.51 6.97 11.42 18.03 18.18 0.94 0.15 0.69 14.56 14.Î5 

M n O 0.03 0.03 0.09 0.15 0.14 0.04 <0.02 0.05 0.12 0.13 

C a O <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 0.28 <004 <0.04 

M g O i.ni 1.87 2.37 4.12 3.16 0.35 0.05 0.11 3.64 3.70 

N a 2 0 <0.20 O.20 O.20 <0.20 <0.20 O.20 <0.20 4.90 <o.a> <0.20 

K 2 0 0.11 0 12 <0O3 <0.03 <0.O3 <0.03 0.05 0 90 O.03 <0.03 

T i 0 2 0.12 0.12 0.29 0.57 0.59 0.74 0.12 0.04 0.53 0.56 

P 2 0 3 <0.03 <0.03 <0.03 0.04 O 0 3 0.06 <0.03 <0.03 <0.03 0.05 

H3O Total 7.57 6.80 4.44 7.22 6.84 10.42 6.25 M Si 6.44 7.04 

n : < y 1.89 1.25 0.36 0.43 0.44 211 2.05 0 12 0.52 0.60 

L. I . 8.28 6.72 3.75 5.39 5.18 1 111 1.24 1.17 5 10 5.68 

L.I.—f^Ojrtal +0.71 -11.(18 -0.69 -1.83 -1.66 +0.69 +1.99 +029 -1J4 -136 

A n hypothes is to exp l a in th is s i tuat ion is to cons ide r that d u r i n g the " l o s s o n i g n i t i o n " 

analysis an o x i d a t i o n o f F e O can o c c u r , as it is d one in a muf f l e , i n a ox idan t 

atmosphere. Fe w o u l d change its o x i d a t i o n state from +2 to +3, a c c o r d i n g to the 

react ion: 

2 F e O + % 0 2 — F e 2 0 3 

The consequence o f th is oxygen uptake in samples that con ta in F e O w o u l d be that the 

final va lue for the " l o s s on i g n i t i o n " decreases propor t i ona l l y to the F e O content , 

b e c o m i n g sma l l e r than the va lue for total water content . T o c o n f i r m this hypo thes i s , a 

chem i ca l s tudy was per formed in one o f the samples (sample 2 5 2 - ref. M S D X X A ) . 
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T h e obta ined results s h o w e d that th is is correct , i.e., the mass increase is ac tua l l y due to 

o x i d a t i o n o f F e O . F i gure 4 shows that there is a very h i g h cor re la t i on be tween the F e O 

content and the di f ference be tween the percentage va lues o f the total water a n d " l o s s on 

i g n i t i o n " . Fur ther , as far as the present results can s h o w , it seems that for F e O contents 

b e l l o w 6 . 5 % (intercept) there w i l l be no s ign i f i cant di f ference, i.e., the o x i d a t i o n o f F e O 

w i l l not be s ign i f i cant and w i l l not false the ana lys is result. 

F i gure 4. S a m p l e s w i t h h i g h F e O content . P l o t o f F e O content as a func t i on o f the 
observed di f ference be tween the va lues o f total water and " l o s s o n i g n i t i o n " . 
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T h i s was another very impor tant result o f the present study, as it s h o w e d that the 

g eo l o g i ca l m e a n i n g o f the " l o s s o n i g n i t i o n " ana lys is - dehydrat ion a n d l o s s o f v o l a t i l e s 

- is o n l y v a l i d i n cases where it can be guaranteed that n o o x i d a t i o n react ion takes 

p lace , or at least not i n a s ign i f i cant extent, and that extreme care must be taken on the 

analys is o f such results , c o n s i d e r i n g i n each case the c h e m i c a l nature o f the sample . 

C o n c l u s i o n 

T h e present w o r k p rov ides a n e w exper imenta l set-up for water de t e rmina t i on i n 

geo l og i ca l samples , w i t h a spec i a l l y des i gned o v e n to be c o u p l e d to a n o r m a l K a r l 

F i s c h e r cou lomete r . It shows that re l iab le and reproduc ib l e results c a n be obta ined w i t h 

th is me thod . Further , it a l l o w e d va l i da t i on o f the Pen f i e ld me thod , w h i c h is c o m m o n l y 

used i n geo l og i ca l ana lys i s , and po in t ed out the extreme care that must be taken w i t h 

results from the " l o s s o n i g n i t i o n " ana lys is . 
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