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Using the rotating disc method, the rates of dissolution of natural 
monoclinic pyrrhotite, FeSl.I4, in oxygen-free aqueous solutions S([H +] = 0.1, 
[Na +] =0.9, [C104 ] = 1.0molkg 1) were determined. In the temperature 
range 40 90°C the dissolution reaction occurs under kinetic control; the 
activation energy being 14 _+ 1 kcal tool 1 (59 ~ 5kJ  tool-l). 
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Die Kinetik der Aufl6sung yon monoklinem Pyrrhotin in sauren wgfirigen 
L6sungen 

Die Aufl6sungsgeschwindigkeit yon natfirlichem monoklinen Pyrrhotin, 
FeSl.14, wurde in sauerstofffreien L5sungen S( [H+]=0.1 ,  [Na÷]=0.9,  
[C104-] = 1.0molkg 1) mit Hilfe der Methode der rotierenden Seheibe be 
stimmt. Im Temperaturbereich yon 40--90 ° erfolgt die Aufl5sungsreaktion 
kinetisch kontrolliert, wobei eine Aktivierungsenergie yon 14 ± 1 kcalmol -I 
(59 ± 5kJ  tool 1) gefunden wurde. 

Introduction 

The process of dissolution of  iron sulphides in acidic electrolyte 
solutions has been examined  by  seyeral  au thors  1 5. Tewari and 
Campbell I have studied the  kinetics of  dissolution of powdered  iron- 
sulphide (FeS, troilite) by  means of  the ro ta t ing  disc method.  In  oxygen 
free solutions of  sulphuric acid, at  25 °C and [H  +] = 1.14" 10 -3 tool kg 1 
the  rates  of  dissolution depended  sl ightly on the square root  of 
f requency,  fl/2, of revolut ions  of  the  disc (r.p.s.). Consequent ly  it was 
concluded t h a t  the process occurs in the  mixed kinetic region 1. 
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H o w e v e r ,  p r e l i m i n a r y  e x p e r i m e n t s  ca r r i ed  ou t  in th is  l a b o r a t o r y  
showed t h a t  the  r a t e s  of d i s so lu t ion  of  monocl in ic  p y r r h o t i t e ,  FeSl.14, 
were  n o t  well  r ep roduc ib l e  when  e lec t rodes  m a d e  of  p ressed  powder  
were  used.  Af t e r  each  e x p e r i m e n t  su lphu r  was  obse rved  on the  surface  
of the  e lec t rodes .  There fo re  i t  was conc luded  t h a t  in th is  case h y d r o g e n  
su lph ide  was ox id ized  to  su lphur  b y  o x y g e n  occ luded  in the  porous  
e lec t rode .  Much  b e t t e r  resu l t s  were  o b t a i n e d  when  the  e lec t rodes  were  
p r e p a r e d  f rom a mono l i th i c  minera l .  

The  r eac t i on  l ead ing  to  d i s so lu t ion  of  i ron su lph ide  in o x y g e n  free 
ac idic  e l ec t ro ly te s  can  be w r i t t e n  as :  

+ _ . ~  2 +  FeS(s) + 2 H(aq)~-Fe(aq) + H2S(e ) (1) 

The  a im of  th is  work  was to  con t inue  a p rev ious  i nve s t i ga t i on  of  t he  
so lub i l i t y  of  FeSl . i46 b y  a k ine t i c  s t u d y  of  r eac t i on  (1) us ing  a disc 
e lec t rode  of  n a t u r a l  mono l i th i c  monoc l in ic  p y r r h o t i t e .  A k ine t i c  con t ro l  
was e s t ab l i shed  in a wide  range  of  t e m p e r a t u r e ;  r e spec t ive  r a t e  
c o n s t a n t s  and  the  a c t i v a t i o n  p a r a m e t e r s  were  e va lua t e d .  

Experimental 
The starting material was natural  monoclinic pyrrhoti te  (from Orawitza/ 

Banat  region). X-ray-fluorimetry showed the following contents of impurities : 
Cr 0.01, Mn 0.06, Cu 0.24, Zn 0.80~. X-ray analysis indicated that  the sample 
consisted of comparatively pure monoclinic pyrrhoti te  (X-ray pat tern agreed 
with ASTM 17-200). 

The iron content was determined using the Arnold methodL The mole 
fraction of Fe was found to be XFe = 0.4688. 

From the material described above, disc electrodes were cut out by a 
diamond saw. The geometrical surfaces of the electrodes were: 7.79cm 2 for 
experiments at  40, 50 and 60 °C, and 2.83 cm 2 for experiments at 90 °C. 

The pyrrhoti te  electrodes were cemented into teflon holders, fitted to the 
shaft of the rotating system. Rotat ional  speeds were measured with a 
stroboscope. 

A thermostated vessel made of glass was used, maintaining the temperature 
constant within _+ 0.2 °C. Before each experiment the surface of the disc was 
polished with a free emery paper, rubbed with filtrating paper, put into the vessel 
and immediately afterwards the experiment was started. 

Stock solutions of perchloric acid and sodium perchlorate were prepared 
from HC104 (70-72~o p.a. Merck) and NaCIOa'H20 ("Baker analyzed" 
Reagent) respectively and analyzed by conventional methods. 

These stock solutions were mixed on a weight basis to give solutions 
S([H+] = 0.1, [Na+J =0.9,  [C1Oa-] = 1.0molkg 1). All solutions used were 
flushed with nitrogen (99.999~o) for 15h before starting the experiments. 
During the experiments reentering of oxygen was prevented by a continuous 
flow of nitrogen. Evaporat ion and condensation rates were kept low by passing 
the incoming and leaving gas through equally sized and cooled condensers. 
During each run periodically 6 samples of the solution were taken and the total  
iron ion concentration was determined photometrically with o-phenanthroline. 



Kinetics of the Dissolution t089 

Results and Discussion 

The amount  of iron dissolved, A nF~ (mol m-2), from the monoclinic 
pyrrhoti te  disc was found to be a linear function of time for experi- 
ments lasting 6h at 40, 50 and 60°C and 1.5h at 90°C. Typical 
examples of experimental data  at 90 °C are shown in Fig. 1. 

The slopes of the straight lines A nFeVS, time gave rates of 
dissolution of monoelinic pyrrhotite. These rates were further studied 
as a function of the square root of frequency of revolutions of the disc 
(Table 1). 
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Fig. 1. Plot of amount of iron dissolved from monoelinie pyrrhotite vs. time in 
oxygen-free aqueous solutions S([H +] = 0.1, [Na+] = 0.9, [C104 ] = 1.0 tool kg-1) 

at 90 + 0.2 °C. The symbols refer to the values of disc r.p.s. 

As can be seen in Table 1, in the temperature range 4%90 °C the 
rates of dissolution of monoelinie pyrrhoti te remain constant within 
experimental error when the square root of the angular velocity of the 
disc is varied. This implies that  dissolution according to reaction (1) 
occurs in the kinetic control region, i.e. the rate of transport  of 
reactants in the solution is at least one order of magnitude greater than 
the rate of chemical reaction s-l°. 

According to literature data  1 reaction (1) is of first order with 
respect to hydrogen ion concentration. This was confirmed experimen- 
tally at 60°C using a monoclinic pyrrhoti te disc and a solution 
S 1 ([H +] = 0.01, [Na +] = 0.99, [0104- ] = 1 molkg-*), the rate of dis- 
solution being (3.6 +_ 0.4)' 10 .6 molm -2 s 1. Thus equation (2) describes 
the rate of the reaction examined : 

JFo = l~ [H*] (2) 
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Table 1. The rate of dissolution of monoclinic pyrrhotite in oxygen free aqueous 
solutions, S([H +] = 0.1, [-Na +] = 0.9, [C104 ] = 1.0 mol kg-1) at different tem- 

peratures and angular velocities of the disc a 

T/K fl/2/s 1/2 105jFe/molm 2s-1 105jFe/molm-2 s lb 

1.1 0.844 
1.1 0.778 

313.15 2.1 0.850 (0.778 ± 0.110) 
2.7 0.867 
3,9 0.572 
3,9 0.756 

1.1 1.72 
1.1 1.94 

323.15 2.1 1.97 (1.96 ±0.10) 
2,7 1.86 
3.9 1.89 
3.9 1.78 

1.1 2.86 
1.1 2.71 

333.16 2.1 2.67 (2.75 ± 0.15) 
2.7 2.67 
3.9 2.99 
3.9 2.60 

1.5 18.4 
2.1 17.1 

363.16 2.7 15.3 (17.6 ± 1.3) 
2.7 18.7 
3.9 17.8 
3.9 18.4 

a o~ = 2 =f  where : o~ angular velocity of the disc ; f frequency of revolutions 
of the disc. 

l) Errors quoted are s tandard deviations. 

where  jFe is t he  r a t e  of  d i s so lu t ion  of t he  p y r r h o t i t e ,  kf is t he  r a t e  
c o n s t a n t  for the  fo rwa rd  r eac t i on  [ acco rd ing  to  Equ.  (1)], and  [ H  +] is 
the  h y d r o g e n  ion c o n c e n t r a t i o n  in the  bu lk  of  the  solut ion.  W h e n  Equ .  
(2) is app l i ed  to  e x p e r i m e n t a l  d a t a  of Tab le  1 and  2 t he  uni t s  of  
c o n c e n t r a t i o n  have  to  be changed  to m o l m - <  

I n  order  to  d e t e r m i n e  the  a c t i v a t i o n  ene rgy  the  r a t e  cons t an t s  of 
r eac t i on  (1) were ca l cu l a t ed  f rom e q u a t i o n  (2). A t  each t e m p e r a t u r e  t he  
h y d r o g e n  ion c o n c e n t r a t i o n  was ca l cu la t ed  us ing the  co r re spond ing  
dens i ty .  The  d e n s i t y  of the  so lu t ion  S was d e t e r m i n e d  us ing the  P a a r  
D ig i t a l  D e n s i t y  Meter  a n d  found  to be 1.0713 g /cm 3 a t  18 °C. Assuming  
t h a t  the  d e n s i t y  of  t he  so lu t ion  is t he  same  func t ion  of t e m p e r a t u r e  as 
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Table 2. Data for the determination of the activation energy of reaction (1) 

103 T-1/K -1 102[H+J/mol dm -a ]@/m s -1 log k¢ 

2.753 9.206 1.91" 10 -6 L5.72 
3.002 9.377 2.93' 10 _7 --6.53 
3.094 9.423 1.97" 10 -7 6.70 
3.193 9.463 8.22' 10 -s --- 7.09 
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Fig. 2. Arrheniu, s plot for the dissolution of monoclinic pyrrhotite in oxygen- 
free aqueous solutions S ([H +] = 0.1, [Na +] = 0.9, [C104-] = 1.0 molkg -1) 

the density of pure water  11, the molarities of H~-ions at  temperatures  
40, 50, 60 and 90 °C were calculated. All da ta  for the determinat ion of 
the act ivat ion energy are summarized in Table 2, and the respective 
Arrheniu8 plot is shown in Fig. 2. 

The act ivat ion energy of the dissolution of monoelinic pyrrhot i te  
determined from the plot presented in Fig. 2 is equal to 
14 _+ lkcalmo1-1.  The value of the act ivat ion energy of reaction (1) 
obtained for another  iron sulphide (hexagonal troilite) by Tewari  and 
Campbell1 was equal to 17 _+ 2 kcal/mol. 

Summarizing open-circuit measurements  of dissolution rates of 
monoclinic pyrrhot i te  in oxygen-free aqueous solutions S ([H +] = O.1, 
[Na +] = 0.9, [C104 ] = 1.0 molkg  1) it should be emphasized tha t  rate 
constants  of reaction (1) used for the determinat ion of the act ivat ion 
energy originated from the kinetic control region only. The act ivat ion 
energy reported by  Tewari  and Campbell 1 was calculated from rate  
constants without  separat ing contributions from the kinetic gnd mixed 
control region respectively. 

In  order to keep act ivi ty  coefficients of the H+-ions constant  we 
used sodimn perchlorate as support ing electrolyte. 



1092 J. Bugajski and H. Gamsj~ger: Kinetics of the Dissolution 

With discs made of monolithic minerals complications arising from 
the desintegration of powdered samples can be effectively avoided. 

The induction period, which is usually observed during dissolution 
of sulphides, was negligible in these measurements  as compared to the 
intervals of sampling. 

Finally, it ought to be mentioned tha t  there is a large influence of 
the chemical composition of semiconductor sulphides on their pro- 
perties, consequently the results obtained are not  necessarily applicable 
for other iron sulphides. 
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