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The reduction kinetics of  MnO2 by Fe 2+ ions in acidic solution have been studied. The effects of  stir- 
ring rate, particle size, temperature, Fe z+ and H + concentrations have been investigated. Diffusional 
resistances are negligible above 900 r.p.m, and the rate is controlled by electrochemical reaction. A 
mixed-potential model developed to describe metallic corrosion has been used in combination with 
the shrinking core model to explain the reaction kinetics. The overall reaction has been written in 
terms of  cathodic and anodic half-cell reactions. The Tafel equation has been used as a starting point 
to derive a rate equation. A value of  0.5 has been obtained for charge transfer coefficients, which 
implies the existence of  symmetrical charge barriers. The kinetics of  the cathodic reduction reaction 
are first order with respect to the proton concentration. 

Nomenclature 

D diffusion coefficient (cm 2 s -1) 
D i impeller diameter (cm) 

DT reactor diameter (cm) 
do initial particle diameter (#m) 
E e.m.f, between platinum and saturated calomel 

electrode (V) 
F Faraday constant. 
e electrode potential (V) 
ej liquid-junction potential (V) 
ka rate constant of anodic half-cell reaction 
kc rate constant of cathodic half-cell reaction 
kl Mass transfer coefficient (cm s -1) 

m0 amount of MnO2 charged in the reactor (g) 

I. Introduction 

Leaching with pickle liquor is an economical method 
to beneficiate low-grade oxidized manganese ores 
[1, 2]. This method is based on the reduction of higher 
oxides of manganese with Fe z+ ions: 

MnO2 + 2Fe 2+ + 4H + ~ Mn 2+ + 2Fe 3+ + 2H20 

(1) 

The kinetics of this reaction have been investigated by 
various authors. It was suggested that with pure 
/3-MnO2 the reaction proceeded on active sites and 
was controlled by the diffusion of Fe 2+ ions [3, 4]. 
The reaction rate is constant up to 60% conversion, 
despite a surface area decrease of about 50% and 
then, due to breaking up of the particles, the reaction 
is governed by first order kinetics. The rotating disc 
electrode was used to investigate the kinetics of this 
reaction; for pyrolusite ore [5], diffusion controlled 
first order reaction kinetics were reported, with an 
activation energy of 12.2kJmo1-1, the rate constant 
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M Molecular weight of MnO2 
N Stirring speed (r.p.m.) 

Re s Reynolds number for stirring (ND~/u) 
Rep Reynolds number for particle (d4/3c1/3/u) 

Sc Schmidt number (u/D) 
Sh Sherwood number (kid/D) 
V Reaction volume (dm 3) 
X Conversion factor 

Greek letters 
cq stoichiometric coefficient of reactant i in 

Equation 1 
e stirring energy per unit volume 
u kinematic viscosity (cm 2 s -1) 
~- time required for complete conversion (rain) 

being proportional t o  Re°43.[H2804] 0"25, where Re is 
Reynolds number calculated using angular velocity 
of the disc. For electrolytic MnO2 [6], a mechanism 
was proposed according to which the slow stage was 
the formation of an intermediate solid product, 
MnOOH. On the other hand, Majima et al. proposed 
an electrochemical mechanism [7]. These authors 
reported a rate independent of H2SO 4 concentra- 
tion, an order of 0.85 with respect to Fe 2+ and an 
activation energy of 14 kJmo1-1. In the extraction of 
manganese from low-grade oxidized ores using FeSO4, 
the nucleation of reaction products on active sites 
was proposed as the rate determining step and the 
random nucleation equation, - log(1 - X) = kt °5, 
was used to explain the kinetic data [1]. 

Despite these investigations, the kinetics and 
mechanism of Reaction 1 are not clear. These differ- 
ences between results may be due to poorly con- 
trolled experimental hydrodynamic conditions. The 
purpose of this paper is to explore the intrinsic 
kinetics of this reaction and to establish a model con- 
sistent with the kinetic data. 
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2. Experimental details 

Using the thermal decomposition of analytical grade 
Mn(NO3)2, /3-MnO2 was prepared [8]. Chemical 
analysis showed that the atomic ratio (O/Mn) was 
equal to 2. 

Experiments were conducted in a 0.6 dm 3, jacketed, 
cylindrical glass reactor with diameter of 10 cm. It was 
equipped with four baffles equally spaced, 0.1 D T in 
width. The flanged cover of the reactor consisted of 
sockets for a stirrer, a thermometer, a reflux conden- 
ser, inert gas entrance, a platinum electrode and a 
salt bridge. A four bladed turbine impeller with 
Di = DT/2 was located at a height of DT/4 from 
the bottom. It was driven by a 100W motor and 
the stirring rate was controlled to =7 1 r.p.m. The 
reactor temperature was maintained within =7 0.1°C. 
Helium gas was passed through the reactor to pre- 
vent the oxidation of Fe 2+ by air. The volume of solu- 
tion in the reactor was 0.4dm 3. The maximum 
concentration change of reactants, H + and Fe 2+, 
was limited to 5% by adjusting the amount  of 
MnO 2 (10-100 mg). 

The reaction was monitored by measuring the 
e.m.f, between a saturated calomel electrode and a 
platinum electrode. For this purpose, a voltmeter 
with 0.5mV precision was connected to a plotter of 
high input impedance (10 Mf~). 

The e.m.f, of the cell is: 

E = eFd+ /Fe3+ -- ecal + ej = Eo -- -~-  ln (aFe2---~+ ) + ej 
\ a F e  3+ ] 

(2) 

The composition of the solution remained almost 
constant during reaction. The ionic strength, ionic 
activity coefficients and the junction potential were 
also constant, due to the composition of the solu- 
tion. Thus, for any conversion, X, Equation 2 may 
be written as 

Ex:A+RTln[C~v~e3_ +] (3) 
LCFe2+J x 

The maximum change in Fe z+ concentration was 
limited to 5%. Thus, it may be assumed that 
(Cvd+)o ~_ (Cvd+)x ~_ (Cvd+)l. If  Equation 3 is 
written for X = 0 and X = 1 and is rearranged, the 
following expression is obtained: 

IEx = Fo'  
(CFe3+)X - -  (CFe3+)0 exp \ R T / F  ] - 1 

= ( 4 )  

(Cva+)l - (Cva+)o exp \ R r / F  / - 1 

The left hand side of Equation 4 is the conversion, X: 

(ex:e_o) 
e x p \  R T / F  ] - I 

Jr = (5) ( l-E0) 
exp \--R~-/-ff-j - 1 

Equation 5 was tested as follows: known weights of 
MnO2 were added sequentially to 0.4dm 3 of Fe 2+ 

solution and when the reaction was complete, redox 
potentials were noted. Conversions were calculated 
both by Equation 5 and from sample weights. These 
two conversion values were tested by linear regres- 
sion analysis with zero intercept. With 12 data 
points, a slope equal to 1 was obtained with a corre- 
lation coefficient of 0.9989. 

3. Results and discussion 

3.1. Reaction kinetics 

A minimum stirring rate, Nc, is required for complete 
dispersion of particles in a liquid medium. Below this 
critical speed, the total surface area of particles is not 
available for reaction and the rate of mass transfer 
also depends strongly on stirring rate. This critical 
speed, calculated according to the Zwietering corre- 
lation [9], is approximately 630 r.p.m, for the coarsest 
particles (230#m) used in this study. Experiments 
were carried out for stirring rates of 650, 800, 900 
and 1000r.p.m. The results are given in Fig. 1. 
Above 900r.p.m., the reaction rate is not influ- 
enced by stirring rate. Consequently, diffusion is 
not rate limiting. Meanwhile, to confirm this con- 
clusion, further analysis was performed. In the 
literature, various correlations exist for calculating 
mass transfer coefficients above the critical stirring 
speed [10-12], which have the general dimensionless 
form: 

Sh = 2 + a Re~ Sc ~ (6) 

where Rep is given by: 

de/3eU 3 d~/3(1 - X)4/9el/3 
Rep - - -  - (7) //' /./ 

If  it is assumed that the reaction is controlled by dif- 
fusion of the reactant i: 

r i = o i -~ , (dX/d t )  = SklCi  (8) 
21/1 

where S, the total surface area of the spherical 
particles, is given by 

S =  6 m ° ( 1 - X )  
pd0( 1 _ X)U3 (9) 

The stirring is fully turbulent at 900 r.p.m., as the 
stirring Reynolds number, Res, is much greater than 
1 x 104: 

Res - N D 2 i  - -4  x lO s (10) 
/] 

So, kl is obtained from Equation 6 as follows: 

kl Da Re~ Sc/~ Da • 7/3 S e t ( 1  - X) (4"/-3)/9 
----- d lyTd~3_47)/3 (11) 

By combining Equations 6-9 and 11 and integrat- 
ing the resulting differential equation, the following 
is obtained: 

l = ~-[1 - (1 - X )  (6-4q')/9] (12) 
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If  the correlation of Batchelor is applied (7 = 0.5) 
[11], Equation 12 gives 

t = r [1 -- (1 - X )  4/9] (13) 

where 

. 4 / 3  0.5 
0.543~r i p a  o u (14) 

T z  
M D  £1/68c1/3 C i 

On the other hand, for a surface reaction limited 
case, if the shrinking core model of  no product layer 
formation is accepted, the following rate equation is 
valid [13]: 

t = r [ l  - (1 - X) 1/3] (15a) 

where 

pdo 
r = f ( k ,  Cvd+ , CH+) (15b) 

When Equations 13 and 15a were applied to 12 
experimental results obtained at 900r.p.m., linear 
regression analysis gave correlation coefficients of 
0.966 for Equation 13 and 0.9911 for Equation 15a, 
respectively. A Williams and Kloot  statistical test 
[14] also showed that Equation 15a was the correct 
model. To further assess the effect of particle size 
on reaction rate, experiments were conducted with 
five different particles sizes; e.g., 231, 165, 115, 69 
and 49#m. The plots of  [1 - (1 - X )  t/3] against 
time are shown in Fig. 2(a). The dependence of r 
values on initial partical size is also shown in 
Fig. 2(b). As predicted by the model, Equation 15a, r 
values were found to be directly proportional to d o . 

To clarify the functional dependence of rate 
equation on reactant concentrations, 16 experiments 
were conducted in the ranges 0 . 0 1 - 0 . 2 5 M  for 
Fe 2+ and 0 . 0 1 -  0.1 M for H2SO 4. The true H + 
concentrations in FeSO4-H2SO4 solutions must be 

Fig. 1. Effect of  stirring rate on  conversion. 
Conditions: T = 50 °C, CFe2+ = 0.2M, Cn+ = 0.1 M, 
d o = 231 #m. Key: (o)  600, (o)  800, (z~) 900 and (A) 
1000 r.p.m. 

ionic equilibria exist: 

H + + SO 2- k e r n  - 2 5  HSO4 (16) 

Fe z+ + SO42- , ' FeSO ° (17) 

Fe z+ ÷ SO 2- ÷ H + , ' FeHSO + (18) 

By using stability constants given by Crundwell [15] 
and Pitzer [16] as shown in Table 1, true H + concen- 
trations were numerically calculated. 

For  the function f ( C F d +  , CH+), the general form 
(Cve2+)c. (CH+)d was tried and linear regression analy- 
sis was executed between log(r) and log(CH+), 
log(Cvd+ ). With 16 data points, the correlation coef- 
ficient was found to be 0.974. The values of  c and d, 
with their standard deviation and 99 percentage con- 
fidence levels are as follows: 

c=0 .5 8 1  S c=0 .0368  0 . 4 8 5 < c < 0 . 6 7 7  

d = 0 . 5 4 5  Sd=0 .0565  0 . 3 9 8 < d < 0 . 6 9 2  

These confidence levels suggested a value of 0.5 for 
both c and d. Thus, it was decided to regress r on 
(CFe2+)°'5.(CH+)°'5 values. The result is shown in 
Fig. 3. 

Finally, experiments were conducted to calculate 
the apparent activation energy of the reaction in the 
temperature range 308 to 328 K. Figure 4 shows 
[1- ( 1 -  X) 1/3] against time for various tempera- 
tures. The Arrhenius plot is given in Fig. 5. The 

Table 1. Equilibrium constants 

Reaction Equilibrium constants 

H + + SO ] -  ~ HSO4 exp (-14.021 + 2825.2/T)  
Fe 2+ + SO ] -  ~ FeSO ° exp (7.688 - 776.8/T)  
Fe 2+ + SO42- -- H + ~- FeHSO + exp (30.690 - 7290.4/T)  

known. As indicated by Crundwell [15], the following 
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250 

Fig. 2. (a) Plot of [1 - (1 - I") U3] against time for 
different particle sizes. Key: (o) 231, (e) 165, ([]) 
115, (11) 69 and (zx) 49#m. (b) Plot of time 
against initial particle size. Conditions: T = 50 °C, 
CFd+ = 0.1 M, Cn+ = 0.1 M, N = 900r.p.m. 

apparent  activation energy, Ea, obtained from the 
slope is 27 .6kJmol  - l .  Thus, the following relation 
was obtained experimentally for T: 

pu0 T z  
8.7 x 106 M exp (-27600/RT)(CFd+)°'5(CH+) °5 

(19) 

3.2. Electrochemical model 

It  is well known that the rate determining step in many  
reductive or oxidative dissolution processes is an elec- 

tron transfer step. So, the mixed-potential model 
developed to describe metallic corrosion processes 
has been applied in combination with shrinking-core 
model to the dissolution kinetics of  some semiconduc- 
tors, e.g. ZnS, in Fe 3+ solution [15, 17]. Manganese 
dioxide is an n-type semiconductor, its rest potential 
corresponds to the equilibrium electrode potential, 
which depends on the solution composition accord- 
ing to the Nernst  equation [18]. On the other hand, 
if it is assumed that the potential across the solid 
side of  the interface is approximately constant so 
that the applied potential appears only across the 
Helmoltz layer, the rate of  electron transfer may be 
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described by the Tafel equation, which relates the 
current density to the potential across the Helmholtz 
layer. 

The equilibrium constant of  Reaction 1 at 298 K 
is approximately 2 x 1015. Thus, in acidic solu- 
tion, Reaction 1 is almost irreversible. The catho- 
dic and anodic half-cell reactions are written 
separately: 

MnO2 + 4H + + 2e- ~ Mn 2+ + 2H20 (20) 

Fe 2+ --* Fe 3+ + e -  (21) 

As the effects of  back reactions and mass trans- 
port  are negligible, the net anodic and cathodic 
current densities are as follows, according to Tafel 
equations, 

ic = - n c r k e C ~ +  exp [-(1 - c~c)zcFE/RT ] (22) 

i a = naFkaCve2+ exp [aazaF E /R T ]  (23) 

where nc = 2, n a = 1 ,  c~ a and a c represent the symme- 
try of  the activation barrier for the half-cell charge 
transfer reactions, respectively. Since no net current 
flows during the dissolution of  a particle, ic + ia = 0. 
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ferent temperatures.  Conditions: CFe2+ = 0.02 M, 
CH+ -- 0.04M, N = 900r.p.m.,  do = 49#m.  Key: 
(o)  308, (e)  318, (zx) 323 and (A) 328K. 
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The  exchange  cur ren t  densi ty,  i0, a t  the mixed  po ten-  
t ial  Em, is given as 

i o = 2FkcCr~+ exp [ - (1  - a c ) z c F E m / R T  ] 

= FkaCve2+ exp [ct,~zaFEm/RT ] (24) 

let  

So 

,~ ~ OlaZa 
O~aZ a q- (1 -- %)Zc (25) 

1-A A A 1-A m A io = Fka  2 kc(CFd+ ) (CH+) (26) 

On  the o the r  hand ,  the overal l  r eac t ion  rate  can be 
expressed as: 

m--~° ( - ~ )  - f  S 2F  (27) 

where  f is the ra t io  o f  the area  o f  active sites to to ta l  
surface a rea  o f  a par t ic le ,  and  S is given by E q u a t i o n  
9. F r o m  Equa t ions  9, 24 and  25, the fo l lowing is 
ob t a ined  af ter  in tegra t ion:  

pd0 
A 1 A ,~ 1-A m A ~-= M f 2  k a- kc (CFd+) (CI4+) (28) 

W h e n  orders  o f  Cvd+ in Equa t ions  19 and  28 are  
compared ,  it  is deduced  tha t  A = 0.5 and,  f rom the 
orders  o f  CH+, m = I. Thus ,  it is conc luded  tha t  
Reac t ion  20 is first o rde r  wi th  respect  to H + con-  
cent ra t ion .  On  the o ther  hand ,  f rom E q u a t i o n  25, 
OLaZ a • (1 - ac )z  c and,  as F e  2+ ion is a single e lec t ron 
t ransfer  agent ,  z a = z c = 1, so, ty a -~- tx c = 1. The  mos t  
p r o b a b l e  value  for  the charge  t ransfer  coefficients, aa  
and  ac, is 0.5, which  means  tha t  the charge  bar r ie rs  
are  symmetr ica l .  F ina l ly ,  for  the anod ic  and  ca thod ic  
ra te  cons tants ,  ]c a and  kc, the fo l lowing re la t ion  is 

ob ta ined:  

f ( kakc)  °5 = 6.2 x 106 exp ( - 2 7 6 0 0 / R T )  (29) 

4. Conclusion 

The kinet ics  o f  the reac t ion  o f  f l -MnO2 par t ic les  with 
Fe  2+ ions  in H 2 S O  4 solu t ion  were invest igated.  A b o v e  
900 r .p.m.,  diffusional  effects are negligible and  the 
rate  is con t ro l l ed  by  an e lec t rochemical  surface reac- 
t ion which can be descr ibed  by  a c o m b i n a t i o n  o f  
mixed  po ten t i a l - sh r ink ing  core  models .  Single elec- 
t ron  t ransfer  poss ib ly  occurs  with symmetr ica l  act iva-  
t ion barr iers .  The  h y d r a t e d  F e  2+ and  o ther  su lpha te  
complexes  are  also electro active species. The  final 
ra te  equa t ion  is given by  

pao t =  
8.7 x 109 M exp (-27600/RT)(CFd+)°'5(CH+) °'5 

× [1 - (1 - X )  1/3] (30) 

where  t is expressed in rain. 
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