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Summary 

The reduction rates of 7 commercial (4 r-MnOz 
prepared MnOz samples by ascorbic acid solution 

and 3 e-MnO,) and 5 
at 25 “C have been 

determined and the second-order kinetics with respect to ascorbic acid 
observed. The activation enthalpy and entropy for the reduction of two of 
the samples (ICS5 and R2) by ascorbic acid were: 31.5 and 20.5 kJ mol-’ 
and -154 and -210 J mol-’ K-l, respectively. The nitrogen liberation rates 
in the NzH4/Mn02 reaction, generally indicative of the battery activity, 
were studied using the same samples. The results suggested that the kinetics 
were dependent on the surface area of the powders and the diffusion of 
protons into the lattice as influenced by the crystallographic structure. The 
faster rate of reduction at the lower pH values indicated acid catalysis. The 
reduction of the different size fractions of one of the samples (ICS4) showed 
that the real, rather than the BET, surface area played a significant role. 
Generally, doping the prepared samples led to an increase in the rate of 
reduction by ascorbic acid and by hydrazine. An increase in the rate of 
reduction by both ascorbic acid and hydrazine with an increase in the BET 
surface area was also observed. 

1. Introduction 

Manganese dioxide is a unique oxide because both protons and 
electrons can move freely within the oxide structure to form a one-phase, 
solid, redox system. The dioxide is known to be reduced chemically by the 
electron-proton mechanism. Ascorbic acid solutions acidified with con- 
centrated hydrochloric acid were found to dissolve MnOz more readily than 
oxalic acid solutions. Different reagents have been reported for titrating 
ascorbic acid solutions [l] but reproducible tittration results were obtained 
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using Mnm solution [2]. The kinetics and mechanism of reduction of 
KMnO, by L-ascorbic acid in HzS04 medium have recently been reported 
[31. 

The, reduction of y-MnOz by hydrazine has been found to involve a 
phase reaction with lattice expansion [4], due to the formation of Mn’n 
ions in the lattice [5, 61. The mechanism of chemical reduction by N2H, 
was thought to be similar to the electrochemical reduction [7]. Measure- 
ments of the reduction rates of manganese dioxides by hydrazine have been 
suggested as a means of assessing their battery activity [ 81. The effect on the 
rate of reduction with hydrazine by doping MnO, with cations of valency 
higher and lower than 4 has been reported [9, lo]. Two different mecha- 
nisms were suggested for the reduction of y-MnOz by NZH4*H20 solution, 
depending on the degree of reduction [ 111. 

2. Experimental 

Seven samples of manganese dioxide - three International Common 
Samples (ICS), one commercially electrodeposited (r-MnO,) and three 
fibrous electrodeposited (e-MnO,) - were investigated. Four manganese 
dioxide samples were doped with Specpure Movi and Gam cations and 
together with an undoped sample were prepared as described previously 
[ 121. The fibrous doped and undoped samples ,were crushed and then 
ground to pass through an ASTM 75 pm sieve, The other samples used in 
this study were “as supplied” except where otherwise stated. The solids 
were characterised by chemical analysis using a modified Gattow’s method 
[13, 141, by powder X-ray diffraction, and by their specific surface areas 
determined by the nitrogen adsorption method (Table 1). 

2.1. Reduction of manganese dioxides using ascorbic acid 
The kinetics of MnOz reduction by ascorbic acid solutions were 

followed using a double-walled beaker, as shown in Fig. 1 [15]. Two grams 
of powdered MnO? were added to 150 ml of a 0.1 M ascorbic acid solution, 
freshly prepared in boiled distilled water. This was held at 25 f 0.5 “C for 
20 min, while being stirred magnetically and with a constant flow of 
nitrogen through the inlet (B) and the outlet (C). At given time intervals, 
some of the solution was sucked through a G4 sintered glass disc (D) into the 
tube (E). After pipetting 5.0 ml of the filtrate, the remainder was returned 
to the bulk solution by applying pressure through (F). The 5.0 ml aliquot 
was acidified with 3 M HzS04 and titrated with a standardised, freshly 
prepared, Mn”’ solution using ferroin as the indicator [16]. Stable Mn”’ 
solutions, prepared in excess Mn” and excess acidity, were kept in a dark, 
stoppered bottle at about 5 “C and standardised shortly before the end of a 
kinetic run by titrating with 0.01 M FeS04 solution (freshly prepared from 
a standardised 0.1 M solution again using the ferroin indicator). For each 
kinetic run, 5.0 ml aliquots from the original 0.1 M ascorbic acid solution 



135 

TABLE 1 

Characteristics of the used MnOz samples 

No. Sample Type 1 + x Composition Surface area 

Total MnOi+, IW I&G (m2 Cl) 

Mn (%) (110 “C) (400 “C) BET me*od 
(%) (%) (%) 

1 ICS4 ‘@ectrolytic 1.862 59.6 91.1 2.7 5.0 53 
2 ICS5 rchemical 1.882 59.9 92.7 1.8 2.6 71 
3 ICSl2 y-chemical 1.934 61.5 96.1 1.5 4.3 90 
4 R2 y-electrolytic 1.94s 59.3 92.9 1.7 4.7 57 
5 FEMD-Sa c-electrolytic 1.92s 58.2 90.9 3.6 6.6 52 
6 FEMD-Pb e-electrolytic 1.90s 61.5 95.7 2.9 5.8 48.5 
7 FEMD-NC 60.9 95.2 2.8 5.9 45 
8 MOW-doped. 

c-electrolytic 1.934 

MoV1 doped I 

1.89 62.1 96.1 0.2 0.47 3.2d 
(0.03 at.%) &Mn02 

9 MoWdoped 1.86s 61.7 95.2 0.04 0.45 2.9d 
(0.06 at.%) with 

10 c-MnO2 1.80s 61.4 93.7 0.02 0.44 2.8d 
(0.09 at.%) and 

11 Ga’lldoped 1.824 61.5 94.2 0.02 0.42 3.2d 
(0.1 at.%) o-Mn203 

12 undoped 1.786 59.9 91.1 0.04 0.38 1.6d 

a* b* =*Precipitated by anodic oxidation from acidic solutions of manganese(I1) sulphate 
(S), per-chlorate (P) or nitrate (N). 
dCalcuIated from the monolayer capacity at P/PO = 0.1. 

Fig. 1. Sketch of the double-walled beaker used for ascorbic acid reaction. 

were similarly titrated. The Mn”’ titres were used to calculate the molarity 
of the unreacted ascorbic acid and, hence, the concentration of the ascorbic 
acid which reacted with MnOz. Kinetic runs were repeated at three other 
temperatures to determine the activation parameters for the reduction of 
the R2 and ICS5 samples. 
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2.2. Reduction of manganese dioxides using hydrazine 
The kinetics of the reduction of manganese dioxide by hydrazine 

solution were followed by recording the volume of nitrogen evolved against 
time, using the assembly in Fig. 2. A sample of MnOz weighing 2.0 g was 
suspended in 20 ml of water at 25.0 “C! in a 50 ml conical flask (A) and 
magnetically stirred. A hydra&e solution (20 ml), obtained by a fifty-fold 
dilution of a Merck NzH4* Hz0 solution, was pipetted into flask (B). The 
hydrazine solution was then added to the MnO, suspension by rotating the 
ground joint at (C) by 180” and inverting flask (B). The gas evolved was 
collected through (D) in a 100 ml Exelo syringe (E). A slide wire potentio- 
meter (F) monitored the movement of the syringe plunger and generated 
a signal to drive the chart recorder (H). A record started as the hydrazine 
solution was added to the MnOp suspension and continued until the rate 
of change became negligible. When the nitrogen evolution was no longer 
detectable by the wire potentiometer, a micro-burette filled with water 
was attached to the side tube (D) in Fig. 2 via a polyethylene tube. Monito- 
ring then continued until even this cotid not detect any change in the 
volume of nitrogen. 

Fig. 2. Photograph of the assembly used in collecting and recording the gas liberated 
in the kinetic run using hydrazine. 

3. Results and discussion 

3.1. Reduction using ascorbic acid 
Aliquots of the ascorbic acid solution, filtered from the reaction 

mixture with MnOz, were titrated against a freshly prepared, standardised 
Mn’” solution. The reaction involved may be represented by: 

2Mn3+ + C6Hs0, = C6H606 + 2H+ + 2Mn*+ (1) 
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The concentrations of ascorbic acid solution were calculated after given acid/ 
solid reaction times, and a plot of x/a(a -x) with time was found to be 
linear. a is the initial concentration of ascorbic acid and a - x its concentra- 
tion after time t. The linearity of the plots shows that the reaction was 
second-order with respect to ascorbic acid concentration. Figures 3 - 5 
depict the variation of x/a(a - x) with t at 25 “C for y-MnOz, e-MnO,, 
and the doped and undoped MnOz samples which we prepared. The second- 
order rate constants for the different MnO? samples, calculated from the 
slopes of the lines in Figs. 3 - 5, are presented in Table 2. The increase in the 
reaction rate with increasing BET surface area is clear from Figs. 3 and 4 
and Table 1. The rate does not, however, increase linearly with the surface 
area. This is not surprising in view of the differences in crystalline form, 
method of preparation, and impurity levels in the samples studied. In the 
case of the prepared doped and tmdoped dioxides (Fig. 5), no clear relation 
between the reduction rate and the surface area was observed, possibly due 
to the difference in the level of doping. The reduction rates of all of the 
doped samples, however, were higher than that of the undoped sample, 
which had a lower surface area. 

It is notable that the two chemically prepared samples, ICSl2 and 
ICS5, were reduced at a higher rate than the electrolytic samples, ICS4 and 
R2, as shown from Fig. 3. This observation is in line with the reported 
result that chemical MnOz (CMD) shows a higher cation-exchange rate than 
electrolytic MnOz (EMD) [17]. 

Time I I 

Fig. 3. Variation of x/a@ - x) with time t, for the reaction between ascorbic acid 
solution at 298.2 K and the different yMnOz samples; a = initial ascorbic acid concentra- 
tion; a -x = ascorbic acid concentration at time t. 
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Fig. 4. Variation of x/a(a -x) with time t, for the reaction 
tion at 298.2 K and the different fibrous samples; a = initial 
a - x = ascorbic acid concentration at time t. 
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Fig. 5. Variation of x/0(11 -x) with time t, for the reaction between ascorbic acid 
solution at 298.2 K and doped manganese dioxides with different levels of doping; a = 
initial ascorbic acid concentration; a - x = ascorbic acid concentration at time t. 

Increasing the amount of sample from 2.0 g to 4.0 g had no influence 
on the rate constant per unit surface area (FE, = 1.51 and 1.49 X 10m4 dm3 
mol-’ s-i mm2 respectively). This result implies that the role of the reaction 
at the surface is the dominant factor. 

The results of kinetic runs at temperatures of 281.2, 286.2, 291.2 
and 298.2 K for ICS5 and R2 are shown in Figs. 6 and 7, respectively. 
The second-order rate constant, k,, at the different temperatures, was 
calculated in each case from the slopes of the lines in Figs. 6 and 7. Its 
increase with temperature was greater in the case of ICS5 than R2. The 
activation enthalpy, AH*, and activation entropy, AS*, for the reduction 
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Fig. 7. Variation of x/a(a - x) with time t, for the reaction between ascorbic acid solu- 
tion and R2 at different temperatures; a = initial ascorbic acid concentration; a - x = 
ascorbic acid concentration at time t. 
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Fig. 8. Variation of log (k,h/kT) with l/T for the reaction between ascorbic acid solu- 
tion and ICE45 (0) or R2 (A). 

of ICS5 and R2, were calculated from the slopes and intercepts of the 
Eyring plots (Fig. 8). These were 31.5 and 20.5 kJ mol-’ and -154 and 
-210 J mol-’ K-, respectively, and are of the same order of magnitude as 
those for the reaction between ascorbic acid and potassium permanganate 
[ 31, namely 31.1 kJ mol-’ and -165 J mol-’ K-l. The low value for AH* 
is not unexpected in ascorbinometric reaction processes [18, 191. The large 
negative value for AS* reported [ 31 has been ascribed to a more compact 
structure of the transition state. It was not possible to derive a clear-cut 
mechanism for the reaction from the results obtained. As the thermo- 
dynamic parameters are similar, whether the oxidant is solid MnOz, or 
KMnO, in solution, a rate-limiting process associated only with ascorbic acid 
is, perhaps, implied. 

3.2. Reduction by hydrazine 
The experimental results involving the reduction of different 7- and 

e-MnOz samples by hydrazine hydrate solution at 20 “C are shown in 
Figs. 9 and 10, where the volume of nitrogen liberated is recorded as a’ 
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Fig. 9. Kinetic curves for the variation with time of the volume of nitrogen liberated by 
the reaction of hydrazine solution at 20 “C and the different ‘y-MnOz samples; 
[N&.H20] = 3.665 x 10-l mol dmm3. 

function of time. The apparatus was not calibrated in absolute values as it 
was unnecessary for the purpose of comparison, but the error in the relative 
values of the volume did not exceed ?3.7%. Reproducible results were 
obtained for a series of runs performed over a short period. Consideration 
of Figs. 3 and 9 shows that the rate of reduction of the different r-MnOz 
samples by hydrazine solution followed the same pattern as the rate of 
reduction with ascorbic acid solution, except for ICS5. This similarity is 
interesting since MnOz was reduced to Mnn by ascorbic acid, where MnCZ04* 
2Hz0 was isolated from the reaction mixture [20]. The reduction of MnOz 
by hydrazine, however, eventually leads to the formation of &MnOOH. Two 
different mechanisms were suggested in which the filling of the MnO, 
lattice by protons and electrons proceeds differently [ll] . The rate of 
heterogeneous reactions is expected to depend on the adsorption of the 
solute on the surface [7], the redox reaction at the interface, and the desorp- 
tion of the products [21]. Additionally, the relative amounts of structural 
water have a marked effect on the reduction rate of the fibrous, doped, and 
undoped samples by hydrazine. The effect is less evident in the case of the 
T-MnO* samples (Tables 1 and 2). 

A comparison of Figs. 9 and 10 shows that the e-MnOz samples (FEMD- 
S and FEMD-N) have higher reduction rates than the r-MnOz samples. The 
reported higher electrochemical reactivity of e-MnOz compared with r-MnOz 
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Fig. 10. -Kinetic curves for the variation with time of the volume of nitrogen liberated 
by the reaction of hydrazine solution, at 20 “C! and the different fibrous samples; 
[NzH4*HzO ] = 3.665 X 10-l mol dmm3. 

[22] suggests that the crystallographic structure plays an important role in 
determining the electrochemical reduction rate. It is likely that the crystal- 
lographic structure also determines the rate of chemical reduction by 
hydrazine. It has been shown that a parameter, SdD (where S is the surface 
area and D is the proton diffusion coefficient in the crystal), characterises 
the depolarising activity of several MnOz samples of different crystal- 
lographic structure [6]. Consideration of Figs. 4 and 10 shows that the rate 
of reduction of the fibrous samples by hydra&e solution was highest for 
FEMD-S and lowest for FEMD-P, as in the case of reduction by ascorbic 
acid solution. 

Since the volumes of nitrogen evolved during the reduction of the 
prepared doped and undoped samples were quite small, they were measured 
using a micro-burette, filled with water to *5%. Figure 11 illustrates kinetic 
curves for the reduction of the prepared doped and undoped MnOz samples 
by hydrazine solution. Doping manganese dioxide led to an increase in the 
nitrogen evolution rate by the hydrazine reaction compared with the 
undoped sample. A similar result was also reported [9] in the case of MnOz 
doped with cations of valency higher than 4. The higher reactivity of the 
Movi-doped sample in the hydrazine reaction is in agreement with the 
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Fig. 11. Kinetic curves for the variation with time of the volume of nitrogen liberated 
by the reaction of hydrazine solution at 20 “C and doped manganese dioxides with 
different levels of doping; [NzH4*HzO] = 3.665 X 10-l mol dmm3. 

literature [23, 241, where this effect was ascribed to the more diffuse 
structure of the Mov’doped MnOz. In general, it is expected that the 
reactivity of the dioxide samples in hydrazine may depend on the mobility 
of protons in the samples. The reduction rate of the Mo”doped samples 
by hydrazine, however, decreased as the level of doping increased (Fig. 11). 
It has been reported that the amount of available oxygen decreased towards 
a limit with increasing amounts of MO vr in the MnOz [23], suggesting that 
the molybdenum may be sequestering some of the available oxygen. It is 
possible that MoV1 creates oxygen vacancies or promotes manganese ions 
into interstitial positions. It is significant that the rate of reduction of the 
different MOW-doped and undoped MnOz samples by hydrazine solution 
increased as their BET surface areas increased, although the kinetic curves 
are close to each other. 

The initial reduction rates of the different MnOz samples by hydrazine 
(Figs. 9 - 11) are included in Table 2. The lower reduction rates of the doped 
and undoped MnOz samples, compared with the r-samples, can be correlated 
with the diffusion of protons in the two types of structure. The small 
tunnels between the single chains of linked [MnO,] octahedra of pyrolusite 
lead to a considerably slower rate of proton diffusion compared with 
y-MnO? whose structure consists of domains of single and double chains 
1251. 
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The initial reduction rates of ICS4 by hydrazine solutions of different 
concentrations (1.83, 3.66, and 5.435 X 10-l mol dmm3*), calculated from 
the initial slopes of the kinetic curves, were used to calculate the actual order 
of the reaction. A log/log plot of hydrazine concentration uers’8us initial 
reduction rate was found to be a straight line (Fig. 12). The order of the 
reaction, calculated from its slope, was almost unity, i.e., the reaction was 
first-order with respect to hydrazine at the initial stages. An overall second- 
order for the reaction between y-MnOz and hydrazine solution has been 
found [ 261, and a bimolecular reaction was suggested but the limited results 
reported cannot be considered to be conclusive. 

From a postulated mechanism for the electrolytic oxidation of 
hydrazine [27] and assuming that the reduction rate of y-MnO, by NzH4 
depends on the adsorption of the solute on the surface [7], a scheme of 
reactions for the oxidation of hydrazine by MnOz may be represented by: 

NZHdcadj + OH- z NzH3(aaj + HZ0 + e- (2) 

NzHs(ad j - N, + 3H(,aj (3) 

3H,,d, + 3OH - 3Hz0 + 3e- (4) 

with the overall reaction being: 

NZHGtadj + 40H - Nz + 4H,O + 4e- (5) 

-2.4 I 
-1.0 - 0.5 0 

Log C N2H4. ~~0 3 , mol 4mm3 

Fig. 12. Log/log plot of the initial rate of reduction of ICS4 by hydradne solution at 
20 “C us. molar concentrations of hydrazine. 

*The hydrazine concentration was determined by titration against a standard 
solution of KI03. 
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It has been suggested that reaction (5) occurs during the reduction of MnO, 
by hydrazine hydrate solution [8]. The molar ratio of MnOz*NzH4 used in 
ref. 26 was 4: 1, in agreement with reaction (5). Thus the electrochemical 
or chemical reduction of MnOz may be represented by: 

MnOz + H+ + e- -+ MnOOH (6) 

i.e., 

Mn4+ + e- + Mn3+ 

The effect which the pH of the medium has on the rate of reduction 
of ICS4 by hydrazine was checked at pH values in the range 4.5 - 12.2. In 
control experiments, each 2 g of ICS4 were suspended in 20 ml of Hz0 
(pH 8.94). The pH of each suspension was either raised to 12.15 by adding 
concentrated ammonia solution, or lowered to 6.49 or 4.56 by adding 1 M 
HCl solution. Twenty millilitres of a 3.66s X 10-l mol dme3 NzH4- Hz0 
solution were added to each suspension at the adjusted pH value and the 
nitrogen evolved in each case was recorded as a function of time. Figure 
13 shows the effect which varying the pH of the medium has on the 
reduction rate of ICS4 by the same concentration of hydrazine at 20 “C. 

I I 1 I I I I 1 
1 

1 
I I I I I I I I I I 1 I I I 

50 100 
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Fig. 13. Kinetic curves for the variation with time of the volume of nitrogen liberated 
by the reaction of hydrazine solution at 20 “C and ICS4 at different pH values; 
[NzH4.Hz0] = 3.665 x 10-l mol dmm3. 
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With pH~values in the range 9 - 12 the reduction was found to be faster at 
the highest pH values, whereas at pH values between 4.5 and 9 the reduction 
rates were higher in the acidic media, i.e., the reaction was faster at the lower 
pH values. This suggests an acid-catalysed reaction since, thermodynamically, 
the reducing power of N2H4 is higher than that of N?H,+ as can be seen from 
the following standard redox potentials, E”, in volts [28] : 

Nz + 5H+ + 4e- - N*Hs+ -0.23 (7) 

N, + 4H,O + 4e’- - N2H, + 4OH -1.15 (8) 

The effect which the ICS4 particle size has on the hydrazine reduction 
rate was studied at 20 “C. One gram samples which had been graded to a 
specific size, and an unsieved sample, were suspended in 10 ml of water, 10 
ml of a hydrazine solution were added and the kinetic curve was recorded. 
The hydrazine reduction rates of the different fractions of ICS4, together 
with the unsieved sample, are depicted in Fig. 14. This shows that the 
reduction rate of ICS4 increased as the particle size decreased, which demon- 
strated the significance of the real rather than the BET surface area. A 
similar effect for the real external surface area has been observed for the 
reduction rates of sieved R2 by hydrazine [lo] and for the kinetics of the 
leaching of reduced MnOz with pyrophosphate solution [29]. The high 
reduction rate of the unsieved sample, compared with that of the +75 pm 
fraction in Fig. 14, may be because it contains 22.1% and 34.4% of the 
two finest fractions. 

50 100 

Time I s 

Fig. 14. Kinetic curves for the variation with time of the volume of nitrogen liberated by 
the reaction of hydrazine solution at 20 “C! and screened ICS4; [N&-Hz01 = 3.665 x 

10-l mol dmM3. 
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The results of tests in which the Mn02/NzH4 ratio was varied so that 
1 or 2 g of ICS4 was reduced by the same amount of hydrazine suggests 
that the kinetics of the reaction are largely determined by the available 
surface area. Doubling the volume of hydrazine solution to reduce 1 g of 
ICS4 under otherwise identical conditions only has a minor effect on the 
reduction rate, suggesting that the kinetics of the process are largely 
determined by the solid. 
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