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Abstract We report preliminary studies on the precipi-

tation of manganese compounds by oxidation with Caro’s

Acid (peroxomonosulphuric acid, H2SO5) or hydrogen

peroxide (H2O2), from solutions with [Mn] = 1.2 g/L to

achieve residual [Mn] \1 mg/L at a pH range of 5–9. It

was found that with the addition of sodium carbonate and

either Caro’s acid or hydrogen peroxide, it was possible to

reduce manganese from 1.2 g/L to less than 1 mg/L in

60 min (batch reaction) at 25�C (at pH C 5 using H2SO5,

and pH = 9 using H2O2). By comparison, simple hydrox-

ide precipitation under the same conditions at pH = 9

would only lower [Mn] to 165 mg/L.

Keywords Caro’s acid � Effluent treatment �
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Introduction

Aqueous effluents, in particular those from mineral and

metallurgical industries, may contain dissolved metals as

well as other contaminants. The operations required for

treating effluents for reuse as process or cooling water, or

for discharge to the environment, have to ensure the

removal of contaminants to the levels permitted, at a pH

usually within the range 5–9, at the lowest possible cost.

Some dissolved contaminants, such as sulphide, cyanide,

and various organic compounds, may be converted by

oxidation into species of much lower toxicity such as sul-

phate, cyanate, and carbonate. However, this will not

usually work with dissolved metals. Instead, precipitation

is the preferred operation. Various metals, such as iron,

zinc, and copper, may be removed by hydroxide precipi-

tation at a pH range of 5–9. This does not work efficiently

for manganese though, as the solubility of Mn(OH)2 in that

pH range exceeds Brazil’s discharge limit of 1 mg/L

(CONAMA 2008), because of the formation of soluble

MnO (aq) species. Removal of manganese usually requires

increasing the pH above 10 to precipitate manganese

hydroxide, separating the precipitate, and finally lowering

the filtered effluent to a pH below 9 for either reuse or

discharge to the environment.

Manganese has been cited in toxicological reviews

(Cranor 2008) as possibly contributing to adverse sub-

clinical neurotoxic developmental effects and endocrine

disruption (Hester and Harrison 1999; Phillips and Harri-

son 1999). The World Health Organization’s recommended

drinking water standard for manganese is 0.4 mg/L (WHO

2009); in some countries, like Brazil, drinking water

standards are as low as 0.1 mg/L. Local discharge permits

for effluents are then set so that the concentration of

manganese (like all other listed substances) in a receiving

water body used for drinking water will not exceed per-

missible limits.

Manganese can be removed from effluents by precipi-

tation as MnCO3 (Aziz and Smith 1996; Stoica et al. 1998)
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or as Mn(OH)2. However, decreasing [Mn] to \1 mg/L

cannot be attained in the desired pH range of 5–9 because

Mn(II) hydroxide is not sufficiently insoluble, as shown in

the Eh–pH diagram of the Mn–H2O system calculated in

the present work (Fig. 1). At [Mn] B1.0 mg/L, the aqueous

neutral complex MnO (aq) and not the solid Mn(OH)2 is

the predominant species. However, manganese may be

removed from aqueous solutions by oxidation to valence

states III and IV (MnO�OH and MnO2).

Earlier studies (e.g. Aziz and Smith 1996) have reported

that manganese removal requires the use of strong oxi-

dizing agents such as permanganate, chlorine, hypochlo-

rite, chlorine dioxide, or ozone, and that the oxidation of

Mn(II) to Mn(IV) by aeration alone is slow unless the pH is

alkaline. Eckenfelder (1989) also refers to the possibility of

improving manganese precipitation from effluents by oxi-

dation with oxygen, but only at pH [ 9.4. For a lower pH

range, the possibility of achieving high precipitation effi-

ciency employing more costly oxidants: ozone, perman-

ganate, or chlorine dioxide, was reported. Sincero and

Sincero (2002) also indicated the need for oxidation of

manganese in solution in order to be able to attain efficient

precipitation at lower pH ranges, which otherwise would

only be possible at pH [ 11.5. Pavlovic et al. (2007)

studied the precipitation of manganese as hydroxide toge-

ther with a group of heavy metals from a synthetic effluent,

and found the concentration of manganese reached a

minimum at pH value of 11.0. Johnson and Younger (2005)

observed that the removal of manganese from mine waters

in an aerated reactor required 8 h to precipitate 95% of the

metal from an influent with initial [Mn] = 120 mg/L.

In the present work, the effect of chemical oxidation

leading to precipitation of manganese oxides was carried

out as a preliminary study. The effect of combining oxi-

dation and manganese carbonate formation was also

investigated. Hydrogen peroxide and Caro’s acid were

considered as oxidants, as these are powerful non-

contaminating oxidants that are being employed in effluent

treatment in various industries; Caro’s acid, in particular, is

being used to treat cyanide-containing effluents in gold

extraction plants.

Santos (2004) reported that the addition of hydrogen

peroxide to an initial manganese solution of [Mn] = 1 g/L

promoted fast (15 min) and efficient precipitation at pH 9

by the formation of manganese dioxide (reaction 1).

Mn2þ þ H2O2 þ 2OH� ! MnO2 sð Þ þ 2H2O ð1Þ

Hydrogen peroxide (H2O2) can be dosed into process

solutions and effluents directly in concentrated or diluted

forms. It can be used to generate highly oxidizing OH free

radicals by photo-activation with UV radiation, by reaction

with Fe2?/Fe3? ions (Fenton process), or by reaction with

O3. Also, it can be converted into Caro’s Acid, by mixing

concentrated H2SO4 (minimum 95%) and H2O2 (50–70%),

according to reaction (2).

H2SO4 þ H2O2 ¼ H2SO5 þ H2O ð2Þ

Caro’s Acid can be continuously generated at the point of

usage in a compact static mixer (Castrantas et al. 1995).

Reaction 1 is virtually instantaneous and highly exothermic.

The output of the generator is a hot solution (110–120�C) that

must be immediately dosed into the process/treatment tank.

Compared with other oxidants (including H2O2), Caro’s

Acid delivers higher oxidation speed, does not require

addition of catalysts, and quickly and efficiently produces

clear effluent solutions and slurries (Teixeira et al. 2005).

Burkin and Chouzadjian (1983), in a study of manganese

removal from zinc process solutions, showed that using

Caro’s acid allows efficient precipitation of manganese

dioxide at a lower pH range (reaction 3).

Mn2þ þ H2SO5 þ 2OH� ! MnO2 sð Þ þ H2SO4 þ H2O

ð3Þ

Materials and Methods

In the present work, the effect of using Caro’s acid and

hydrogen peroxide (combined with the addition of car-

bonate) to precipitate manganese was studied using a

synthetic effluent with 1.2 g/L of initial [Mn], over the pH

range of 3–10. The experiments were conducted in batch

mode in beakers containing 1 L of solution with mechan-

ical stirring at 25�C. A concentration of 1.2 g/L Mn was

selected because it is the Mn concentration currently being

dealt with at a copper extraction plant in Peru, although

most effluents from mining, concentration, and extraction

plants have much lower concentrations. The manganese
Fig. 1 Eh–pH diagram of the Mn–H2O system at [Mn] = 1.8 9

10-5 mol/L = 1.0 mg/L, generated by HSC program version 5.1
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stock solution was prepared from analytical grade MnSO4.

Oxidation and precipitation reagents employed were:

H2SO5 (10% w/w); H2O2 (5% w/w prepared from H2O2

50% w/w technical grade), and Na2CO3 (50% w/w ana-

lytical grade). Caro’s acid was prepared following Solvay’s

published procedure (Solvay 1982), by controlled mixing

of concentrated grades of H2O2 (50% technical grade) and

H2SO4 (98% analytical grade), starting from a molar ratio

of H2SO4 to H2O2 of 3:1, which yielded a solution with

26% w/w H2SO5. That was further diluted with water to a

10% w/w working concentration. Oxidation and precipi-

tation reagents were added at the start of each experiment,

and the pH immediately adjusted (within 15 s) to the

desired value using NaOH (50% w/w analytical grade).

The contents were left stirring for 1 h and then filtered

through 1 lm filter paper for the determination of dis-

solved Mn by atomic absorption spectroscopy. A previous

set of runs (reported in Table 1) indicated that 1 h was suf-

ficient time for precipitation to attain equilibrium. In these

experiments, the excess figures refer to amounts of H2O2 and/

or Na2CO3, above that required by stoichiometry.

Results and Discussion

Figure 2 shows the experimental results as a diagram of log

[Mn] versus pH for the various precipitation conditions

reported in Table 2. Excess figures in the table refer to

excess amounts of H2SO5, H2O2, and/or Na2CO3 above

that required by stoichiometry. The plots show a decreasing

dependence of log [Mn] versus pH, as it would be expected

for solubility reaction equilibria of metal oxides and

hydroxides with their cations (and eventual hydroxo- and

oxo-complexes) in water. It was found that by a suitable

combination of oxidation and carbonate addition, it was

possible to remove manganese to levels below 1 mg/L at

pH 9 or below.

Caro’s acid promotes very efficient precipitation ([Mn]

\1 mg/L) at a range of pH [ 5. Hydrogen peroxide pro-

moted efficient precipitation at pH 9, but required a 200%

excess (Table 1). At pH 9, neither oxidation by hydrogen

peroxide (up to 100% excess) nor carbonate precipitation

(up to 200% excess) by themselves were able to yield the

desired precipitation efficiency. However, a combination of

peroxide and carbonate (both at 100% excess level) had a

synergistic effect, promoting precipitation to the desired

target of [Mn] \1 mg/L.

Although limited in extent, the results obtained in this

preliminary investigation show that both oxidants, Caro’s

acid and hydrogen peroxide, can significantly simplify

manganese removal operations in such way that a liquid

Table 1 [Mn] in filtered samples (mg/L) after manganese precipi-

tation in batch experiments at different precipitation conditions from

initial [Mn] = 1.2 g/L, at 25�C and pH = 9

Time

(h)

No oxidant

added

H2O2 (200%

excess)

H2O2 200% excess ?

Na2CO3 200% excess

0.5 400 30 0.59

1.0 175 0.56 0.35

2.0 184 0.35 0.38

0.1

1

10

100

1000

10000

2 3 4 5 6 7 8 9 10 11
pH

M
n

  (
m

g
/L

)

Sodium  Hydroxide
Sodium Carbonate 50% Excess
Sodium Carbonate 200% Excess

Hydrogen Peroxide 100% Excess
(Sodium  Carbonate + Hydrogen Peroxide) 100% Excess
Caro´s Acid 100% Excess

Fig. 2 Results of precipitation batch experiments, initial [Mn] =

1.2 g/L, T = 25�C, t = 1 h

Table 2 Residual [Mn] after

precipitation and filtration

(mg/L) with different

precipitation systems from

initial [Mn] = 1.2 g/L at 25�C,

1 h batch runs at constant pH

pH No oxidant

added

Na2CO3

with 50%

excess

Na2CO3

with 200%

excess

H2O2 with

100% excess

H2O2 with 100%

excess ? Na2CO3

with 100% excess

Caro’s acid

with 100%

excess

3 366

4 3.0

5 0.74

6 0.50

7 1,221 983 688 249 0.36

8 1,131 330 28 80 34 0.18

9 165 25 9.5 42 0.67

10 2.6 3.6 1.9 0.27 0.14
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effluent may be treated for direct manganese precipitation

without having to take pH to more than 10.

Conclusion

It is possible to remove manganese from liquid effluents

without raising the pH to more than 10 by employing

suitable oxidizing conditions with either Caro’s acid

(pH 5–9), or hydrogen peroxide in combination with car-

bonate (at pH 9). In either of these conditions, it was

possible to lower the [Mn] from 1.2 g/L to less than 1 mg/L

in 1 h batch reaction at 25�C. These results were significantly

better than manganese hydroxide precipitation at pH 9 which,

under the same conditions but without oxidation, left a

residual [Mn] = 165 mg/L.
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