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Abstract 
The increasing demand of manganese in the industries and various hindrances in its production from 

low grade ores by conventional method has made it imperative for researchers around the world to 

develop a method of manganese extraction from low grade ores that is both environment friendly and 

economical. Bioleaching has shown significant potential in manganese extraction and efficiencies of 

extraction have been found to be 70-98% with the help of various bacteria and fungi. 

This study focuses on extraction of manganese with the help of mixed bacterial strains that have been 

collected from their natural anaerobic environment where manganese reducing activity was evident. 

The extraction of manganese from reagent grade manganese dioxide and high grade manganese ore has 

been studied over 180 days in an anaerobic environment at room temperature and pH around 5, 

without the addition of any mineral acids. Highest concentrations of dissolved manganese have been 

found to be 928.58 mg Mn/L for reagent grade manganese dioxide and 864.54 mg Mn/L for ore grade 

manganese, corresponding to 650 mg and 400 mg of cumulative manganese, respectively. 

Introduction 
The use of manganese in industries over the world is significant and demand for high grade manganese 

has been increasing over the years [1,2]. The United States imported about 441,000 metric tons of 

manganese ores in 2015 to meet its industrial demands since manganese is not domestically produced 

in the country despite the presence of ore reserves [3,4]. The manganese ore reserves found in the 

United States are low in grade and production of manganese from these deposits by conventional 

methods is uneconomical and detrimental to the environment [3,5,6,7]. It is therefore important to look 

at methods of manganese extraction which are both economical and environment friendly. 

Significant research to extract manganese from ores using bioleaching has been done in recent years 

[8,9,10,11]. The microorganisms involved here have been found to be various types of fungi along with 

bacteria [10,12,17,23,18,19]. Previous research has focused on aerobic and anaerobic bacteria that 

reduce manganese dioxide in the system by production of organic acids [12,13]. Convincing evidence of 

MnO2 reduction by microbes which will perform this process anaerobically has so far been 
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demonstrated only in enrichment cultures with lactate, acetate, and succinate as electron donors [14]. 

The reduction of manganese dioxide in the present study is being examined as a direct reduction 

process in which the manganese in system acts as a terminal electron acceptor and is converted to a 

Mn2+ ion which is soluble and can be extracted [15, 16]. This can be understood by looking at the 

standard electrode potentials of common terminal electron acceptors for the process of respiration: 

O2 + 4H+ + 4e- → 2H2O       E0 = 1.272 Volts  (1) 

2NO3
- + 12H+ + 10e- → N2 + 6H2O      E0 = 1.225 Volts  (2) 

MnO2 + 4H+ + 2e- → Mn2+ + 2H2O     E0 = 1.224 Volts  (3) 

Fe3+ + e- → Fe2+                                 E0 = 0.770 Volts  (4) 

Oxygen is most common electron acceptor during respiration as it is readily available in aerobic 

environments and because of its high E0 value. In cases where aerobic bacteria have been used for in 

situ mining of manganese, the supply of oxygen has played a critical role in maintaining the efficiency of 

the process [17, 18, 19]. The use of anaerobic bacteria in these cases could eliminate the dependency of 

the process on oxygen supply. The standard electrode potential for the manganese reduction reaction is 

close to that of oxygen which suggests that manganese dioxide can serve as a terminal electron acceptor 

in the respiration process. We can also see here that the standard electrode potential for iron reduction 

reaction is also close to that of oxygen. Several cases have been observed where iron acts as a terminal 

electron acceptor [20, 21, 22] and thus be reduced to Fe2+ state which can be extracted by 

electrowinning. 

There has also been growing interest in in-situ leach mining (ISLM) of manganese ores and several 

researchers have found SO2 to be an effective lixiviant [24, 25, 26]. Aqueous sulfur dioxide was used as a 

reductant rather than microorganisms with drawbacks including precipitation of calcium as sulphate, 

and interference of iron hydroxides in the process [25]. Other lixiviants have also been proposed for the 

ISLM process [30, 31], which include lactose as a reducing sugar to supplement sulfur dioxide [27], 

ammonium sulphate and ammonium carbamate as a reductant for dissolving manganese [28, 29]. 

The current project aims to develop a method of manganese extraction, and future iron extraction, by a 

completely natural process in a natural habitat from low grade manganese and iron ore sites. The 

experiments involve the use of mixed bacterial cultures which are provided with a nutrient media (typha 

latifolia, also called cattails) obtained at the site from which bacteria cultures were taken. These 

organisms were selected for their ability to reduce manganese to the highly soluble Mn2+ state, without 

the need for mineral acids. The aim of the project is to study the manganese extraction by these 

bacteria and modifying the environment to an extent which is sustainable as well as efficient and 

economical. The study focuses on direct reduction of manganese ores by bacteria and developing a 

method by which manganese can be digested into the solution to an extent where electrolytic 

manganese dioxide can be produced efficiently and economically. 
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Materials and Methods 
This study utilized reagent grade manganese dioxide which contained more than 98% manganese 

dioxide with a particle size of 10 micron, and high grade manganese dioxide ore which was obtained 

from Manganese mine, Copper Harbor, Keweenaw Co., MI, USA (location: 47° 27' 17'' North, 87° 51' 54'' 

West). The ore was crushed to pass through 6 mesh using a jaw crusher, a gyratory crusher, and a short 

head crusher. The size distribution of the ore is given in Figure 1. XRF analysis of ore resulted in an 80% 

manganese content (±1%). The bacteria used in this study came from a fen located at 47°06'57.1"N 

88°36'46.3"W, in the Keweenaw peninsula of Upper Michigan. Metal reducing activity here was seen to 

be evident. The first set of bacteria were freshly taken from the fen and the second set had been taken 

from the same fen and cultivated in the laboratory for 6 months in manganese leach bucket setup 

explained in the next paragraph. 

 

Figure 1 Particle size distribution of Manganese Ore 

 

Figure 2 Manganese mine at copper harbor, upper Michigan (left); Manganese ore obtained from manganese mine (right) 
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Figure 3 Location of fen from which manganese reducing bacteria were obtained (left); location of manganese mine site (right) 

Manganese extraction was analyzed in two different setups. The first setup consisted of 6 anaerobic 

bioleaching flasks and the second setup consisted of a leach bucket. For the first setup, 500 ml leaching 

flasks were taken which were made anaerobic by sealing all openings. 100g of reagent grade manganese 

dioxide was used in two flasks and the other four contained 100g of high grade manganese dioxide ore. 

The composition of ore was analyzed using XRF and is given below. The flasks contained 200ml base 

nutrient media of the following composition: 0.5g Ammonium acetate, 0.6g Sodium Phosphate, 0.1g 

Potassium Chloride, 10g Sodium acetate, 5g Sucrose, diluted to 1L with distilled water. 120ml of 

appropriate inoculant was added to each flask. 60ml of a resupply nutrient media was added to the 

flasks every week which was prepared by adding 500ml of cattails (Typha latifolia) decant and 2.5g 

sucrose. Cattails decant was prepared by flooding a 19L bucket containing cattails with water and 

allowing it to ferment. The pH of cat tails decant was observed to be 6.9. The samples were taken at the 

same time the resupply nutrient media was added to the flasks. For the second setup, a 19L bucket was 

filled with organic mud from the fen as the top layer followed by crushed ore, which was separated from 

gravel by a nylon filter. The leach bucket was flooded with cattails decant once a week to provide 

nutrients to the bacteria once a week. The percolated solution was withdrawn from the bottom and 

transferred to a settling tank exposed to air which oxidized and precipitated extracted manganese 

dioxide which was analyzed for manganese content. 

Dissolved manganese content was analyzed using a Hach Test kit (model MN-5, product number 

146700), which was essentially the periodate method of manganese analysis. 0.25 ml of sample 

obtained from the leaching flasks was dissolved in 80ml of distilled water and tested for manganese 

content. The accuracy of the test was ±0.14 mg Mn/L. The results are shown in Figure 4. The precipitate 

obtained from manganese leach bucket were first dried and then digested in 2M H2SO4 and was allowed 

to sit for about a month before analysis. The XRF analysis of the precipitate was also conducted, results 

are shown in Table 1. 

Results and Discussions 
Dissolved manganese concentration data obtained from the leaching flasks for over 180 days is shown in 

Figure 4. The cumulative amount of manganese extracted during this time is shown in Figure 5.  
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Figure 4 Concentration of dissolved manganese in mg Manganese/L vs time in days 

 

Figure 5 Cumulative mass of manganese dissolved from ores in mg vs time in days 
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The dissolved manganese concentration remained almost constant in the duration of 40 days to 85 days 

after which it decreased. During this time, the flasks were not provided with resupply nutrient media. 

The decrease might suggest that the bacterial community decreased in size due to lack of nutrients. 

Although, the continual increase in dissolved manganese content suggests that they did not die off 

completely and that that the bacteria are sturdy and can suffer lack of nutrients for considerable periods 

of time without significant harm to the community. The total extracted manganese for reagent grade 

manganese dioxide and manganese dioxide ore has reached around 600mg and 400mg, respectively 

(Figure 5). There is a slight difference between manganese dissolved and extracted in the reagent grade 

manganese dioxide leaching flasks and manganese dioxide ore leaching flasks which can be better 

demonstrated in Figure 6. The average dissolved manganese for the two different bacteria were not 

significantly different, though they did show some difference in the early stage. 

 

Figure 6 Average dissolved manganese in mg Manganese/L vs time in days: comparison of fresh fen bacteria and lab bacteria 

(left); comparison of reagent grade MnO2 and manganese ore 

Table 1 Hach test analysis and XRF analysis of manganese precipitate from leaching bucket 

 Hach Test analysis 

(03/21) 

XRF analysis (03/21) XRF analysis (05/21) 

Manganese content (%) 13 34 77 

 

Note that the manganese content analyzed by XRF is most likely in the oxide form while that analyzed by 

Hach test is Mn2+ form. Therefore, the two analyses (03/21, Hach test and XRF analysis) agree with each 

other. The manganese content in the sample obtained from leaching bucket increased significantly over 

the two months which indicates that manganese is being reduced successfully by the bacteria.  

Table 2 pH of anaerobic leaching flasks 

Leaching flask BR1 BO2 BO3 MR1 MO2 MO3 

pH 5.2 4.9 4.9 5.5 5.1 5.2 

 

The pH of leaching flasks was observed to be around 5 which indicates the productions of acids. The 

possibility that manganese is being reduced by acids produced by bacteria is likely, however, direct 

reduction of manganese by these bacteria cannot be ruled out.  
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Conclusion 
The native manganese leaching bacteria were capable of reducing both reagent grade manganese 

dioxide and manganese dioxide ore. Better manganese dissolution and recovery was found for reagent 

grade manganese dioxide which is most likely due to the finer particle size as compared to manganese 

dioxide ore. The use of a purely green method without the addition of reagents to obtain dissolved 

manganese levels nearing 1 g/L is noteworthy. 

The results obtained from this preliminary study look promising and suggest that manganese reduction 

using anaerobic bacteria can be investigated for further research and optimized for better yields. There 

are various aspects in this research that need to be studied further. Research is ongoing on a variety of 

different nutrient media and pH ranges for which this process would be most effective. Bacterial 

sequencing is also being done to identify microorganisms we are working with and if they can be 

modified for better yields. The bacterial reduction needs to be studied in more detail in order to map 

out the process which is taking place in the system. 
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