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Supporting figures

Figure S1. Ex situ TEM image, high-resolution TEM image, and the corresponding diffraction patterns 
(from left to right) of the pristine Mn nodule powder showing the (A) calcite and (B) siderite. 
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Figure S2. (A) TGA analysis (TA instruments TGA 5500), and (B) Mass spectrometer (MKS Cirrus 3) 
analysis on the pristine Mn nodule powder (at a ramp rate of 10 °C/min in high-temperature platinum 
pans). Note: A calcium oxalate monohydrate calibration run was performed before the TGA-MS analysis. 
In Figure S3A, the peak degradation at 560 °C corresponds to the thermal decomposition of 
rhodochrosite1, the mass loss at 665 °C indicates the presence of siderite2, and the slight degradation peak 
at 825 °C corresponds to the presence of calcite3 in the sample. Figure S3B shows the evolution of CO2 
gas from the mass spectrometer in the 500-700 °C range, indicating the presence of carbonates in the 
pristine Mn nodule powder.

Figure S3. Correlation analysis between various elements
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Figure S4. (A) XPS survey spectra and narrow elemental scans of (B) Fe 2p, (C) Mn 2p, and (D) C 1s 
indicate the presence of carbonates4-6 in the pristine nodule powder.

Figure S5. (A) XPS survey spectra and narrow elemental scans of (B) Fe 2p of the pH 5.7 precipitate. 
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Figure S6. XPS narrow spectra of (A)Mg 1s and (B) Ca 2p of the pH 10.9 precipitate, which shows a 
peak separation of 3.5eV, indicating the presence of CaCO3.7 

Figure S7. HR-TEM image of the pH 10.9 precipitate showing the (A) Mn2O3 and (B) MnO phases.
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Figure S8. Relative atomic mass of residual powder as a function of leaching time in pH 1.5 solution.

Figure S9. Relative atomic mass of extracted precipitate as a function of leaching time in pH 1.5 solution.
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Supporting Tables

Mn Fe Ca Mg Na B P 

 

Zn Cr Cu 

Pristine Mn 
Nodule

214 115.8 100 20.4 38.6 22.8 0 0 1.44 0

pH 5.7 (Fe-rich) 143 588 10 0 44.2 24.2 49.2 0 1.236 2.42

pH 10.9 (Mn-
rich)

520 12.8 35 22 45 27 0 1.58 1.58 0

Table S1. Average concentration (ppm) per element from the ICP-OES analysis.

Table S2. Atomic concentration table acquired from the survey scans using XPS analysis on the pristine 
nodule powder, precipitates at pH 5.7 and pH 10.9, and manganese nodule residue at pH 1.5.

At% C 1s O 1s Na 
1s

Mg 
2s

Al 
2p

Si 2p P 2p K 
2p

Ca 
2p

Mn 
2p

Fe 2p

Nodule 
powder

15.57 58.96 0.30 1.63 1.46 9.66 0.43 0.13 2.96 3.54 5.37

Residue at 
pH 1.5 

8.53 63.19 0.02 0.4 2.46 16.17 0.41 0.25 0.43 0.49 7.65

pH 5.7 29.06 46.22 0.08 0.05 0.20 0.31 2.01 - - 3.82 18.25

pH 10.9 8.03 57.93 0.17 3.28 0.16 0.53 - - 2.8 26.81 0.28

Wt% C 1s O 1s Na 
1s

Mg 
2s

Al 
2p

Si 2p P 2p K 
2p

Ca 
2p

Mn 
2p

Fe 2p

Nodule 
powder

8.83 44.53 0.32 1.87 1.86 12.81 0.62 0.24 5.6 9.17 14.16

Residue 
at pH 1.5 

4.79 47.29 0.02 0.45 3.11 21.25 0.59 0.46 0.8 1.26 19.97

pH 5.7 14.56 30.85 0.07 0.06 0.23 0.37 2.6 - - 8.75 42.52

pH 10.9 3.54 33.99 0.15 2.92 0.16 0.54 - - 4.12 54.02 0.58
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Table S3. Weight percentage table acquired from the survey scans using XPS analysis on the pristine 
nodule powder, precipitates at pH 5.7 and pH 10.9, and manganese nodule residue at pH 1.5.

Estimation of manganese recovery rate from EDS and ICP-OES measurements

Element Concentration 
(ppm)

Relative 
mass

molar mass of metal 
element/ molar mass of 
mass of compound

mass of 
compound

% mass of 
compound

mass of compound 
in recovered 5.6 mg

milligrams 
of element

Mn 520.00 0.82 1.58 1.29 0.78 4.39 2.78

Fe 12.80 0.02 1.91 0.04 0.02 0.13 0.07

Ca 35.00 0.05 1.85 0.10 0.06 0.35 0.19

Mg 22.00 0.03 2.40 0.08 0.05 0.28 0.12

Na 45.00 0.07 1.74 0.12 0.07 0.42 0.24

Cr 1.58 0.00 1.98 0.00 0.00 0.02 0.01

Zn 1.58 0.00 1.51 0.00 0.00 0.01 0.01

Table S4. Workflow to estimate manganese recovery rate using ICP-OES data. Mn element assumed to 
exist as MnO2, the other metals are assumed to exist as hydroxides.

Element Weight % Relative 
mass

molar mass of metal / 
molar mass of mass of 
compound

mass of 
compound

% mass of 
compound

mass of compound 
in recovered 5.6 mg

milligrams 
of element

Mn 59.20 0.91 1.58 1.44 0.89 4.97 3.15

Fe 0.50 0.01 1.91 0.01 0.01 0.05 0.03

Ca 2.80 0.04 1.85 0.08 0.05 0.28 0.15

Mg 1.80 0.03 2.40 0.07 0.04 0.23 0.10

Na 0.60 0.01 1.74 0.02 0.01 0.06 0.03

Al 0.10 0.00 2.90 0.00 0.00 0.02 0.01

Table S5. Workflow to estimate manganese recovery rate using EDS data. Mn element assumed to exist as 
MnO2, the other metals are assumed to exist as hydroxides.
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