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Role of Glycerol Oxidation Pathways in the Reductive Acid Leaching
Kinetics of Manganese Nodules Using Glycerol
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ABSTRACT: Manganese nodules from ocean bed are potential resources of Cu, Ni, and 0 swew aoee  some  swew  axeo
Co for which land-based deposits are scarce in India. The present work describes a novel . Chemic e contlled v sciecin f e
approach of using glycerol, a nontoxic biomass-derived reductant, for the reductive acid e

leaching of manganese nodules. Parameters such as acid concentration, time, temperature,
and pulp density were optimized for leaching. The optimal leaching conditions were
found to be 10% (w/v) pulp density and 10% (v/v) H,SO, at 80 °C with 1% (v/v)
glycerol yielding >95% of Ni and >98% Cu, Co, and Mn extraction within an hour.
Kinetic analysis of the data based on the initial rate method showed that the leaching
process was chemical reaction-controlled with an apparent activation energy of 55.47 kJ/
mol. Various oxidation intermediates of glycerol formed during leaching were identified
using mass spectrometry and Raman spectroscopy, and a probable oxidation pathway of
glycerol during the leaching process has been elucidated based on the analysis. Glycerol
was oxidized to glyceraldehyde, glyceric acid, tartronic acid, dihydroxyacetone, hydroxy
pyruvic acid, glyoxalic acid, oxalic acid, and finally converted to CO, during leaching. The
fast reaction kinetics, near-complete dissolution of manganese, and other associated metals in the nodule can be attributed to the
participation of all intermediate products of glycerol oxidation in redox reactions with MnO,, enhancing the overall reduction
leaching efficiency.
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1. INTRODUCTION

Ferromanganese nodules or polymetallic ocean nodules are a
well-established source of valuable metals such as Co, Ni, Cu,
Mn, and Zn, especially for India where exploitable land-based

the presence of both inorganic and organic reducing agents. A
summary of various leaching media and reducing agents used
for the extraction of valuable metals from manganese nodules
is shown in Table 1.

primary resources for Co and Ni are rare. These nodules are
small rocks formed by the concentric layers of iron and
manganese oxides/hydroxides in the ocean bed consisting
birnessite (5-MnO,) and goethite (FeOOH) as the major
minerals." Manganese is the major constituent metal occurring
up to 33% in the nodule matrix, along with small quantities of
valuable metals such as Cu, Co, Ni, and Zn associated with
aluminum silicate, clays, quartz, and other minerals present in
the nodule. Nodules have a highly porous structure and retain
significant moisture content. Low content of the valuable
metals in the nodule, Ni (0.2—1.62%), Cu (0.1-1.7%), Co
(0.02—1.15%), and Zn (0.1%), and high moisture content
warrants a method of aqueous processing to recover these
metals.” Fuerstenau and Han’ described that the constituent
metals in the nodule matrix can be dissolved differently at
different pH/Eh combinations and that sufficiently low pH and
reducing conditions would enable solubilization of all metal
oxides. In order to recover all the valuable metals through acid
leaching, it is essential to convert Mn(IV) present in MnO, to
soluble Mn(II) during leaching with the help of a reducing
agent. Leaching of polymetallic nodules have been widely
reported for Cu, Ni, and Co extraction in different leaching
media such as sulfuric acid, hydrochloric acid, ammonia, etc. in
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Conventionally used inorganic reducing agents such as
pyrite, sodium sulfite/SO,, carbon, sulfur, etc. (listed in Table
1) result in the formation of a residue or soluble compound in
the leaching medium that necessitates treatment of tailings or
effluents in the downstream processing after metal recovery.
On the other hand, organic reducing agents have gained
attention due to their benign nature, as they do not generate
any toxic or hazardous solid/liquid waste during or after the
process with the possibility of complete decomposition. In the
context of nodule acid leaching, organic reducing agents such
as oxalic acid, ascorbic acid, phenols, and glucose have been
reported (Table 1). Apart from nodules, some of the organic
reducing agents reported for acid leaching of low grade
manganiferrous ores are glucose,'® starch,'” molasses,”
sawdust, lactose,”" etc. Glycerol, a polyol and byproduct in
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Table 1. Overview of Reducing Agents Used in Manganese Nodule Leaching

s.no ore lixiviant reducing agent observations reference

1. Pacific Ocean H,S0, (0.93 g/g nodule) phenols (hydroxybenzene) neatly 95% recovery of Mn, Cu, Nj, and Co 4,5
nodules and aromatic amines

(0.4 g/g nodule)

2. Pacific Ocean H,SO; SO, (0.77 g/g nodule) selective recovery >90% Mn, Ni, Co, and rejection of Cu 6
nodules

3. Pacific Ocean ammonia/water SO, (quantity not available)  selective recovery of Ni, Cu, and Co with a NH,OH + SO, 7
nodules medium (>95%); water + SO, extracted all metals with

limited Mn and Fe

4. Indian Ocean H,SO, (0.28 g/g nodule)- SO, (0.3 g/g nodule) >98% Mn, Ni, Zn, >91% Co, 88% Cu, and 2—5% Fe 8

nodules HzO—(NHjZSO4 extraction
(0.5 g/g nodule)

S. Indian Ocean dilute HCI pyrite; Na,SOs; carbon pyrite effected >80% Mn and Co extraction; pyrite + carbon 9
nodules (0.28 g/ g nodule) (1 g/g nodule) more effective than just carbon

6. Pacific Ocean dilute HCI (0.73 g/g Ni matte (1 g/g nodule) >80% Co, >90 Ni, Cu, and Mn extraction 10
nodules nodule)

7. Pacific Ocean dilute HCI (0.5 g/g nodule) Zn matte (0.3 g/g nodule) >90% Mn and Co extraction 11
nodules

8. ferromanganese oxalic acid/H,SO, oxalic acid (3 g/g nodule) 2 stage leaching with oxalic acid and H,SO, to sequentially 12
nodules disrupt MnO, and iron oxide matrices respectively

9. Indian Ocean ammonia/ammonium glucose (0.2 g/g nodule) 100%Cu, >90% Ni, and >60% Co extraction 13
nodules chloride

10.  Indian Ocean ammonia Mn(1I) (0.39 g/g nodule) >90% Cu, Ni, Co with 20% Mn, and 2% Fe extraction 14
nodules

11.  Indian Ocean ammonia/ammonium elemental sulfur 80% C, 95% Ni, and 70% Co 15
nodules sulfate (0.15 g/g nodule)

12.  Indian Ocean L-ascorbic acid L-ascorbic acid 90% Cu, Ni, Co, and Mn extraction 16
nodules (6.4 g/g nodule)

13.  Indian Ocean H,SO, glycerol (0.63 g/g nodule) >95% Mn, Ni, 87% Co, and >80% Cu 17
nodules

biodiesel production is widely used in synthesis as a precursor
due to its simple yet multifunctional structure. It has also been
reported as a reducing agent during the Mo-catalyzed
chemoselective deoxygenation of sulphoxides (Garcia et al,
2013).

Given the nontoxic, biomass-derived nature of glycerol with
huge supply potential due to growing biodiesel industry”> and
its reducing ability in an acid medium, the present work is
focused on the optimization of leaching parameters and
understanding the chemistry of glycerol oxidation during the
nodule leaching process. Following a promising preliminary
study on nodule leaching using glycerol as a reductant by
Aishvarya et al,, 2013,"” parameters such as pulp density, time,
temperature, and acid concentration were optimized in the
present work and glycerol oxidation accompanying the
leaching process was elucidated using the Raman spectroscopy
and liquid chromatography-mass spectrometry (LC-MS)
studies of the leach liquor. Additionally, the rate-limiting step
in the heterogeneous leaching reaction of the nodule using
glycerol was better understood by studying the kinetics of the
leaching process.

2. RESULTS AND DISCUSSION

The reductive effect of glycerol on the H,SO, leaching of the
manganese nodule is given in Table 2 under the test conditions

Table 2. Comparison of Metals Extraction without and with
the Reducing Agent (Glycerol) under the Test Conditions
of 2% Pulp Density (w/v), 2% H,SO, (v/v), 80 °C,and 2 h

% recovery

condition Mn Co Cu Ni Fe
without glycerol addition 8.2 4.4 68.8 70.4 61
with glycerol addition (1% v/v) 98 97.8 97.5 88 80

of 2% pulp density (w/v), 2% H,SO, (v/v), 80 °C, and 2 h.
The leaching in H,SO, solution without any glycerol produced
very poor Co and Mn dissolution (<10%) with 60—70% Cu,
Ni, and Fe extraction, while with 1%(v/v) glycerol addition, all
the metals were leached very effectively giving >97% Cu, Co,
and Mn with 88% Ni extractions. The effect of glycerol
concentration was reported in the previous study by Aishvarya
et al, (2013)."” Accordingly, 1% (v/v) or 0.126 g glycerol per
gram of nodule is used in the present work for the optimization
of other parameters. Optimization study of the other leaching
parameters (time, H,SO, concentration, pulp density, and
temperature) are discussed in this study along with the
elucidation of leaching kinetics and various oxidation
intermediates generated from glycerol.

2.1. Study of Leaching Parameters. 2.1.1. Effect of
Time. The effect of reaction time on the metal recovery was
estimated by carrying out an experiment keeping all other
leaching parameters fixed, i.e., nodule pulp density at 10% (w/
v), concentration of reducing agent glycerol at 1%(v/v),
H,SO, concentration at 10% (v/v), and temperature at 80 °C.
Samples were collected at regular time intervals up to 3 h. The
effect of time variation on extraction of different metals is
shown in Figure 1. It can be observed that extraction of metals
increases up to 1 h after which the increase in recovery is very
marginal and time has practically no effect.

2.1.2. Effect of Acid Concentration. The concentration of
lixiviant sulfuric acid was varied from 2% to 12.5% (v/v) while
keeping glycerol concentration fixed at 1% (v/v), pulp density
at 10%, and temperature at 80 °C. From the results, it was
observed that the percentage of metal extraction increased with
acid concentration (Figure 2). Maximum extractions of Co, Ni,
and Cu were observed at 10% (v/v) acid, which are
comparable with sulfuric acid leaching in the presence of
phenols and sucrose reported for nodules (Table 1) and low
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Figure 1. Effect of leaching time on metal extraction. Conditions:
pulp density 10% (w/v), H,SO, 10% (v/v), glycerol 1% (v/v), 80 °C.
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Figure 2. Effect of H,SO, concentration on metal extraction.
Conditions: pulp density 10% (w/v), glycerol 1% (v/v), 80 °C, 1 h.

grade manganese ores, 1‘espectively.5’18 At 10% (v/v) H,SO,
the extraction percentages of Co, Ni, and Cu were 98.8, 95.6,
and 100, respectively, while Mn recovery was 95.6% at 7.5%
(v/v) acid with a marginal increase at 10% (v/v). Further
increase in acid concentration did not show a significant
increase in extraction of targeted metals. Therefore, 10% v/v
acid concentration was used for the other parameter
optimizations.

2.1.3. Effect of Pulp Density. In order to estimate the
limiting solid to liquid ratio in extraction of metals, pulp
density was increased from 2 to 12.5% (w/v) keeping other
parameters constant such as sulfuric acid at 10% (v/v),
temperature 80 °C, 1% (v/v) glycerol, and leaching time of 1
h. Figure 3 shows that extraction of target metals were
satisfactory (>95%) without much variation for the increase of
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Figure 3. Effect of pulp density on metal extractions. Conditions:
H,SO, 10% (v/v), 80 °C, 1 h, glycerol 1% (v/v).

pulp density up to 10% (w/v) for the amount of reagents used.
At 12.5% (w/v), there was a 10—12% decrease in recovery of
metals especially of Cu, Co, and Ni.

This is attributed to the insufficiency of sulfuric acid, which
was calculated from the pH of the liquor to be 0.14 M after 1 h
of leaching at 12.5% (w/v). Since the leachability of metals is
directly related to the extent of reduction and free acid content,
it may hence be required to proportionately increase the
amount of acid and glycerol for operations above 10% pulp
density. Experiments carried out at higher acid and glycerol
concentrations (shown in Table 3) ascertain this.

Table 3. Experiments at Higher Pulp Density with
Enhanced Reagent Concentrations

% recovery

s.no. experimental condition Mn Cu Ni Co

1 12.5% (w/v) pulp density; 12.5% (v/v) 93.0 97 98 98
H,S0,; 1.25% (v/v) glycerol;
80 °C, 1 h

2 15% (w/v) pulp density; 15% (v/v) 92.6 98 952 99
H,SO,; 1.5% (v/v) glycerol;
80 °C, 1 h

2.1.4. Effect of Temperature. Temperature influences the
reaction kinetics strongly and it was necessary to optimize the
same for reductive leaching in the presence of glycerol
especially due to the organic nature of the reductant.
Experiments were performed by varying the temperature
from 50 to 90 °C while keeping other conditions constant such
as pulp density at 10% (w/v), H,SO, at 10% (v/v), glycerol at
1% (v/v), and leaching time 1 h, and the obtained results are
presented in Figure 4. Close to 80% Cu, Ni, and Mn
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Figure 4. Effect of temperature on extraction of metals. Conditions:
pulp density10% (w/v), H,SO, 10% (v/v), glycerol 1% (v/v), 1 h.

extractions were obtained at 50 °C and the extraction of the
metals increased with the increase in temperature and reported
a maximum at 80 °C with >95% extraction for all elements.
Further increase in temperature to 90 °C led to a small
decrease in metal recovery, possibly due to some retarding
effect of higher temperature on the further reductive activity of
intermediates during the leaching process; however, awaiting
additional experiments to understand and ascertain the cause.
Hence, for the chosen parametric conditions, 80 °C was found
to be optimal.

At the end of the optimization experiments on pulp density,
time, acid concentration, and temperature variation using 1%
(v/v) glycerol, the suggested set of optimal parameters are 10%
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(w/v) pulp density, 10% (v/v) H,SO, at 80 °C for 1 h, and the
glycerol used is thus 0.126 g/g under optimal conditions.
2.1.5. Kinetics. Leaching kinetics was studied by exper-
imenting at 2% (w/v) nodule pulp density up to a time period
of 1 h with intermittent sampling. The initial rate analysis
method, which is an unbiased method of evaluating the rate-
controlling step”® was employed here specifically for kinetic
data at different temperatures. The general leaching conditions
for the kinetic study were 2% (w/v) pulp density, 2% (v/v)
H,SO0,, 1% (v/v) glycerol, and the mean nodule particle size
was 91 ym (for size range, —106 + 75 ym). Since MnO, is the
major metal bearing phase in the nodule, Mn dissolution data
were used for deducing kinetics. The fraction of Mn leached
(Xpmn) versus time at different temperatures under the
aforementioned conditions is shown in Figure 5. It can be

1
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Figure S. Fraction of manganese leached at different temperatures
versus time. Conditions: pulp density 2% (w/v), sulfuric acid 2% (v/
v), glycerol 1% (v/v), mean particle size 91 ym.

noticed that there is a steep rise in dissolution in the first 10
min of the reaction especially at higher temperatures followed
by a relatively slow and steady increase up to 60 min. Nearly
80% of total dissolution seems to happen within the first 30
min, especially at elevated temperatures.

In order to determine the initial rate, polynomial regression
was performed to fit the experimental Xy, versus t plots
corresponding to different temperatures. The correlation
coefficients of the regression equations were more than 0.99.
The initial rate was determined from the slope of the
regression equations at time t = 0, by taking first order
differential (dXy,/dt, at t = 0) corresponding to each
temperature. This initial rate is in fact the apparent rate
constant “k”,*®> which was further used to estimate the
activation energy from the slope of the straight line plot
(Arrhenius plot) of In(k,) versus 1/T.

As shown in Figure 6, the activation energy estimated from
the slope of the Arrhenius plot (—Ea/R = —6672.3, R’=
0.9496) was found to be 55.473 kJ/mol. The high activation
energy is indicative that the process is controlled by the
chemical reaction at the surface of the particle.”*** Other
reports of nodule leaching kinetics in the H,SO, medium in
the presence of a solid inorganic reducing agent’® show a
reaction-controlled and product diffusion-controlled kinetics
due to the buildup of solid residues (such as sulfur) in the
process. It is clear that the absence of additional solid residue
generation in the case of glycerol presents advantageous
leaching kinetics for metal recovery from the nodule.

1T,K!
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0
-0.5
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3.5 .
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Figure 6. Arrhenius plot for manganese nodule leaching in H,SO,
using glycerol as the reductant.

2.2. Mineralogical and Morphological Character-
ization. The characteristic X-ray diffraction (XRD) pattern
of the nodule sample (Figure 7) clearly shows the presence of

Leached residue

———Original Nodule

Intensity (a.u)

+ - Si0
0 - MnO
+
+ +
g + .
+ +
+
o o+ |+
+ + + o
T T T T T T T T
0 10 20 30 40 50 60 70 80

Position (2 theta)

Figure 7. XRD pattern of the original nodule and the leached residue;
(inset image) digital photographs of (a) original nodule powder and
(b) leached residue.

MnO, (JCPDS Ref. no. 03-065-1298) and SiO, (JCPDS Ref.
no. 89-8934) peaks. Iron in the manganese nodule was
reported to be present as goethite,” which is not detected in
the original nodule being amorphous in nature. A typical leach
residue from the optimized leaching condition, i.e., 10% (w/v)
pulp density, 10% (v/v) H,SO,, 1% (v/v) glycerol, at 80 °C
for 1 h, was analyzed for residual mineral phases. The
diffraction pattern of the leached residue confirms the absence
of MnO, peaks (Figure 7) signifying that nearly all the
manganese in the nodule has been successfully leached out
leaving behind SiO, in the residue. The difference in the
physical appearance between the leached residue and the
original nodule powder can also be seen (Figure 7), showing
an almost white-colored residue. Change in surface morphol-
ogy of the ore before and after leaching can be seen from
Figure 8. The leached residue shows a reacted and weathered
surface with increased roughness. Following the optimization
of parameters in the present study and the leaching kinetics, it
can be confirmed that glycerol is an effective reducing agent to
achieve a near-complete recovery of manganese (>99%) from
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Figure 8. Scanning electron microscopy image showing morphological differences between (a) nodule powder and (b) leached residue.

the nodule and at significantly low requirement (0.126 g/g
nodule) as compared to other cited reducing agents (Table 1).

2.3. Identification of Glycerol Oxidation Intermedi-
ates. Glycerol oxidation comprises a complex series of
reactions as many reaction centers are created in the polyol
structure during its oxidation. In order to predict the pathway
of glycerol oxidation and to identify all the oxidation reaction
intermediates before formation of CO,, the leach liquor was
intermittently analyzed by LC-MS and Raman spectroscopy.
For this purpose, a typical leach liquor obtained from the
optimized parametric conditions, i.e., 10% (w/v) pulp density,
10% (v/v) H,SO,, and 1% (v/v) glycerol at 80 °C for 1 h was
used.

2.3.1. Raman Spectroscopy of the Leach Liquor. The
Raman active vibration modes corresponding to different
stretching and bending vibrations of various functional groups
present in glycerol and its oxidation products are reflected
from the Raman spectra shown in Figure 9. For the purpose of
carrying out Raman spectroscopy, a leaching experiment was
carried under the abovementioned optimized conditions with
intermittent sampling at 10, 30, 45, and 60 min and compared
against 1% (v/v) glycerol in water as the blank. The
characteristic asymmetric stretching of C—H and O—H groups
and CH, deformation of glycerol can be noticed in Figure 9
matching with standard glycerol spectra.”” The band at 329
cm™! corresponds to C—C bending vibration of the carbon
chain and can be seen in both glycerol as well as the products
in the leach liquor. The broad line at 470 cm™" is produced due
to the C—CO rocking of the quaternary carbon atom in one of
the oxidation products, which is absent in the blank. Similarly,
the bands at 1762 and 1654 cm™' are due to the carbonyl
(>C=0) stretching vibration of carboxylic acids. The line at
2947 cm™! is possibly due to antisymmetric C—H stretching
vibrations of the aliphatic chain seen in both glycerol and
oxidation products.””~>” The band at 2426 cm™" could not be
matched to any particular vibration but is found to occur in all
intermittent liquor samples collected as well as in the blank
(glycerol). However, it is evident from the Raman spectra of
the leach liquor that glycerol is oxidized to different aldehydes
and aliphatic acids during the Mn-nodule leaching process.

2.3.2. LC-MS Analysis of the Leach Liquor. During the
leaching process in the presence of sulfuric acid, MnO, present
in the manganese nodule accomplishes the oxidation of
glycerol to several partially oxidized intermediates, which can
be confirmed from the mass spectrum obtained from a typical
leach liquor sample of 30 min (under optimized conditions) as

blank-Glycerol

2426

Intensity

329
2947

1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500

Wavenumber (cm™)

Figure 9. Raman spectra of the nodule leach liquor under optimized
conditions collected at different time intervals.

shown in Figure 10. The spectrum obtained shows peaks of
mass to charge ratio (m/z) values of 72, 91, 97, 102, 107, 113,
116, and so on, which can be indexed to various oxidation
intermediates as explained below.

In an acidic environment glycerol, becomes the radical
cation as it loses one hydrogen to form the nearest radical
having an m/z value of 91. The m/z value of 102 corresponds
to the hydroxy pyruvate ion. The hydroxy pyruvic acid (m/z
104) forms from dihydroxy acetone (m/z 90) which is formed
from glycerol on oxidation. This hydroxy pyruvic acid loses
two hydrogen forming hydroxyl pyruvate ions (m/z 102).”

The m/z value of 107 may be attributed to the formation of
1,3,2,2 tetrahydroxy propane (m/z 108) from glycerol after
losing one hydrogen from the second carbon or from a
hydrated oxalic acid molecule (m/z 108). The peak at m/z 116
corresponds to the mesoxalate ion after losing two hydrogen
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Figure 10. Mass spectrum of the leach liquor after 30 min of leaching.

atoms from mesoxalic acid (m/z 118). The m/z value of 72
corresponds to the formation of the glyoxalate ion from
glyoxalic acid (m/z 74) upon removal of two hydrogens.
Similarly, the tartronate ion forms through oxidation of
glyceraldehyde (m/z 90) to glyceric acid (m/z 106) and
from glyceric acid to tartronic aldehyde (m/z 104) which
further oxidizes to tartronic acid (m/z 120). This tartronic acid
when loses two hydrogen ions forms the tartronate ion (m/z
118). The mass spectrum of glycerol in plain water
(Supporting Information Figure S1) can be seen showing the
characteristic base peak from protonation (m/z 93) and with
Na* ions (m/z 115).°"

2.4. Glycerol Oxidation Pathway during Leaching.
Glycerol oxidation in the sulfuric acid medium generates
several oxidation products due to the reactive polyol structure
of the reductant and the extent of intermediate products
formed depend on the strength of the oxidizing agent.’””*
MnO, which is present in the nodule, is a strong oxidizing
agent and results in CO,, H,0, and Mn(II) formation by
reacting with acid and glycerol as given below:

7MnO, + 7H,S0, + C;H 0,
— 7MnSO, + 3CO, + 11H,0

The intermediate oxidation products of glycerol such as
aldehyde, ketone, or acids formed during the oxidation as
evidenced from both Raman spectra and LC-MS analysis
further oxidize in the acid medium forming CO, as the final
product.”* The formation of CO, was confirmed in the present
study by passing the evolved gas through a water of lime
solution (aq. Ca(OH),). For this test, an experiment was
carried out at optimized leaching parameters in a sealed
autoclave with a vent provision. Generation of CO, was
confirmed with the formation of CaCO; which changed the
lime solution to appear milky white.

Given that the formation of oxidation intermediates of
glycerol is ascertained based on the mass spectrometry and
Raman spectroscopy analysis (Figures 9 and 10), and the final
oxidation product was confirmed to be CO,, it is possible to
derive the probable pathway of oxidation during the leaching
process due to the well-known and simple polyol structure of
glycerol. An overall scheme of various oxidation pathways is
represented in Figure 11 with all possible major and minor
intermediates based on the leach liquor analysis presented.*>*

Glycerol is oxidized to several partial oxidation intermediates
such as glyceraldehydes, glyceric acid, dihydroxy acetone,
tartronic aldehyde, tartronic acid, glycolic acid, glyoxalic acid,
hydroxy pyruvic acid, mesoxalic acid, oxalic acid, formic acid,
and finally CO, during nodule leaching. As seen from the
kinetic data, nearly 80% of the total dissolution happens within
the first 30 min of the reaction (Figure S), during which many
oxidation intermediate formation can be seen (Figures 9 and
10). Each of the intermediate is further capable of reducing
MnO, in the process of its own oxidation as evidenced by their
reductive action elsewhere.”> This reductive action of multiple
intermediates formed during glycerol oxidation may be
attributed as the reason for a near-complete MnO, dissolution
resulting in leaching of metals from the nodule, especially using
a much lower quantity of the reducing agent as compared to
other reductants (Table 1). Further studies on stoichiometric
consumption of glycerol and its oxidation products may help
establish the role of each intermediate involved. Clearly,
glycerol is an attractive candidate as a green reductant for
maximizing metal recovery from nodules en route to achieving
an efficient leaching process.
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Figure 11. Schematic of probable oxidation pathways of glycerol during reductive leaching of the polymetallic nodule.
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3. EXPERIMENTAL SECTION

3.1. Raw Material. Polymetallic Indian Ocean nodules
used in this study were supplied by CSIR-National Institute of
Oceanography, Goa, India. The nodules were crushed, ground,
and sieved to obtain a size fraction less than 150 pym. The
chemical analysis of the representative sample is given in Table
4 which shows high Mn and Fe content, while the valuable

Table 4. Elemental Composition of the Polymetallic Nodule
Used in the Study

elements Cu Fe Mn Co Ni
% 0.93 5.6 18.7§ 0.085 1.15

metals Ni and Cu were ~0.9—1.2% and Co was <0.1%. The
major phases present were MnO, and SiO, as seen from the
XRD pattern (Figure 7). For convenience, the XRD pattern of
the manganese nodule is compared with the XRD of leach
reduce and included in Figure 7. The chemicals (H,SO, and
glycerol) used in this work were of analytical reagent grade.
The specification of glycerol used in the study are provided in
Table S.

Table 5. Specification of Glycerol Used in the Study

linear formula HOCH,CH(OH)CH,0H
molecular mass, g/mol 92.09
assay, % >99.5
water, % 0.5 (max)
ignition residue, % 0.005 (max)
boiling point, °C 290
melting point, °C 18
flash point, °C 160
density, g/cm’® 1.261

3.2. Methodology. Experiments were carried out in a
double-walled glass reactor attached to a hot water bath with
circulator arrangement (Julabo, Germany) which maintained
the reactor at a given temperature (+0.2 °C). A required
amount of H,SO, solution of known concentration was placed
in the reactor and heated up to the desired temperature with
agitation using a magnetic stirrer. Once the temperature was
attained, the required amount of nodule and glycerol were
added to the reactor. Few experiments were also carried out in
a 1 L autoclave (make: Parr Instrument company, USA) to
confirm CO, generation. After leaching, the leach slurry was
filtered, and the residue was washed thoroughly with distilled
water and dried in an oven. Phase identification of the
powdered nodule sample and a typical leach residue was
carried out by a Rigaku Ultima IV X-ray diffractometer using
Cu Ka radiation (4 = 1.54 A) in the range of 10 to 80° (20) at
a scan rate of 3°/min. The surface morphology information of
the ore and leached residue was obtained from scanning
electron microscopy (SEM, ZEISS-EVO18).

The metal ions in the leach liquor were analyzed by atomic
absorption spectroscopy (AAS, Perkin Elmer). The leach
liquor was immediately analyzed for oxidation byproducts of
glycerol by using LC-MS and Raman spectroscopy. The mass
spectra analysis was performed using a Bruker micrOTOF-Q II
mass spectrometer equipped with an electron spray ionization
(ESI) source. The Raman spectra were observed using a
dispersive type micro-Raman spectrometer (Renishaw-InVia
Raman microscope, UK).

4. CONCLUSIONS

Reductive leaching of Mn, Co, Cu, and Ni from the
polymetallic sea nodules was successfully accomplished using
glycerol as a reducing agent in a sulfuric acid medium. Glycerol
is a process-friendly organic renewable reductant that does not
generate solid or liquid wastes in the process. Reductive
leaching of Indian Ocean nodules was performed and the
optimal parameters were found to be 10% (v/v) H,SO,, 1%
(v/v) glycerol, 10% (w/v) pulp density, 80 °C temperature,
and 1 h duration. Nearly complete recoveries of all the metals,
i.e., >95% of Ni and >98% of Mn, Cu, and Co were achieved in
1 h at the optimized condition. Kinetic analysis reveals that the
leaching process was chemical reaction-controlled with an
apparent activation energy of 55.47 kJ/mol. XRD of the leach
residue showed no detectable manganese peaks indicating that
MnO, has been leached out from the nodule. The probable
oxidation pathways of glycerol were elucidated indicating the
oxidation products based on the analysis of the leach liquor by
LC-MS and Raman spectroscopy. The analyses revealed that
glycerol was oxidized to multiple partial oxidation products
such as glyceraldehyde, glyceric acid, tartronic acid, dihydroxy
acetone, hydroxy pyruvic acid, glyoxalic acid, oxalic acid, and
finally converted to carbon dioxide. The fast dissolution
kinetics and near-complete dissolution of MnO, in the
manganese nodule are attributed to the participation of these
intermediate oxidation products arising from the unique
structure of glycerol, resulting in maximum leaching of metals
at a very low reductant to nodule quantity.
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