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Abstract: The kinetics of oxidative leaching of ocean polymetallic nodules in molten potassium hydroxide medium

was investigated in terms of the gas-flow rate, stirring rate, reaction time, reaction temperature and partial pressure

of oxygen on the ratio of manganese conversion in ocean polymetallic nodules. The category of the rate controlling

step was determined. The process of the liquid-phase oxidation reaction can be described by surface chemical reac-

tiorr controlled non-reaction shrinking core model( SCM), the apparent activation energy was achieved and the rate e

quation was put forward. From the equation, it can be concluded that the reaction rate mainly depends on the reac-

tion temperature and the partial pressure of oxygen.
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1 INTRODUCTION

The finite on-shore mineral resources and
their rapid depletion have justifiably directed the
attention of international community of scientists
to the vast seabed as the future source of supply of
It is estimated that
till about 2050, the reserves of manganese, cop-

3 . 1
minerals and raw materials'''.

per, cobalt and nickel in land ores all over the
world can not meet the ever-growing demand'”.
Ocean polymetallic nodules are the most important
submarine mineral resources and contain abundant
metallic elements such as manganese, iron, cop-
per, cobalt and nickel, and the relative reserves of
manganese, copper, cobalt and nickel in ocean
polymetallic nodules are one to three magnitude or-
der larger than those reserved in land mineral de-
posits'” | so these metallic elements should be ex-
tracted and utilized. Because the copper, cobalt
and nickel are deposited in manganese and iron ox-
ides (' especially in manganese oxide) mine phase,
and there have no separate minerals of themselves,
they cannot be enriched or separated by the con-
ventional methods. However, the application of
the chemical or metallurgical processing approa-

41 Since ocean poly-

ches can solve this problem
metallic nodules have been found, a large number
of researches on ocean polymetallic nodules have
been carried out both at home and abroad”, doz
ens of methods have been proposed, and the new
explorations are still going on. However, up to

now, each method has its drawbacks and most of

the existent processes yet remain at the laboratory
minitype experimental study scale!™®, and the
goal of making the commercial and industrial utiliza-
tion of the ocean polymetallic nodules is still far away.

ZHANG et al™"
principle and industry ecological “3R” principles
and put forward inferior molten salt liquid-oxida-

adopted green chemical

tion cleaner production process integration technol-
ogy. Based on this technological platform, the
present authors developed the new process for pro-
cessing ocean polymetallic nodules utilizing liquid-
phase molten salt as transforming agent. The man-
ganese in ocean polymetallic nodules is in the form
of manganese dioxide, so it can be converted into
potassium manganate through oxidation. Many re-
searches of kinetics before were focused on reduc
tive leaching, specially in acid medium'”" . Based
on the study of oxidative leaching in alkaline medi-
um, the kinetics of the oxidative leaching is dis-
cussed and the effects of gas-flow, stirring rate,
reaction time, reaction temperature and oxygen
partial pressure on the ratio of manganese conver-
sion are considered.

2 EXPERIMENTAL

2.1 Materials

Ocean polymetallic nodules being picked up
from the East Pacific Ocean sea basin were crushed
and milled to pass a series of sieves to obtain repre-
sentative samples. The contents of main metal ele
ments are listed in Table 1.
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Table 1 Contents of metal elements in
ocean polymetallic nodules( mass fraction, %)

Mn Fe Cu Co Ni
21.08 9.12 0. 66 0.23 0.94

Other reagents used are analytically pure, and water is de

ionized water.

2.2 Methods

1 L. stainless vessel with temperature control
instrument and stirring apparatus was used as the
reactor. Certain concentration of potassium hy-
droxide was put into the reactor and temperature
was elevated with stirring at certain rate. When
the temperature reached the set value, ocean poly-
metallic nodules with particle size between 74 Hm
and 70 Pm were fed in the form of slurry, and the
air or oxygen being purified and preheated was
filled. When the temperature was stable, counting
and sampling were picked up at set intervals and
the samples were processed with separating, wash-
ing, drying and so on, then they were analyzed
with atomic absorption or chemical analysis, final-
ly the conversion ratio of manganese in ocean poly-
metallic nodules was calculated.

2.3 Analysis of macro kinetics
The reaction of ocean polymetallic nodules ox-
idized in molten potassium hydroxide is as follows:

[(Cu, Ni, Co)O * MnO: * 2FeO(OH) [ (s) +
2KOH(1)+ S0:(g)= (Cu, Ni, Co)O(s) +

Fe20s3(s)+ KaMnO4(s) + 2H20(g)

It is a typical gas-liquid-solid heterogeneous
reaction. Reactions in heterogeneous systems are
complex and involve not only chemical reactions
" Due to the
rapid gas dissolving into liquid, and then the liquid

but also mass transfer processes

reacting with solid, the process is a liquid-solid re-
action substantially. Generally, liquid-solid reac
tions proceed through taking a number of basic
steps and may be controlled by either of these
steps'"''. The relationships between conversion ra-
tio and time of each category of controlled step has
been given in Refs. [ 15, 16]. Since iron, copper,
nickel and cobalt are released in the form of oxides
from ocean polymetallic nodules, the non-reaction
shrinking core model ( SCM ) or nomreaction
shrinking particle model( SPM) can be applied to

describe the oxidative leaching process''”

3 RESULTS AND DISCUSSION

3.1 Effects of gasflow, stirring rate and reaction
time

Fig. 1 presents the effects of different gas-flow

rates, stirring rates and reaction time on the rate of

manganese conversion at reaction temperature of

300 C, mass ratio of alkali to nodules of 10 and
oxygen partial pressure of 2. 1 x 10*Pa( pure air) .
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Fig. 1 Effects of airflow rate and stirring rate on
conversion ratio of manganese

The results show a general increase in the
manganese conversion ratio as gas-flow rate, stir
ring rate and reaction time increase and the reaction
rate within 120 min is fast. It is obvious that the
effective reaction occurs within 120 min, and the
reaction nearly completes within 120 min, thus the
reaction kinetics within 120 min is mainly studied
in this paper.

Fig. 2 presents the linear relationships of X
(the conversion ratio of manganese), 1- (1- X)"?
and 1+ 2(1- X) - 3(1- X)*? with reaction time,
which represents that the process is controlled by
external diffusion, surface chemical reaction and
internal diffusion, respectively.
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Fig.2 Plot of X, 1- (1- X)"? and

1+ 2(1- X)- 3(1- X)*’ vs reaction time

All the three curves have good linear relation-
ship, and 1- (1= X)"” has the best related coeffi-
cient, that is to say, either of the models can inter
pret the reaction, but the best is 1- (1- X)"?,
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whereas 1= (1— X) "’ represents that the process
is controlled by surface chemical reaction.

3.2 Effect of temperature

The effect of reaction temperature on the con-
version ratio of manganese at mass ratio of alkali to
nodules of 10, oxygen partial pressure of 2. 1 X
10*Pa, stirring rate of 800 r/ min, gas-flow rate of
0.5m’/h is presented in Fig. 3.
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Fig. 3 Effect of reaction temperature on
conversion ratio of manganese

It can be found that the conversion ratio of
manganese increases as the temperature increases.
The relationships between 1- (1- X)"? and reac
tion time at different reaction temperatures are
shown in Fig. 4.
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Fig.4 Plot of 1- (1-

various reaction temperatures

Fig. 4 shows that there are good linear rela-
tionships between 1— (1- X)"? and reaction time
at different reaction temperatures, and this can al-
so prove that the oxidative leaching process is con-
trolled by surface chemical reaction. The slopes of

the lines in Fig. 4 represent the reaction rate con-

stants at different reaction temperatures, as listed

in T able 2.

Table 2 Reaction rate constants at
various temperatures

Temperature/ C k In k
340 0.01103 - 4.507 14
320 0.007 821 — 4.85094
300 0. 004 807 - 5.33768
280 0.003 416 - 5.67929
260 0.002 098 - 6.166 77
240 0.001 496 ~ 6.504 96

According to the Arrhenius equation: k= A *
exp (- E/RT), Ink= InA- E/RT. The preexpo-
nential factor A includes the effects of gas-flow,
stirring rate, nodules size, mass ratio of alkali to
nodules and oxygen partial pressure. Fig. 5 pres-
ents the relationship of Ink with 1/T.
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Fig. 5 Arrhenius plot showing relationship
between Ink and 1/ T

A straight line is achieved and the apparent ac-
tivation energy of the reaction under experimental
conditions can be acquired from the slope. This ac
tivation energy includes effects of intrinsic chemical
reaction and mass transfer. The activation energy
can be calculated as E= 53. 26 kJ/ mol. Generally,
when the activation energy is above 41. 8 kJ/ mol,
the process is controlled by chemical reac
tion'” ' thus, it can be proved that the liquid
phase oxidation process is chemical reactioncon-

trolled.

3.3 Effect of oxygen partial pressure

The effect of oxygen partial pressure on man-
ganese conversion rate at mass ratio of alkali to
nodules of 10, reaction temperature of 300 C, gas
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flow rate of 0. 5m’/h and stirring rate of 800 r/ min

is presented in Fig. 6.
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Fig. 6 Effect of oxygen partial pressure on
conversion ratio of manganese

Fig. 6 shows an increase of manganese conver-
sion ratio as oxygen partial pressure increases. Ox-
ygen partial pressure affects mass transfer across
the boundary layer between liquid and gas and thus
affects the reaction rate. Experimental results indi-
cate that oxygen partial pressure above 2 X 10*Pa
can make most of manganese convert. The plots of
1- (1-

partial pressures are presented in Fig. 7.
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Fig.7 Plots of 1- (1-

various oxygen partial pressures
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It can be found that under different oxygen
partial relationship  between
1- (1- X)" and reaction time is still in linear
form, and this also manifests the fact that the liq-
uid-phase oxidation process of ocean polymetallic

pressures, the

nodules at various oxygen partial pressures is
chemical reaction-controlled.

From the slope of each line, the reaction rate
constants at various oxygen partial pressures are

calculated and presented in Table 3. Based on the
data, the relationship between In k and lnp (02) is
shown in Fig. 8.

Table 3 Reaction rate constants at
various oxvgen partial pressures

p(02) /10°Pa In[p(02) /10°Pa] k Ink
1.0 0 0.008 513 - 4.7662
0.8 -0.2231 0.007 405 - 4.9056
0.6 - 0.5108 0.006523 - 5.0324
0.4 - 0.9163 0.005497 - 5.2036
0.21 - 1.560 6 0.004 689 - 5.3625
-4.7
y=0.37681x-4.81208
R=0.98526
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Fig.8 Relationship between natural logarithm of
rate constant and natural logarithm of
oxygen partial pressure

Fig. 8 shows that the relationship between Ink
and Inp (O2) appears in linear form approximately,
and the slope is 0.376 81. So the relationship of
reaction rate with oxygen partial pressure is k=
kop (02) 7% According to the relationship of re-
action rate equation with reaction temperature, the
expression of reaction rate constant can therefore
be expressed in the form of k= kiexp(- 5. 326 x
10°/RT) * p(02)*7°*. By 1- (1- X)"’= k¢ and
manganese conversion rate at certain conditions,
the value of ki can be calculated to be 0. 584 x
10’min~'. Thus, at reaction temperature of 240 ~
340 'C, oxygen partial pressure of 2. 1 x 10*Pa ~
10°Pa, gas-flow rate above 0.5 m’/h, stirring rate
above 800 r/ min and particle size of ocean poly-
metallic nodules of 70 = 74 Um, the macrokinetics
rate equation of ocean polymetallic nodules oxida-
tive leaching in molten potassium hydroxide can be
written as

1- (1- X)) = 0.584 x 10’ x

4
—_ul%c}ﬂg_‘ (0207 o

€Xp
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4 CONCLUSIONS

1) The rate of manganese extraction is mainly
dependent on the reaction temperature and oxygen
partial pressure.

2) The liquid-phase oxidation process of ocean
polymetallic nodules can be expressed by nonreac
tion shrinking core model( SCM). The apparent ac
tivation energy is 53. 26 kJ/ mol, and the rate of
manganese extraction process is controlled by sur-
face chemical reaction.

3) The reaction rate of manganese extraction
process is best described by the rate equation as
follows:

I- (1- X)) = 0.584 x 10° x

4
exp —_ul:?(%m_‘ o (08)058 g
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